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‘; I. ABSTRACT :#
|
Fracto-emission (FE) is the emission of partieles and photons during and a
: Following crack propagation, The types of particles we have observed include f
Z electrons (EE), positive ions (PIE), and excited and ground state neutrals 1
(NE). In this report we present results of a number of experiments involving ﬁ
principally graphite/epoxy composites and KevlarTM single fibers. A study E
concerned with the physical processes responsible for EE and PIE is included. i:;
' . . i
; Finally, a review paper on FE from fiber- and particulate-reinforced composites { ;
| |
o is glso included. .
g
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II. INTRODUCTION

In this report we present four recently written manuseripts, three of
which deal with the subject of fracto-emission from fibers or fiber-reinforced
epoxies. The fourth paper involves recent studies on the mechanisms of
electron and positive ion emission from systems where large amounts of charge
separation oceurs, e.g. situabtions inveolving interfacial or adhesive failure

We feel that the more details of fracto-emission mechanisms we can
provide, the more useful a tool FE will be for investigating damage and failure
mechanisms, the influence of environmental factors on compositas, and as a
sensitive probe of crack growth in composite materials.

The work presented in this report includes the following:
Section III: ACOUSTIC AND ELECTRON EMISSION FROM THE FRACTURE OF
GRAPHITE/EPOXY COMPQSITES

(Submitted to J. Mater, Sei.)

Section IV: FRACTO-EMISSION FROM SINGLE FIBERS OF KEVLAR-U4Q

(Submitted %o Fibre Science Technol.)

Section V: FRACTO-EMISSION: THE ROLE OF CHARGE SEPARATION

{Submitted to J. Vac. Seci. Technal.)

Section VI: FRACTO-EMISSION FROM FIBER-~ AND PARTICULATE-REINFORCED

COMPOSITES
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III, ACOUSTIC AND ELECTRON EMISSION FROM THE FRACTURE
OF GRAPHITE/EPOXY COMPOSITES

A, Jshan~Latibari, J. T. Dieckinson, and L. C. Jensen
Department of Physics
Washington State University
Pullman, WA 99164-2814

ABSTRACT

The fzilure mechanisms of graphite-epoxy composites are investigated using
acoustic emission (AE) and electron emission (EF) techniques. EE and positive
ion emission (PIE) from the fracture of unidirectional graphite-epoxy
composites were measured., The results show a rapid rise in emission during
fracture and a slow decay following fracture for both EE and PIE.
Multidirectional graphite-epoxy composites fractured in flex were examined as
well, The simultaneous AE and EE measurements indicated a steady build-up of
AE prior to catastrophie failure in all systems examined. A slow, pre-fracture
ZE build-up was detected from the flexursl loading of ze2ro degree
graphite-epogy. Tnis was atbributed to microerack formation in the matrix as
well as the separation of the tiny bundles of fibers from one another on the
tension side of the sample. The steady build-up in AE was considersd to be the
result of fiber fracture and interlaminar failure. The results of this sbudy
suggest that by comparing data from AE and EE techniques, one can defect and
differentizste between the onset of internal and external fallure in composites.
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I, INTRODUCTICH

In acquiring an understanding of the performance of composite structures,
it is essential to accurately describe the processes leading up to cerack
formation in model composites under stress. To gain‘this unaerstanding, a
number of techniques have been developed for sensing damage to these maberials

prior to failure. Acoustic emission (AE) is an example of such a technique; it

-has been used successfully to detect areas of weakness in composite specimens

prior to failure (i,2). Bailey, et al. were able (3}, with the aid of AE, to
detect the location of flaws within composite components and investigate the
time-dependent formztion and propagation of cracks during loading. Rotem (&)
wes able to discriminate between different failure modes in composites by
analyzing amplitude intensity distributions of AE,

In recent months we have been investigating a set of physical phenomena
calle& fracto~emission (FE) that involves the emission of particles (e.g.
electrons, positive ions, neutral molecules, and photons) during and following
the propagation of a craeck. Most of our work has concentrated on electron
emission (EE) and positive ion emission (PIE), which have been detected from a
wide range of materizls (see references 5 -~ 17). The results from the fracture
of individual 10 um fibers of E-glass, S-glass, and graphite (11,17) showed the
emission from these materials to be relatively intense (typically 108
particles per cm2 of cross-sectional area) and short-lived, typieally
decaying away in 10 = 50 ps. The fracture of KevlarTM fibers (18) produced
multiple bursts of emission, indicating the formation and fraecture of
individual fibrils within the strands. These bursts, approximately 50 us in

duration, werec often hundreds of microseconds apart in groups of 1 - 5,

e Kiaa S alal L

[ S S S e

o
L e e —————. A * A 58 ¢ e oy S h i



ORIGINAL Fa2l o

PR R

OF POOR QUALITY
Unfilled epoxy (DER 332/T403, a bisphenol-type 4 resin) yielded relatively weak

emission (typically 103 particles per cm2 of cross-sectional area) with
a decay time of about 25 us.

Fracture of the filament/epoxy strands resulteﬁ in'significantly different
emission curves,., During fracture, the EE and PIE rise together in the form of
large bursts. Immediztely following separation this intense emission begins to
decay away; the decay is very slow and lasts for many seconds. Intense
emitters can yield detectable emission {for as long as two hours after fracture,
As discussed elsewhere (11 - 16) we have found this behavior :o be
characteristic of interfacial or adhesive failure, A model involving the
physical phenomena accompanying such fracture is presented in reference 19,
wherein the charge separation between dissimilar materials in contact (e.g.
epoxy/glass) plays a eritical role.

In this paper the results of EE and PIE measurements from the fracture of .
unidirectional graphite-epoxy composites are presented; z study of
multi-directional graphite-epoxy, including a comparison of AE and EE from

flexural loading of such composites, is also included.
II. EXPERIMENTAL PROCEDURE

Unidirectional graphite-epoxy composites (provided hy NASA-Ames Material
Science and Application Office) made from Union Carbide Thornel 300 graphite
fibers énd MNARMCO S208 epoxy resin were fractured in tension. A sharp notch
was made in the center of the tension sample to conbrol the fracture
initiation. Graphite-epoxy composites made from Union-Carbide Thornel 300
fibers and various NARMCO epoxy resins were tested in flex as well. The fiber

directions in these composites were (0Q), ¢*45) and (0,90,90,0) degrees to

i b e, 2 1
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the long axis. ‘Samples were tasted in three-point flex with a span-to-depth

2Rp o -y

ratio of 20:1 and strzin rats of 0.064 mm/sea,

The experiments were performed in a vacuum chamber st a pressure of \

5

1%10° - Pa., The detectors used for charged particles are channeltron

electron multipliers (CEM's) which produce fast (10 ns) pulses with

e e, i

approximately 90% absclute detection efficiency for elzctrons and nsarly 100%

efficiency for positive ions. The gains of the CEM's used were typically

106 - 108 electrons/incident particle. The detectors were positioned 1

A AR P Y e 4 ML 1

~ % cm away from the sample with a bias voltage on the front cone of the CEM to

attract the charged particles of interest. Baekground noise counts ranged from .
1 to 10 counts/second, Standard nucleaf physics data aquisition techniques

were employed to count and store pulses, normally as functions of time. The

time scales of interest are submicrosecond to several second intervals, which

we can easily cover with commercial electronies,

Acoustic emission (AE) and EE were detected from graphite-epoxy composites

fractured in three-point flex. AE was detected with a PZT transducer with a

|
4
!
!
=
55
B
!
. £

resonant frequency of 175 KHz., The bursts were typically 500 ps in duration.

background noise, and the resulfing pulses were counted on a multi-channel

The filtered and amplified signal was fed into a discriminator to eliminate J
|
|
|
|

scaler. Thus the count rate displayed is determined by both the number and
siza of AE bursts (the number of "rings" that trigger the discriminstor)}. To

reduce the influence of mechanical AE in our experiments the mechanical

supports were covered with teflon tape. Fracture of a uniform material (PMMA), ; !
wnich will have no interlaminzr shear or delamination, shows no prefracture AE ‘ !
in our system. Fig. 1 shows schematically the electron multipler and AE )

transducer arrangement which simultaneously detects AE and EE from the sample, )

. . |

Load and deflection wers also measured. ' ?
!
i
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III. RESULTS AND DISCUSSION

The results of EE and PIE from the fracture of unidirectional
graphite~epoxy composite (Thornel 300/5208) are shown in Fig. 2. The sampies
were 0.25 mm thick and 2.4 mm wids. In generzl EE exceeds PIE in terms of
total emission by 10-40%. However, sinee the EE and PIE shown in Fig, 2 were
measured from two separate samples, é larger variation is present hetween EE
and PIE. The resulting emission plotted on é log scale shows the rapid rise
during fracture and slow decay following fracture, We note that the decay
kinetics for both EE and PIE are essentially identical, suggesting that a
common rate~limiting step is shared by the two types of emissions.

Examinations of the fracture surfaces on a number of systems involving
adhesive failure or delamination with an SEM indicate that the production of
interfaces is responsible for intense smission during and slow decay following
fracture., This feature of intense, long~lasting emission may serve as a
measure of the extent of delamination that has cceured. By far the majority of
the emission is coming from the surfaces creatad by the séparation of the
filaments from the matrix. Even though emission sccompanying composite
fracture (interfacial failure) is more intense and lasts longer than emission
from single fibers, the intensity atlfracture and decay rates vary amofg
various composite systems. Emission from graphite«epoxy samples decays to the
background level after about 60 seconds (see Fig, 2), while emission from
Kevlar-epoxy strands lasts as long as two hours. 3EM abservations showed
interfacial failure in both composite systems, but the interfacial fracture

energy may be the cause of the variations in emission decay rates.
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Graphite-epoxy composite is brittle and fractures with less energy than a

tougher composite system such as Xevlar-epoxy.

To further explore the type of fracture events in composites which lead to

- —"‘—‘—_ oS« P

. . FE, we simulﬁaneously examined the AE and EE acéompanying flexural failure,

Figs. 3 thru 6 show the results of AE and EE measurement from NARMCO 5208 epoxy

. +
resin and (0)16’ ( 45)16, and (0,90,90,0)16 degree
graphite—epoxy composites., Load vs. deflsetion curves are also included in i
B figures 4 thru 6 to betber demonstrate the dependence of AE and EE on the

deformation and failure of composite materials. Samples tested in flex

contained no notch. Flexural testing of NARMCO 5208 epoiy resin produced a few

low intensity AE bursts prior to fracture, but no EE was detected. The single

bursts of AE prior to fracture are assumed to be the result of microeracking.

%_ The AE and EE count rate at firacture for epoiy resin is one order of magnitude

smaller than graphite-epoxy composites. The AE data obtained from the flexural
testing of graphite-epoxy composites can be characterized as follows: first, an
initial rapid rise from zero due to the initial load applied to the specimen;

szcond, the steady build-up of the AE count rate prior to failure. Finally, a 3

large burst followed by a drop in AE count rate at catastrophic failure.

Concerning AE only, our results differ somewhat from those of Barnly and
Parry (20). Barnly and Parry observed no acoustic activity prior to fracture

for unidirectional fiber glass—-epoxy composite notched samples tested in flex.

In their experiment, the onset of failure and large load drop was indicated by

!
the onset of AE. However, their result on eross-ply (0/90) material showed the %
AE build up immediately following the application of load, Fitz-Randolph

et.al, (21) have shown the steady increase of AE with deflection for
unidirectional boron-epoxy composites. This was expected because brittle

} .
compasites such as graphite-epoxy produce different forms of AE bursts than
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glass~epoxy composites. a

i

Composite materials generally exhibit a varlety of failure modes, é

Iii

ineluding matrix cracking, debonding, fiber breakage resulting from statistical N

. ol

distribution of fiber strength, delamination, and void growth (22). Some of ;‘ m

i |

these events, prior to failure, will be clearly detectable in hoth EE and AE. : 4
The basic requirement for detecting fracture events with FE 1s that the

newly created fracture surfaces zre in some manner in communication with the
vacuum so that the particles can escape {rom the sample and be detected. Thus,
the existence or lack of correlatiocns between AE and EE can provide informstion
an the mechanisms leading up to failure.

For example, Fig. 5 shows the AE build-up from a (0)16 degree
graphitekepoxy system at the early stages of loading. As mentioned previously,

a statistical distribution of strength exists among graphite fibersi therefore

some fracture at a lower sitress in fension than others, which will produce

bursts of AE., As the loading advances more fibers fracture and csuse the AE

build-up prior to catastrophic failure of the composite (23), Shear and

ARG P S oA W — -
“+

internal delamination will also contribute to AE. Loose fibers at the edges

may break at any time during loading and produce both AE and EE bursts :

simultaneously, The failure of fiber bundles are shown by two lzrge EE and AR

bursts early in loading in Fig. 5.

|
:
I
!

These failures were also observed with a
video recorder and correlazted with the AE and EE. At higher load levels, fiber
fracture and internal delamination will lead to AE. Matrix cracking in the
tension side of the sample and the separation of tiny bundles of fibers will
all contribute to simultaneous AE and EE. The slow build-up of EE prior to
failure is aftributed to microcracks formed on the surface, while the EE bursts

in the region between 3 and 6 mm deflection are considered the result of

"larger" events such as edge cracking or bundles fracturin, .. the front

AR ¢ e i mt

v—

R e



Ll

|

.{
|
E

MR ABMIR L ot e Seurar Sy g

e ORIGINAL #ieT
OF POOR QUALITY

surface. Finally, the test specimen fractures catastrophilcally (where the load

drops}, accompanied by large bursts of AE and EE occurring together, In
specimens without a noteh, many fibers break simultaneously with delamination -
ohe eaﬁ frequently see several plys failing successively, EE decays slowly
between successive failure of the plys, bubt both AE and load will increase
until the next catastrophic failure of more plys,

Even though some of the composite failure mechanisms described above will
apply %o angle ply laminates, transverse cracking and interfacial failure will
predominate. When reiﬁforcement fibers are at tﬂs degrees to the long
axis, interfacial fracture is the main failure mechanism. This is clearly

shown in Fig. 6 by the large simultaneous bursts of AE and EE. The EE curve is

characterizad by.}requent bursts characteristic of crack formation whiech in
this case is the-intérfacial failure a£ a 45 degree angle to the long axis of
the sample. The EE count rate is higher when 1oading_the sample compared to .
background (prier to loading). Analysis of Iug degree samples indicate
interfacisl failure on the tension side after testing. Composites with
different fiber directions produce different forms of AE bursts: when
composite layers are at +45 degrees, AE appears immediately on loading and
increases with load. TInterlaminar shear causes continoﬁs AE build-up, One
interesting feature of AE and EE data from (0/90/90/0) degree samples is the AE
build~-up without any appearance of EE prior to failure, Large interlaminar
shear deformation and failure will occur in 90 degree (interior) laminates

prior to the failure of zero degree (exbterior) laminates (Fig. 7). These

events apparently cannot be detected using EE due to their being internal %o

the sample.

IV. GCONCLUSIONS fu,
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Flexural loading of 4rapnite-epoxy composites produces simultansous AE and
EE. 4 continuous AE build-up was observed from the loading of multidirectional
graphite-epory composites. When unidirectional graphite--epoxy combosites were
tested, an EI build-up prior to fracture was observed. The AE build-up prior
to fracture was assumed to result from accumulation of internal and external
damages such as fiber breaking and interlaminar failure, as well as matrix

cracking. The external failure of fibers and matrix cracking, prior to

eatastrophic failure, resulted in EE build-up.

The results of these experiments indicate that it is possible to detect ‘[1g
mierofractures, such as microscopic separatiod of tiny bundles of fibers, f
interfacial failure and matrix cracking in fiber-reinforced composites using : i
EE. Even though the EE technique is not able to detect internal failure such |
as fiber f{racture or interlaminar shear failure, it will provide evidence of i‘?;
failure at early stages of fracture. Also, it clarifies the source of AE as a {
function of strain by the presence or absence of AE-EE correlsations. if

Comparisons of the techniques tell precisely the ouset times for intarnal and

external failure, In addition, ZE technique is preobably sensitive to

i . a1

interfacial fracture energy; higher interfacial energy will produce higher EE
counts than low interfacial energy (brittle interphase). EE can thus be
employed to characterize the toughness of fiber-matrix interphase in

composites, o
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FIGURE CAPTIONS

Fiz. 1. OSchematic diagram of experimental arrangement for EE, AE, and load
measurements on composite materials in flex,

Fig. 2. EE and PIE from the tensile failure of unidirectional graphite-epoxy

‘ composites (Union Carbide Thornel 300 graphite fiber and NARMCO 5208 epoxy

resin).

Fig. 3. The EE and AE accompanying the flexural sﬁraining of NARMCO 5208 bulk
epoxy resin,

Fig. 4, The EE, AE, and load accompanying the flexural straining of 16 layer,
unidirectional graphite-epoxy composite. (Union Carbide Thornel 300 graphite
fiber and NARMCO 5209 epoxy resin.)

Fig. 5. The EE, AE, and lead accompanying the flexural straining of 16 layer
(~45) degree graphite-epoxy composite. (Union Carbide Thornel 300 fiber
and NARMCO 5208 epoxy resin,)

Fig. 6. The EE, AE, and load accompanying the flexural straining of 16 layer,
eross-ply (0,90,90,0) degrez graphite—epoxy composite. (Union Carbide Thornel
300 fiber and NARMCO 93% epoxy resin.)
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IV, FRACTO~-EMISSION FROM SINGLE FIBERS QF KEVLAR~ULO

J. T. Dickinson, A. Jahan-Latibari, znd L. C. Jensen
Department of Physiecs
Washington 3tate University
Pullman, WA 99164-2814

ABSTRACT

Fracto-emission (FE) is the ‘emission of particles (e.g. electrons, ions,
and photons) during and following fracture. In this paper, we present data on
electron emission (EE) and positive ion emission (PIE) from the tensile
fracture of Kevlar-49 single fibers, The fibers were initislly fractured in
puire tension, where a stranded form of fracture was observed, often with
muliiple peaks spread over several nundred miecroseconds. The loading condition
was then changed by stretching and breaking the fibers over a dull metal edge.
With this change in the loading, three different forms of fracture were
observed, each with its own distinetive form of emission eurve., When f{racture
was accompanied by extensive splitting and failure between the fibrils, total
emission was high and both EE and PIE decay times were long relative to
fractures in which little inter-fibril failure occcurrsd. The results of this
study suggest that FE has some applicability as a tool for the detection of
fracture mechanisms of single fibers.

* Trade name of E.I. Du Pont de Nemours and Co.
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I. INTRODUCTION

The fracture behavior of fiber-reinfarced composites is strongly dependent
on the properties of the fibers, the matrix, and the interface. The role of
debonding, fiver fracture, and fiber pull-out can be cribtical in determining
the toughness of {ibrous composites, Recently we have been examining various
characteristics of a phenomenon called "fracto-emission," explaining its
relationships to failure mechanisms in composites ineluding fiber~ and
particulate~reinforced epoxies (1) as well as particulate-filled elastomers.,

By fracto-emission (FE) we mean the emission of particles (e.g. electrons,
positive ions, neutral species, and photons) during and following the formation
of a erack in a stressed material (Reference 2 and the references found therein
contain our recent,work on a wide vafiaty of materials), 4s part of cur FE
studies, we have examined the FE from the fracture of single fibers of
materials such as E-glass, S~-glass, graphite, and Kevlar-~4#9. The fracture
properties of single fibers underltensile stress are of considerable interest
because of their contribution to strength in elongation.

We report here the results of recent messurements of electron emission
(EE) and positive ion emission (PIE) from the fracture of single fibers of
Kevlar. In a previous study we were able to measure Ghe mass of the PIE
accompanying the fracbure of Kevlar (3). In this work we focus on the time
dependence znd botal intensities of the emission produced by such fracturs.
These measurements give clear indications of the time required for the fibers
to undergo failure as well as the "damage" being produced during fracture. For
10 pm fibers, the time of fracture will be seen to be suprisingly long. We

propose that such FE measurements may prove useful for examining the ways in
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which fibers break.

I, EXPERIMENTAL PROCEDURE

The Kevlar-49 Aramid fibers used for this research are characterized by
high erystallinity, high tensile strength and modulus, and low density. In the
experiments to be described here, the samples were single f{ibers adhesively
bonded to pieces of aluminum sheet shaped to fit into elamps in our vacuum
system. The fiber length and diameter were 18 mm and 10 pm respectively. The

: fibers were strained at a rate of 1% per second until failure occurred. Almost
all fibers fractured under pure tension broke in various stranded forms. For
comparison, some of the fibers were stretched across a dull aluminum edge
during straining; this frequently produced "smoother" fractures, with less
splitting and shredding.

EE and PIE were measured using a Galileo Electro~Opties Model 4821 channel
eglectron multiplier (CEM) positioned within 3 cm of the sample. The front of
the CEM was biésed at +300V for electrons and -2500V for positive ions. The
pulse output (10 ns pulse width) from the CEM was amplified and fed into a 100
MHz diseriminator. The resulting pulses were fed into a multichannel analyzer,
allowing counts vs time to be recorded at 1 us per channel. The emission
curves varied in duration and are displayed here on various time scales,
emphasizing the bursts of emission. Because of the tiny érea of the fracturs
surface, the bursts ars frequently small and the accompanying decay curves
rather weak. Total particle counts are provided with each emission curve and
in the tables. These méy be larger than the arsa under the displayed curves

because the after-emission is extended %o longer times,

.

i

PR~ T AL

2B i, o

“
e
- RITRA ST

PR

- e A ——
8 T s

g Tt

T - e, * P et ey e
R s .).ﬂ{___..-a —




| 26~ . ORIGINAL PAGE 1S '
| OF POOR QUALITY X

The experiments were carried out in a vacuum chamber pumped by a diffusion

pump with a liquid nitrogen cold trapj; the background pressure in the chamber

was 121072

|

Pa. _ o ]
One side of the broken {iber was used te characterize the nature of the
ffactured fiber in terms of Lhe degree of damage to the fiber., This was done

by placing the broken fiber between two glass slides and photographing it at a

M
H
1
i
f
H
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1
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megnification of 200x using a Zeiss Photomicroscope III, The "damage" was then

qualitatively correlated with the intensity and time distributions of the EE

e i et Sy L o Zs e

and PIE from each fiber,

[ T

: III. RESULTS AND DISCUSSION

L Typical results of EE measurements from the purely tensile fracture of ?ﬂ

Kevlar fibers are presented in Figs. 1a and 1h. Photographs of the :51
corresponding fracture surfaces are shown in Figs, 1a' and 1b', As can be seen

from the photographs, the fibers generally fractured into individual fibrils, a

well known tendency of Kevlar fibers (4). The extent of splitting is seen to : i
vary qualitatively between Figs. 1a' and 1b'., In Fig. ta', the fiber f{racture i
involves limited splitting, and the corresponding EE is of very short duration
and in the form of two short bursts with a total of 308 counts. On the other
hand, the fiber in Fig, 1b' is extensively split after fracture. The EE curve
in Fig. 1b shows more intense, multiple bursts, characteristic of é more
complicated fracture process, The emission occurred in four distinet bursts
each longer in duration than the bursts in Fig, la. From examination of Fig.

1b' one can sae that substantially more splitting and fibril fracture has L

oceurred, . ]
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Similar results were obtained from the PIE measursments. The PILE, on the

'.
‘ i
time scale shown in Fig. 2a, is characterized by multiple, long lasting bursts. ¢

S LN P

Note the PIE build-up and decay of the second burst in Fig. 2a (about 100'ps).

E

This relatively slow build-up of the emission is most likely an indiecation of

mLL.d EeREa

k the time required for the splitting or separation process for the formation of i
the individual fibrils, while the decay time or after emission is due to

thermally stimulated relaxation of the fracture surfaces (5), This is

supported by the splitted form of fracture shown in Fig. 2za'. It is cbvious
from Figs. 1 and 2 that both EE and PIE are more intense when fibers fraacture
into separate fibrils.

éé ." These emission ceurves and phobtographs ( Figs. 1 and 2) show the

f complicated forms of fractura that cecur from the tensile deformation of Kevlar
1

i single fibers. In Table I we have summarized the fotal emission counts for a 1
]

millisecond interval during and after {racture, the number of distinguishable

o et s Evo sy . e

EE or PIE bursts (peaks), and the time duration between the occurence of the é

first burst and the last burst. This time is an indication of the time from

initial riber damage to final failure for the slow strain rate used in this Li
experiment, What is surprizing is the magnitude of this time in relation to ) f
the small cross—-sectlonal area of the sample. In ééneral, from the parameters

in Table I, we see that when the total emission for either EE or PIE is high

the splitting and formation of fibrils is significant, and there is evidence of i
extensive plastic deformation {as observed with the photomicroscope). A4lso, & E {
high total emission count was generally accompanied by bursts of EE or PIE with

long decay, We tenbatively suggest that long after-emission may be related to

a higher degree of fibril formation and/or plastic deformation.

This form of fracturs, namely the splitting and formation of fibrils, was
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previously seen by'Chiao, et al, (4) while testing Keviar/epoxy strands,

Chi=zo, et al. alsoc detected particles or defects within the ribrils which did
not appear to be artifacts;'but were an inherent characteristic of the fiber.
Due to the presence of these defects, some fibrils fracture zt a lower stress
level than others, producing an initial fracture in different parts of the
fiber, follawed by failure of the stronger fibrils at later times. This form
of fracture might thus yield successive bursts of emission over measurable time
periods. At this point, we can not distinguish elearly the order of events
producing the sequence of EE bursts that we observe.

Fig. 3 shows typical EE measurements and corresponding photographs of
Kevlar-49 single fibers stretched and broken over the dull metal edge. Similar
results of PIE measurements and photographs of their respective. fracture
surfaces are presented in Fig. 4. Although each graph or photograph in Figs. 3
or 4 is for a particular fiber, they are representative of approximately fifty
samples we studied.

For samples broken across the metzl edge, three distinetive forms Ef
fracture can be qualitstively distinguished by the examination of the eﬁission
curves and the photographs, The first type was characterized by low fotal
emission followed by a rapid decay; this corresponded to a "elean" fracture
where the fiber cleaved relatively cleanly across its ceross—section (see Figs.
3a and 3a', 4a and 4a'), Second, a "splitting" type of fracture was observed
which wag accompanied by greater counts of both EE and PIE, with longer decay
times (see Figs. 3b and 3b!, 4b and #b', and Tabhle IL). This form of fracture
was the type that dominated when fibers were {racbured in pure tension. In the
third form of fracture, the fiber broke mainly across its ceross-seection, but

the resulting fracture surfaces are frayed. Such "frayed" {racture was
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sharacterized by several bursts of electrons and positive ions, with some
bursts lasting up to 200 us (see Figs. 3¢ and 3e!', Y4c and Ze'),

Table II presents average values of the parameters; total counts, number
of bursts, and time duration to characterize typiecal behavior for each type of
fracture.

In Kevlar fibers the extended polymer chains along the fiSril axes are
covalently bonded, whereas the fibrils are attached to one another in the
transverse direction only by hydrogen bonds (5). The weak hydrogen bonds break
easily and cause the fibrils to separate from one another during fracture,
When the fiber fracture is "elean”, a2 limited number of either covalent or
hydrogen bonds were broken. In zsddition, the exposed fiber surface area is
very small. Therefore the total emission count is low with a very rapid decay
(see Fizs,., 32 and 4a). In cases where {ibrils are formed extensively even
though the total number of failed covalent bonds may be no higker than that
found in {lat fracture, a very high number of hydrogen bonds are broken. The
failure of hydrogen bonds causes more f{ibril surface area to be exposed and may
produce charge separation in z way similar to delamination or "interfacial
failure," which we have found produces intense emission (2,6). We have shown
that charge separation during fracture plays a key role in the em;ssion
mechanism; in general, when charge separation is intense so is the EE and PIE

(2,6). Thus the FE may be providing signals indiecative of the manner in which

the fibers ars failing.

IV. CONCLUSTIONS

. The emission of electrons and positive ions from the fracture of single

J O e
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fibers of Xevlar-49 has been examined on the microsecond time scale, Evidence
oi the time required from initial damage to ultimate failure of the fiber has
been provided, showing‘times ranging from a feﬁ microseconds to several hundred :
microseconds. Secondly, the total emission firom the entire fracture event %

tends to correlate with the exteant of "damage" to the fiber produced by

fracture. Finally, by examination of the shape and intensity of the EE/PIE .
bursts, it may be possible to differentiate between fibril formation vs fibril

fracture. A measurement of other EE/PIE charactaristics such as kinetic energy

or use of other FE components (e.g. neutral emission or photon emission) might

provide more deformation informatioﬁ on the fracbture ﬁrocesseS‘occurring where

such Tibers are stressed to failure,
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Table I. Selected Parameters for Electron and Positive Ion Emission From the ‘i
Fracture of Xevlar Single Fibers. }
EV
4 - - - * i:
Emission Type Total Emission Number of Time Duration ) i
Counts Per 1 ms bursts {Microseconds) | i
: §
: X
EE 308 5 681 | i
615 4 125 : ]ﬁ,\
640 3 209 : :
860 4 116 f i
576 3 132 Z E
264 2 47 z i
429 3 111 g o
PIE 1265 3 219 T
195 1 - : §
. 882 2 19 i i
T4l 4 59 < "
oo
* Time between the occurrence of the first and last burst - f%
! f '!
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Table IL. Averages of Selected Parameters of EE and PIE for Various Forms of ! ”
Kevlar-49 Single-Fiber Fracture. (Fibers Stressed Over Metal Edge.) -
% i
Fracture Emission Total Emission Humber of Time Duration N
Mierostructure Type Counts per 1 ms) Bursts (Microseconds) :
Clean EE, 334 3 15 :
PIE 42 1 - 3
Stranded EE 470 2 25 !
- PIE 61 2 6 i;
Frayed EE 1168 6 5390 ;_?
PIE 768 ] 470 <
K
It
Time between the occurrsnce of the first and last burst {
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FIGURE CAPTIONS

Fig. 1: Electron emission and photographs of fracture surfaces of gevlar ]
single fibers fractured in pure tension: a) limited splitting, and b) extensive S
splitting of fibrils.

Fig., 2: Positive ion emission and photographs of the corresponding fracture 5 i
surfaces of a Kevlar single fiber fractured in pure tension, :

Fig. 3: Electron emission and photographs of the corresponding fracture
surfaces of Kevlar single fibers fractured across a dull metal edge: a) flat,
b) strandad, and c¢) frayed fracture.

- A et oo

Fig,4: Positive ion emission and photographs of the corresponding fracture
surfaces of Kevlar single fibers fraectured zcross & dull metal edge: a) flat,
b) stranded, and ¢) frayed fracture,
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yv. FRACTO-EMISSION: THE ROLE OF CHARGE SEPARATION i{
i

J. T. Dickinson, L. C. Jensen, and A. Jahan-Latibari : ?J
Department of Physics §é

Washington State University ;;

Pullman, WA. 99164-2814 .

e mm a— — m

ABSTRACT

Fracto-emission is the emission of particles (e.g. electrous, ions, ground
state and excited neutrals, and phoftons) during and following fracture. We y

have found that during fracture of adhesive bonds and crystalline materials
invelving large smvunts.of charge separation on the surface, the emission of
charged particles, excited neutrals, light, and radio waves occurs with unique
and revezling time dependencies. In this paper we report simultaneous

- A L e
VL WA perdTF 7 e = - g sl

fracto-emission measurements on several systems., We interprest the results in b
terms of a conceptual model involving the following steps: (1) charge V~ﬁ
separation due to fracture, (2) desorption of gases from the materizl into the L‘
crack tip, (3) a gas discharge in the craek, (4) energetic bombardment of the

freshly-created crack walls, and (5) thermally stimulated electron emission,
accompanied by electron stimulated desorption of ions and exeited neutrals. In

addition to evidence from fracture experiments, we present results from studies ;
of electron bombardment of a polymer surface.
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'  I. INTRODUGTION /

Fractowemission (FE) is the emission of partieles (e.g. electrons, ions,
ground state and excited neutrals, and photons) during and following fracture j
of materisls., In past work we have observed intense, long-lasting emission of %
electrons (ET) and positive ions (PIE) from systems where high densities of i
: surface charge dgvelop on the fracture surface {see references contained in
reference 1), Such systems inelude: J) adhesive failure (e.g. peeling of .
pressure-sensitive adhesives from inorganic substrates, fracture of

particulate~filled elastomers, fracture of fiber-reiniorced epoxies), 2)

ey it et e e e A P alL LR e

fracture of piezoelectric materials sueh as erystalline Sioz, sucrose, and

paolyerystalline PZT, and 3) a number of non~piezoeiectric materials which still

4
b

show intense charge separation, such as LiF, Hgl, A1203, and mica.

. In examining ths various components of FE from these materials we found it o
useful to. measure simultaneously two or more types of emission on various time i

scales, to provide further understanding of the emission mechanisms. Some of

FESHE

this work has been previously described for EE and PIE from polybutzadiene

filled with glass beads. The results previously obtained can be summarized as

B I

B S

follows:

S— L-—i i

1. EE and PIE rise rapidly together during crack propagation, and

i

;E decay immediately after separation of the fracture surfzces with identical

;‘E‘j kinetics (2-4),

"

o ’ ‘
g 2. On a submicrosecond time scale, a substantial fraction of the PLE |

5y
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i3 in coineidence with the 2 (3-5), This suggests that at least some of

the electrons emitted are either created simultaneously with positive '

ions, or more likely, crezation of the positive ilons is acecompanied by

B T R

inelastically scattered electrons and/or Auger glectrons from an ESDwlike

proecess (7).

e

{
3. There are neutral species emitted {rom materials undergoing A w

fracture (6). These can be attributed to the release of absorbed species

and/or fracture fragments (decomposition),

4, There are also ercited neutrzls emitted which are correlated in

ey A = maayim e s Y

time with the EE (4), We have attributed these metastable molecules %o
ions neutralized in the process of leaving the surfzce.
In this paper we would like to report recent results involving

simultaneous measurement of EE, photons (phE), and radio waves (RE)

accompanying the Cracturs in vacuum of various materizls where strong charge I
separation occurs. Also, measurements of EE and PIE induced by eleetron o

bombardment are presented for one material, polybutadiene. Finally a

conceptual model is presented that ties together these new observations and : ‘

those summarized above,

}

)

JI. EXPERIMENTAL ‘
|

The measurements described here were performed on materials fractured in a

H
vacuum of 1 ¥ 10"5 Pa. Samples were fractured either in tension or in i

three point flexure. The alumina-filled epoxy consisted of one part by weight

EPON 828 (Z-hardener) epoxy to three parts of irregularly-shaped alumina

particles with an average diameter of 10 ym., The 2mm X 17mm X 45mm samples . @

P .
[
E:| o
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were notched with a sharp saw and fractured in tensien in front of the 1
detectors. Tne polybutadiene (BR) consisted of Diene 354FA (Firestone Tire and .

Rubber Co.) crosslinked with 0,05% (by weight) dicumyl peroxzide by heating for .'ﬁ
2 hours ‘at 150 °C. Some BR samples contained 30-95 um glass beads (34% by
volume)., Samples were 2mm X Smm X 20mm, and were notched slightly in the

middle as before. The sucrose crystals were grown by allowing a saturated

solution of sugar in water to evaporate for three weeks. These crystals were

broken by applying a foree perpendicular to the piezoelectric axis. Sucrose

- iy i =

e e D b

and quartz crystals were fracbtured in flexure. BR for electron bombardment
studies consisted of Diene 35NFA dissolved in benzene and allowed to evaporate
on a supperting Cu sheet. This resulteq in a 0.8 mm thick BR film covering the
Cu sheets. Tﬁe SiO2 arystals were %—cut disks, 6.5 mm in diameter by 1.2

mm thick, the disk face being-the (Z,1,1,0) plane. The fracture surfaces

]
[
A
!
i
i
b
I
{

tended to be perpendicular to the disk face. JfJ

The electrons were detected with a ohanneltron-electron multiplier

(background noise counts ranged from 1 to 10 counts per second)., A Bendix

BX7544 Photon Counter Tube with an $3-20 photosensitive surface and background
count rate of 10-20 counts per second was used to detect visible photons. The | }
two detectors were generally placgd within 1 cm or less from the region where
the crack would propagate. Both detectors yielded 10 ns pulses which could be
treated with standard pulse counting techniques and stored in a multi-channel
analyzer (MCA).

In addition to EE and phE, we detected the emission of radio frequency

electromagnetic waves (RE) accompanying fracture in vacuum. RE has been

detected previously by Derjaguin, et al. (8) during the separation of polymer

: L
films from dielectric surfaces at pressures considerably higher (103 - .o
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105 Pa) than ours {10 ° Paj. The RE was detectea using two different x
pickup coils: a 2.5 mH 3JF cnoke coil and a 20000 turn solenoid of Yo, 30 magnet b
wire, Either coll was connected to the input of a wide-band differential N
amplifier with high common mode rejectilion te minimize pick-up noise, and

o
further amplified by z second amplifier. The response of each coil to a T

fracture event was a ringing signal with approximzte frequencies and duration 1

as follows:

2.5mH choke coil 800 khz 20 us

© st sl o & e

wy

20000 turn solenoid 8 khz 1 ms

The solencid was 5 times more sensitive but because'of the higher
inductance and thus longer ringing it could only be used to determine the onset

of detectable RE or the actual occurrence of RE emission, with approximate

e e

values of RE durastion. The choke coil allowed more accurate time correlations

et L e - b kit b e et b iy T

but with reduced sensitivity,

Two methods of recording RE were used: the choke coil signals were fed
into a discriminator, so that rings above a threshold produced pulses which |
were then counted with an MCA, thereby detecting the presence of bursts of RE i
as a function of time. The second method, used for the solenoid, consisted of
digitizing the coil oubtput with a wave—form digitizer. The rise of the RE

ringing signal could then be correlated in time with other FE by the use of e

synchronized start pulses. Thus within one channel width on the MCA all three
FE components could be compared. Previous experiments (2) correlating FE to
. video recording of crack growth indicated that EE intensity rises rapidly S

during crack propagation and falls upon separation of the fracture surfaces,

S S S Ly
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Although it has not been proven conclusively for rapid crack growth, we have

;

[

assumed that the most intense EE is occurring during crack propagation. d
t

1

IIT. RESULTS 1

i

The first set of data, shown in Fig. 1, is from the fracture of

alumina—-filled epoxy. The time scale chosen was in an intermediate range to

i WL iy emimiime - .-

assure aquisition of all three signals and still provide reasonably good time

correlation information. In a separate experiment measuring crack metion in

this material with a rotating framing camera, the duration of crack growth was

found to be about 20 ps. The data in Fig. 1 was taken at 40 ms per channel and -
the count rate is plotted on a log scale vs, time. The EE burst occurring

during fracture, seen in Fig. 1 as the point where the EE count rate is a

maximum, is accompanied by a burst of RE as well as phE. The phE may show a

{ wealkly-defined tail; the RE drops off immediately after fracture. The results

sl LTV b A v | ok i ik i g imm Rk ST et i

shown here were reproducible for 10 consecutive samples and show that in a

vacuum there is an electirical breakdown occuring during fraeture of this filled

polymer. %

L

Figs. 2-4 show similar results for polybutadiene (BR) filled with glass
beads, single-crystal sucrose, and single-erystal quartz. £&L11 show the bursi
of RE and phE accompanying fracture. The BR and SiO2 show clear evidence

of tails following fracbure, which may to a first approximation follow the

electron decay in form, WNote that for the filled BR we wers able to follow phE

and EE rising together, due to the much slower crack velocity. Also note that

a1l B 1

the drop in phE after the peak is for all of these material far more than =z :

simple proportionality relative to the drop in EE; i.e., the phE during .

e e e
B e
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racture is much more intease than a phE mechanism that remains parallel to an
£z mechanism Would predict,

As a further test of the occurrence of a discharge during fracture,
simultaneoﬁs PIE and RE measurements were taken for the fracture of the filled
BR using the more sensitive solencid coil (PIE was measured rather than EE
because on faster timé scales EE showed evidence of saturating the elecﬁron
multiplier.), OFf primary interest here was the anset of RE relative to the
growth of PIE which we know rises with EE during fracture. The time of
fracture has been reduced (by increasing the strain rate by approximately a
factor of twenty) in order to increase the amplitude of the RE during fracture,
The digitized waveform of the RE signsl was squared, averaged, and the
background subtracted to yield the average power in the ringing RE signal.

This result is shown with the ecorresponding PIE count rate for the filled BR in
Fig. 5, where great care has been taken to align the curves correctly in time.
The RE is seen to .break ocut of the background noise in the regions of most
intense electron emission. The arrows indicate bursts of PIE and RE that are
corralated in time. Also, the regions where the PIE is most intsnse correspond
to regions whers the RE is highest, where it has been shown (8) that the crack
veloeity is Ehe highest, Thus, it appears that the RE intensity is velocity
dependent also. The primary result here is that we can see RE during a
considerable portion of the period in which we observe PIE,

In anticipation of a2 component of EE poésibly produced by bombardment of
the fracture surface by charged particles created in a discharge, we performed
two experiments on a thick film of BR. At room temperature, the BR was
bombarded with with 2 keV electrons at nanoampere currents for 5 minutes, Aé

soon as the electron beam was turned off, a nearby channeltron biased to detect

.
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2lectrons wes turned an. Fig. Ba shows the resulting EE, with a long-lastiag

decay which 1s very similar to that of EE induced by fracture, This effeset has

heen extensively studied on erystalline inorganic materials, such as oxides and
alkali halides and is known as thermally stimulated electron emission
(TSEE)(9). Here we see (to our knowledge for the first time) the same 7 f

phenomencn, TSEE, at room temperature from a polymer.

[

Because of our extensive studies of fracture-inducsd PIE from this

material (3,4), we also examined the emission of ions both during and after

i e T Y

electron bombardment. For an energy of 2 keV and a current of 5 nanocamperes
we see in Fig, 6b the PIE emitted during bombardment, which decays away as soon )
as the bombardment stops. The ions are nat following a parallel mechanism to

the EE but are fdilowing an ESD mechanism only. Thus we propose that the PIE

.
i e T Tam A i amk S 1T

obsarved during fracture is due to a portion of the EE which never completely

;“ escapes the sample but rather collides with the surface (probably at positive

charge patches) and induces ESD of positive ions.

Iv, CONCEPTUAL MODEL

At least in the cases illustrated here where significant charge separation )
,{% oceurs during fracture, we feel that the gassous discharge that we detectad
1,; using RE and phE is playing a very important role in the production of EE and

ok PIE. 1In fact, variations in discharge intensity may explain the large

Az

™~

PAEREILL

y

variation in intensities observed for = wide range of materials, cerack
velocities, and other factors, The basic ideas we are proposing are:

1. The fracture event yields charge separation (usually patechy)

producing an electric field, E, in the crack. )

R
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2. Desorption of volatiles and/or fracture producté ralses tae
pressure, P, in the ecrack tip.

3. A gas discharge (dictatad by P, E, and a distance d which
characterizes the erack width) occurs, producing the RE and phE. Electron
and ion bombardment of the crack walls occurs during this discharge,

4, Bombardment of the fracture surfaces cresates primary execitations,
usually explained in inorganic crystals in terms of electron-hole
production raising electrons into traps near the conduction band, which
then undergo thermally stimulated migration until recombination with s
hole occurs. This recombination ean yield an emitted electron (thermally
stimulzted electron emission (TSEE)), say by an Auger process, or a photon
(thermal luminescence, (TL) (12)}). |

5. A portion of the electron emission strikes adjacent patches gf
positive charge yielding PIE via an ESD mechanism. Some of these positive
i2ns are neutralized as they leave the surface yielding the execited
neutral component of FE that we have observed.

Consistent with this model are the observations that qualitatively, when
charge separation is intense, so are EE and PIE. Secondly, the RE and phE peak
intensities (i,e., during fracture) appear to be closely following the same
trends. Third, in materials where charge separation is intense but the RE is
weak, the EE and PIE tend to be small (e.g. an alkali halide). Fourth, the
very close tie between EE anﬁ PIE count rates following fracture supports the
ESD mechanism. Furthermore, the PIE kinetic energies we observe are often in
the hundreds of eV (10,11) suggesting that the PIE originatas from positive
charge patches. Fifth, coincidence experiments showed that there was a finite‘

probability of detecting an electron in close coincidence with an emitted
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positive ion. This electron could be an inelastically scattered electron

(creabing the ESD excitation) or an accompanying Auger slectron expected in the

ESD process involving creation of a core hole., Sixth, in the case of suerose

and 3i0. there is an observable phE decay that follows the EE decay after

2
- separation of the fracture surfaces, indicating a parallel de-exeibtation
mechanism, similar to what is observed in TSEE and TL. Finally, the strong

; E inerease in EE with crack veloecity observed in filleq BR would be expected

. because; a) the surface charge densities may be higher due to the reduced
reneutralization through conduction paths, and b) inereased gas desorption into

the erack btip occurs due to an expected inerease in crack tip bemperature with

crack velocity.

TeST W PR TR RS A e TR AL T
PR ' . R

V. CONCLUSIONS

These initial results and this conceptual model allow us to make a number

L L. S
P | PR

of predictions concerning the dependence of {racture-induced EE on material

SO

properties, temperature, and crack velocity. Also, quantitative models

relating various FE intensities to measurement of surface charge (measured in

R e

vacuum), surface conductivity, and separate TSEE, TSL, and ESD should be
possible. We are currently pursuing these and a number of other features of

fracture-induced partiele emission.
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FIGURE CAPTIONS ?

Fig. 13 Simultaneous emission of electrons, photons, &nd radio waves from the 'H

fracture of alumina-filled epoxy. - ;

H b3
o Fig. 2: Simultaneous emission of electrons, photons, and radio waves from the 53
3 fracture of polybutadiene filled with small glass beads, Y
i

Fig. 3: EE, phE, and RE from the f{racturs of single-crystal sucrose,

Fig. 4: EE, phE, and RE from the fracture of SiOa. {;

Fig. 5: PIE and RE during fracture of filled BR. MNote the fast time sczale. Li

Fig. 6: Consequences of electron bombardment on BR: a) EE following i
bombardment, and b) PIE during bombardmsent.
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Vi. FRACTO-EMISSION FROM FIBER-IEIVFORCED AND

PARTICULATE FLLLED COMPOSITES

- Ry v

e

J. T. Dickinson, 4. Jazhan-Latibari, and L. C. Jensan
1. : Department of Physiecs
Washington Stats University

Pullman, WA 99164-2314

JOUR U T

ABSTRACT

o Fracto—emission (FE) iz the emission of particles and photons during
' and following crack propagation. The types of particles we have obsarved :
inciude alectrons (EE), positive ions (PIE), and excited and groumd stata

neucral emission (NE). In this paper we present our work om the charzctari- '
| zation of the various FE components znd mezsurements relating FE to the frac-

“ ture avents and matarial propertiss invaolved. FE charactaristics measured
include total emission, time dependence relative to crack propagatiom, species
=f neutral and ionic compoments energy of charged speciss, zud time correlations
batween pairs of FE components. Experiments on fracture of epoxy, single
fibers, fiber/epoxy strands, particulate filled epoxy, and multi-ply fibexr/
gpoxy systems will be presented.
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I, INTRODUGTION : {

P,

When a crack propagates through z mate 'igl the crack walls are left in a

[

highly excited, non-equilibrium state. For non-metals this departure from

et i, o _cmrt o e T

equilibrium involves: (1)broken bonds, {2) liberated fragments (e.g. free

radicals, atoms, molecules), (3) defects (e.g. in erystals, point defects), (&)

charge separation often involving production of charged species, a variety of

types of electron traps, and associated electrie fields, and (5) a localized ?

b At Y -t e

rise in temperature. All of these factors represent concentrated energy which

1L e

can contribute to the ejection or emission of charged particles, neutral

partiecles, and photons from the fracture surfaces. Ve refer to all forms of

such emission accompanying fracture as "fracto-emission" (FE). Our
experimental studies of the characteristics of FE from 2 wide range of
materials are presented in references 1-13. 4 review of our work on FE

gccompanying adhesive failure can be found in reference 14,

The basic behavior we have observed can be summarized as follows:

{1) Some form of crack propagation appears to be a necessary prerequisite

for the ocecurrence of FE.

T (2) FE is a wide~ranging phenomenon. We have observed electron (EE) and
= positive ion emission (PIE) from all materials tested inecluding inorganie

xf

. crystalline materials, ceramics, glasses, glassy polymers, filled and unfilled
é‘

elastomers, fiber-reinforced composites, and molecular crystals.

(3) The few systems we have studied to date emit photons {(phE) in air and

in vacuum environment.

|
!

SR RN v

(4) Interfacial failure between epoxies, polymers, glasses, graphite, and

metals produce very intense, long-lasting energetic EE and PIE. This is

believed to be due to the production of high concentrations of surface free
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radicals and suri'ace charge due to charge separation. The EE and PLE energy
distributions which we have measured for these systems are broad,
slowly~decreasing functions peaking near 0 eV but extending to beyond 1 keV.
These enetgies are beliasved to be due to charged particles being accelerated in
the presence of the electric fields produced by charge patches on the fracsture
surface.

(5) Polymeric systems have a strong dependence of EE intensity on crack
valoecity (Vc). Presumably, this is due to a higher density of free
radicals and trapped electrons produced Sy more primary bond seissions ab
higher Vc. At lower VG the polymer has time for slipping and
unraveling of chains allowing it to deform and tear with less "damage'.

(6) In support of this, more highly cross-linked polymers produce nigher
intensity and longer-lasting FE (for the same reasons).

(7) The measurements we have made on the mass of PIE produced during fracture
indicate that the masses are chain fragments; this implies a sensitivity to
where the fracture has occured on an atomic seale.

Qur initial work on FE from compesites has concentrated on fracture of

individual fibers, unfilled resins, and unidirectional fiber/epoxy systems. A

iy

ew studies of multi~directional, fiber/epoxy systems have also been carried
out. In addition, we have recently examined FE from particulate~filled epoxy.

The results of these studies will be presented here,
II, EXPERIMENTAL PROCEDURE

Details of our experimental procedure are given in references 1=13. In

. R . . =5
brief, experiments were performed in vacuum at pressures ranging from 10
- >

to 167° torr. OQur vacuum systems are equipped with devices to stress
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samples in various ways including tension, Ilex, and compression, while
measuring stress and/or strain. The detectors used for charged particles are
channeltron electron multipliers (CEM) which produce fast (10ns) pulses with
approximately éo% absolute detection efficiency for electrons and nearly 100%
efficiency for positive ions, The gains of the CEM's used were typically

10° . 108

electrons/inecident particle. The detectors were positioned 1

~ 1 cm away from the sample with a bias voltage on the front cone of the CEM to
attract the charged particles of interest. Background noise counts ranged from
1 £o 10 counts/second. Standard nuclear physics data aquisition techniques
were employed to count and store pulses, normally as functions of time, The
time scales of interest are submicrosecond to several second intervals, which
we can easily cover with commercizl électrenics. Single fibers and
epoRy-filament strands were tesSed in tension at a rate of 1% per second. -
Fiber samples consisted of 5-20 fibers adhesively honded to Al sheet metal
shaped %o fit into clamps in the vacuum system. To reduce the probability of
fiber pull-out, the fibers were stretched across a sharp Al edge, where
spproximetely 90% of them fractured.

Kevlar, E-glass, and S-glass epoxy-strands and unidirectional
graphite—epoxy composite made {rom Union Carbide Thornel 300 graphite fibers
and NARMCO 5208 epoxy resin were also fractured in tension. A sharp noteh was
made in the center of the tension sample to control the fracture initiation.

Graphite-epoxy composites made from Union~Carbide Thornel 300 fibers and
various YARMCO epoxy resins were tested in flex as well, The fiber directions
in these composites were (0}, (¥45) and (0,90,90,0) degree to the long
axis, Samples were tested with a span-to-depth ratio of 30:1 and strain rate
of 0,064 mm/see. Acoustic emission (AE) and EE were detected from

graphite=epoxy. composite fracbured inlflex. AE was detected with a PIT
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sransducer wlth a resonant frequency of 175 Xdz.

us in duration,

to eliminate backzround noise, and the resulting pulses were counted on a

multi-channel scaler. Thus the count rabte displayed is determined by both the

number and size of AE bursts (the number of "rings" that trigger the
disceriminator)., To reduce the influence of mechanical AE in our experiments the

mechanical supports were covered with teflon tape, Fracture of a uniform

material (PMMA), which will have no interlaminar shear or delamination, shows

no prefracture AE in our system. Fig. 1 shows schematically the electrun

nultipler and AE transducer arrangement which simultaneously detects AE and EE

from the sample. Load and deflection were also measured.
Another composite structure we have investigated recently is a
particulate-filled epoxy. The epoxy is EPON 828 (Z-hardener) filled with

irregularly shaped alumina particles with an average dizmeter of approximately

10 um, This brittle material was broken in flex.

III. RESULTS AND DISCUSSION

Filament-Epexy Strands: An early observation we made involving adhesive

failure and its effect on charged particle emission concerned the fracture of

composites. Starting with the constituents of a composite, the EE time

distributions of the fracture of individual 10--20 um filaments of KevlarTH,

Thornel 300 graphite, E-glass, and S~glass, as measured with a CEM 1 em from

the sample, are shown in Fig. 2. Also shown is the EE from the fracture of

unfilled DER 332/T403, a bisphenol-i type resin. With the excaption of Kevlar

filaments, repeabed experiments showed no evidence of a measurable rise to the

peak emission. The brittle fibers with small cross section breaw ca a

Tne bursts were typically 500

Tne filtered and amplified signal was fed into a diseriminator
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microsecond time scale, The peak emission oceurs during fracture and decays
rapidly away, typically in 10 - 100 us as shown in Figz. 2,

When these fibars are placed in the epoxy resin and fracbured, the results
are significantly different. Fig., 3 shows the EE and PIE resulting from the
failure of z strand containing Kevlar fibers in DOW DER 332 epoxy. Thase
curves were taken simultaneously with two deteectors. In generszl, EE excesds
PIE in terms of total emission by 10-40%; in Fig. 3 PIE has been normalized to
tne EE at a single point, On the time scale shown, the time required for
fracture was less than one channel. Thus, the signal rises from a noise count

5 counts/sec. Note that in this

of 0.1 Lo i0/sec to peaks aof 104-10
case the decay from the peak lasts for many seconds; intense emitters such as
these can give detectable emission for as long as 2 hours after fracture. Also
note that the decay kinetics for both EE and PIE are essentially idéntical,
suggesting that a common rate~limiting step is shared by the two types of
emission.

Examination with an SEWM of the fracture surface on a number of systems
involving adhesive failure or delamination indieate that the production of
incerfaces is responsible for the considerable differences between Fig. 2 and
Fig. 3. This feature of intense, long lasting emission may serve as a measure
of the extent of delamination that has occured. In support of this, in Fig. #a
and Ub we compare the_EE for two types of gpoxy.strands made from 20 um |
diameter E-glass filaments and 10 pm S-glass fiiamenté embedded in Ddﬁ DER 332
epoxy (Note the different time scales for the two different materials).
Examination under the SEM shows that there is considerably more delamination
and separabtion of the fllaments in the case of E-glass than for S-glass epoxy

strands, which apparently results in coasiderably higher count rates and

longer-liasting emission. By far the predominant emission is coming from the
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surfaces creaved by tne sejaration of the filaments from tae matrix,

The results of experiments on unidirectionzl Zraphite-epoxy composites
(Thornel 300/5208) are shown in Fiz. 6. The samples were 0,25 mm thick and 2.4
m wide. Tﬁe EE and PIE were measured from tﬁo separate samples. The
resulting emission plotted on a log scale shows the rapid rise during fracture
and slow decay following fracture. Examination of the fracture surfaces shows
extensive delamination and interfacial-like failure, consistent with the
results on DOW DER 332/Kevlar strands,

Energy Distributions: Because the EE and PIE from systems involving
interfacial failure frequently was intense and long-lasting, we were able to
take measurements of the energy distfibutions, n{E), using retarding potential
analysis. The curves in Fig, 6 represent n(E)dd, where dE 1s 2 eV, plotted on
a log secale and normaliéed to unity at.the peak. Both curves are very similar
(within our experimental error, they are identiecal), showing a peak near 0 eV
and a significant number of higher energy particles in the tail, Ib is well
known thabt charge ‘separation is z common occurrence with adhesive {failure and
can leave the surfaces in a highly charged state. Thus the probable cause of
the high energy particles is the release of the charges in physical proximity
of charge patches of the same sign, yielding an acceleration of the particles
to the observed energies.

Preliminary experiments involving fracture of the filaments and neat
rzsin alone do no? seem to yleld emission at such high energies. Thus we
appear to have a distinet indicator of interfacial failure in a composite
systems:

a) intense, long-lasting EE and PIE

b) the presence of high energy EE and PIE.

Retarding grids could easily reject the low energy particles and thus obtain a
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siznal whizh is entirely due to interfacial failure, Proper steps to guantify
these measurements could allow a preecise determination of the degree of
delamination/interfacial failure that has oceured during a fracturs event,

TOF Measurements of PIE Mass from Fracture of Filaments: To determine %the
masses of the positive ions emitted from Kevlar and E-glass fibers we have
devised a time-of-flignt (TOF) technique (14) (shown schematically in Fig., 7).
The fibers, upon fracture, smit bﬁrsts of EE and PIE simultaneocusly, as
determined by a number of experiments using two detectors close to the sample,
By triggering a multichamnel analyzer (MCA) with the EE burst we can record the
time of arrival of the corresponding PIE burst down a 25 cm drift tube. From
the leading edge of thesge TOF distribui:.ong ong can meazursg a TOF gorrespending
to the fastest (presumably the lightest) positive iofs emitted.

Fig. 8 shows the leading edges of TOF distributions obtained for PIE from
Kevlar and E-glass fibers for a 500 V drift tube potential (-V), Five to ten
curves like these were acquired for each of these four values of -V and an
average time obtained. The average time at each voltage was plotted vs the
inverse sqguare root of the potential and the slopes of these lines were used to
ealculate M/qg. M/g values of 60 L 20 a.m.u and 8 £ 12 a.m.u.  were
obtained for Fevlar and E-glass, respectively.

Although the uncertainties in these values of M/q are relatively large, we
emphasize that the M/q of the PIE accompanying ffacture of materials has
previously been totally unknown. The technique we have employed here favors
the detection of the lightest masses if more than one mass is emibted.
Nevertheless we have some sensitivity to the presence of heavier masses which
should show up as a shoulder on the leading edge of the TOF distribution st

longer times, Careful examination of =z number of TOF distributions both for

o -

ot it |

.




ol WSl e T RN v T e e T ' S ST S T

R

. -67~ B T PO e B2 : ﬁ
OGNS, wTeas [ S

OF PGOR 'x‘:-";.:,.j,'—.r..:.-.f.'ixis? .

Xavlar and E~glass show no clear evidence of heavigr masses, Therefore our
present results indicate that the PIE accompanying fracture of these materials
consists of relatively light ions.

i For each material our uncertainties do not allow a unique value of mass to

be assigned to the observed PIE and therefore a number of candidates have been

i3
e el e e
- S

examined., For Kevlar, we can rule out absorbed Hzo anid ions of common

background and atmospheric gases, If we assume g=e, the PIE mass from Kevlar

B

is considerably smaller than s monomer. Likely candidates are: 1

0 H 0 H 0 H
il | .

—L—N— ; —C—OL---Ne ; or —L—N—C——

[ UV JELI A B S S

-
e s e

all of whieh could be produced by chain bond cleavage. For E-glass, if we

+
assume g=e, we can rule out HZO and 02. Fragments of the

; constituent atoms/molecules of E-giass which are possible candidates ineclude

Ca+, K+, and possibly SiO+. Reference 11 discusses a TOF technique
that takes advantage of the coincidence between individual elzctrons and

positive ions that we have observed. This method has bsen applied to the

measurement of PIE masses from the {racture of filied polybutadiene, an
elastomer, We also applied the method to Kevlar-epoxy strands.

Fig. 9 is the resulting TOF curve from fracture of a Ke#lar—epoxy strand
. for the same drift tube length of 25 cm and a tube voltage of =-2kV. The peaks
over the time interval 1 to 5 us are due to heavier ions; we are still in the

process of identifying them, The large feature in the first channel (0-0.25
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Ms) 1s also a positive ion (it can be shifted slightly by changing the voltage
on the tube). For reasonable initial kinetic eneargies (less than a few keV)

the only M capable of reaching the detector that fast is mass 1 or 2, i.e.

it L

hydrogen. We conclude, therefore, H+ or HE* is a predominant component
of the PIE from this particular materizl. Of course both the epoxy resin and
the Kevlar filaments contain asbundant guantities of hydrogen.

AE and EE from Flexural Testing of Fiber-Reinforced Composites: To
further explore the type of fracture events in composites which lead to FE, we

simultaneously examined the AE and EE acecompanying flexural failure, Figs, 10

thru 12 show the results of AE and EE measurement f{rom CO)TG”
(3&5)16, and (0,90,90,0)16 graphite—epoxy composite. Load vs,
deflection curves are also included in fisures 10 thru 12 to better demonstrate

L the dependence of AE and EE on the defaormation and failure of composite

3 materials., In general the AE data obtained from these experiments can be
charactarized as follows: first, an initial rapid rise from zero dus to the

initial load applied to the specimen; second, the steady build up of the AE

count rate prior to failure. Finally, & large burst followed by a drop in AE

count rate at catastrophic failure.

Y

Concerning AE only, our result differs somewhat {rom those of Barnly and
tj Parry (15). Baruly and PFarry observed no acoustic activity prior to fracture

for unidirectional fiber glass-spoxy composite notched flex samples. In their

experiment, the onset of failpre and large load drop was indicated by the onseat |
of AE. However, their result on cross-ply (0/90) material showed the AE build ]
up immediately following the application of load. Fitz«~Randolph et.al, (15) 1
have shown the steady increase of AE with deflection for unidirectional

boron-epoxy compasites. _ ) ) .

Composite materials generally eghibit a variety of failure modes inecluding
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matriz crazing or migrocracking, debonding, fiber failures resulting from
statistically distibuted flaw strength, delamination, and void growth (17). '
Jome of these events, prior tq failure, will be clearly detectable in both EE
and AE. . o
The basie requirement for detecting fracture events with FE is that the i %
newly creabed fracture surfaces are in some manner in communication with the
vacuum so that the particles can ascape from the sample and be detected. Thus,
the existence or lack of correlations between AE and FE can provide information
on the mechanisms leading up to failure,
For example, Fig. 10 shows the AE build-up in an (O)16 graphite/epoxy
system at the early stages of loading. Beecause of the statistical nature of

the fiber strength, some may fracture at a very low stress in tension, which

g will also contribute to the AE count rate. Shear and delaminabion are the
| dominant failure mechanisms in bthis instanece; the main souce of AE is the
interlaminar shear., Loose fibers at the edges may break at any time during

loading and produce both AE and EE bursts simultaneogusly. 4s the loading

advzances, interlaminar shear and internal delamination will lead to AE. Matrix
eracking in the tension side of the sample and the separation of tiny bundles
of fibers will sll contribute to simultanecus AE and EE, Thus, the slow
build-up of ZE prior %o failure is attributed to small microcracks formed on
the surface. The bursts of EE prior to failure are considered to be due to

M argar? evenfs such &8 edge cracking or bundles fracturing on the front . E
surface, Finally, the test specimen fails catastrophically (where the load

drops), accompanied by large bursts of AE and EE occecurring together. Qne c¢an {; .

. frequently see severzl plys falling successively,

Even though some of the composite failure mechanisms described above will

apply to angle ply laminates, transverse cracking and interfacial failure will L
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predominate., %hen resinforcement Tibers are at -45 degree to the long zxis,
interfacial fzilure is the main failure mecnhnsnism. This is clearly seen in
Fig. 11 from simultanecus large bursts of AE and EE. Interlaminar shear

contributes to continous AE build up. Opne interesting feature of AE and EE

data from (0/90/90/0) degree samples is the AE build up without any appearance
of EE prior to failure., Large interlaminar shear deformation and failure will H
occur in 90 degree {(interior) laminates prior to the failure of zero degree
{exterior) lzminates (Fig. 12). These events apparently cannot be detected

using EE due to their being internal to the sample.

i s A e o it

The results of these experiments indicate that it is possible to detect

microfractures, such as microscopic separation of tiny bundles of [ibers,
interfaeial failure and mabrix erazing, in fiber-reinforced composites using
EE. Even though the EE technique is not able to deteet internal failure such

as interlaminar shear failure, it will provide evidence of failure at early

stages of fracture. Alsc, it clarifies the source of AE as a function of

strain by the presence or absence of AE-EE correlations. .Finally, comparisons

A Mt e By S et g st bk -t b L

of the techinigues ftell precisely the onset times for internal and external

failure.

EE from Particulate-Filled Epoxy: Another form of reinforced plastics
which have gaingd popularity are the particulate filled plastics. Particles of
gilica or slumina are incorporated into plasties primarily because of btheir low

cost. In addition, some material propertiss may improve to some extent. In

our studies we examined EPON 828 epoxy (Z-hardener) filled with irregularly

shaped alumina particles. This material is quite strong and brittle so we |

fractured most of the samples in a three-point flexure mode, The

eross—section of the sample was 2 mm x *6 mm. A typical EE curve plotted on a
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failure, The matarial for tais emission curve is filled at an
A1203/epoxy ratio () of 3 to 1 by weizht.
The emission intensity is strongly influenced by the concentration of
filler particles. Taking just the first channel (0.8 seconds per channel)
count. as z measure of the initisl EE count rate vs. the A1203/epoxy
ratio, one sees this dependence in Fig. 14. The total emission (measured over
several hundred seconds) follows basically the same curve, Compared to the
unfilied material (et=z 0) the EE intensity rises rapidly as a increases, and
peaks near =X = 1, This is followed by a slower decline.

These results are preliminary, and we are not entirely sure why the EE.
intensity depends on & in this fashion. Optical inspection of the fracture
surface indicates that alumina particles are indeed being exposed, although SEM
micrographs are far less convincing so we are not at this point sure of the
degree of interfacial failure that is oceurring. Secondly, as o4 inereases,
the mechanical parameters such as fracture energy, surface energy, and the
degree of interfacial failure are bound to change. 'We are obviously
incerested in correlating these mechanical properties with the resulting EE.

Photon-Emnission Measurement from Filament-Fpoxy Strands: Photon emission
(phE) =zccompanying fracture appears to be of a different charactar. We have
performed in air a number of experiments on the phE from epoxy strands of
filaments with a strand cross-section of 0.5 mma. Fig. 15 shows the
visible light emission accompanying the straining and fzilure of epoxy strands
of Kuevlar, E-glass, and graphite, Several show phE prior to failure, possibly
due to crack farmation on a surface visible to the photomultiplier, or to
chemiluminescence as observed by George and Pinkerton (18), and Fanter and Levy

{19). The decay that we observe for the phE following fracture is within the

time constant of the electromefer used to measure the photon detector current.
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altnougn tne cause of tne mgjor turst of phi during fracture is unknown, we
suspect, as with many cases of triboluminescence, that breakdown iz occuring in
the erack tip due to the high potentials produced by charge separation. This
will be particularly intense at.instanceé when. delamination and adhesive
failure are occuring, Further experiments need to be carried out to confirm
this.

PhE was also measured during "T" peel tests of two-ply Kevlar-epoxy
panels. The entrance to the phutogultiplier was approximately 2 cm from the
"erack", and dirscted toward it. PhE was observed only during separation aof
the plys and decayed immediately upon release of the stress, For a constart
area of new fracture surface (5 cmz), the intensity of phE per unit area of
fracture surface was found to depend sitrongly on the crack velocity, defined as
the linear rate of the creation of néw surface (em/s). Fig. 16 shows the phE
for a typical delamination. Fig. 17 shows this dependence where the ordinate
represents the area under the emission curves for various velocities. The
light intensity tends to increase for more rapid separation of the two

surfaces, with a saturation ocecurring st a velocity of ‘IG-1 en/s.
IV. CONCLUSIONS

We have tried to show s wide.variety of FE results on a number of systems
involying adhesive failure at interfaces and indicabte some of the parameters,
that are influeneing.this emission. The need for careful studies of the
physies and chemistry of these phenomena is obvious., The usefulness of FE as a
tool for DT or for investigation of failure mechanisms require a broad based
attack combining fracture mechanies, materials secience, and fundamental

fracto~emission studl 3 on materials of mutual interest. Potential areas of
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usefulness for FE in the study of composite failure include the following:

1. As a probe of crack growth on an extremely wide range of time scales.

These need not be catastrophic fracture and might involve crazing,

miero~cracking, linking of mierocracks, and other pre-failure events.

2. The energies of the FE componenis may serve as a measure of the
density of the charge distributions created on the fracture surftace and relate
to debonding parameters between the fibér and resin,

3. FE mavy serve as a way to mezsure the surface temperature at the crack
tip by careful modeling of the emission curves at short times after fracturs,
Our modeling to date has required zan elevated temperature Ef fracture that
decays quickly away.

4, FE may serve as a means of measuring instantaneous crack veloeily,
Cartainly the onsebt of cerack formation and the onset and duration of dynamic
erack growth éan be readily measured.

5. FE may serve as a probes of the locus of fracture in composite
materials and in illuminating failure mechanisms,

6, FE may serve as an M¥DT tool, perhaps in conjuction with acoustic
emission. FE would be particularly useful when sensitivity to events near the
surface is desired.

T. FE may be related in important ways to frzcture mechanies parameters
such as surfazece energy, fracture strength, or fracture touéhness. If relizgble

connections would be made to such parameters, FE might be used to measure them.
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Fig. 1. Schematic diagram of experimental arrangement for EE, AE, and load
measurements on composite materials in flex.

Fig. 2. The time distribution of EE due to the fracture of graphite, E-glass, :
Revlar filaments and bulk epoxy (DOW DER 332/T304). Nota the fast
time scale.

Fig. 3. EE and PIE from the fractura of Kevlar/Epoxy strands.

Fig. 4. EE during and following fracture of a) E-Glass and b) S-Glass-
apoxy strands. Nocte the different ctime scales.

Fig. 5. EE and PIE from the tensile failure of unidirsccional graphite- 4
' epoxy composite (Uniom Carbide Thormel 300 graphite f£iber and ﬁ
NARMCO 5208 epoxy resin). i

Fig. §&. Energy discribution om a log scale for EE and PIE from Kavlar/ |
Epoxy s:r;nds.' ,

Fig. 7. The experimental arrangement for use in the time-of-flight tachnique.

The distances are d1 = d3 = 1 cm, dz = 25 cm.

£ Fig. 8. The leading edge of the PIE TOF distribution for E-Glass and Kevlar
fibers.

Fig. 9. The TOF for PIE from the fracture of Revlar/Epoxy strands. The major
: peak near 0 us is atcribuced to ™ or a;.

1 Fig. 10. The EE, AE, and load accompanying the flexural straining of 16 layer,
! unidirectional graphita-epoxy composita. (Union Carbide Thormel 300
graphite fiber and NARMCO 5209 epoxy resin.)

Fig. 11. The EE, AE, and load accompanying the flexural straining of 16 layer
(£45°), graphitcs-epoxy composita. (Uniom Carbide Thormel 300 and
NARMCO 5208 epoxy resin.) g '

|
|
)
|
|
|
\

;

E Fig. 12. The EE, AE, and load accompanying the flexural straining of 16 layer,
E cross ply (0, 90, 90, 0)° graphite-epoxy composita. (Union Carbide
Fj Thornel 300 graphite fiber and NARMCO 934 epoxy resin.)

EZ Fig. 13. Typical EE curve plotted on a log scale from the fracture of an
¥ | alumina particle filled epoxy.

Fig. l4. Peak EE as a function of the A1203/epoxy ratio, a.

%

E .

E; Fig. 15. Photon-emission accompanying the fracture of Revlar, E-Glass, and
Graphite epoxy strands.

Fig. 16. Phoconrgmission from the delaminatiomn of a Kevlar/Epoxy composize.

Fig. 17. Photom-emission from Kevlar/Epoxy delamian=tion as a fumction of
various peel velocities.
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VII. CONCLUSION

In this report we have presented our recent work on fracto-emission
accompanying fiber and fiber/epoxy composite fracture., We also included recent
studies on the mechanism of charged particle emission. Our goals are to
continue our studies on characterizing the variocus FE qq@pgggnts (charged
particles, neutrals, and photons), to investigabe the physiczl mechanisms
responsible for this emission, and to correlate FE properties with the
phenomena of fracture which are of interest to materials science. Qur efforts
to date have given us encouragement that FE promises to be a useful tool for

probing failure mechanisms and detecting erack growth in composite materials.
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