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SYNOPSIS 

We give a survey on mechanically induced emission phenomena (acoustic emission [ A E ]  , 
neutral particle emission [ N E ]  , electron and charged particle emission [ E E / P I E ] ,  radio 
wave emission [ R E ]  ) of polymers and briefly summarize these effects in unfilled and glass- 
fiber-reinforced bisphenol-A-polycarbonate. A general treatment of the photon emission 
kinetics in terms of analysis and description, using a convolution function, is proposed. 
The kinetics obey a power law decay in time. By examining a model mechanism for the 
interfacial failure of the composite, i.e., by peeling of glass/polymer laminates, we show 
that the origin of the photon emission is the polycarbonate matrix after cleavage of the 
glass/polymer interface. Spectral characteristics of mechanically induced luminescence of 
glass-filled polycarbonate and of the peeling spectra of the model system of glass/polycar- 
bonate laminates are discussed. Different brands of polycarbonate yield identical spectra. 
Spectra recorded during peeling in vacuum are very similar to those recorded during de- 
formation of the composite. Polarized fluorescence spectroscopy and electron-beam lumi- 
nescence were used to obtain further information about the intrinsic polycarbonate-chro- 
mophores that are available for mechanically induced photon emissions. 0 1993 John Wiley 
& Sons, Inc. 

MECHANICALLY INDUCED EMISSION 
PHENOMENA 

During mechanical stimulation, a variety of emission 
phenomena, like acoustic emissions, emissions of 
neutral, and positively or negatively charged parti- 
cles, respectively, as well as photons and radio waves 
may be observed (Table I ) .  

The mechanical stimulation, usually uniaxial de- 
formation, may be subdivided into three regimes: 

( i) elastic deformation, i.e., the linear, “Hookian” 

(ii) plastic deformation, e.g., neck formation and 

(iii) macroscopic fracture of the sample as the 

region of the stress-strain curve; 

neck propagation; and 

final state of deformation. 
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Emissions that are observed in regime (iii) are sum- 
marized by the term “fracto-emission.” When may 
we expect to observe emissions and which are the 
physical characteristics to be measured? 

Acoustic Waves 

Whenever fast relaxations of elastically stored de- 
formation energy occur, acoustic waves may be ob- 
served. The dimensions of the relaxing sample vol- 
umes have to be large enough so that the equations 
of macroscopic continuum mechanics can be applied. 
These requirements are found in heterogeneous me- 
dia a t  the transition from elastic to plastic behavior. 
The basic measuring parameters are the emission 
kinetics (events vs. time) and, with some assump- 
tions on the damping properties of the material and 
the spatial distribution of the emitting sites, the re- 
leased energy. Frequency ( spectral) information is 
principally also available, but due to prominent res- 
onance effects in acoustic detectors, it difficult to 
interpret.’ The acoustic emission results mentioned 
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Table I Mechanically Induced Emission Phenomena-Overview 

Mechanical Stimulation 
Elastic 

Deformation 
Plastic 

Deformation Fracture 

Photons 

Neutral particles 

Charged particles 

Acoustic waves 

Radio waves 

Kinetics, Spectra 

Mass analysis -+ Chemical species 

Kinetics, Spectra [Mass analysis] 

Kinetics, Energy [Spectra] - 

Gas discharge? 

in this paper were obtained at the German Polymer 
Institute (DKI, Deutsches Kunststoff Institut) in 
Darm~tadt.’.~ 

Neutral Particles 

The neutral particles are small, volatile molecules 
that are products of mechanochemical degradation 
of the polymer, which are split off from thermody- 
namically unstable primary products of macromo- 
lecular bond cleavages during plastic deformation 
and fracture. The mass analysis of these fragments 
leads to conclusions about their chemical species and 
information about the reaction paths involved in 
mechanochemical polymer degradation. Neutral 
particles may be expected whenever bond-cleavage 
reactions occur, i.e., whenever the mechanical stress 
concentration in the material rises above a critical, 
temperature-dependent and polymer-specific value. 

One note of caution: Polymers generally contain 
a number of trapped gases that basically ‘‘degas” 
from the freshly formed fracture surface. As pointed 
out by Grayson and one must carefully dis- 
tinguish between those occluded in the specimen and 
those resulting from bond scissions. The latter is 
fundamentally more interesting and intimately re- 
lated to the energetics of fracture, although the 
former (occluded gas) can, in fact, be useful for 
characterizing the failure of materials5 

Charged Particles 

Electrons and positively or negativeIy charged ions 
may be detected. During deformation, we found 
them always to be correlated with molecular fracture 
events. At the macroscopic fracture of heterogeneous 
materials, gas discharge phenomena may also lead 
to ionic species or electrons.6 The emission kinetics 
and the energy distribution of the emitted particles 

may be measured. In principle, a mass analysis of 
the ionic emission is possible by time-of-flight or 
quadrupole mass spectroscopy, although high kinetic 
energies or uncertainties in the time-of-flight trigger 
often result in large uncertainties in the 

Photons 

There are several mechanisms of photon emissions 
to be discussed. The mechanochemical bond cleav- 
age that leads to neutral and charged particle emis- 
sion may also result in excited states that relax to 
the ground state by photon emission? Fracture of 
heterogeneous materials can result in gaseous dis- 
charges and the observed photons may be a gas dis- 
charge luminescence or a luminescence of the frac- 
ture surface that is stimulated by irradiation or par- 
ticle bombardment by the discharge plasma! A 
fourth possibility to discuss is that the photon emis- 
sion is generated by cleavage of adhesive contacts 
without gas discharge phenomena. We will show that 
the mechanically induced photon emission of glass- 
filled polycarbonate belongs to this last type. The 
basic experimental data are the emission kinetics 
and the spectral distribution of the photons. 

Radio Waves 

Radio waves are generally observable accompanying 
gas discharges. We will use the issue of their obser- 
vation as a test for the occurrence of gas discharge 
processes only. 

UNFILLED BISPHENOL-A-POLYCARBONATE 

In polycarbonate, the plastic deformation process is 
“diffuse shearing,”” i.e., the process is a pure shear- 
ing deformation, but without formation of distinct 
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shear bands. A necking region forms and moves 
through the sample during deformation. The stress 
distribution in the necking region is fairly uniform. 

The main features of the mechanically induced 
emission phenomena of neat polycarbonate (Mak- 
rolonTM 2800, Bayer and CalibreTM 300-10, Dow) 
are (Table 11) the following: 

Acoustic Waves’ 

No acoustic emissions are observed during defor- 
mation of the unfilled material, as can be expected 
because there are no heterogeneities like microcracks 
and crazes of sufficiently large dimensions (in the 
order of magnitude of microns) to allow for sudden 
relaxations of elastic deformation energy. 

Neutral Particles l 1  

No neutral particles that can be attributed to bond 
breaking were detected during elastic deformation 
and necking, but at macroscopic fracture of the 
samples, carbon monoxide and perhaps carbon 
dioxide (masses 28 and 44) evolve. No characteristic 
mass fragments of the bisphenol-A-system (e.g., 
masses 39,41, and 91) were found. This is consistent 
with a C - 0 single-bond cleavage in the carbonate 
group under mechanical activation. The primary 
fragments are unstable and split off CO and COO to 
form the more stable phenoxy and phenyl radicals, 
respectively. In very clean polycarbonate films, the 
evolved amount of C02 is very low,12 i.e., the reaction 
path leading to CO and phenoxy radicals is favored. 
These mechanisms are similar to proposed mecha- 
nisms for radiative degradation of p~lycarbonate.’~ 

Charged Particles 14-16 

The emission behavior of positively and negatively 
charged particles is similar to the neutral emission 

characteristics, as can be expected from their com- 
mon origin in molecular fracture events. No charged 
particles were detected during elastic deformation 
and necking, but at macroscopic fracture, a fast de- 
caying ( a  10 ms) burst of both positively and neg- 
atively charged particles was observed. The emission 
intensities of both the positively and negatively 
charged particles were similar. On submicrosecond 
time scales, the onset of EE was found to correspond 
to a crack velocity of - 5 m/s and the peak emission 
intensity occurs at the completion of fracture. 

Photons 14-16 

Very weak photon emission was observed at the on- 
set of neck formation and during fracture of the un- 
filled polycarbonate, the latter showing similar be- 
havior to the electron emission, rising during slow 
crack growth and most intense during rapid (mac- 
roscopic) fracture. 

Radio Waves 

The occurrence of radio waves was not examined in 
unfilled polycarbonate; our prediction would be that 
little or no long wavelength radiation would occur 
during deformation and fracture. 

GLASS-FIBER-REINFORCED BISPHENOL-A- 
POLYCARBONATE 

For these investigations, the neat polycarbonate 
(Makrolon 2800) was filled with 10 wt % untreated 
E-glass fibers of 10 pm diameter and 100 p m  average 
length. Whereas the basic deformation mechanism 
remains a shear process, the incorporation of filler 
particles results in highly nonuniform stress con- 
centrations in the vicinity of the fillers. Matrix 
cracks, matrixlfiller dewetting, and fiber pullout 

Table I1 Mechanically Induced Emission Phenomena-Unfilled Polycarbonate 

Elastic Necking Process: 
Mechanical Stimulation Deformation “Diffuse Shearing” Fracture 

Photons 

Neutral particles 

Charged particles 

Acoustic waves 

Radio waves 

Very small 

- 

Very small 

- 

Not examined 

Small 

CO, CO, (small) 

Positive and negative 
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occur in the plastic deformation regime, which- 
macroscopically-still involves necking. The ob- 
served emission phenomena (summarized in Table 
111) differ considerably from the unfilled material: 

Acoustic Waves 2,3 

Acoustic emissions are observed prior to neck for- 
mation where the mode of deformation changes from 
elastic to plastic and both processes contribute to 
energy storage and dissipation. The cracking, de- 
wetting, and fiber pullout events are sufficiently large 
in the involved volume and sufficiently discrete to 
produce acoustic waves. In the plastic regime of neck 
propagation, acoustic emissions vanish. 

Neutral Particles 

The issue of the emission of neutral particles from 
the filled polycarbonate has not (yet) been inves- 
tigated. 

Charged Particles 14,15 

No charged particle emission has been observed in 
the elastic regime of the stress-strain curve. Emis- 
sions of both negatively and positively charged par- 
ticles start with neck formation and persist during 
neck propagation, macroscopic fracture, and, due to 
relaxation processes within the polycarbonate ma- 
trix, even several hours after fracture or after partial 
deformation without macroscopic fracture of the 
sample. The stress-concentrating effect of the filler 
particles is sufficient to overcome the activation 
barrier of mechanochemical bond cleavage. We will 
not elaborate on this phenomenon in the present 
paper. A detailed analysis may be found in the cited 
literature (Refs. 14 and 15). In particulate-filled 

elastomers, similar emissions were attributed to 
dewetting events occurring on the exposed surface 
of the sample1? prior to fracture. After fracture, sur- 
faces having experienced detachment ( interfacial 
failure) would also yield long lasting postfracture 
emissions. A detailed analysis of particle emission 
during deformation of unfilled natural rubber proved 
the molecular fracture origin of particle emission in 
this system.18 

Photons 

Intense photon emission occurs during neck prop- 
agation and fracture, but was observed neither before 
neck formation nor after the fracture emission de- 
cay. The existence of an intense mechanically in- 
duced photon emission in filled polycarbonate and 
its very weak intensity in the case of the unfilled 
material indicates the dramatic effect of interfaces 
in the emission process 14~19*20 leading to these high 
intensities. The missing analogy of the intense pho- 
ton emission to the particle emission behavior in 
terms of kinetics and intensity in the different ma- 
terials-again-indicates that luminescence after a 
molecular fracture reaction9,14 is not the direct pho- 
ton-generating mechanism for the high intensities, 
but it is probably involved in the low-intensity part 
detected in the unfilled polycarbonate. A detailed 
discussion of the kinetic and spectral photon emis- 
sion characteristics will follow in the main part of 
this paper. 

Radio Waves 

Radio waves were observed neither during elastic 
deformation and necking nor at macroscopic frac- 
ture of the samples, i.e., no evidences for gas dis- 
charges were found. 

Table I11 Mechanically Induced Emission Phenomena-Glass-reinforced Polycarbonate 

Mechanical Elastic 
Stimulation Deformation Necking 

Long- time 
Relaxation 

Fracture After Fracture 

Photons 

Neutral particles 
Charged particles 

Acoustic waves 

Radio waves 

Observed Observed 

Not examined 
Positive and Positive and 

negative negative 

Observed - 

- - 

- 

Positive and 
negative 

- 
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PHOTON EMISSION KINETICS 

Figure 1 shows the photon emission rate vs. time 
during deformation of glass fiber-reinforced poly- 
carbonate. The dashed line gives a sketch of the load 
on the sample. The photon emission rate rises above 
the dark count level with the beginning of neck for- 
mation. It stays on a nearly constant level during 
neck propagation, has a slight maximum at fracture, 
and decays to the dark count level. 

A general description of the kinetics is obtained 
by a convolution ansatz: 

t ,8  is time; E (  t ) , photon emission rate; A (6), ex- 
citation function; and R ( t - 8 )  relaxation function. 

The excitation function may be identified with 
neck propagation, i.e., A ( t )  = 0 before neck for- 
mation, A ( t )  x constant during the constant-ve- 
locity neck propagation, and A ( t )  = 0 after fracture. 
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The relaxation function R(  t )  may be estimated by 
the emission decay kinetics after fracture. This de- 
cay can satisfyingly be described by the power law: 

-n 

R ( t )  = .-[+I ; t+ unit time (1 s) 

Typical fit parameters are a = 15,000 (counts per 
second) and n = 0.85. The exponent n can be in- 
terpreted as a coupling parameter among the relax- 
ing, the photon emitting site, and the simultaneously 
relaxing complex environment. A value of 0 would 
indicate an uncoupled system, and a value of 1, a 
perfectly coupled system.’l 

In addition to the formal description of the emis- 
sion kinetics, the convolution ansatz can be used for 
analytical purposes. If an estimation of the relaxa- 
tion function R ( t )  is available, e.g., by the above- 
demonstrated fit to a decay after stimulation, a de- 
convolution of the measured emission kinetics E ( t ) 
and this relaxation function R ( t )  renders the “true” 
excitation function. 

0 ao 1 6 0  240 
t ime [sl 

Figure 1 Photon emission rate and load vs. time. Sample: bisphenol-A-polycarbonate, 
Makrolon 2800, Bayer with 10 wt % untreated E-glass fibers (length - 100 pm, diameter 
10 pm) injection-molded dumbbell 40 X 5 X 2 mm3. Deformation rate: 12 mm/min. (-) 
Photon emission rate (counts per second) ; (-  - -) load on the sample (Newton). 
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PHOTON EMISSION ORIGIN” 

Intense photon emissions were observed only in 
glass-filled polycarbonate and no evidences for gas 
discharges were found. Therefore, the hypothesis 
evolved that the intense photon emissions are a lu- 
minescence “involving the glass /polycarbonate in- 
terface.” In the neat material, the bond scissions 
accompanying fracture are responsible for the weak, 
but measurable photon emission by chemilumines- 
cence effects or by radiative recombination 14716 of 
states excited by the fracture process. 

To investigate the interface properties, we de- 
signed a model system: solvent-cast films (thickness - 20 pm) of polycarbonate on microscope glass 
sIides. Coming out of the interface, there are still 
three possibilities for the photon emission origin: It 
could be the interface itself, i.e., the two dissimilar 

a) 

pi 
P M T  

I7 
P M  T 

materials in close contact, or it could be either ma- 
terial, glass or polycarbonate, after cleavage of the 
contact. The following experiments (Fig. 2) provided 
the answer: 

We performed two types of peeling experiments 
as shown in Figure 2 ( a )  and (b)  . In both, a glass 
slide /polycarbonate laminate was positioned in 
front of a photon detector (PMT) . In the first ex- 
periment, we peeled the polycarbonate film only 
partially off the glass slide. It still adhered at one 
side and stayed horizontally in front of the PMT. 
In the second type of experiment, we peeled the 
polycarbonate film totally off and quickly moved it 
out of the sensitivity horizon of the photon detector. 
The respective emission rates (log scale) are shown 
in Figure 2 ( c )  and (d) .  

If the film stays in front of the PMT, a sudden 
rise in the emission rate a t  the moment of peeling, 

vl 

U 
a 
I 

aJ c 
2 
c 
0 
v) 
v) 

._ 

.- 
E 

m 

ar 

0 i“ 
0 100 200 300 40 0 

t ime Is1 

d l  - 
v) a 
U 
Y 

W 
4- 

L 
m 

F 2 [  , , , , j 
1 

0 100 200 300 400 

time Is1 
Figure 2 Setup and photon emission kinetics in peel experiments. Sample: solvent-cast 
film of bisphenol-A-polycarbonate (Calibre 300-10) on glass-slides (polycarbonate/ glass 
laminate). ( a )  Setup, in which the polycarbonate film after peeling stays in front of the 
photon detector (PMT) ; (b)  setup, in which the polycarbonate film after peeling is moved 
out of the sensitivity horizon of the photon detector; (c )  photon emission kinetics of setup 
( a )  ; (d)  photon emission kinetics of setup (b)  . 
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which then decays over several hundred seconds, is 
observed [Fig. 2 ( c )  1. The second emission maxi- 
mum, visible in Figure 2 (c  ), was produced by a fur- 
ther peeling, due to relaxations in the peeled film. 

If the film is immediately moved out of the sen- 
sitive area of the PMT after peeling, only a sharp 
emission peak at the moment of peeling, less than 
300 ms wide, is observed. This result unambiguously 
shows that the polycarbonate is the luminescent 
material. The glass slide, which stays in front of the 
photon detector, gives no contribution to the photon 
emission phenomenon. 

SPECTRAL DISTRIBUTION ” 

The mechanically induced emission spectra were 
recorded using optical multichannel analyzer tech- 
niques. Figure 3 shows the spectra of the lumines- 
cence during deformation of the glass fiber-rein- 
forced polycarbonate in vacuum and in air. 

The spectrum in vacuum was recorded by using 
an optical fiber feed between sample and spectro- 
graph. Spectral intensity was available only while 
the necking region crossed the optical fiber end. The 
spectrum consists of a very broad, unstructured band 
in the wavelength region from - 220 to - 800 nm 
with a maximum around 375 nm. The emissions be- 
low 290 nm are in the absorbing spectral region of 
polycarbonate. This implies that this part of the 
emission has to come out of regions close to the sur- 

face of the material where reabsorption is of no im- 
portance. No evidence for underlying narrow emis- 
sion lines are found that would be typical for gas 
discharges produced by fracture.” 

The spectrum of the luminescence during defor- 
mation in air is similar. The emission starts, about 
70 nm higher on the wavelength scale than the 
“vacuum spectrum” at  - 290 nm, has a maximum 
at  425 nm and extends to - 850 nm. A shoulder at 
620 nm is observed. 

The spectra recorded during peeling of the model 
system of glass/polycarbonate laminates are shown 
in Figure 4. Especially, the peeling spectrum re- 
corded in vacuum [ Fig. 4 ( a )  ] is very similar to the 
deformation-induced spectra of the glass-filled 
polycarbonate (Fig. 3) : The emission extends from - 220 to - 800 nm with a maximum at 375 nm. A 
second maximum emerges around 550 nm. The sim- 
ilarity of this vacuum spectrum to both spectra of 
the glass-filled material can be explained by the 
near-vacuum conditions at most sites of adhesive 
failure, even if the sample-macroscopically-is 
under normal pressure in air. This work is another 
example of using photons to probe failure a t  inter- 
faces embedded within a matri~.’~-’~ 

The peeling spectra of two different brands of 
polycarbonate [ Makrolon 2800, Bayer and Calibre 
300-10, Dow; Fig. 4 (  b )  and ( c )  ] in air are found to 
be nearly identical. Emission starts a t  - 290 nm, 
as in the glass-filled polycarbonate in air, but there 
are two distinct bands to be observed with the max- 

0 

100 30 0 5 00 7 00 900 1100 

w a v e l e n g t h  [ n m l  

Figure 3 
mation. Sample: identical to Fig. 1. Vacuum: lo-* Pa. 

Luminescence spectra of glass fiber-reinforced polycarbonate during defor- 
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Figure 4 Peeling luminescence spectra of glass/polycarbonate Iaminates: (a) polycar- 
bonate Calibre 300-10 in vacuum; (b )  polycarbonate Calibre 300-10 in air; (c) polycarbonate 
Makrolon 2800 in air. 

imum intensities a t  375 and 690 nm or 315 and 173 
kJjmo1, respectively. The 690 nm band is somewhat 
structured. The identical spectra of the two dissim- 
ilar commercial brands of polycarbonate, which 
surely differ in nature and amounts of additives (al- 
though we did not analyze this and no respective 
information from the manufacturers is available ) 
suggests that the observed emission phenomena are 
determined by an intrinsic polycarbonate behavior. 

Fluorescence spectroscopy was used to provide fur- 
ther information on this question. 

FLUORESCENCE SPECTRA 

The fluorescence spectra show that several photo- 
physical states are intrinsically vailable in polycar- 
bonate that may lead to photon energies in the ob- 
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served spectral range. It is not to be expected that 
the relative intensities of the fluorescence bands are 
the same as in the peeling spectra, because the stim- 
ulation process is completely different. A stimulation 
process that leads to luminescence spectra, in which 
the intensities are similar to the peeling spectra, is 
obtained by electron bombardment (cf. next sec- 
tion ) . 

The polycarbonate for fluorescence spectroscopy 
samples was purified by precipitation twice and a 
solvent-cast, isotropic film was formed. The fluo- 
rescence spectrum is shown in Figure 5. The exci- 
tation spectrum (solid line, labeled “Exc.,” left or- 
dinate) is the fluorescence intensity at 550 nm as 
function of the exciting wavelength. The dashed line 
(labeled ‘‘rEXc. ,” right ordinate) shows the polariza- 
tion of the excitation spectrum. The fluorescence 
spectrum (solid line labeled “Flu.”) was recorded 
with an excitation wavelength of 300 nm. The 
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The essential features of the fluorescence char- 
acteristics with respect to the mechanically induced 
spectra are the increases in the excitation polariza- 
tion ( rEnc.) at - 350 and - 480 nm and the increase 
in the fluorescence polarization ( rF1u. ) at  - 630 nm. 
This indicates that a t  least three chromophores 
contribute to the spectra. Chromophore in this re- 
lation means photophysical chromophores, i.e., sys- 
tems of energetic states, which, nevertheless, may 
be only one chemical species. 

ed ‘‘rFiu. .” 

MECHANISM FOR THE PHOTON 
EMISSION CREATED BY DEBONDING 

In both the deformed fiber-filled polycarbonate and 
the polycarbonate film/ glass peel experiments, de- 
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Figure 5 Fluorescence spectrum of polycarbonate: sample: solvent-cast film of bisphenol- 
A-polycarbonate, Makrolon 2800 purified by reprecipitation twice; (solid line “Exc.” ) ex- 
citation spectrum recorded at  a fluorescence wavelength of 550 nm; (solid line “Flu.”) 
fluorescence spectrum recorded at  an excitation wavelength of 300 nm; (dashed lines) 
polarization of the excitation spectrum ( rExc.) and the fluorescence spectrum ( rFlu.). 
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tachment of the polymer from glass surfaces is oc- 
curring. In the first case, due to the large differences 
in the moduli and the plasticity of the polycarbonate 
and glass, debonding occurs over a range of gross 
sample e l o n g a t i ~ n . ~ ~ . ’ ~  The consequences of sepa- 
ration between the polycarbonate and glass include 
large degrees of charge separation (created initially 
by contact charging) and, potentially, the simulta- 
neous creation of recombination sites, in our case 
in the polycarbonate near-surface region. During the 
debonding event, this charge separation creates in- 
tense electrical fields that stimulate the motion of 
charge along the polymer surface. Such motion con- 
stitutes the equivalent of electron bombardment of 
the polymer surface that can stimulate lumines- 
cence. The proposed emission mechanism is basi- 
cally localized electron-positive ion formation, 
whereupon recombination, it yields photon emission. 
The very high intensity seen from these interfacial 
systems is due to the high number of excitations 
that are generated by the flow of charge occurring 

electron beam continues to luminesce for several 
seconds. 

The tails seen in the photon emission indicate 
that the polycarbonate surfaces are still active in 
terms of electronic excitations for several seconds 
after debond. The observed t -“-type decay behavior 
is really indicative of a dispersive transport process 
in a complex system.26 This is mathematically 
equivalent to any process where the kinetics are de- 
termined by “excited states,” the relaxation of which 
is coupled to a complex environment with a distri- 
bution of relaxation times. This is characteristic of 
photon emission signals following adhesive failure 
of a number of composite systems17 and is in the 
last step due to the kinetics of recombination of 
quasi-mobile charge and recombination centers (e.g., 
mobile electrons and positive ion sites). 

CONCLUSIONS 

during separation. 
The actual state of research on mechanically induced 

has shown that 

We can generate a luminescence spectrum by 

with an electron beam ( 3  keV, 3 mA/cm2) in vac- 
uum. The resulting spectrum is shown in Figure 6. 
Note that it resembles closely the spectra from both 
the fiber-filled polycarbonate ( internal interfaces ) 
and the peel experiment performed in vacuum. It 
should also be noted that when the electron beam 
is removed the polycarbonate surface exposed to the 

simply bombardng a neat po~ycar~onate sample photon emissions Of polycarbonate / glass systems 

(i)  the intense luminescence is a consequence of 
the cleavage of the polycarbonate/glass inter- 
face; 

(ii) it is originated within the polycarbonate; and 
(iii) several chromophores are involved. 
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Figure 6 
polycarbonate Calibre 300-10 in vacuum. 

Luminescence spectrum generated by electron bombarment of bisphenol-A- 
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In general, the use of these emission signals can 
potentially provide details of failure mechanisms and 
fracture phenomena, can assist or complement the 
interpretation of other probes such as acoustic 
emission, and provide an independent probe of the 
molecular and microevents occurring prior, during, 
and after fracture. We have shown that photon 
emission is sensitive to the locus of fracture in glass- 
filled polycarbonate, including adhesive failure a t  
embedded interfaces prior to macroscopic fracture 
of the samples, Our goal is to continue to study the 
mechanisms and applications of deformation and 
fracture-induced emissions to the study of early 
stages of fracture and failure modes in a variety of 
materials, including neat polymers, composite sys- 
tems, and interfaces. In addition, we will continue 
to study the relation of atomic or molecular level 
events during fracture (which can result in particle 
and photon emission) with the concepts of energy 
dissipation with both spatial and temporal resolu- 
tion. These departures from adiabatic separation of 
atomic planes or molecular bonds are also reflected 
in the mechanical, topographical, electrical, and 
chemical states of the resulting surface, generated 
by deformation or fracture. By correlating and an- 
alyzing these properties, we are thus striving to probe 
the dynamics of the most dangerous type of frac- 
ture-catastrophic crack growth-as cracks nu- 
cleate, accelerate, arrest, and/or propagate through 
materials. 
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