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1.                 OBJECTIVES   OF RES EARCH

The obiective of this study has been to investigate the influence of spherical

and fibrous reinforcements on the strength and toughness of brittle materials.    A

theoretical study has been completed using a finite element analysis to determine

the internal stresses  in the matrix  of both spherical particle and fibrous composites.

-.The parameters which were investigated include the volume fraction of reinforcement,

the  ratio of modul i of reinforcement and matrix, the interface strength and stiffness,

the fiber length to diameter ratio and the effect of an elastic-plastic matrix.   In

addition to calculating internal stresses, elastic constants of the composite can be

determined and the composite strength can be approximated. This study has been

submitted as a Ph.D. thesis by Mr. B. D. Agarwal and is enclosed as report

COO-1794-16.

In order to complement the theoretical studies, experimental studies have

been continued withboth spherical particle and fibrous composites. The obiect of

this study has been to determine the effect of the interface, spherical particle size

and fiber length to diameter ratio on composite properties  such as fracture toughness,

strength, sti ffness and impact resistance.
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11. CONSTITUENT MATERIALS

Three different composite systems were investigated. The matrix materia Is

in a l l three cases  were a thermosetting resin, namely an epoxy. The reinforcing

phases thus far considered include glass beads,  mil led glass fibers and a newly

marketed potassium titanate inorganic whisker, called 'Fybex'.

The glass beads were Class IV Uni-Spheres, number 4000, having a diameter

range of  1  to 30 microns. The beads were purchased  from the Microbeads Division,

Cataphote Corporation.    The manu 6cturer specifies the Class IV Uni-Spheres as

spherical in shape, containing not more than five percent irregularly shaped particles.

A  typical size distribution for number 4000 beads shows  98- 100 percent passing

through a -400 U.S. Sieve. The epoxy resin used with the glass beads was Epon 828,

manufactured by Shell Chemical Co. For purposes of comparison with previous

work (1,2), the epoxy resin was cured with 14 parts by weight of meta-phenylene

diamine.

A limited amount of Number 5000 glass spheres treated with a coupling

agent  (CP02; a proprietary epoxy coupling agent; Potters Brothers,   1 nc.) was avail-

able.  This was also used to compare the effect of size of spheres on the mechanical

properties  of the composite system. Because of their extremely  high  cost, very small

size beads could  not  be used for comp6rison purposes.

The milled 'E'-glass fibers were products of Owens-Corning Fiberglas.

Three different sizes were used:  1/32 in., 1/16 in. and V8 in.  The 1/32 in.

length fibers were used in as-received form (with Binder 701), heat cleaned form

and with four different surface treatments.    The  1/16  in.  and  1/8 in. length fibers

were oven-processed by the
manufacturerl

These were used without heat cleaning

NASTER
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and their performances were compared with those  of the  1/32 in. length heat cleaned

fibers. The matrix material  was  Epon 828 cured with Curing Agent Z (Shell Chemical

CO.).

The third kind of composite was made with Epon 815 cured with Curing

Agent Z as the matrix and a potassium titanate fiber ('Fybex') as the filler material .

Epon 815 was used because of its low viscosity. For example, the viscosity of

Epon 815 is 5-7 poises at 250C compared to 100-160 poises for Epon 828. The

reduced viscosity of the matrix allows better mixing when preparing the composite.

The filler 'Fybex' isanew product of the E. 1. duPont de Nemours&Co., Inc.

Fybex inorganic fibers are highly refined single crystals of potassium titanate with

a diameter range (median by weight) of 0.10 to 0.16 microns, length to diameter

ratio  of 40 to 1 and a density of 3.2 gm/cm3. These fibers were primarily intended

for reinforcing thermoplastics. The manufacturer reports improvement in impact

strength, stiffness, strength and resistance  to mold shrinkage of Fybex-reinforced

thermoplastics over unmodified resins 0). Fybex exhibits the following advantages

over fiber glass:

1. high resistance  to fi ber breakage

2. smooth composite surface finish due to its very smal I size              !

3. pigmentary properties

4. isotropic properties due to its high resistance to directional orientation

5. expansion coefficient reduction

For its promise as a reinforcing material and ifs extremely small size,

Fybex was selected as a reinforcement for thermosets. Two different surface treatments

were also used in addition to the as-received untreated form.
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111. SURFACE TREATMENTS

Number 4000 glass beads (1-30 lim size) were mainly used to study the

effect of particle size and compare their performance with previously reported results

for Number 3000 glass beads (5-50 wm size) (1,2). Although no particular surface

treatment was applied  on the as-received glass beads, a batch of water-proofed

number 4000 glass beads was also purchased from the Microbeads Division, Cataphote

Corporation  for  I imited  use. The glass beads were water-proofed  by the manufacturer

by the application  of a molecular film of sil icone material  to the outer surfaces of

the beads.   The film is applied at 8000F and becomes a permanent part of the beads.

In a way, the water-proofed beads  can be compared to mold release treated beads.

In addition to number 4000 beads, number 5000 CP02 treated beads were also used

in limited quantity.

As mentioned before, four different surface treatments were applied  to  the

surfaces of  1/32 in. length milled glass fibers in addition to the as-received (Binder

701) and heat-cleaned (no treatment) conditions. To remove the sizing (Binder 701)

on the as-received fibers, the fibers were heated  in an  oven at 260'C  for two hours.

After heat cleaning, the following surface treatments were applied on the fibers: *

1.            Z-6076 - y- chloropropyltrimethoxysilane

2.           Z-6040 - y- glycidoxypropyltrimethoxysilane

3.            Z-6020 - y- Trimethoxysi Iylpropethylenediamine

4.      XF-13-563 - Polydimethylsiloxane, a silicone fluid

*All the surface treatment compounds were supplied  by Dow Corning Corporation,
Midland, Michigan.
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The first three surface treatments are coupling agents  and are intended to enhance

the glass resin interface. The XF-13-563 compound is a mold release treatment

and is intended to prevent adhesion between the glass and the resin.

In order to apply the surface treatments, 0.5 percent by weight of the

coupling agents were first dissolved in a slightly acidic water solution. For Z-6076

and Z-6040, a few drops of acetic acid were added to water till the PH value was

four. For Z-6020, the PH requirement is slightly higher than four.  The mold release

agent was applied  from  a 0.5 percent by weight toluene solution  of the XF-13-563

compound.

In all the cases, the glass fibers were soaked  in the solution at room tempera-

ture for 6 to 7 hours with occasional stirring. The excess fluid was then decanted and

the  treated wet fibers were partia Ily dried  at room temperature  for  a  few  days  and

then completely dried at 50'C  in an air-flowing oven for at least one day. During

this process, the fibers showed a tendency to agglomerate (form clumps). In order

to break the agglomerate, the dried  mass was  iar mil led with steel balls at  a low speed

for 24 hours. After that, a careful screening operation was performed to separate th6

stil I agglomerated fibers.

The Fybex fibers were surface treated by Dow Corning Corporation with

XZ-8-5069 coupling agent and a silic6ne fluid. The sample treated with the silicone

f lu id  was  a soft free flowing powder, but the sample treated with the XZ-8-5069 coupling

agent was somewhat agglomerated.
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IV. PREPARATION OF COMPOSITE PLATES

For the glass bead-epoxy con,posites, 15 parts of hot (150'F) Epon 828

were first mixed with 14 parts of molten (1500F) curing agent (meta-phenylene

diamine) and the mix was then added to the remaining 85 parts of the resin kept

at room temperature. A predetermined quantity of glass beads was then added to

the mix. The entire mass was then blended thoroughly under vacuum  for at least

1/2 hour. The blended mixture was slowly poured into a preheated mold-release

coated aluminum mold cavity.     The mold was first covered with a mold release

coated Mylar  film  and  then with a preheated  1/8 in. thick steel plate.    The mold

was turned upside down for approximately the same time as used to prepare the

casting.   The mold was subsequently turned  back and forth for some time to prevent

any settling  of the glass beads. After room temperature curing  for at least 20

hours (8-stage), the rein was cured at 185'F  for 2 hours and post-cured at 3500F

for 2 hours in a hydraulic press. A slight pressure was needed to achieve a uniform

thickness.  The mold was then slowly cooled under pressure to room temperature                     

before removing  from the press.

For the glass fiber and Fybex filled composites,a predetermined quantity of

the filler material was added to hot (1500F) epoxy resin and·mixed with'a hi-torque

stirrer for about 10 minutes. After thorough blending, 20 parts of hot (1500F) curing

agent Z were added  to the container and stirring continued for another 5 minutes.

The container was then transferred to the vacuum chamber where mixing was con-

tinued under vacuum  for at least 30 minutes.    The  time of mixing under vacuum

depends  on the quantity  of  the  fi I ler  and the corresponding viscosity  of  the  mass.

After vacuum blending, the mix was poured into a preheated mold release coated

mold cavity.

1
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In order to obtain a uniform distribution of glass fibers through the entire

composite plate, the mold was rotated at a low speed in a rotation fixture.  For

this purpose,  a few additional features  had  to be added  to  the mold. A sketch

of the mold and the rotation fixture is shown in Figure 1.

The mold was  kept at room temperature  for at least 20 hours. During  this

time, the resin  mix was transformed  into a solid gel (B-stage). For complete curing,

the mold was heated  in a press to 140'F  for 2 hours and  then  the temp erature was

slowly increased to 300'F  for post cure. After two hours of post curing,  the mold

was slowly cooled  down  to room temperature before removing  it from the press.

The  Fybex-fi I led resin was extremely viscous,  and so no rotation was necessary.

Otherwise, the curing procedure was the same as before.

For  1/32  in. long glass fiber composites, three different volume fractions of

fibers  (10%,  20% and  3096) were investigated.    It was extremely difficult to disperse

any higher volume percent fibers in the resin.    For  1/16 in.  and  1/8 in. long glass

fiber composites,  only 10 volume percent fiber was incorporated  into the resin.    For

Fybex-fi I led composites,   it  was even impossible to disperse  more  than 8 percent  by

volume of Fybex  in the resin  with the mixing procedure followed here. Since  the

Fybex fibers were extremely small in size, the rein mix was extremely viscous even

at low volume percents of Fybex.
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V. EXPERIMENTAL PROCEDURE

The flexura I  properties  of the  unfi lied  and  fi lied epoxy resins were measured

by three point flexural tests on an Instron Universal Testing machine.    A  span  of

2 in. was used in all tests, while the nominal width and thickness of the beam

specimens were  1/2  in.  and  1/8 in. respectively. All tests were performed at a

crosshead speed of 0.05 in/min.  and at room temperature.

Fracture surface energy measurements were made using the constant compliance

cleavage specimens. The details of the specimen design  can be found elsewhere  (4).

It was shown in reference  (4) that the "critical strain energy release rate"  Gc,  whic h

is twice the fracture surface work (y) isgiven by:
2

P 6
Gc =2 7  =

c --m
2w   Eb

where Pc =critical load at the point of crack initiation (or arrest)

w  = fracture surface width

E   =modulus of elasticity

b =specimen width

m  =a parameter which governs the shape (taper) of the specimen

The value of m used here was 133.33 (see Figure 2).  A 0.030" thick diamond

impregnated cutter was used to machine crack directing side grooves on both sides

of the specimens. The depth of the groove was approximately 0.3 of the average

plate thickness. An initial slit of 2.75 inches along the center line was also

machined on the specimen. A diamond saw was first used to cut the specimen  into

an approximate shape. The final shape was then obtained by properly positioning and

bonding it to a template and routing it against a guide pin.
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The cleavage specimens were loaded  in an Instron Universal Testing machine

and the load-deflection curves were obtained. The specimen was  held in clevis

type grips with two loading pins (Figure  3).    The  far  end  of the specimen was attached

to a pulley mechanism through another  pin.    This was necessary  to  keep the specimen

horizontal during  the  time of testing. The pulley mechanism allowed the specimen

center line to move in the direction of crosshead movement at half the speed of the

crosshead. The upper grip was allowed  to move  in a guide attached  to the lower grip.

This was necessary to prevent any lateral buckling of the specimen.   The  load was

measured with a 50 lb. capacity load cell. The crosshead speed was 0.02 in/min.

In order to determine the fracture surface energies, the lengths of the crack

and the corresponding widths  at the initiation and arrest points  had  to be measured.

The crack extension was visually monitored during the experiment.    A high intensity

light source was  used to locate the crack tip.    In some cases where the crack propaga-

tion was of stick-slip type, the arrest points could  easi ly be identified by visual

examination  of the fracture surface. In cases of continuous crack propagation,  a

velocity gage was also used to monitor the crack front. Thin lines of a conductive

(si Iver) paint were drawn at every  1/2 in. interva I     across the grooved crack  path.

Terminals of these conductive paint lines were then connected to an electrical circuit

which produces a voltage  drop  as  each  I ine was broken  by the advancing crack.    The

voltage  drop was recorded  on a strip chart recorder.    In some specimens, particularly

high volume percent glass fiber specimens, it was difficult to determine the crack

fronts by visual means.   A low power travelling microscope was used to identify the

crack arrest points. The crack widths were also measured  by  the low power travelling

microscope.



10.

-.

VI. RESU LTS

1.           Glass- Bead Composites

A. Mechanical Properties

Flexura I  strengths  of the glass-bead composites are plotted in Figure  4

as a  function of volume fraction of fil ler. The ultimate flexural strength decreases

up to about 30 volume percent, exhibits a minimum and then increases.  But the

strengths  of the  fi I led systems are always lower  than the strength  of  the  unfi I led epoxy.

The composites fil led with water-proof beads show slightly lower strength values than

the untreated glass beads.    The CP02 treated number 5000 glass bead composites  have

the highest strength values.    This may  be a result of either CP02 surface treatment or

the smaller size of the beads.    Sahu and Broutman (1) report no significant difference

in strength values between the untreated and CP02 treated glass bead composites

using 5-50 micron glass 6eads. The higher strength values of number 5000 glass bead

composites shown in Figure 4 could, therefore, be a result of the smaller size of the

beads.

I n  order to compare the effect  of  size  of  the  g lass beads on composite

strengths, the strength data of Number 4000 size untreated beads have been plotted

in  Figure 5 along with the strength data of 5-50 micron untreated glass beads  (1).

Since there  is a nominal difference between the average matrix strengths  (20,680 psi -

present data against  18,910  psi  -  Sahu and Broutman), the strength  data  have  been

normal ized by dividing the strength values by respective matrix strength.    The  resu It

shows that smaller particle size exhibits a slightly higher strength at low volume

percent (less than 20 percent), but at high volume percents the strength of the larger

particle size composite is definitely higher than that of the smaller particle size

composite. The crossover takes place at about 20 volume percent.
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The  tensi le strengths  of the Number 4000 untreated glass bead composites

were also determined and are shown in Figure  6 as a function of volume fraction.    The

tensi le strengths  show  a  simi lar trend  as the flexural strengths.

The flexural moduli of the glass bead composites are shown in Figure 7.

The modulus of the composite in aeases with volume fraction. The water-proof bead

composites show higher  va lues of moduli  at the three volume percents studied.    The

CP02-treated Number 5000 glass bead composites have about the same moduli as the

untreated Number 4000 glass bead composites  at the three volume percents studied.

Since CP02 treatment was found to have no effect on flexural modulus (1), it can be

concluded that the size of the particle also has no effect on the flexural modulus.

The ultimate flexural strain of the glass bead composite decreases with

volume percent as shown in Figure 8. Figure 9 shows the normalized ultimate flexural

strain values for two different particle sizes. Lower particle size exhibits a consistently

lower value of ultimate strain indicating that the lower particle size makes the com-

posite more brittle.

Figure 10 shows the typical stress strain cOrves for Number 4000 untreated

glass bead composites.

B. Fracture Properties

Fracture surface energies,- both crack initiation and crack arrest -  were

determined by means of constant compliance cleavage specimens. Two types of crack

propagation modes were observed - discontinuous stick slip  type and continuous  type.

( 1)   Modes of Crack Propagation

At low volume percents  (10,  20 and 30 percent), the crack iumps in steps.

The load-deflection curve shows an initial linear increase in load as the displacement

d
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increaees. After  the load reaches the critical value, the crack becomes unstable and

jumps to a new length with a very high velocity of propagation.    Due to the difference

in crosshead speed and crack velocity, the load decreases instantaneously to a lower

value whereupon the crack is arrested. The crack arrest  can  easi ly be recognized  by

the  characteristic  step  on the fracture surface.    As the displacement increases further,

load also increases until the instability sets in again and the process is repeated.

The second type of crack propagation is the continuous crack propagation

type.  After the crack initiates from the initial saw cut (artificial crack) at a parti-

cular load level, it continues to propagate slowly through the specimen until the

specimen breaks completely.   The load remains constant throughout the crack propaga-

tion regardless of the crack length, the slight variation observed being due to the

changes in crack width. This second  type of crack propagati6n was observed  at  40 and

50 volume percents.

Sahu and Broutman (2) report that for 5-50 micron untreated glass beads,

the crack propagation is discontinuous up to about 40 volume percent and only at 50

volume percent the mode changes to cintinuous type.    For the 1-30 micron glass beads,

continuous crack propagation was observed  even at 40 volume percent. For larger size

beads (177-354 mi crons) as reported in Reference  5,   the    mode of propagation  was  dis-

continuous  even  at 50 volume percent.

(2) Compliance and Fracture Energy Calculation

Compliance (C) is defined as the ratio of the displacement ( 6) and the

corresponding  load  (P)  at any crack length  (1).    It can easily be calculated  from  the

load-deflection curve. Knowing the values of compliances  (C) at several crack lengths

(1)  (usual ly the crack arrest points for discontinuous  crac k case and previously marked



13.

points for continuous crack case), the C-values can be plotted against the corresponding

crack lengths.    This plot should  be a straight  I ine  for the constant compliance specimens

used.  This was found to be the case as shown in Figure 11. The slope of the straight

line  gives the value of  BC/a I    to  be  used to calculate the fracture surface energies.

The equation used for calculations is:

P2

y =_s_ -AC in-lb

4w al  in2

 c     aC_  (1.75 x 105)      erg s
4w   al               cm

where  Pc = load at the crack initiation or crack arrest points depending on the

energy to be calculated

w  = width of the crack at the point of initiation or arrest

The fracture surface energies (both initiation and arrest) for Number

4000 glass bead composites are plotted in Figure  12. The crack initiation energy,

Yi, for the untreated glass bead composite increases with volume percent, exhibits

a maximum at about 20 volume percent and then decreases. The crack arrest energy,

ya, although increases with volume percent,  does not show any maximum.   The  Ya

values are much lower than the Yi values and Ya exhibits only a slight increase

compared  to   y. .
1 1

All the above  resu Its  show  a  simi lar trend  as was observed  by  Sahu  and

Broutman (2). Table 1 shows a comparison of the y values for different sizes of glass

beads. Although no trend can be established for the Yi values, Ya values definitely

increase with the size of the particle.
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Table 1

Fracture Initiation and Arrest Energies

2                                       2

3 x 105 ergs/'cm Ya  x
los ergs/cm

Vg 1 -301'm 5-501.Im     177- 354yn 1-30411 5-50pm      177-354x m

10 1.672 1.66 1.47 0.441 0.7 0.964

20 2.89 2.865 1.47 0.622 0.58 0.91

30 2.657 2.75 1.92 0.8645 0.91 1.35

40 2.53 1.96 2.21 1.35 1.27

50 1.5 2.69 1.72
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2. Glass-Fiber Composites

Glass fiber composites were tested to study the effect of volume fraction

of fibers, the interfacial bond between the glass and the resin, and the length of

the fibers on such mechanical properties as flexural strength, modulus, toughness

and fracture energies. Three volume fractions, namely  10,  20 and 30 percent,  were

studied. Because of the problem of increasingly high viscosity during mixing,  com-

posites with higher fiber loadings could not be fabricated with the method of fabri-

cation used. Six different interfacial bonds between the glass and resin were achieved

by treating the glass fibers with four different surface treatments and using the fibers

in as-received (binder 701) and untreated heat-cleaned forms.    Some of these treatments

enhance adhesion between the two phases and some inhibit the adhesion.    The size of

the fibers also have substantial influence on the final properties of the discontinuous

fiber filled composites. Three different sizes (average lengths), namely 1/32, 1/16

and  1/8  in.  were  used to study this particu lar effect.

A. Fiber Volume Fraction and Interfacial Bonding

The effects of fiber volume fraction and interfacial bonding on composite

properties were studiedwith 1/32 in. long milled fibers. The fibers were randomly

and evenly dispersed  in the matrix. Flexural tests were performed and the following

results were observed.

(1) Flexural Strength

F lexura I  strengths  of the composite systems studied are shown in Figure   13

as a function of volume fraction of fibers. The ultimate flexural strengths for all com-

posites except those with Z-6040 treated fibers decrease first with volume fraction,



16.

exhibit a minimum value and then increase again. The volume fraction at. which the

minimum strength is exhibited depends on the surface treatment.    The mold release

treatment and Z6076 treatment  seem  to  have  the most severe effect  on the flexura I

strength. The untreated, heat cleaned fibers also give low values of flexural strength.

The strength values for these composites are lower than the unfilled epoxy strength at

all volume fractions studied. The fibers in as-received form (binder 701) also lower

the composite strength at low fiber loading, but the strength recovers at higher volume

fractions.       In  the  case of Z-6020 treatment, the strength decreases  up to about  10

volume percent, then increases  and even exceeds  the  unfi lied epoxy strength.    At

about 20 volume percent, the composite strength exceeds  the unfi lied epoxy strength

by about 10 percent.    But the strength does not increase any further. The Z-6040

treated fibers increase the composite strength only slightly over the unfil led epoxy

strength, but unlike other treatments there is no decrease in strength at any volume

percent.

Although  even the best of the surface treatments did not show any

dramatic improvement of strength,   it  can  be conc luded  from the above  resu Its  that

surface treatments of the fibers do have influence on the flexural strength of the

composites, particularly at high fiber loadings.  At 20 percent fiber loading, the

strength of the mold release treated fiber composites is about 25 percent lower than

that of the Z-6020 treated fiber composites.    S ince the fibers are randomly oriented

in three dimensions, any dramatic improvement of strength cannot be expected.

(2) Flexural Modulus

The next important flexural property is the flexural modulus which is

shown in Figure   14.     The  modulus  for  all composite systems increases monotonical ly
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with increase in fiber volume fraction. There  is not much appreciable difference  in

modu lus values for different surface treatments. Since the modulus is measured  at

low  strains, the influence of the interface  is not manifested at these strains.    The

composite  modu I i,i n cases  of no treatment and Z-6040 treatment, increase   I inearly

with fiber volume fraction.

(3) Flexural Strain

The ultimate flexural strains are shown in Figure 15.  For all composites,

the ultimate strain  is  less  than the ultimate strain of the unfi lied epoxy. The strain

value decreases very rapidly as the fiber volume increases from zero to 10 percent,

the rate of decrease being smal ler at higher fiber loading. The untreated heat-cleaned

fiber composite  has the lowest strain  at all volume fractions.

In order to analyze the deformational characteristics of the composites

further, the ultimate strain  has been resolved  into its linear and non-linear components.

The linear component is obtained by extrapolating the tangent  |ine  to the  I inear portion

of the stress-strain curve  to the ultimate load (Figure  16).    The non- linear component,

6 , is then,
the difference between the ultimate and linear strains. The linear portion

of the strain indicates the elastic response of the composite, while the remaining non-

linear component  is due to viscoelastic and viscoplastic deformation mechanisms.

The ratio of non-linear to ultimate strain, 9/em' is plotted as a function

of volume fraction in Figure  17.    For  al I composites except  the mold release treated

ones, the ratio decreases first very.rapidly  and  then  at  a much slower rate, indicating

that the addition of fibers to the matrix makes  it more and more brittle. The composite

with heat cleaned fibers  is the most brittle of al I.   The mold release treatment indicates

a slightly different trend. The ratio first decreases, then increases to within 5 percent

of the unfilled epoxy value and then decreases again.
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(4) Area Under Stress-Strain Curve

The area under the stress-strain  (a- e) curve  is a conventional measure

of specific toughness of the material. This represents the strain energy stored in the

material  at the point of fracture.    For the composite systems studied,  the area decreases

at first very rapidly and  then at a much slower rate (Figure  18). Here again,  the  heat

cleaned form and Z-6076 treatment give consistently the lowest values of the area

under the  a- e curve.   The area under a-e curve shows a trend similar to the ultimate

flexural strain variation for different surface treatments (Figure 15). Although  the mold

release treatment has the highest value of ,4, m  at 20 volume percent, it has an

intermediate value of the area under stress-strain curve at that fiber loading.

Figures 19 and 20 show the typical stress-strain curve for glass fiber

composites.,

The  1/32  in. long fiber-epoxy composites were tested to study the effect

of volume fraction and surface treatment on the fracture properties of composites.

Fracture surface energies - both crack initiation and crack arrest energies - were

determined by constant compliance cleavage specimens.

Three different types of crack propagation modes were observed.   At

low volume percent, the crack propagation for all composite systems is of discontinuous

stick slip type.  This type of crack propagation is accompanied by a characteristic

load-deflection curve and steps on the fracture surface.

The second type of crack propagation is a combination of both discon-

tinuous and continuous crack propagation. The instability of crack movement  is

preceeded by a slow crack growth under increasing load. During this time of slow

crack propagation,  the load increases non- linearly until the critical  load is reached.
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At this point, the crack moves  at a  very high velocity unti I the energy  is so  low  that

the crack is arrested.    Here also, both crack initiation and crack arrest energies can

be calculated. The crack initiation energy  is the fracture energy  at the point of

instabi lity,  not the point at which slow growth starts.

The third kind of crack propagation  is the continuous type.   This was

observed  only   in the cases of 30 volume percent heat cleaned and as-received fibers.

The crack iumps in very small steps and the load-deflection curve is almost flat.  In

this case, no distinction  can  be made between the crack initiation and crack arrest

energies.

In order to calculate the fracture surface energies, the value of aC/al

has to be determined.   To do so, the crack lengths corresponding to several (at least two)

deflections  had  to be determined.    In  the  case of fibrous composites, the fracture surface

was extremely rough with many hills and valleys and sometimes it was extremely difficult

to distinguish the crack arrest points. In addition to that, the crack front is very seldom

straight. Although the crack propagation was constantly followed and crack fronts were

noted during the tests, final crack lengths were determined after looking over the frac-

ture surface under an optical microscope. In cases of curved crack fronts, an average

value of crack length was used for the C-1 plot.

The value of compliance (C) was found to vary linearly with the crack

length. An example is shown in Figure 21. The value of BC/al  is the slope of this

straight line. The value of a C/al is maximum for unfilled epoxy and decreases with

indreasing fiber volume. Since BC/B | is related to the reciprocal of the stiffness,

a decrease  in  BC/a I indicates increasing stiffness. Figure 22 shows the values of

BC/al plotted against volume fraction.
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The fracture surface energies of each composite system are shown in

Figures 23-27. Both Yiand Ya
increase with volume fraction. Unlike glass bead

composites, Ya values are close to the Yi values.

For as-received fiber composites (Figure 23) both Yi  and Ya
exhibit a

maximum. Yi shows the maximum  at  bout 20 volume percent.    At 30 volume percent,

the  Yi  and Ya
values are the same. The fracture energies,  in this case,  have the

same  trend as  in  the  case of glass bead composites. For untreated heat-cleaned fiber

composites (Figure 24), Ya values are also very close to the Yi
values and become

the same at about 30 volume percent. Because of the  lack of data  at more  than 30

volume percent fibers, no definite conclusion can be made about the further trend of

surface energy values, but the Yi curve reaches a flat portion at 30 volume percent

and  seems  to have reached the maximum.

The  Y i  and Ya
values  for the other four surface treatments  are di fferent

from the previous two cases.    Both  Yi and  Ya   do not show any maximum at the volume
ti:

percentages investigated.  The
Ya

values are close to the Yi values at low volume

percent,  but the difference increases at higher volume percent.

Figures 28 and 29 show the comparison of Yi and Ya for different surface

treatments. Untreated, heat-cleaned fibers give the lowest values of Yi  at all volume

percents.  At low fiber loading, the Yi values are not too different for different surface

treatment except the as-received (binder 701)  form. The as-received fibers give  much

higher values of Yi and  Ya   at low fiber loading.    At high fiber loading (30 percent),

Z-604Ogives the highest values of Yi and Ya.
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3. Fybex-Filled Composites

The  matrix  used  for the Fybex-fi I led composites  is   Epon 815 cured  with

curing agent  Z. The average flexural strength  of  the  unfi lied matrix was determined

tobe 17,280 psi. Flexural strengths of the composites were also determined.  As

mentioned earlier, high volume fractions of Fybex could not be incorporated into

the matrix because  of the extremely high viscosity resu Iting during mixing.     But

unlike glass fibers, addition of Fybex improves the strength even at low volume

fraction. Figure 30 shows the variation of flexrual strengths with volume fraction.

The modulus of the composite also increases with increasing volume fraction

of Fybex as shown in Figure 31. Figure 32 shows the variation of ultimate flexural

strain with volume fraction.

In addition to the untreated Fybex, two surface treatments were also used -

a coupling agent and  a mold release agent.     Both of these surface treatments  are

intended for treating glass  and  were  used  here  on an experimenta I   basis.

Table 2 shows the flexural properties of Fybex filled composites at 5.5 percent

volume fraction. The strength of the coupling agent treated Fybex composite is close

to that of the untreated Fybex composite.   But the mold release treatment shows a

much higher value at the same Fybex volume fraction. The flexural strength of the

latter is about 23 percent higher  than the flexural strength  of the former.

There is a slight difference in modulus values indicating that the surface

treatments do not affect the modulus. The ultimate flexural strain for the mold release

treated Fybex composite is about 25 percent higher than that of the coupling agent

treated Fybex composite. Unnotched Izod impact strength  is also greater for the

mold release treated Fybex composite.   Only two specimens were tested  for each

composite.



Table 2
Flexural Properties of Fybex Composites

Unnotched Izod Impact
Treatment Strength, ksi Modulus, 105 psi Ultimate Strain, % ft-lb/in.

Range Av. Range Av. Range Av. Range Av.

None 19.61-20.75 20.28 7.39-7.73 7.504 3.315-4.20 3.699 6.281 6.281

Coupling
Agent 19.11-22.00 20.43 7.65-8.65 8.217 2.625-2.88 2.751 5.42,6.178

Mold
Release 24.20-26.75 25.16 7.21-8.26 7.986 3.415-4.46 3.983 9.415,9.078

8
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In order to determine the fracture energies, constant compliance cleavage

tests were performed. The crack propagates with a mixed  mode. A stab16 and

slow crack growth has been observed before the instability sets in and the crack

iumps with a high velocity to a new length.  This is demonstrated in the load-

delfection curve where the load deviates from linearity before it drops to a lower

value due  to the unstable crack  iump. This mixed  mode of crack propagation  is

also observed  in the textured fracture surface. The fracture surface between  the

crack arrest and crack instability  is much rougher  than the surface where the crack

moves unstably.

The values of Yi and Ya for the mold release treated Fybex composite are

not too different than those of the coupling agent treated Fybex composite. These

values are summarized in Table  3. It appears that the surface treatment does  have

an  effect  on the fracture properties of Fybex  fi I led composites.    The mold release

treatment which is intended to inhibit adhesion in glass-rein interfaces improves

the  performance of Fybex-fi I led composites.
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Table 3
Fracture Initiation and Arrest Energies for Fybex Composites

BC

31                       Yi                        YaSurface 5    ,2           5     ,2
Treatment x   1 0-2/1 b x 10 erg/cm x  10    ergs/cm

Coupling
Agent 0.652 1.54 1.041

Mold
Release 0.798 1.52 1.077
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V.       FUTURE WORK

The work to be accomplished in the remaining three months of the current

contract period is descri bed  here.

Additional scanning electron microscopy of the fracture surfaces of fibrous

reinforced polymers will be performed. Also, graphite fibers will be used as rein-

forcement in order to obtain composites with a greater ratio of fiber modulus to

matrix modulus. The mechanical properties of these composites will be investigated.

The fracture energies of these composites will be measured utilizing a tapered double

cantilever cleavage specimen.

VI. COMPLIANCE WITH CONTRACT REQUI REMENTS

The principal investigator has devoted 2 summer months ful I  time and 20% of

his time during the academic year. Approximately 20% of his time will be devoted  to

the  remainder  of this current contract. Three graduate assistants, Mr. Agarwal,

Mr. Gaggar and Mr. Mallick have participated in this research. Mr. Agarwal has

submitted a Ph.D. thesis utilizing this research and Mr. Mallick is working towards

his P h.D. degree.
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Fig. 28. Crack Initiation Energies of Glass Fiber Composites
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Fig. 29. Crack Arrest Energies of Glass Fiber Composites
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Fig..31. Flexural Moduli of "Fybex"-filled Composites
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