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The emission of electrons and positive 
ions from fracture of materials 

J . T .  D ICKINSON,  E. E. DONALDSON,  M. K. PARK 
Department of Physics, Washington State University, Pullman, WA 99164, USA 

The emission of electrons and positive ions from materials undergoing fracture is in- 
vestigated. We present a survey of charged particle emission from a number of materials 
including crystalline insulators, glass, graphite, polymers and composites. Particular 
attention is given to fibre-reinforced epoxy systems which yield unique forms of charge 
emission. Energy distributions of the emitted particles are given for E-glass-epoxy 
strands, polybutadiene filled with glass beads, and mica. Evidence is presented that inter- 
facial failure and charge separation play important roles in the observed emission. 

1. Introduction 
During and following fracture of solids, the 
emission of charged particles [1 -6 ] ,  neutral 
particles [7] and photons [3, 8, 9] has been 
observed. Studies of  electron emission (EE) during 
the tensile elongation of oxided-coated aluminium, 
sometimes referred to as tribe-stimulated exo- 
emission, have shown that fracture of the oxide 
coating is the initial cause of the ejected electrons 
[4 -6 ] .  Similarly, positive ion emission (PIE), 
neutral emission [6] and photon emission [3] 
have been observed in the same oxide-aluminium 
system and were shown to be due to oxide frac- 
ture. (Photon emission is most frequently referred 
to as triboluminescence.) These various types of  
emission share a number of common features, 
suggesting common mechanisms in their pro- 
duction. We refer to all forms of such emission 
accompanying fracture as "fracto-emission" (FE). 

Basically, FE is caused by the high concen- 
tration of energy deposited into a small volume of 
material during crack propagation. For a short 
time period (microseconds or less) this can result 
in the following: 

(1) production of highly localized heat; 
(2) creation of excitations and defects in the 

material; 
(3) production of dangling bonds and trapped 

electrons on or near the freshly created crack wall 
surface; 

(4) the emission of excited and reactive species 
(ions and neutral particles) into the gas phase; 
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(5) separation of charges on the crack walls 
with accompanying intense electric fields for many 
insulating materials; 

(6) production of acoustic waves. 
In principle, all of the above consequences of  

crack growth could contribute to FE from the 
material. For large band-gap insulators it is doubt- 
ful that the peak localized temperatures reached 
are sufficient to elevate the valence band electrons 
thermionically into the vacuum. However, the 
temperature maxima reached might be quite 
adequate to excite and release electrons from 
surface traps. Likewise, thermal stimulation of 
the defects produced during fracture can lead to 
a number of  de-excitations and recombinations 
which produce electron, ion and neutral particle 
emission as well as photons [ 10, 11 ]. 

The interaction of excited and reactive species 
at a surface can readily produce electrons, free 
ions and photons via Auger de-excitation [12], 
stimulated desorption [13, 14], chemi-emission 
[15] and chemiluminescence [16], particularly 
on a highly reactive surface such as the freshly 
created crack wall. The significant differences 
between a clean crystal surface and a freshly 
created cleavage surface on silica and quartz have 
been investigated by Hochtrasser and Antonni 
[17]. They demonstrated that a high density of 
dangling bonds as well as an increase in chemical 
reactivity occurs upon fracture. Thus, it is reason- 
able to assume that freshly fractured surfaces of 
all materials would have considerable reactivity. 
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In the case of polymers, for example, electron 
spin resonance investigations show that fractured 
polymers have high radical concentrations par- 
ticularly in the case of highly-crystalline oriented 
fibres [18]. It was suggested that cross-linkage 
enhances the type of fracture (presumably mol- 
ecular fracture) that produces free radicals. 

Clearly, fractured surfaces are potentially 
very reactive and could be expected to produce 
emission. For example, a reactive species, perhaps 
from the fractured material itself or from the 
background gases, can react with a site of high 
reactivity on the surface with sufficient energy 
release (Harris et  al. [15] and Kasemo et  al. [16] 
suggest via an excited, adsorbate-induced hole 
state) during de-excitation to yield electrons or 
photons. 

The separation of charges that occurs during 
fracture of ionic crystals [19] is known to pro- 
duce electric field intensities that can exceed 
15 000Vcm -1. Such fields can contribute to elec- 
tron emission by providing accelerating fields; e.g. 
electrons having energies as great as 120 keV have 
been observed coming from alkali halides [20]. 
Ions with kinetic energies of a few hundred eV 
have been observed coming from granite specimens 
[21]. During thermally stimulated exoemission, 
several other substances have exhibited electron 
emission with energies in the range 5 eV to 10 keV 
[22,231. 

Other phenomena associated with the high 
temperatures produced at the crack tip involve 
thermal decomposition, diffusion of impurities 
and the desorption of decomposition and dif- 
fusion species into the gas phase. For example, 
we have found the neutral emission from thin 
anodized coatings on A1 to be very intense and 
intimately related to oxide cracking [7]. The 
species observed (e.g. 02, H20 and COa) and their 
intensities were dependent on the type of ano- 
dizing electrolyte used (HaPO4 and ammonium 
tartrate) and the oxide thickness. There was strong 
evidence that thermal decomposition and diffusion 
were involved in the release of the gases. Fox and 
Soria-Ruiz [24] detected gases released during 
fracture from a number of inorganic materials. 
They observed intense bursts of products due to 
both endothermic and exothermic reactions. 
Urakaev et  al. [25] saw volatile products and 
evidence of highly excited ions and radicals from 
mechanical fracture of inorganic crystals. Regel 
et  al. [26] saw intense neutral emission during 

fracture of PMMA, observing several mass peaks. 
The mass spectra observed were very similar to 
thermal decomposition products. Andrews [18] 
points out that the observed material evolving 
from the fractured polymers may be low molecu- 
lar weight species already present in the specimen 
which are released by stress-assisted diffusion 
rather than thermally-activated decomposition.' 

Finally we mention that the stress wave created 
as the crack tip moves through the material 
could in principle contribute to FE. Asay [27] 
has examined shock-induced vaporization and 
has seen significant amounts of mass ejected from 
surfaces accelerated by strong shock waves. Hayes 
[28] has seen electrical effects on shocked ma- 
terials that suggest that charged particles might be 
leaving the surface. Although the shock intensity 
is significantly higher in these studies than created 
by fast crack growth, the stress-wave might con- 
tribute to part of the emission observed during 
fracture. 

In this paper we present recent results on FE, 
in particular, charged particle emission from crack 
propagation in a wide variety of materials. We 
compare the properties of this emission from 
homogeneous materials with emission from com- 
posite materials. In all the materials tested, some 
form of FE was observed and was most intense in 
materials where interfacial failure could occur. 
The types of materials tested were crystalline 
insulators, glasses, polmers (including elastomers) 
and composites. 

2. Experimental procedure 
In almost all cases to be described here, cata- 
strophic fracture was produced in samples of two 
geometries: 

(a) a rectangular paralMepiped broken in a 
three-point bending mode for very brittle ma- 
terials, and 

(b) tensile specimens, notched in the centre. 
Loading was relatively slow, typically at strain 
rates of 1% per sec until rupture. Typical dimen- 
sions were such that the fractured surfaces had 
cross-sections from 5 to 20 mm 2 . In addition we 
also fractured a number of bare filaments, typi- 
cally 10/2m in diameter, of materials such as glass, 
graphite and Kevlar. These were mounted so that 
single filaments could be broken sequentially. 
Also, epoxy strands of some of these materials 
were fractured, the strands being provided by the 
Lawrence Livermore Laboratory. Each strand 
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contained approximately 250 filaments. The fila- 

ment  diameters were 2 0 # m  for E-glass and 10#m 

for S-glass and graphite. The filaments were 

untreated and the epoxy was Dow DER 332. 

Most experiments were carried out in a vaccum 

chamber pumped by a diffusion pump with a 

liquid nitrogen cold trap. The background pres- 
sure was 2 to 4 x 10 -6 torr and the residual gases 

consisted primarily of CO, H20 and CO2. 
Some samples were also tested in an ion 

pumped vacuum system at a pressure of 10 .8 torr 

to determine the influence of the background 
gases. As discussed later, no differences between 

the two environments were observed. 
Charged particles were detected with a channel 

electron multiplier (CEM), a Galileo Electro- 

Optics Model 4039, positioned 2cm from the 
sample. 

The front of the CEM was biased at + 3 0 0 V  
for efficient detection of electrons and at - -2400 V 
for detection of positive ions [29].  For a few 

materials, electric and magnetic fields were intro- 
duced with grids and permanent magnets to test 
for the presence and energy of charged particle 

emission. The pulse output  (10ns  pulse-width) of 
the CEM was amplified and fed to a 100mHz 

discriminator which drove a counter, a count rate 

meter and a multichannel analyser (MCA) allowing 

counts against time to be recorded. The time 

domains used were usually two extremes: slow 

(0.8 sec per channel) or fast (1 to 1000/~sec per 
channel). For our survey of materials, the slow 

time domain was used for determining the exist- 
ence of FE and relative intensities. For a few 

materials, the fast time domain was used to 

measure the decay of the emission following frac- 
ture. The time of fracture was determined either 

with a stress transducer on the pulling mechanism 
or with an acoustic emission transducer attached 

to the sample mount .  
For all materials studied, we looked for elec- 

trons, and in some cases, positive ions. The ion 

species involved in the PIE have not yet been 
determined. 

3. Results 
3.1.  S u r v e y  of  ma t e r i a l s  
Tables I and II present a summary of the observed 

TABLE I Electrons 

Materials Approximate decay times Electrons detected per 
of fracto-emission cm 2 of crack wall 

Sapphire < 1 sec, minutes 10 3 

Alumina < 1 sec, minutes 104 
A1203 anodized layer 0.1 to 20#sec l0 s 
BN < 1 sec, minutes 1 0  6 

Quartz < 1 sec, minutes 106 
Mica (muscovite) < 1 sec, minutes 106 
Crystalline sugar < 1 sec, minutes 106 
F used silica Several msec 103 
Soda-lime glass Several msec 103 
Kevlar 49 fibres <<0.1 sec 108 
Graphite fibres 10 # sec 108 
E-Glass fibres 10 #sec 108 
S-Glass fibres 10 # sec 108 
Epoxy (DER 332) 25/tsec 103 
Lucite < 2 msec 102 
Polystyrene 500 #sec, 12.3 #sec 103 

Elastomers 

Neoprene <1 sec 105 
Viton < 1 sec 103 
Buna N < 1 sec 102 
Natural rubber < 1 sec 103 
Natural rubber (abraded) Minutes 107 
Silicone rubber < 1 sec, minutes 10 s 
Solithane <0.2 sec 104 
Vinyl rubber-filled < 1 sec, minutes 104 
Polybutadiene 0.04 sec, minutes 103 
Polybutadiene-filled < sec, minutes 107 
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TABLE II Positive ions 

Material Approximate decay times Ions detected per cm 2 
of fracto-emission of crack wall 

Mica (muscovite) 1 sec, minutes 10  6 

Fibres 

Kevlar 49 45 #sec 108 
Carbon 10 #sec l0 s 
E-glass 10 # sec 107 
S-glass 11 # sec 108 

Plastics 

Epoxy (DER 332) 25 #sec 103 
Lucite < 2 msec 10 ~ 
Polystyrene 35 #sec 10  4 

Elastomers 

Buna N < 1 sec, minutes 103 
Natural rubber < 1 sec 104 
Natural rubber (abraded) Minutes 107 
Silicone rubber < sec, minutes 103 
Solithane < 0.1 sec 106 
Vinyl rubber-filled < 1 sec, minutes 10 s 
Polybudadiene < 0.04 sec, minutes 10 s 
Polybutadiene-filled <0.02 sec, minutes 106 

electron and positive ion emission. It should be 
noted that  we have not  tested comprehensively 
for PIE. In all cases tested, EE and/or  PIE have 
been observed, i.e. we have not  as yet  found a 
material which does not  emit.  

In each case, the emission intensity against time 
curves have a common characteristic: highest 
intensity at or very near fracture, followed by a 
decay of  emission. In some materials, the decay is 

with time constant of  the order of  #sec or msec. 
Fig. l a shows an example of  this behaviour for 
the EE accompanying the fracture of  polystyrene.  
Other materials exhibit emission that  decays much 
slower, o f  the order of  several seconds; this is 
shown for boron nitride in Fig. lb  (note the time 
scales). In Tables I and II,  the emission intensity is 

EE P O L Y S T Y R E N E  

~1o5 f 

~ 1 7 6  i:.'.::...'..." ".. '"..:.:. ,. 
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measured over approximately one lifetime of  the 
slowest decay constant .  In cases where we have 
not  measured the short decay times, we denote 
upper limits. 

For  a few materials, we applied a magnetic field 
of  0.01tesla to verify that the EE observed was 
indeed due to electrons rather than negative ions, 
excited neutral  particles or short wavelength 
photons.  This field was sufficiently low that  
negative ions with at least 1 eV energy could reach 
the electron multiplier,  but  strong enough that 
electrons because of  their lower mass, would 
require over 300 eV to be detected.  In the case of  
polystyrene,  this field stopped all o f  the EE and 
approximately 80% of  the EE from an E-glass-  
epoxy strand. The latter result suggested that 
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Figure 1 The time distributions of electron emission due to the fracture of (a) polystrene and (b) boron nitride. 
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either high energy electrons are created and/or a 
detectable component uninfluenced by a weak 
magnetic field is produced. The CEM is sensitive 
to ultra-violet (UV) photons with wavelengths 
below 120nm and to metastable molecules with 
excitation energies above approximately 6eV 
[29].  It appears, however, that the EE observed 
is principally due to electrons. 

For a few materials, the samples were plated 
with 30 to 5 0 n m  of  gold to provide a conducting 
surface at ground potential. This layer dissipated 
static surface charges due to handling of  the 
sample. This surface charge caused large fluctu- 
ations in the observed EE, but had little effect on 
the PIE. This suggested that the surface charge was 
deflecting the electrons away from the + 3 0 0 V  
front cone of  the CEM, but had little effect on the 
PIE due to the --2400 V applied to the CEM cone. 
It should be noted that this gold film had no 
influence on the charging or discharging of  the 
fracture surface on most o f  the materials studied 
due to their high resistivity. 

A significant increase in FE intensity (charge 
released per unit area) was observed as the sample 
cross-section was reduced. In Table I and II, one can 
see that filaments a few micrometres in diameter 
were relatively intense emitters of  both EE and 
PIE. Two reasons are most plausible for this high 
intensity. First, when thin filaments fracture, the 
freshly created fracture surface quickly becomes 
free of  the opposite crack wall. Thus, there is less 
chance for the particles to hit the opposite crack 
wall and therefore a higher probability of  reaching 
the CEM for detection. Secondly, filaments are 
know to have significantly higher tensile strengths 
than the bulk material, thus storing more elastic 
strain energy prior to fracture. This could lead to 
an increasing amount of  excitation o f  the material 
that produces FE. 

3.2.  T h e  f r a c t u r e  o f  f ibre  r e in fo rced  e p o x y  
We note that single filaments and pure epoxy 
produce FE with a simple decay curve with time 
constants of  a few microseconds. Fig. 2 shows 
emission against time curves for the filaments as 
well as for pure Dow DER 332 epoxy. If  we then 
examine the FE accompanying the fracture of  
fibre reinforced epoxy strands made from the 
same filaments and epoxy, we find emission curves 
that differ considerably from the pure materials. 
Figs 3 and 4 show typical emission curves for a 
number of  f ibre-epoxy systems on a time scale 
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Figure 2 The time distributions of electron emission due 
to the fracture of graphite and glass filaments (10/~m in 
diameter) and bulk epoxy (Dow DER 332). Note the fast 
time scale. 

which is very slow compared to the emission from 
pure materials. First we see a rapid rise reaching 
a peak near the instant of  rupture, then a decay 
with a complicated time dependence. For all cases, 
the emission lasts far longer than for the pure 
materials. If  we assign time constants to portions 
of  the decay curve, they vary from msec to 5 rain 
or longer. If  we examine the initial portion of  the 
curve on a faster time scale (Figs 3b and 4b), we 
see events prior to catastrophic fracture of  the 
sample, sometimes with decay constants associated 
with fracture of  the pure samples. In Fig. 3b the 
strand itself has not yet ruptured, but some fila- 
ment and matrix failure has occurred. We note 
that the different f ibre-epoxy systems presented 
here have different FE curves. For example, the 
emission from E-glass is considerably more intense 
and longer lasting than for S-glass. Examination 
under a microscope of  the samples following 
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ELECTRON EMISSION FROM FRACTURE OF 
FIBRE-REINFORCED EPOXY UNDER TENSILE STRAIN 
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Figure 3 Electron emission during and following fracture of fibre-epoxy strands. Note the range of time scales. 

rupture shows that there is considerably more 
delamination and separation of the filaments in 
the case of E-glass and graphite than for S-glass, 
S-glass showing very few clean fibres. The larger 
diameter E-glass filaments (20#m compared to 
10/~m) could contribute to the degree of inter- 
facial failure. 

Thus, our interpretation is as follows. Prior to 
rupture, the sample under tension suffers minor 
failures. These failures consist primarily of fibre 
breakage and epoxy failure and produce EF similar 
to that of pure materials. Finally, as these minor 
failures accumulate, the entire strand fails, produc- 
ing a large amount of delamination or interfacial 
failure between the filaments and epoxy. It is the 
latter form of failure which we believe is respon- 

sible for the major FE component with the slow 
decay and is possibly an indicator of the extent of  
interfacial failure that has occurred. Occasionally, 
during the decay, smaller additional peaks in FE 
are observed due to further instances of minor 
failure because of creep of the differentially 
stretched materials near the broken ends of the 
strands. By far the predominant emission appears 
to be coming from the surfaces created by separ- 
ation of the filaments from the matrix. 

The EE from E-glass and S-glass-epoxy strands 
following rapture were relatively smooth curves, 
as were the PIE curves for all three composites. 
However, as seen in Fig. 3c, the EE curve from a 
graphite-epoxy strand is intense, but very erratic. 
In the case of some samples, the emission would 
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POSITIVE ION EMISSION 
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Figure 4 P o s i t i v e  i o n  e m i s s i o n  a c c o m p a n y i n g  a n d  f o l l o w i n g  f r a c t u r e  o f  f i b r e - e p o x y  s t r a n d s .  

actually drop to zero counts for a few seconds and 
then jump to several thousand counts per sec. Of 
course, one significant distinction of graphite is its 
high conductivity. We believe that this erratic be- 
haviour is due to surface charging and discharging 
that tends to alter the electron emission (but has 
no effect on the positive ion emission). This could 
occur at the interface of  the graphite filament and 
the thin residual layer of material from the matrix 
[30]. Strong positive charging that occasionally 
discharged would explain the erratic EE and 
relatively smooth PIE. 

E-glass-epoxy strands were also fractured in the 
ultra high vacuum system to determine whether the 
long lasting emission observed was due to chemi- 
emission from reaction of the fracture surfaces 
with background gases. A reduction of the back- 

ground pressure by two orders of magnitude had 
no influence on either the EE or PIE. 

When EE and PIE are compared over several 
samples we fred that the total emission, on the 
average, is nearly the same. When the emission 
from two different samples are normalized, as 
shown in Fig. 5, we see that within the fluctu- 
ations of the observed particle counts, the two 
curves are indistinguishable. This suggests that a 
common rate-limiting step is occurring in EE and 
PIE. 

By placing fine mesh grids in the regions be- 
tween the sample and the CEM it is possible to 
make a retarding potential energy analysis [31] 
of the EE and PIE accompanying fracture of  
materials. The derivative of the count rate against 
retarding grid potential is the energy distribution 
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Figure 5 Comparison of electron emission and positive 
ion emission due to fracture of E-glass-epoxy strands. 
The PIE data has been normalized to the EE data. 

of the emitted particles. Fig. 6 shows the results 
for both EE and PIE from the fracture of two 
different E-glass-epoxy strands. Both charges seem 
to have very similar energy distributions peaking 
near 0 eV, with a significant quantity of  higher 
energy particles tailing off in the range of a few 
hundred eV. Although this derivative curve does 
not show it, approximately 15% of the particles 
could not be stopped by potentials in the 500 to 
1000 V range. The presence of these higher energy 
particles suggests that charging of the fracture 
surface (due to separation of charges) is playing a 
role in the ejection of these particles from the 
surface. The similarity of  the EE and PIE energy 

distributions again suggests that they share a 
crucial mechanistic step. 

A comparison of EE and PIE from the E-glass- 
epoxy system was made by placing an ion and 
electron detector on opposite sides of the sample. 
First, simultaneous emission of both charges was 
observed upon fracture. Second, the pulses coming 
from these detectors were tested for coincidence; 
i.e. within two time windows (0.5 and 100#sec). 
The pulses were tested in this way to discover if 
electrons and ions occur correlated in time, in 
order to determine whether a portion of the elec- 
trons were produced by ionization of molecules 
which in turn were observed as positive ions. The 
results were unambiguously negative. No coinci- 
dence of any statistical significance was observed 
in either time frame. We thus conclude that there 
is no evidence of simultaneous creation of electrons 
and ions via ionization of neutral species in the EE 
and PIE observed from the E-glass-epoxy system. 

3.3.  O the r  long t i m e - c o n s t a n t  emi t t e r s  
As a test of the correlation between interracial 
failure and the long lasting FE, we examined a 
number of systems which would tend to involve 
failure of an adhesive-like bond. First, E-glass- 
epoxy strands were split along their length (see Fig. 
7a) causing extensive delamination with only minor 
fibre and epoxy fracture (as determined by optical 
microscopy). This splitting by delamination pro- 
duced the emission observed in Fig. 7a, yielding 
the same long time-constant emission seen in 
rupture of the fibre strands each time the splitting 
occurred (vertical arrows). 

Another test involved samples of  bulk epoxy 
bonded to glass, lucite and aluminium in such a 
way that they failed in shear along the interface. 
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Figure 6 Energy distributions of elec- 
trons and ions from fracture of E-glass- 
epoxy strands. Obtained by differen- 
tiation of retarding potential analysis 
of the emitted particles. 
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Figure 7 Electron emission during and following interracial failure between epoxy and other materials: (a) split E-glass- 
epoxy strands, (b) soda-lime glass (c) lucite and (d) aluminium. 

The bonded area was approximately 1 cm 2 . Fig. 
7b, c and d show the resulting EE curves for these 
interfaces all exhibiting the long lasting emission. 

Another type of  system tested was the elasto- 
met ,  polybutadiene, with and without the presence 
of 34 vol % untreated glass beads 30 to 95 #m in 
diameter. The samples were provided by The 
University of  Akron Institute of  Polmer Science. 
EE and PIE curves for samples with identical cross- 
sections are shown in Fig. 8. Although the rubber 
alone has relatively long lasting emission, we see 
that the sample containing the glass beads emits 
considerably more strongly. Interestingly, the slow 
rise in emission corresponds to the relatively slow 

propagation of the crack in the elastomer. Gent 
[32] has shown that the beads become detached 
during straining of  the material. Most likely this 
type of failure is responsible for the enhanced 
emission. The energy distribution curve for poly- 
butadiene containing glass beads is shown in Fig. 9 
and is similar to that obtained for E-glass. 

Since we suspect that charge separation is 
involved in the release of  particles when this long 
time-constant emission is observed, we examined a 
system that is know to leave highly charged sur- 
faces following cleavage, namely mica (muscovite). 
Fig. 10 is the EE and PIE accompanying the frac- 
ture (cleavage) of  mica, both  showing the long 
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Figure 8 The emission curves for (a) electrons and (b) positive ions from the fracture of polybutadiene filled and 
unfilled with small glass beads. 

lasting emission. Fig. 11 contains the EE and PIE 
energy distributions from retarding potential 
energy analysis and they are seen to be similar to 
E-glass-epoxy fracture except that they are more 
energetic. Although not entirely conclusive, the 
similarities between the mica FE and the FE from 
other systems suggest that charge separation may 
be significant. 

4. Discussion 
Our results show that FE is indeed a widespread 
phenomenon; we have not yet found a material 
that does not produce some form of FE. The 
magnitude of the emission per unit area varies 
considerably as does the time dependence. For all 
materials, the emission accompanying the motion 
of the crack tip appears to be most intense. The 
creation of excited states would occur during this 
time when the energy density is the highest and 
the resulting emission appears to begin immedi- 
ately [4, 6]. In many materials we see a fast decay 

with submicrosecond time-constants followed by 
a slower decay of microseconds, milliseconds or 
even many seconds. The mechanisms for the very 
fast and very slow emissions are likely to be quite 
different and need to be investigated in depth. 

The results involving the fracture of e p o x y -  
fibre systems suggest that different filament ma- 
terials can alter the FE, possibly due to differences 
in the fi lament-epoxy bond and the degree of 
delamination that occurs. We have shown that 
when separation of the filament from the matrix 
occurs it is accompanied by a unique type of FE 
involving very long time-constants and relatively 
high energy particles (a few hundred eV). Most 
likely, the production of such high energy particles 
involves the electric fields due to charge separation 
that occurs when adhesive bonds are broken. 
Vladikina et al. [33] observe high energy electron 
emission from a number of systems that exhibit 
surface charging due to friction of dielectrics in a 
vacuum and by fracture. They also observe very 
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Figure 9 The energy distribution of elec- 
trons produced by fracture of poly- 
butadiene containing glass beads. 
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Figure 10 Fracto-emission curves for mica showing time 
dependence of both electrons and positive ions. 

long decay constants for friction-induced EE from 
polymers, an effect accompanied by intense sur- 
face charging. They attribute the observed electron 
emission to field emission which requires electric 
fields of  the order o f  10 6 to 10 7Vcm -1 and sur- 
face charge densities of  10 -8 to 10 -7 Coulomb 
cm -2 . Although it is very probable that charging 
is involved we are reluctant at this point to at- 
tribute the emission we observe to field emission. 
The main reason for this is that our energy distri- 
butions peak at or near 0 eV. One would expect 
the most intense EE from the highest potential 
points on the surface which would then produce 
electrons with high energy. Very low energy elec- 
trons are not likely to accompany field emission. 
Secondly, we find many similarities between the 
EE and PIE from the same type of  samples, e.g. 
the time dependence of  the emission curves and 
energy distributions. This suggests a common 
mechanism yet it is difficult to see how field 

emission and the production of  free ions could be 
related. 

One possible role of  the electric field is the 
following: imagine that charge patches of  varying 
sign and charge density are created on the surface 
due to separation of  the crack walls. We then 
assume that the excitations that can produce FE, 
e.g. energetic defects of  chemically reactive 
species, are able to locate in the region above the 
charge layer; for simplicity we would expect this 
to be near or at the surface of  the material. Then, 
when de-excitation occurs, free electrons or ions 
are produced and depending on the sign of  the 
charge area over which they are created, they may 
be attracted into the surface, and thereby lost, or 
repelled into the vacuum with kinetic energy 
determined by the potential at the position where 
they were created. Then, the energy distributions 
we observed are simply a function of  the distri- 
bution o f  charge density on the surface. The 
energy distribution may also be influenced by a 
dependence on charge density o f  the de-excitation 
probability and/or the probability o f  an FE- 
producing excitation reaching a given region. Since 
the charge density for good insulators has decay 
constants o f  several minutes to hours in a vacuum, 
the more rapid decay observed would imply that 
it is a measure of  the supply of  excited species 
rather than due to charge leakage. Consistent with 
this, we see no change in the energy distribution o f  
either EE or PIE with time over a period of  2 min. 
Finally we note that the loss o f  charge due to 
leakage would be exponential, whereas the initial 
FE decay is much more complicated. 

5.  Conclusion 
Considerably more work needs to be done to 

1.0 

J 
~. 0.8 

0.6 
5 &3 

0 , 4  

< ~ 0 , 2  

0 
0 

FRACTO-EMIS$10N ENERGY DISTRIBUTIONS FOR MICA 

�9 EE 

~ kk X ~ X PiE 

I i i i i i i i i 

100 EO0 500 400 
ENERGY (eV] 

500 
Figure 11 Enelgy distributions of elec- 
trons and positive ions arising from the 
fracture of mica. 

2907 



clearly def ine the  various m e c h a n i s m s  involved in 

t h e  FE  observed .  We are also in te res t ed  in pursu ing  

possible  appl ica t ions  o f  FE  to  u n d e r s t a n d i n g  frac- 

tu re  p h e n o m e n a .  Fo r  example ,  i t  is feasible t h a t  

t he  in tense  emiss ion  observed  dur ing  crack propa-  

ga t ion  is re la ted to  crack ve loc i ty  a n d / o r  f rac ture  

mechan i c s  pa rame te r s  such  as surface energy  o f  

t he  i n s t a n t a n e o u s  stress i n t ens i t y  fac tor .  

In compos i t e s  or m u l t i p h a s e  sys tems FE m a y  

ind ica te  precisely where  f rac ture  is occurr ing ,  e.g. 

in t ra-  versus in te r -granular  f rac ture ,  de l amina t i on ,  

etc.  FE  m a y  be a useful  m o n i t o r  o f  the  m e c h a n o -  

chemis t ry  a c c o m p a n y i n g  f rac ture ,  e.g. in  stress 

cor ros ion .  It  m a y  also be  sensi t ive to sub-cri t ical  

crack g rowth .  Cer ta in ly  i t  wou ld  be an  effect ive  

way  to d is t inguish  b e t w e e n  surface cracking f rom 

in t e rna l  mic ro - f rac tu re  in  mater ia l s  like ceramics  

since F E  is a surface effect .  A l t h o u g h  still specu- 

lat ive at  this  p o i n t ,  it is conce ivab le  t h a t  FE  could  

c o n t r i b u t e  to  our  u n d e r s t a n d i n g  o f  a wide  var ie ty  

o f  f rac ture  p h e n o m e n a .  

Acknowledgements 
This work was supported by the Office of Naval 
Research, Contract N00014-80-C-0213. We wish 
to thank R. L. Moore, Lawrence Livermore Lab- 
oratory, for providing samples of filaments and 
fibre-epoxy strands, and Dr A. N. Gent, Univer- 
sity of Akron Institute of Polymer Science for 
supplying the polybutadiene samples. We wish to 
thank Dr L. L. Clements, of the Nasa-Ames 
Research Centre, Dr L. H. Peebles, Jr and Dr 
R. Miller, both of the Office of Naval Research, 
for useful discussions. We acknowledge under- 
graduate B. J. Tillotson for his assistance in the 
l abo ra to ry .  

References 
1. J .T .  DICKINSON, P. F. BRAUNLICH, L. LARSON 

and A. MARCEAU,Appl` Surf. Sci. 1 (1978) 515. 
2. D. L. DOERING, T. ODA, J. T. DICKINSON, and 

P. F. BRAUNLICH, ibid. 3 (1979) 196. 
3. B. Z. ROSENBLUM, P. F. BRAUNLICH, and L. 

HIMMEL, J. Appl. Phys. 48 (1977) 5262. 
4. J. T. DICKINSON, D. B. SNYDER, and E. E. 

DONALDSON,./. Vac. Sci. Technol. 17 (1980)429. 
5. Idem, Thin Solid Films 72 (1980) 225. 
6. J. T. DICKINSON, E. E. DONALDSON, and D. B. 

SNYDER,J. Vac. Sci. Technol. 18 (1980) 238. 
7. L. A. LARSON, J. T. DICKINSON, P. F. BRAUN- 

LICH, and D. B. SNYDER, ibid. 16 (1979) 590. 
8. A. J. WALTON,Adv.  Phys. 26 (1977) 887. 
9. J .I .  ZINK, Acc. Chem. Res. 11 (1978) 289. 

10. L.A.  LARSON, T. ODA, P. BRAUNLICH, and J. T. 
DICKINSON, Sol. Stat. Comm. 32 (1979) 347. 

11. K. BECKER, CRC Crit. Rev. Sol. Stat. ScL 3 (1972) 
39. 

12. H. HAGSTRUM in "Experimental Methods in Cata- 
lytic Research", Vol. III, edited by R. B. Anderson 
and P. T. Dawson, (Academic Press, New York, 
1976) pp. 42-81. 

13. Yu. P. SITONITE, F. S. ZIMIN, T. V. KRYLOVA, 
RussianJ. Phys. Chem. 44 (1970) 1023. 

14. M. L. KNOTEK and P. J. FEIBELMAN, Phys. Rev. 
Letts 40 (1978) 964. 

15. J. HARRIS, B. KASEMO and E. TORNQVIST, 
Chem. Phys. Letts 52 (1977) 538. 

16. B. KASEMO, E. TORNQVIST, J. K. N. ~bRSKOV, 
and B. I. LUNDQVIST, Surf  Sci. 89 (1979) 554. 

17. G. HOCHSTRASSER and J. F. ANTONNI, ibid. 32 
(1972) 644. 

18. E. H. ANDREWS, in The Physics of Glassy Poly- 
mers", edited by R. N. Haward, (John Wiley and 
Sons, New York, 1973) pp. 448-51. 

19. M. I. KORNFELD, J. Phys. D: Appl. Phys. 11 
(1978) 1295. 

20. J. WOLLBRANDT, J. E. LINKE and K. MEYER, 
Phys. Stat. Sol. (A) 27 (1975) K53. 

21. S. A. HOENIG, The Application of Electrostatic 
Techniques to the Analysis of Pre-fracture Phenom- 
ena in Ceramic Materials, National Science Foun- 
dation Report, Contract No. ENG-13639, August 
1976. 

22. B. ROSENBLUM, P. BRAUNLICH, and J. P. CAR- 
RICO, Appl. Phys. Letts 25 (1974) 17. 

23. H. GLAEFEKE in "Thermally Stimulated Relax- 
ation in Solids", edited by P. Br~iunlich, (Springer- 
Verlag, Berlin, 1979). 

24. P. G. FOX and J. SORIA-RUIZ, Proc. Roy. Soc. 
Lond. A317 (1970) 79. 

25. F. Kh. URAKAEV, V. V. BOLDYREV, O. F. POZ- 
DYNYAKOV, and V. R. REGEL, Kinetika i Kataliz 
18 (1977) 350. 

26. V. R. REGEL, T. M. MUINOV and O. F. POZDYN- 
YAKOV in "Physical Basis of Yield and Fracture", 
edited by A. C. Stickland, (Institute of Physics, 
London), 1966) p. 194. 

27. J. R. ASAY, A Model for Estimating the Effects of 
Surface Roughness on Mass Ejection from Shocked 
Materials, Sandia Laboratories Report SAND78- 
1256 (1978); 

28. B. HAYES, private communication (1981). 
29. E.A. KURZ,American Laboratory, 13 5 (1979) 67. 
30. L, H. SHARPE, J. Adhesion 4 (1972) 51. 
31. J. H. D. ELAND, "Photoelectron Spectroscopy", 

(Butterworths, London, 1974) pp. 34-7. 
32. A.N. GENT, private communication (1981). 
33. T. N. VLADIKINA, B. V. DERJAGUIN, V. A. 

KLUEV, Yu. P. TOPOROV, and Yu. A. KHRUS- 
TALEV, Trans. ASME 102 (1980) 552. 

Received 27 February and accepted 6 April 1981. 

2908 


