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SYNOPSIS 

In the present study, the prefailure damage processes of a series of short glass fiber/mica/ 
epoxy composites under three-point bending were elucidated using acoustic emission ( AE) 
coupled with in situ scanning electron microscopy ( SEM) observations. This study consisted 
of a detailed investigation of the damage tolerance of composite systems that had constant 
inorganic content of 75% by weight with a varying ratio of glass fibers to mica. The flexural 
strength was found to increase from 11 to 21 ksi as the glass fiber content increased (mica 
content decreased), while the flexural modulus decreased from 5.0 to 2.5 Msi. By monitoring 
the AE during flexural deformation of the glass fiber-to-mica ratio composites, it was de- 
termined that low amplitude (0-42 db) AE events, which occurred throughout the defor- 
mation process, were caused by matrix cracking, whereas the high-amplitude (43-100 db) 
AE events, which occurred just prior to failure, were caused by a fiber-related mechanism. 
In situ SEM observations of the composites during flexural deformation allowed a correlation 
between the AE and the damage mechanisms as a function of strain. In the all-mica com- 
posite, microcracking initiated in the linear region a t  preexisting flaws, on the order of 10 
pm, located at  the mica interface. These microcracks grew along the mica contours over 
the majority of the deformation process, emitting low-amplitude events, until final fracture 
occurred at relatively low strains. In the glass fiber-containing composites, microcracking 
initiated in the linear region a t  preexisting flaws and voids, on the order of 10 pm. These 
microcracks grew slowly, emitting low-amplitude events, as the strain increased, but were 
prevented from causing failure at low strains because of the toughening effect of the glass 
fibers. At sufficiently high strains, however, fiber breakage and fiber pull-out occurred that 
corresponded to the high-amplitude events detected by the AE. At strains just prior to 
failure, catastrophic crack growth occurred, producing a rapid increase in both low- and 
high-amplitude events, causing ultimate failure. 

INTRODUCTION 

Composites are finding increased usage as structural 
components, oftentimes replacing materials in which 
the damage and failure mechanisms are well under- 
stood. Since damage accumulation in composites is 
closely related to the actual strength, stiffness, and 
life of the materials, understanding of the failure 
mechanisms and damage accumulation are of utmost 
importance.' This, however, has proved difficult 
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since the failure mechanisms are quite often very 
complex and interrelated. 

Continuous fiber-epoxy composites have received 
an immense amount of attention in the literature 
because of their structural uses. These structural 
uses are, in part, due to the varied processing tech- 
niques, such as hand lay-up, filament winding, and 
pultrusion, which are available. Although the opti- 
mum processing technique is imperative to the suc- 
cessful use of these materials, even more critical is 
an understanding of their failure mechanisms. The 
evaluation of the composite breakdown can be 
achieved in a variety of ways. One of the most useful 
techniques is acoustic emission (AE) , as it is non- 
destructive. Li and Zhao studied the damage growth 
processes in glass fiber-reinforced composites by 
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conducting tensile tests on four kinds of particular- 
designed specimens and using AE amplitude distri- 
bution analysis.’ At low loading levels, matrix 
cracking-producing low-amplitude events were 
found to occur. At intermediate loading levels, de- 
bonding occurs and produces a wide amplitude dis- 
tribution. Finally, at high loading levels, delami- 
nation and fiber breakage occurs, producing high 
amplitudes. Sat0 et al. investigated the fracture 
mechanism of a unidirectional carbon-fiber rein- 
forced epoxy resin by monitoring the AE during 
three-point bending tests coupled with in situ SEM 
observations of the failure process in the same load 
range.3 They found a close correlation between the 
AE amplitudes and crack formation. Furthermore, 
the low-amplitude AE occurred throughout the de- 
formation process and corresponded to delamina- 
tion. 

Short fiber-thermoset materials are widely used 
as engineering materials, most notably in the form 
of sheet molding compound ( SMC ) and bulk mold- 
ing compound (BMC) composites. Faudree et al. 
characterized the failure and fracture mechanisms 
in BMCs by monitoring the AE generated during 
tensile tests and coupled with SEM observations of 
strained and fractured  specimen^.^ He found two 
damage mechanisms that produced amplitude peaks 
at  40 and 70 db. The 40 db peak was associated with 
small microcracks that initiated at fiber and filler 
particles at low strains and continued until fracture. 
The higher-amplitude range was observed at higher 
strains and was associated with the small cracks co- 
alescing into larger cracks that were spanned by 
pulled-out fibers. 

Berthelot and Rhazi studied the AE amplitude 
distributions in glass fiber-polyester and glass fiber- 
polyamide composites during three-point flexural 
tests5 Two damage mechanisms, monitorable with 
amplitude distributions, were found. They consisted 
of an initiation phase characterized by microcrack- 
ing and a damage propagation phase with localized 
advance of damaging processes. 

In the present study, the prefailure damage 
mechanisms of short glass/ mica/epoxy composites 
under three-point bending were studied using AE 
coupled with in situ SEM observations. This inves- 
tigation consisted of an optimization study of the 
formulation variables and a detailed study of the 
damage tolerance of the optimized composites. The 
total inorganic content of the compression molded 
camposites was optimized with respect to the flex- 
ural properties and thermal stability. The detailed 
investigation of the damage tolerance of the opti- 

mized composites allowed characterization and 
identification of the damage mechanisms leading to 
failure. 

EXPERIMENTAL 

Processing of the Composites 

The composite materials in this study, which were 
formulated and fabricated in-house, are composed 
of a resin system and two different reinforcements 
and are shown in Tables I and 11. The resin system 
is a bifunctional epoxy obtained from The Dow 
Chemical Company and designated DER332. This 
is cured with nadic methyl anhydride (NMA) man- 
ufactured by the Buffalo Color Corporation, and 
catalyzed with benzyl-dimethyl amine (BDMA ) 
supplied by Arsynco Inc. The reinforcements were 
4 in.-length S-glass fiber #463 supplied by Owens 
Corning and wet ground mica manufactured by 
KMG Minerals Inc. A silane coupling agent (26040 
from Dow Corning Corp.) was used to promote fiber 
adhesion. 

The DER332, NMA, and BDMA were combined 
in a ratio of 100 : 85 : 3, which is the recommended 
ratio by D o w , ~  and dissolved into acetone along with 
the coupling agent. The glass fibers and mica were 
dried under vacuum at 180°C for 24 h. The mica 
and glass fibers were then mixed in a Processall, 
model number 4HV, manufactured by Processall 
Inc. This is a mixing unit containing two blades that 
rotate on axis perpendicular to one another. The 
main blade was used on its “low7’ setting of 200 rpm 
for 2 min while the small milling blade was pulsed 
at 50% power every few seconds. The resin solution 

Table I Variable Inorganic Content 
Formulations (Inorganic Content by Weight) 

Formulation (% glass/% mica) 

Material 15/50 15/55 15/60 15/65 

D.E.R. 332 18.62 15.96 13.30 10.64 
NMA 15.82 13.56 11.30 9.04 
BDMA 0.56 0.48 0.40 0.32 
1/4 in. S-glass 15.0 15.0 15.0 15.0 
MICA 49.5 54.5 59.5 64.5 
Silane coupling 

Total inorganic 
agent 0.50 0.50 0.50 0.50 

content 65 70 75 80 
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Table I1 Variable Glass Content Formulations (75% Inorganic Content by Weight) 

Formulation (% glass/% mica) 
~ 

Material 0/75 15/60 20/55 

D.E.R. 332 13.30 13.30 13.30 
NMA 11.30 11.30 11.30 
BDMA 0.40 0.40 0.40 
1/4 in. S-glass 0.00 15.0 20.0 
Mica 74.5 59.5 54.5 
Silane coupling agent 0.50 0.50 0.50 
Glass fiber fraction 0.0 0.20 0.27 

30/45 37.25/37.25 50/25 15/0 

13.30 
11.30 
0.40 

30.0 
44.5 
0.50 
0.40 

13.30 
11.30 
0.40 

37.3 
37.2 
0.50 
0.50 

13.30 
11.30 
0.40 

50.0 
24.5 
0.50 
0.67 

13.30 
11.30 
0.40 

75.0 
0.00 
0.50 
1.0 

was added to the fiberglass and mica and hand-mixed 
with a spatula until the mixture appeared uniform. 
A vacuum unit was then interfaced with the Pro- 
cessall and run for approximately 2.5 h. The Pro- 
cessall's main and mill blades were pulsed a few 
times during the acetone removal to turn over the 
mixture. After the acetone was removed, as evi- 
denced by a lack of odor, the unreacted mixture was 
stored in a desiccator a t  0°C until use. 

The fabrication of test bars was accomplished by 
compression molding 7 g of the material at elevated 
temperatures and pressures using a Wabash hy- 
draulic press as recommended by Dow.' The cure 
cycle used was 2 h at 90°C with slight pressure, fol- 
lowed by 4 h at 165°C with 7500 psi pressure, and 
then demolding and postcuring for 16 h at 200°C 
in air. 

The nomenclature used to identify the composite 
is to first list the glass content by weight, followed 
by the mica content by weight, with the balance 
being the epoxy by weight. For example, 7 5 / 0  in- 
dicates a composite of 75% glass by weight, 0% mica 
by weight, and 25% epoxy by weight. 

Analysis 
Thermal Behavior 
The thermal conditions of low earth orbit (LEO) 
have been found to vary from approximately -125 
to +125°C.7 Therefore, a thermal stability of at least 
200°C was required for the composites. The evalu- 
ation of the thermal stability was carried out on all 
the formulations using a Perkin-Elmer TGA Series 
7. Two different methods were used to characterize 
the materials. The first method was a room tem- 
perature to 1000°C heating in air of the material at 
a rate of 20"C/minute. By following the weight loss 
of the material over the temperature range, the deg- 
radation temperature of the resin can be determined. 
The second method involves following the weight 

loss while maintaining the sample at  200°C in air 
for 4 h. The thermal criterion of 200°C is based on 
this experiment, in which a weight loss of less than 
1% is considered adequate. 

AE During Flexural Deformation 

The formulations were tested in three-point bending 
using an Instron materials tester, Model 1123, ac- 
cording to ASTM-D7908 with a crosshead speed of 
0.1 mm/min. A span to depth ratio of 32 was chosen 
to minimize the contribution of shear in the mea- 
sured proper tie^.'^'^ At least seven samples of each 
formulation were tested, and the averages and stan- 
dard deviations were calculated. Figure 1 shows the 
test setup, sample geometry, and relevant equations. 
Note that the AE sensor was placed on the surface 
of the sample 0.40 in. from the loading nose. 

AE is defined as the stress (elastic) waves that 
accompany the sudden release of energy within a 
solid, caused, for instance, by the growth of a crack. 

TEST SETUP 

NOTE: ALL YEASUREYENTB IN INCHES 5 0.W fd) 

FLEXURAL STRENGTH FLEXURAL MOOULUS MAXIMUM STRAIN 

8 - 3PL12bd ' E - Cnl4bd'  r - SOUL' 

(AT FAILURE) 

Figure 1 ASTM-D790 test setup showing the three 
point bend apparatus, sample geometry, and equations 
used. 
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Large and rapid stress changes, characteristic of a 
brittle crack, generate high-energy waves with high 
amplitudes, whereas ductile cracking generates 
lower-energy waves with lower amplitudes because 
of energy losses associated with the driving of dis- 
locations in the enlarging plastic zone.” The com- 
mon denominator in all cases is the necessity of mi- 
croscopic movement, usually accomplished by the 
application of a macroscopic stress. This makes AE 
intimately related to failure processes. 

Detection of the AE is accomplished by coupling 
transducers, which usually function by utilizing the 
piezoelectric effect, to the surface that are capable 
of detecting surface displacements on the order of 
picometers. This works best when the transducer is 
in intimate contact with the surface and is achieved 
by using grease or some other nonattenuating fluid 
as a coupling medium. The detected signal is never 
the same as the emitted signal due to attenuation 
caused by geometric spreading of the wavefront, ab- 
sorption, or damping within the specimen and 
“leaking” of the wave energy into adjacent media.12 
Additionally, true AE signals must be differentiated 
from continuous background noise. 

AE from composites is characterized by a series 
of burst  emission^.'^ Each burst is called an event 
and corresponds to the formation or propagation of 
defects. Important waveform characteristics are the 
number of counts or events, amplitude, energy, rise 
time, and event duration. The number of counts, 
defined as the number of oscillations per burst 
(event), and wave energy, the area under the rec- 
tified signal, give information on the amount of 
damage. The amplitude of the wave is characteristic 
of each damage mechanism and indicates the num- 
ber of different mechanisms occurring. The rise time, 
defined as the time from the first count to the peak 
amplitude count, and event duration can be used to 
distinguish delamination fracture as well as to elim- 
inate noise. 

When a fiber-reinforced composite is subjected 
to external loading, fiber fracture, matrix cracking, 
and debonding at  the fiber-matrix interface can oc- 
cur.2,14,15,16 Acoustic emission can be used to distin- 
guish between these mechanisms in two ways. The 
first involves correlation of the AE with some type 
of visual evidence, usually scanning electron mi- 

The other method involves vari- 
ation of the composition while monitoring changes 
in the amplitude d i s t r i b u t i ~ n . ~ , ~ ~ * ~ ~  In this study, both 
types of analysis were employed. 

A piezoelectric transducer with a resonant fre- 
quency of 150 kHz was coupled to the sample with 

vacuum grease as shown in Figure 1. The transducer 
was then fed into a PAC Spartan A T  that was con- 
trolled by an Everex 386/20 computer using the PC- 
DAQ software program. A threshold of 28 db was 
used to eliminate continuous background noise. 

Scanning Electron Microscopy 
during Flexural Deformation 

As previously mentioned, SEM can be coupled with 
the AE to yield further insight into the damage pro- 
cesses. This was accomplished by in situ monitoring 
of the damage progression of the 0/75,37.25/37.25, 
and 75/0 samples using a miniature three-point 
bend setup in a JEOL JSM-840A low-voltage SEM. 
The SEM test setup is shown in Figure 2. This tech- 
nique allows observation in a stepwise manner of 
the damage process occurring on the tensile side as 
a function of applied strain by removing the unit, 
tightening the screws, and repeating until failure. 
The samples were polished to an L /d  ratio of ap- 
proximately 32 so the strains obtained would cor- 
respond to the strains obtained in the Instron/AE 
tests and subsequently coated with about 100 A of 
gold before observation. The presence of the gold 
coating allowed easy observation of the underlying 
composite cracking because the broken coating glows 
in the electron beam. 

Fracture surfaces were studied at predetermined 
locations to give further insight on the damage pro- 
cesses as well as information on the sample mor- 
phology. The surfaces were coated with approxi- 
mately 100 A of palladium before observation. 

RESULTS AND DISCUSSION 

Thermal Behavior 

Figure 3 shows a typical TGA curve of weight vs. 
temperature for all the formulations. It is seen that 
the onset of the first weight drop is about 240°C, 

SM VIEW TOP V E W  

l----32m + 
,,-SCREWS 

Figure 2 Three-point bend setup in the SEM. 
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16% G U S 3  FIBER C 0 " T  (BY WEIGHT) 
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75.0- 

70.0-HEATlNG RATE = 2 0 ~ I m l n  
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TEMPERATURE ("C) 

Figure 3 Typical weight vs. aging temperature (in air). 

99.2 - 

whereas the point of inflection is about 350"C, in- 
dicated by point "A" and "B," respectively. Both of 
these temperatures are above the maximum tem- 
perature of 125°C in LEO and therefore indicate 
that the composites would be stable at  LEO tem- 
peratures. However, as outlined in the Experimental 
section, the composites are considered thermally 
stable if a weight loss of less than 1% occurs when 
the materials are subjected to a temperature of 
200°C for 4 h. Figure 4 shows the results of this 
stability experiment in which it is seen that the 
composites lose about 0.6% weight over 4 h at 200°C. 
Therefore, the composites are considered thermally 
stable. 

Optimization of Formulation Variables 

Flexural Properties 

To proceed with an in-depth study of the composites, 
it was desirable to optimize the formulation to yield 
the highest mechanical properties. This was 
achieved by varying the total inorganic content of 

99.oi I I I 
0 25 50 75 100 125 150 175 200 225 

TIME (min) 

Figure 4 Typical weight vs. aging time (in air at 200°C). 

the composites from 65 to 80% by weight while 
maintaining the glass-fiber content at 15% by weight 
and varying the amount of mica. An initial glass- 
fiber loading of 15% by weight was chosen for two 
reasons. The first was to reduce cost since the glass 
fibers are substantially more expensive than is the 
mica, and the second was to maintain the strength 
as it was believed that this was the minimum amount 
possible. These formulations are shown in Table I. 

Figures 5-7 show the results of this study. In Fig- 
ure 5, the flexural modulus is seen to increase from 
approximately 3.5 Msi at  65% by weight total in- 
organic content to a plateau of about 4.8 Msi be- 
tween 70 and 80% total inorganics. The flexural 
strength, shown in Figure 6, has a plateau of ap- 
proximately 17 ksi between 70 and 75% total inor- 
ganic content with lower values at  65 and 80%. The 
maximum strain, shown in Figure 7, exhibits no clear 
correlation due to the standard deviations. This be- 
havior is explained by a rule of mixtures approach, 
that is, the amount of resin present in the system. 
At  65% inorganic content, the samples were visibly 

16% G U S 8  WER C 0 " T  (BY WZIGHT) 

0.0 / I  
/ I  0 60 70 80 90 100 

INORGANIC CONTENT ( X  BY WEIGHT) 

Figure 6 Flexural strength vs. inorganic content. 
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0.00 I /  
I /  

0 80 70 80 90 100 
INORGANIC CONTENT ( X  BY WEIGHT) 

Figure 7 Maximum strain vs. inorganic content. 

resin-rich. From basic composite micromechanics 
considerations, this causes a lowering of the prop- 
erties toward the resin properties. At  80% inorganic 
content, the composites showed resin-poor areas, 
lowering the properties because of a lack of resin 
binding the fibers. These two effects work in op- 
position and yielded an optimum total inorganic 
content of 75% by weight. 

Detailed Study of Damage Tolerance 

Flexural Properties 

Once this optimum inorganic content was obtained, 
the roles the glass fibers and mica played in the de- 
termination of properties were investigated. This 
was accomplished by varying the glass fiber-to-mica 
ratio and measuring the flexural properties. Fur- 
thermore, AE was monitored throughout the com- 
positional range and will be discussed later. The for- 
mulations tested are shown in Table 11. Note that 
the total inorganic content remains constant at 75% 
by weight. Figure 8 shows the relationship between 

7.0 

0 . 0 4 : :  : : :  : ; : :  I 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

G W S  FIBER FRACllON m u  

Figure 8 

cuss PIBER 

Flexural modulus vs. glass-fiber fraction. 

25 1 I 

76% IORCANIC C 0 " T  (BY WJGHT) 

0 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
m u  GLASS FIBER FRACTION cL199 FIBER 

Figure 9 Flexural strength vs. glass-fiber fraction. 

the flexural modulus and the glass fiber/mica ratio, 
which is represented by the glass-fiber fraction. As 
can be seen, as the glass-fiber fraction decreases 
( glass-fiber content decreases and mica content in- 
creases), the flexural modulus increases in a linear 
fashion from about 2.5 Msi in the all-glass fiber 
composite to approximately 5.0 Msi in the all-mica 
composite. The effect of the glass-fiber/mica ratio 
on the flexural strength is shown in Figure 9. Here, 
the opposite effect is observed, that is, as the glass- 
fiber fraction increases, the flexural strength in- 
creases from about 11 ksi in the all mica composite 
to a high of approximately 21 ksi in the 50% glass/ 
25% mica (50/25) composite. Note that this rela- 
tionship is not linear and that the all-glass fiber 
composite has a slightly lower flexural strength, 
about 17 ksi, but a much larger standard deviation. 
Figure 10 shows the effect of the glass fiber/mica 
ratio on the maximum strain a t  fracture. This re- 
lationship is similar to the flexural strength in that 
as the glass-fiber fraction increases the maximum 
strain increases. Note, however, that the drop be- 
tween the 50125 composite and the 75/0 composite 

1 .oo 1 t I 

~ A r o o v w ~  
0.00 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
m a  O M S  FIBER FRACTION o m  ABW 

Figure 10 Maximum strain vs. glass-fiber content. 
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Table I11 
to Some Composite Systems in the Literature 

Comparison of the Flexural Properties of the Glass/Mica Ratio Composites of This Study 

Material 
Flexural Modulus 

(Msi) 
Flexural Strength 

(ksi) Reference 

Mica/epoxy (15/85") 
Glass/polyester (22/78') 
Glass/polyester ( 20/80b) 
Glass/polyamide (30/70b) 
Glass/mica/epoxy 

( 0/75/25b) 
(37.25/37.25/25b) 
( 75/O/2sb) 

0.93-0.97 
1.5-2.2 
1.3-1.6 

1.5 

4.55-5.23 
3.70-3.94 
2.26-2.76 

10.0-10.3 
- 

6.2-8.9 
44 

10.5-12.0 
17.8-22.4 
13.2-20.0 

21 
36 
38 
41 

- 
- 
- 

a Volume %. 
Weight %. 

is much lower and is, in fact, insignificant due to 
the standard deviations. Table I11 shows a compar- 
ison of the flexural properties of the glass fiber/mica 
ratio composites to some similar composite systems 
in the literature. The flexural modulus of the glass 
fiber / mica ratio composites are significantly higher 
than are the literature composites, whereas the flex- 
ural strengths are in the intermediate to high end 
of the literature values. This higher flexural modulus 
and similar flexural strengths are due to the much 
higher inorganic contents of the glass fiber/mica 
ratio composites of this study. 

The preceding behavior has been observed in a 
general sense by other researchers. Inubushi et al. 
studied mica-epoxy composites with mica loadings 
in the range of 0-0.15 volume fraction and found 
that as more mica was added to the epoxy the flex- 
ural modulus increased.21 For resins and mica di- 
ameters similar to the present composites, a linear 
increase in the flexural modulus was observed, but 
no attempt was made to explain this behavior. Fur- 
thermore, the addition of mica was found to signif- 
icantly lower the flexural strength. Newaz studied 
clay-polyester composites with clay loadings up to 
10 vol % and found that the addition of clay particles 
increased the tensile modulus and decreased the 
tensile strength and strain.22 Although neither Inu- 
bishi et al. nor Newaz found the same specific re- 
lationship as in the present study, this would not be 
expected since the composite system currently being 
studied contains both glass fibers and mica at  sig- 
nificantly higher loadings. Nonetheless, their ob- 
servations appear to hold for the current systems, 
that is, the addition of inorganic fillers tends to em- 
brittle the polymer, creating a stiffer material while 
at the same time lowering the strength and strain 

at  failure. This behavior is clearly illustrated in the 
load-deflection curves shown in Figure 11. 

Acoustic Emission during Flexural Deformation 

Prefailure Analysis as a Function of Composition 

The prefailure damage mechanisms of these com- 
posites were investigated using AE. Two approaches 
were used in this study. The first involves monitor- 
ing the amplitude distributions as a function of 
composition and is referred to as a compositional 
analysis. The second involves monitoring the dam- 
age accumulation as a function of amplitude region 
for the different compositions and is referred to as 
an amplitude analysis. 

Figure 12 shows the result of the compositional 
analysis. It is worthy to note that all the AE data is 
typical, in that a t  least three samples were run per 
composition. The amplitude distribution of the all- 
mica composite, shown in Figure 1 2 ( A ) ,  has only 
one peak starting at  about 25 db and ending at 42 

75% G W S / O %  YICA + 

3 .,t //- 37.26% GLA59/37.26% MICA a '"1 
t 0% GLASS/75% YICA .I r 

. . .  - .  . 
0.00 0.02 ' 0.04 ' 0.06 0.08 

DEFLECTION (in) 

Figure 11 Flexural load-deflection curves. 

10 
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AMPLITUDE (db) 

Figure 12 
showing their AE fingerprint. 

Compositional analysis of the composites 

db. This indicates that only one damage mechanism, 
detectable by AE, is occurring. There are two pos- 
sible damage mechanisms: matrix cracking or 
epoxy-mica debonding. This amplitude distribution 
is designated “low amplitude” and includes all events 
from 0 to  42 db. As soon as glass fibers are added to  
the composition, three amplitude peaks occur, as 
seen in Figure 12 (B)  . This indicates that the glass 
fibers must be causing these new damage mecha- 
nisms. As previously stated, the possible damage 
mechanisms associated with glass fibers are fiber 
fracture or interfacial debonding. It therefore follows 
that fiber fracture and/or interfacial debonding are 
causing the “high-amplitude’’ distribution, which is 
taken from 43 to 100 db for analytical purposes. This 
amplitude range has been associated with these 
mechanisms by other  researcher^.^^'^^'^ Figure 12  ( C )  
shows the amplitude distribution for the all-glass 
fiber composite. I t  too shows three amplitude peaks, 

similar to  the 37.25/37.25 composite in that the 
same range of events occurs. Since the low-ampli- 
tude events in the distribution are still present, they 
must be due to matrix cracking and not to epoxy- 
mica debonding. Other researchers have associated 
low-amplitude events with matrix c r a ~ k i n g . ~ . ~ . ’ ~ , ’ ~ * ~ ~  

Damage Analysis by Amplitude Segregation 

Figure 13 shows the accumulation of the low-am- 
plitude events as a function of composition. The O /  
75 composition, shown in Figure 13 ( A ) ,  exhibits a 
constant increase in the rate of damage accumula- 
tion to failure. The occurrence of low-amplitude 
events throughout the deformation process has been 
observed by  other^.^,'^ Note also that the damage 
starts in the linear region, which for this composite 
ends a t  about 0.12% strain. Damage in the linear 

LOW AMPLI7VDE (0-42db) 

,,,,$ 0% GL.LSSl7.5’70 MICA , 
800 

37.2546 GlAsSl37.2SSb MI- 

l o c 0 c  

0 

0.6 ‘ 0 . 8  ’ ’ 1.0 ’ 

0 I 0.0 0.2 0 . 6  0.6  0.8 1.0 

m N  (W 
Figure 13 
ing the low-amplitude (0-42 db) events vs. strain. 

Amplitude analysis of the composites show- 
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Figure 14 
ing the high-amplitude events (43-100 db) vs. strain. 

Amplitude analysis of the composites show- 

region has been observed before." Again, the addi- 
tion of glass fibers has a profound effect on the low- 
amplitude AE damage accumulation behavior. The 
37.25/37.25 composition, shown in Figure 13 ( B ) ,  
also exhibits AE in the linear region, which ends at 
about 0.22% strain. However, the AE accumulates 
a t  a constant rate until just prior to failure where 
there is a rapid increase in the last 0.05% strain. 
The all-glass composite, shown in Figure 13 ( C )  , ex- 
hibits very little AE activity in the linear region, 
which ends at  approximately 0.28% strain, and a 
somewhat more gradual AE activity at higher 
strains. However, the rapid increase in events still 
occurs just prior to failure in the last 0.03% strain. 

Figure 14 shows the damage accumulation related 
to the high-amplitude events. By definition of the 
low-amplitude region, no high-amplitude events oc- 

14 (A).  Figure 14 (B ) shows the accumulation in the 
37.25 / 37.25 composite. An insignificant number of 
events occurs until just prior to failure, at which 
point the number of events increase rapidly. This 
occurs in the same region as the rapid increase of 
low-amplitude events. Other researchers have ob- 
served a rapid increase in high-amplitude events just 
prior to f a i l ~ r e . ~ , ' ~  The all-glass-fiber composite, 
shown in Figure 14 ( C  ) , exhibits the same behavior 
as does the 37.25/37.25 composition in that an in- 
significant number of events occurs until just prior 
to failure, a t  which point the number of events in- 
creases rapidly. 

The preceding AE analysis suggests that the low- 
amplitude events are due to matrix cracking whereas 
the high-amplitude events are due to fiber breakage 
and/or fiber-matrix debonding. Also, the all-mica 
composite exhibits substantially different damage 
accumulation than do the composites that contain 
glass fibers. Although this analysis has proven ben- 
eficial, some questions remain such as what specific 
mechanism is causing the high-amplitude events and 

Figure 15 Crack initiation in the 0% glass/75% mica 
cur in the 0/75 composite, as shown in Figure composite. 
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Figure 16 Damage sequence of the 0% glass/75% mica composite. 

what exactly is the nature of the damage accumu- 
lation. This is the impetus behind coupling AE with 
other techniques, such as SEM. 

Scanning Electron Microscopy 
during Flexural Deformation 

To answer the questions just raised and to further 
confirm the AE suggested mechanisms, in situ SEM 
observations were conducted on the composites us- 
ing the apparatus shown in Figure 2 with the tech- 
nique described in the Experimental section. This 
technique allows observation of the damage pro- 
cesses on the tensile side of the flexure sample as a 
function of strain, which can then be correlated to 
the AE data. 

0% Glass/75% Mica Composite 

Figure 15 shows the initiation of damage in the all- 
mica composite. In the unstrained micrograph, Fig- 
ure 15 ( A ) ,  the presence of microcracks on the order 
of 10 microns is seen to exist at  what appears to be 
the mica interface. These are most likely due to 

thermally induced stresses arising during the curing 
process, in which the cracks would preferentially 
form at the mica interface because of the poor mica 
adhesion. Microcracks initiate at  these preexisting 
flaws at  strains in the range of 0.10%, which is still 
in the linear region. This is consistent with the fact 
that AE is detected in the linear region. 

Figure 16 shows the damage sequence for this 
composite. Once the microcracking has initiated, it 
tends to follow the mica interface with additional 
propagation through the matrix as shown in Figure 
16 (A) ,  in a direction roughly perpendicular to the 
applied stress. This would be expected since the mica 
has a much higher strength than does the epoxy.25 
Upon increasing strain, numerous cracks are ob- 
served as indicated in Figure 16(B),  which has a 
lower magnification than does Figure 16 (A).  These 
cracks continue to grow and coalesce, as shown in 
Figure 16 ( C )  , until final failure occurs as shown in 
Figure 16 ( D )  . This mechanism correlates well with 
the AE data of Figure 13 ( A ) ,  which shows a con- 
stant increase in the rate of damage accumulation 
to failure, as there is a rapid proliferation of damage 
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A. 

37.25% GIass/37.25% Mica Composite 

As was seen in the AE analysis, as soon as glass 
fibers were added to the composition, the amplitude 
distribution as well as the damage accumulation 
changed dramatically. Figure 18 shows the initiation 
of the damage between 0.06 and 0.12% strain at what 
appears to be the mica particles. Even though the 
coating has broken at  0.06% strain, this does not 
necessarily mean the crack has grown, as it is likely 
that this was a site of a preexisting microcrack. 
However, the crack has most definitely grown from 
0.06 to 0.12% strain, which is still well within the 
linear limit of 0.22% strain. This confirms the AE 
that showed the occurrence of damage in this region. 

The damage sequence of this composite, as the 
AE has indicated, is very different from the all-mica 
composite. Figure 19 ( A )  shows the initial damage 
that was shown at  much higher magnification in 
Figure 18. The observed cracks do not grow sub- 
stantially until much higher strains, as illustrated 
in Figure 19 ( B  ) , which is already at  0.49% strain. 
At these strains, evidence of fiber breakage and fiber 

B. 

Figure 17 
composite at lOOX ( A )  and lOOOX (B)  magnification. 

Fracture surfaces of the 0% glass/75% mica 

observed in the SEM as the strain increases. Fur- 
thermore, only one mechanism is observed in the 
SEM, which confirms the interpretation of the AE 
compositional analysis of Figure 12. 

Figure 17 shows the fracture surface of the all- 
mica composite. The fracture surface at  high mag- 
nification, Figure 17 ( A ) ,  is relatively smooth when 
compared with the fracture surfaces of the compos- 
ites that contain glass. This indicates a brittle type 
of fracture, which is in agreement with the literature 
citing the embrittlement of epoxies by the addition 
of mica. Figure 17 ( B  ) shows that the mica appears 
to be oriented in a perpendicular direction to the 
plane of fracture (i.e., parallel to the composite sur- 
face). Furthermore, the mica flakes are very smooth, 
indicating poor adhesion to the epoxy. This supports 
the observation that crack initiation starts at  the 
preexisting flaws at the mica interface as the par- 
ticles act as stress concentrators during the curing 
process. Because of poor adhesion of the mica to the 
epoxy, debonding occurs at  the interface creating 
the preexisting flaws. mica composite. 

Figure 18 Crack initiation in the 37.25% glass/37.25% 
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Figure 19 Damage sequence of the 37.25% glass/37.25% mica composite. 

debonding is observed. However, because of the pol- 
ishing required, some of these fibers may have been 
predamaged. Figure 20, however, clearly shows ev- 
idence of fiber breakage a t  about 0.49% strain. Al- 
though this strain level does not correlate exactly 
to  the majority of high-amplitude events shown in 
Figure 14 ( B  ) , it is within experimental deviations. 
Further evidence that  debonding and fiber breakage 
are observed a t  higher strains, is shown in Figure 
19 ( C ) , a slightly higher magnification than in Figure 
19 ( B )  . Figure 19 ( D )  , the final macrocrack, clearly 
shows evidence of fiber pull-out and breakage. 

Also evident in the fracture surfaces, shown in 
Figure 21, are pulled-out fibers. These fibers, unlike 
the mica particles, are not smooth but have resin 
remaining on them, indicating good fiber adhesion. 
Figure 21 (B)  , the surface at higher magnification, 
shows evidence of cracking along the mica particles. 
This agrees with the observed crack initiation. Also, 
when Figure 21(A) is compared with the all-mica 
composite fracture surface of Figure 17 (A) ,  it is 
clear that the surface of the composite containing 
glass fibers is much rougher. 

75% Glasslo% Mica Composite 

The all-glass-fiber composite shows similar behavior 
to  the 37.25/37.25 composite except for the crack 
initiation. Figure 22 shows the nature of the crack 
initiation. Evidence of preexisting microcracks in 
the matrix, as well as voids, is observed, and growth 
from these sites occurs almost a t  the linear limit, 
which is 0.28% strain. This agrees well with the AE 
accumulation data of Figure 13 ( C  ) in which there 
is little AE activity in the linear region. 

The fracture surfaces are shown for the all-glass- 
fiber composite in Figure 23. Figure 23 (A)  clearly 
shows that the fibers are not in a totally random 
distribution but are in a transversely isotropic ori- 
entation. It is also apparent that many pulled-out 
fibers are present. This is shown close up in Figure 
23 ( B )  , where it is observed that although some fi- 
bers are devoid of resin, most have resin remaining 
on them, indicating good fiber adhesion. The fibers 
without resin on them most likely were surrounded 
by a void as other micrographs showed the presence 
of voids. 
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the mica particles as shown in Figure 18. These mi- 
crocracks grow slowly, producing low-amplitude 
events, as the strain increases but are prevented 
from causing failure at low strains because the glass 
fibers, due to their good fiber adhesion to the epoxy, 
toughen the material as indicated in Figures 11 and 
13 ( B  and C ) . Once a critical strain is reached, how- 
ever, fiber breakage and pull-out are observed as 
shown in Figures 19 and 20. These mechanisms pro- 
duce high-amplitude events as shown in Figures 12 
and 14(B) .  At this strain, approximately the last 
10% of the failure strain, catastrophic crack growth 
occurs, producing a rapid increase in both the low- 
and high-amplitude events and causing ultimate 
failure. 

75% Glass/O% Mica Composite 

In the all-glass-fiber composite, microcracking ini- 
tiates at preexisting flaws and voids instead of at 

Figure 20 
mica composite. 

Damage detail of the 37.25% glass/37.25% 

Prefailure Damage Mechanisms Based 
on AE Data and SEM Observations 

0% Class/75% Mica Composite 

Based on the AE data and the SEM observations, 
it is possible to develop a damage mechanism. In 
the all-mica composite, microcracking starts in the 
linear region at preexisting flaws located at  the mica 
interface as shown in Figure 15. These microcracks 
grow along the mica contours over the majority of 
the deformation process, producing low-amplitude 
events, until final fracture occurs. Fracture occurs 
a t  much lower strains than in the glass-containing 
composites because the mica cannot toughen the 
matrix as the glass fibers do because of its poor 
adhesion to the matrix (shown in Fig. 17) as well 
as its lower aspect ratio. 

A. 

37.25% Class/37.25% Mica Composite B. 
Figure 21 Fracture surfaces of the 37.25% glass/ 
37.25% mica composite at loox ( A )  and 1OOOX ( B )  mag- 
nification. 

In the 37.25/37.25 composite, microcracking starts 
in the linear region at preexisting flaws located at 
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a t  high strains and were associated with high- 
amplitude events. 

3. In the all-mica composite, microcracking ini- 
tiated in the linear region a t  preexisting flaws, 
on the order of 10 pm, located at  the mica 
interface. These microcracks grew along the 
mica contours over the majority of the de- 
formation process, emitting low-amplitude 
events, until final fracture occurred. 

4. In the glass-containing composites, micro- 
cracking initiated in the linear region at  
preexisting flaws and voids, on the order of 
10 pm. These microcracks grew slowly, emit- 
ting low-amplitude events, as the strain in- 
creased but were prevented from causing 
failure a t  low strains because of toughening 
from the glass fibers. At high strains, fiber 
breakage and pull-out occurred, emitting 
high-amplitude events. At strains just prior 
to failure, catastrophic crack growth occurred, 
producing a rapid increase in both low- and 
high-amplitude events. 

Figure 22 
composite. 

Crack initiation in the 75% glass/O% mica 

mica particles as shown in Figure 22. Upon increas- 
ing strain, the crack propagates in a similar manner 
as  does the 37.25/37.25 composite up to  failure, 
which occurs a t  slightly higher strains. 

A. 

CONCLUSIONS 

1. A unique class of highly filled composite ma- 
terials composed of glass fibers, mica, and 
epoxy resin have been optimized with respect 
to  flexural properties. Furthermore, as the 
glass-to-mica ratio was increased, the flexural 
strength and maximum strain increased while 
the flexural modulus decreased. 

2. Three prefailure damage processes were 
identified ( a )  matrix cracking, which oc- 
curred throughout the deformation process 

events, ( b )  glass fiber pull-out, and ( c ) glass- 
fiber breakage, both of which occurred only 

and was associated with low-amplitude B. 

Figure 23 
composite at  1OOX ( A )  and 1OOOX (B)  magnification. 

Fracture surfaces of the 75% glass/o% mica 
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