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INTRODUCTION

Dynamic mechanical properties are important factors to consider in the

design and application of composite material structures. Young's modulus and

internal damping are two such properties and are measures of the stiffness

and energy dissipation ability of a substance. Damping, though not well-un-

derstood, is a sensitive probe of a wide variety of molecular motions, relax-

ation processes, transitions, structural homogeneities and morphclogies, all

of which affect a material's mechanical behavior. In addition, it reduces

vibrations and prevents excessive amplitude build-up at resonance frequencies

by dissipating energy as heat.

In the region of the glass transition of an amorphous polymer, the mo-

dulus undergoes relaxation and the damping curve goes through a maximum.

Both phenomena are associated with lossening of the polymer structure to

allow segmental and other molecular group motions. The glass transition

temperature (Tg) of a fiber-reinforced composite is actually the temperature

at which changes in thermodynamic properties of the matrix occur since

commonly used fiber reinforcements such as carbon and glass fibers d.. not

exhibit such behavior in that temperature region. It has been shown that the

presence of a particulate filler increases the Tg by an amount proportional

to the concentration of filler and that the width of the transition region

is broadened by increasing filler concentration (ref. I).

Dynamic mechanical methods have been applied to study the effects of

molecular orientation in many polymers including nylon, acrylonitrile-buta-

diene-styrene, polyethylene terephthalate, and polypropylene (refs. 2-5),

Dynamic mechanical studies of reinforced polymers have been concerned pri-
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marily with particulate filled thermoplastic matrices. However, the dynamic

mechanical behavior of continuous fiber reinforced thermosets has not been

extensively studied.
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The purpose of this study was to investigate the off-axis resonant

frequency and damping characteristics of unidirectional E-glass/epoxy com-

posites, The techniques of mechanical spectroscopy and thermal analysis

(differential scanning calorimetry and thermomechanical analysis) were

utilized to characterize the dynamic mechanical and thermal properties of

the composites.

EXPERIMENTAL

Materials

An epoxy/glass system was used in this study whose resin formulation

consisted of a diglycidyl ether of bisphenol-A (DER 332), a reactive

diluent (RD-2), and a mixed aromatic amine curing agent (Tonox 6040). The

fiber was an E-glass continuous filament roving with an epoxy compatible

silane finish.

The prepreg material was made by drum winding the E-glass roving at 5

strands per 2.54 cm to a width of 14.9 cm. Two widths of fiber were wound

on the drum and heat treated with an infrared lamp to drive off moisture.

The resin mixture was formulated as 100gm epoxy: 20gm diluent: 22.8gm

amine hardener and ;vas applied to the fiber. The windings were covered

and staged at room tempeature for 24 hours. They were then cut from the

drum in 30 cm lengths and stored at - 18 C in polyethylene bags.

The laminates were prepared in a 15 cm x 30 cm matched metal die and

cured at 820 C and 100 psig pressure for 5 hours and were not post-cured

unless otherwise indicated. The desired thickness of the cured laminate

was obtained by regulating the number of prepreg plies each of which con-

tributed approximately 0,1 mm. The cured composite was scanned ultrason-

ically in order to detect flawed areas unsuitable for testing. Also,
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photomicrographs of cross-sections parallel and perpendicualr to the fiber

axis were taken to examine the fiber distribution and alignment. The

resin content was determined by acid digestion to be 22% by weight of the

composite. The laminate was then precision cut into 30mm x 10mm samples

at each of the following angles to the fiber direction: 0 0 , 150 , 300 , 450,

600 , 750 , goo.

Instrumental Measurements

The angle-cut samples and the neat resin were subjected to dynamic

mechanical analysis on a commercial instrument which has been described in

the literature (refs. 6 and 7). Each specimen was clamped at its ends

between two parallel arms containing flexure pivots as depicted in Figure

1. One arm was driven at a low frequency while the other remained passive.

The natural frequency of this sample support system was less than 3 Hertz

(Hz). The imposed flexural stress induced a resonant frequency in the

sample which was detected by a transducer. The oscillation amplitude of

the driven arm was set at 0.20 millimeters peak-to-peak. The resonant

frequency in Hz and relative logarithmic decrement in decibels (dB) were

plotted on an x-y-y' recorder as a function of temperature. The heating

rate was 50C per minute.

Differential scanning calorimetry (DSC) and thermomechanical analysis

(TMA) measurements were performed on commercial instruments. Standard ex-

perimental techniques were employed for both thermal methods. Samples were

temperature scanned at a rate of 20 oC/minute. Composite specimens were

tested by TMA on the flat surface perpendicular to the fiber direction with

a penetration probe. The sensitivity required to observe the thermal

transitions corresponded to a probe displacement of 0.0001mm/mm of chart.
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Sample temperature was monitored by a thermocouple placed inside the furnace

directly adjacent to the sample. Thermomechanical and thermocouple responses

were output to a two pen strip chart recorder.

RESULTS AND DISCUSSION

The neat resin and composite glass transition temperatures were deter-

mined by OSC to be 780C and 760C, respectively, and were within experimental

error (+ 20 ) of one another. The laminate was further characterized by

photomicrography. Figure 2(a) is a cross-sectional view in which the fibers

are perpendicular to the surface and shows small resin rich areas among

randomly distributed fiber bundles. The alignment of the fibers is shown

in Figure 2(b) in which the fibers are parallel to the surface. Most

fibers appear to be nearly parallel and only a few are visibly misaligned.

Cured epoxy resins exhibit at least two damping peaks, one near -6000

and another in the glass transition region. The damping responses of the

neat resin and laminate specimens in the low temperature region (the 3

transition) are generally attributed to the ether linkages of the molecule

and were quite similar for all samples. In the glass or atransition region,

however, several differences were noted for the series of off-axis speci-

mens. The most interesting observation was the appearance of an additional

damping peak above the glass transition temperature of the matrix resin.

Also, as the fiber direction was changed from transverse (90 0 ) to longitud-

inal (00 ), the a transition region broadened and the change in frequency

over this temperature range exhibited a maximum at intermediate angles.

For the 600 and 900 off-axis specimens cut from the 0.635mm thick

laminate, it can be seen in Figure 3 that the shape of the damping curves

remained almost as symmetric a; that of the neat resin. For the 300 speci-

men the damping curve becames skewed toward higher temperature (Figure 3).
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As the angle was further decreased to 15 0 , a shoulder developed at a temper-

ature above the a	 transition. Figure 4 illustrates the growth of the

shoulder into a peak of greater intensity than that of the resin Tg for low

angle off-axis samples. It has been suggested that this type of behavior

would be observed for an incompletely cured thermoset undergoing further

cure during the dynamic mechanical testa This was clearly not the case in

this study because all samples were cut from the same laminate and were

subjected to the same thermal history. Furthermore, to insure that the

additional damping peak was not due to stresses which are relieved by the

first heating, as is often observed by OSC, each sample was cycled through

the temperature range three times. Only slight changes occurred in the

position of the damping peaks. In addition, a longitudinal sample was post-

cured at 2040C for 4 hours to establish the effect of further curing. As

is shown in Figure 5, the a	 transition region was shifted to a higher

temperature but the important point to note is that the two maxima in the

damping curve remained.

Thicker laminates were also tested. Sample thickness was found to

play a significant role in the observation of the new damping peak. The

effect of increasing thickness was to diminish the peak until the curve be-

came symmetric and resembled that of the high angle specimens as evidenced

in Figure G. changes in the damping curves of specimens of identical com-

pcsition but different thickness have been hypothesized to be due to unequal

crosslink densities or to the specimen stiffness, which is directly propor-

tional to the cube of the thickness, and obscures the higher temperature

transition.

Other techniques were employed in an attempt to observe a thermal -

transition which may correspond to the new damping peak. The glass transi-

tion of the cured epoxy as well as the composite matrix resin were easily
l
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discernible by both DSC and TMA. No other transition was observed by DSC,

a not unexpected result since it is difficult to detect transitions more

subtle than the glass transition in highly filled polymers. However, the

TMA thermograms showed a change in slope above the resin Tg which corres-

ponded to a change in the value of the thermal expansion coefficient. A

representative TMA curve is reproduced in Figure 7. Although it cannot be

unequivocally stated that the thermal transitions observed by TMA and DMA

are related to one another, the results of the two methods are mutually

supportive since the transitions found using each method occurred at

approximately the same temperature as the other.

There are several possible explanations for the new damping peak.

Although the damping in a composite is due primarily to the resin, the pre-

sence of a filler influences this behavior to the extent that new damping

mechanisms can operate. This is especially the case when the filler material

is chemically treated to increase resin adhesion, as in the silane sized

glass fibers used in this work. The transverse glass/epoxy sample closely

approximated the behavior of the neat resin, thus indicating that the mol-

ecular phenomena responsible for damping in the resin and in the composite

probably were the same. However, as the fiber direction in the test speci-

men changed from 900 to 00 , the damping profile changed to include a second -

maximum above the a transition of the epoxy resin for test specimens

having angles less than 300 . The continued presence of the damping associ-

ated with the resin a transition and the growth of another maximum at a

higher temperature suggests that an additional mechanism is operative as

the fiber orientation approaches the test direction. 	 I`

It is generally accepteu that there exists an interfacial region be-

tween resin and fiber in which the structure of the polymer is different

i
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from that farther away, due to the attraction of the two phases for one

another. The exact nature of this attraction is not known, but hypotheses

including adsorption, chemical bonding and other interactions have been

advanced. Neither is there much evidence pertaining to the interfacial

region. Present speculations include:

A. A rigid polymer layer next to the filler surface with higher mo-

dulus caused by restricted end group motions (ref. 8).

B. A lower modulus polymer layer next to the surface resulting from

residual thermal stresses (ref. 9).

C. A deformable resin layer adjacent to the surface which is different

in composition form the bulk resin due to preferential adsorption (ref. lo).

This unique resin layer in the interface has been estimated to com-

prise roughly 0.1 of the total resin in a composite, assuming a thickness

on the order of 100 Angstroms (ref. 8). It is reasonable to suppose that it

would be most readily detectable when examining fiber-controlled composite

properties, that is, when the interfacial layer is active in transferring

the load to the fiber. The observed dynamic mechanical behavior of thin

composite specimens lends support to the supposition. The transverse spe-

cimen whose properties were resin controlled behaved very much like the

neat resin. The longitudinal specimen whose properties were fiber con-

trolled retained the neat resin transition and exhibited a new damping peak

not characteristic of the neat resin. It has been reported that it is

possible for epoxies to exist as a matrix in which more highly crosslinked

micro-gel particles are embedded (ref. 11). The damping curve of such a

heterogeneous resin is broad and consists of two peaks compared to the

narrow single peak of the homogeneous epoxy. The TMA results are consis-

tent with a nonhomogeneous resin phase in the composite. The thermal ex-

pansion coefficient is sensitive to crosslink density, being higher for

,k
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less highly crosslinked samples. A change in slope of the TMA curve indi-

cates a change in the coefficient of thermal expansion and two such changes

occurred, one near the glass transition and the other 50 0 above the Tg.

Other phenomena have been discovered to give rise to damping peaks

above the glass transition. For example, acrylonitrile-butadiene-styrene

polymers, designated ABS, have been shown to develop a new damping peak

associated with molecular orientation induced by hot-stretching or cold-

drawing (ref. 3). It was suggested that the orientation occurred in the

interfacial region of the butadiene rubber and the acrylonitrile-styrene

glass phases. The orientation and its associated damping peak were de-

stroyed by annealing. For some partially crystalline and amorphous linear

polymers a premelting damping peak is observed and is attributed to lattice

or low molecular weight component motions. It is not likely that cross-

linked networks such as epoxies could demonstrate orientation or premelting

behaviors characteristic of linear chains, but it is almost certain that

their structure in the immediate vicinity of a silane treated glass fiber

would be different than that of the bulk resin. The interfacial polymer

component would then have different chemical, thermal, and mechanical pro-

perties.

The change in shape of the damping curve with decreasing fiber ori-

entation an gle was accompanied by an increase in the width of the curve as

well. The width of the transition was defined as the temperature range

from the onset of damping to its return to the pre-transition level. The

width remained approximately the same as that of the neat resin from 900 to

600 , after which it increased sharply as plotted in Figure 8, exhibiting the

same behavior as the elastic modulus (ref. 12). Therefore, as the contri-

bution of the fiber became larger, the a transition relaxation was spread

K
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transition width increases in a similar manner with increasing filler con-

centration in glass bead composites (ref. 1). The dependerc: of glass

transition width on fiber orientation anglr, can also be interpreted as a

concentration effect by implementing the concept of effective concentration.

In this case the effective fiber concentration is that fraction of the total

fiber present in the composite reflecting the extent of participation of

the fiber at a given angle. Therefore, in a unidirectional laminate the

effective concentration of fiber increases as the orientation angle decreases

resulting in broader glass transition regions.

The change in resonant frequency through the glass transition was also

found to be a function of fiber angle as shown in Figure 9. Unlike the

glass transition width plot, the frequency change exhibited a maximum at

approximately an angle of 30 0 as shown in Figure 10. Therefore, the speci-

mens of intermediate angle sustained the largest loss in modulus through

the glass transition.

The reinforcement of the fibers is evident both above Tg and below it

and the change in frequency is a way of examining this effect. In the case

of transverse specimens the fiber contribution is slight and properties are

resin controlled both before and after Tg. For longitudinal specimens the

fiber contribution is very significant and properites are fiber controlled

both before and after Tg. However, for specimens of intermediate angles

the resin was more effective at transferring the load to the fibers when in

the glassy state than when in the rubbery state, and the frequency drop was

larger than for the 00 and 900 samples. A function which behaves in a sim-

ilar manner with respect to orientation angle is the longitudinal shear mo-

dulus (ref. 12). In this shear mode the resin in intermediate angle speci-

mens transfers more load to the fibers than it does in the transverse or

r
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longitudinal configurations. It is possible that the flexural strain imposed

on the intermediate angle samples resulted in shear modes as well, thereby

inducing the same functional form.

SUMMARY OF RESULTS AND CONCLUSIONS

The effect of fiber orientation on dynamic mechanical and thermal

properties has been studied for unidirectional epoxy/glass laminates. A

new thermal transition was observed in the composite material at a temperature

above the glass transition temperature of the cured resin. The additional

transition was revealed as a change in the thermal expansion coefficient as

determined thermally and as a new damp%nl pea Y. as determined mechanically.

Since this transition occurred in dyanmic mechanical analysis only when the

fiber direction was nearly parallel to the test direction, it was possibly

a characteristic of the resin in the interfacial region, indicating a

different resin structure adjacent to the glass surface.

The glass-rubber relaxation itself exhibited changes as the fiber di-

raction was changed from transverse to longitudinal in the mechanical tests.

As the fiber angle decreased from 40 0 , the temperature width of the glass

transition was found to broaden, reflecting the increasing contribution of

the fiber. Also, the change in resonant frequency through the glass transi-

tion was found to be a function of fiber angle exhibiting a maximum at in-

termediate angles. The width of the glass transition exhibited the same

type of mathematical dependence on orientation angle as the elastic modulus;

and the change in frequency displayed the same functional form as the longi-

tudinal shear modulus.
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rigure 1.	 Sample clamping geometry for dynamic mechanica l analysis.

Figure Z. - Photomicrographs of laminate cross sections.

.. Y^VY 1Y

p^'1G^ i)tZ lit 
^1,^1

^pF ^



I2 dB
is
ux
a

v
î
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Figure 3. - Relative damping curves of 300. 600, 900 off-axis specimens
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Figure 6. - Relative damping curves of 0.635 mm, 1.016 mm, and 1.397
mm thick longitudinal specimens.
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Figure 6. - Relative damping curves of 0.635 mm, 1.016 mm, and 1.397
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