THE DEVELOPMENT OF VOLUMETRIC FAILURE
IN SILICATE GLASSES AND POLYMERS
UNDER THE ACTION OF LASER RADIATION
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A investigation was made of volumetric failure in silicate glasses K-8 and F-5 and in poly-
methylmethacrylate (PMMA), and the energy-time characteristics were recorded for the
start of the stage of the formation of damage in these materials due to a laser beam. The
article discusses a model of the failure of silicate glasses as a result of the absorption of
light at microdefects, as well as a model of the formation of cracks from high-temperature
sites in polymers, taking account of the durability of the material. An evaluation is made
of the power density q and the energy ¢ in the proposed mechanisms for the failure of trans-
parent dielectrics.

In a number of articles, for example [1-4], devoted to an investigation of the mechanism of the inter-
action between laser radiation and optically transparent dielectrics, the threshold parameters for failure
have been determined. As the threshold of failure, or the optical strength, there is usually adopted the
density of the power (g} or the energy (g,) bringing about irreversible changes in the material, recorded
visually or optically. In this case, the values of (qy) and (&) are averaged over the whole time of a pulse.
This type of averaging, while satisfying the requirements of some industrial problems, is not always justi-
fied (particularly for millisecond pulses) in an evaluation of the role of one physical process or another in
the mechanism of the interaction, since failure of the dielectric begins a very short time after the start of
the pulse generation. In addition, the effect of the power and energy of a light pulse on the development of
failure remains unexplained.

In the present work a study was made of the role of these characteristics in the process of the volu-
metric failure of silicate glasses K-8 and F-5 and of polymethylmethacrylate (PMMA), and the threshold
values qp and g were determined as a function of the irradiation time. The experimental investigation has
made it possible to propose physical models of the initial stage of failure of selected classes of dielectrics.

A schematic diagram of the experimental unit is shown in Fig. 1.

Laser radiation [1]with a wave length A =1.06 ;m,operating under spike mode conditions,was focused
by lens 2, with a focal length of 120 mm, into the volume of the samples being tested 3, which had linear dimensions
of 20-60 mm, considerably exceeding the diameter of the focused spot. The process of failure was re-
corded by frame-by-frame photography of the focal region, using an SFR-2M camera 4 with a speed up to
125,000 rpm. Illumination was effected using an ISKKh pulse-type lamp 5 through scattering screen 6.
The current in the experiment was varied using the calibrated filters 7. Simultaneously with the photography,
oscillograph recordings were made of the energy of the laser radiation to measure the energy passing
through the sample up to the start of the development of failure. An initiating pulse from the control panel
of the SFR, 8, through the separating condenser 9 ignited the source of illumination and, simultaneously,
using the ferrite ring 10, connected the three-channel amplifying block 11. This device triggered the oscil-
lograph 12, and ignited the lamps of the pumping laser generator and the spark gap 13, whose luminescence
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e Measurement of the energy by calorimeter 14, and
S recording of the discharge capacitance of the photo-
current of the photoelement 15, were effected by
ﬂ7 j shunting of part of the radiation in each experiment.

51 p1  gmmem e was photographed simultaneously with the failure
BL-—B _ B BN . s . .
-1 é ? % ~ process, for time superposition with the oscillogram.
g -

_JL_ Thus, photography was used to determine the
T' l time from the flashing of the spark gap (ignition of

the laser generator) up to the appearance of failure,
=0 n while an oscillogram was used to determine the time
g T|10O]= from ignition up to the start of irradiation. The dif-
ference between these times, t*, characterizes the
period for the formation of visible damage in the
sample, and makes it possible to determine from the
oscillogram the energy of the irradiation, E*, after
this period. Then, the threshold current density,
averaged over the time t*, g* = E¥t*s, where s is
the area of the focus spot.
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Experimental points obtained with the irradia-
tion of PMMA are shown on a curve (Fig. 2). The
120 k dotted line shows a plot of a hyperbolic dependence
|

of the type t, = (€4)/q, under the assumption that the
process of failure is determined only by the value of

@ \ the absorbed energy, and does not depend on the cur-

rent density. As the quantity {e;) there was taken the
threshold energy density, averaged over a whole pulse,

of \\O and equal to ~15 J/cm?.
[}

R It is evident from the curve that almost all the
7 \ ] experimental points lie above the hyperbola (&) =
AN ; const. As is shown by investigations of the kinetics
P T of the development of damage in polymers [5], in par-
7 J ¢ ¢ 107 W/em? : ticular in PMMA [6, 7], in the initial stage there is
formed a high-temperature site, in the form of a
Fig. 2 cavity in the material, filled by decomposition and
vaporization products of the polymer. The absorption
of radiation at this site leads to an increase of the pressure within it, to an increase of the stresses in the
substance surrounding the cavity, and to the subsequent formation of a erack. The process of brittle fail-
ure of a polymer, which is brought about by a rise of the pressure in the cavity, is a thermal fluctuation
process. However, the time for the development of a crack from the site, or the durability of the material,

obeys the dependence [8}

60

T = T(; exp {a [U; — yo (Q*)]}

where @ = R? (1/Ty=1/Ty); 7y, Uy, v are constants which, for PMMA, have the following values [8, 9]:
10737yt (K71 = 1.5; Uy = 57 keal/mole; y = 2.6 (kcal - mm?) /(mole - kg); 7, = 107 sec; R is the universal
gas constant; Ty ~ 390°K is the softening temperature of PMMA. Then

{End

=t T= pe: +Toexp {a{Uy— 15 (g®)i} @)

The stress ¢ at the limit of the cavity is proportional to the pressure or to the temperature of the
decomposition products, depending on the feed density of the radiation flux. With laser irradiation of a
polymer, there is high-temperature linear pyrolysis which, for PMMA, is distinguished by the high rate of
the chemical process itself. With an increase in the dimensions of the cavity, there is an increase in the
amount of energy absorbed in it, which leads to a rapid rise in the density of the power which brings it
about. This is borne out by the fact that with weak radiation fluxes there are individual cavities in the
radiation zone after the action of a laser pulse, which are observed under the microscope, but which do
not develop into cracks.
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Fig. 3

Let us evaluate the change in the temperature and, correspondingly, of the voltage with the current.

The macrokinetics of the decomposition are characterized by the activation energy E, in accordance
with the exponential formula

V=Vyexp{—E,/RT}

and by the quantity Vj, proportional fo the reaction constant K;, which has an order of the frequency of the
vibrations of the molecule equal to 10! gec; at high temperatures, the value of K; depends strongly on the
value of T. In particular, at 750°K, K, ~ 10% sec™ and E, ~ 70-80 kecal/mole [10].

This rise in the value of K;(T) with the temperature can be approximated by a dependence of the form
Vo = Vyexp{—E,/ RT}

Then
V="Vyexp{—(E, + Ey) / RT} {2)

and the value Ek = 63 kecal/mole is determined from the values of K; at 600 and 750°K [10].

On the other hand, from the law of conservation of energy, neglecting the removal of heat and assum-~
ing the mean current density to be constant, with the quasi-steady-state development of a spherical site we
can determine the radial rate of expansion of the cavity:

= g/ 4peT &)
where p is the density of the material; c is the heat capacity.

With the high-temperature decomposition of PMMA, the value of the specific destruction energy can
be neglected in comparison with the value of ¢T. Then, equating (2) and (3), we obtain a transcendental
equation of the form

Ea. + Eh‘ (4:)
RT

Ing =In 4V peT —
The quantity A = 1n 4VipcT depends only weakly on the temperature; therefore, it can be regarded as
constant. Solving Eq. (4) for T, we obtain
IT'=E,+E;,/R(A—1ng
The value of V) is determined from (2) by substituting the mean experimental rate of growth of the
cavity V ~ 1 cm/sec {7] near the failure threshold. The weak change of the temperature with the current

and its value ~ (2-3) +10°°K are in good agreement with experimental data on the laser irradiation of PMMA
{11].

The stress g, proportional to the temperature, can be determined as

B
A—long

G =

The constant B for PMMA is determined by the condition that the stress ¢ attain a value ¢ at a value
of g = (qg). The value of ¢y is calculated using the formula for the durability, from the known properties
of PMMA (8, 9]. At the limiting temperature of the elastic state T ~ 100-120°C and a duration of a pulse
~2+107% sec, the quantity o, attains values of 6 kg/mm?, which contradicts results obtained with loadings
having a duration of ~ 1 sec [12].
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Thus, substituting (5) into (1), we obtain a connection between the total time of irradiation up to failure
of the medium and the mean density of the power

__ 0> af 4 1 _ A—1n g 6)
t*“ q* _‘_TOeXP{RI(TO‘VTl)(UO 750 A—-lnq* )}

The results of a calculation for PMMA using this formula are shown by the solid line on Fig. 2. The
agreement between the calculated and experimental data is completely satisfactory, bearing in mind the
averaging of the light flux. In the experiments carried out, the value of g was constant for the first 250
usec of irradiation.

It is of interest to note that, with a large increase, the form of some of the sites differs from the
spherical and has sharply protruding boundaries, at which the stress concentration is considerably higher
than the mean value.

In this case, the durability time is found to be small, and the value of t* is close to the value of t;.
Such points are sometimes observed experimentally (points 1 and 2 on the curve) and lie practically on the
hyperbolic curve.

In glasses, the appearance of failure has a considerably different character. High-speed photography
shows that, within a certain time t* from the start of the irradiation, at the focal region in the glass sam-
ples there arises a brightly luminescent zone which, with the passage of time, grows toward the beam.
Figure 3 shows a typical moving-picture photo of the failure of glass K-8 (the irradiation is acting from
the left, the time of a frame is 16 usec, the scale is 1:2). The longitudinal growth is accompanied by the
development of transverse cracks, going away from the zone at different angles. The initial dimension of
a longitudinal trace is comparable to the length of the focal region. Depending on the focusing conditions,
the failure may reach the leading face of the sample, which is accompanied by intensive splitting off of the
face. In the case when the longitudinal trace does not reach the forward boundary, the sample splits along
transverse cracks going out toward the lateral surfaces. A study of a failure zone with a large increase
shows that it has a form close to cylindrical, and that it is filled inside by sintering particles of the mate-
rial. In spite of their external similarity, the experimental curves of t* (g*) for PMMA and for glasses
have a difference in physical principle. The energy-time characteristics of the failure of silicate glasses
are shown on Figs. 4 and 5 for K-8 and F-5, respectively. The solid lines are approximate experimental
plots, while the dotted lines, as before, represent the dependence t; = (g;)/q, plotted from the threshold
parameters of these glasses for the period of a whole pulse: for glass K-8, (g) ~ 6 kd/cm? for F-5,
(&) ~ 11 kJ /em?. Almost all the experimental points on Figs. 4 and 5 lie below the hyperbolic dependence.
This means that failure of the glasses starts before the threshold energy density (&), averaged over the
whole time of a pulse, is achieved.
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Data on the microstructure of glasses [13, 14] bears witness to the presence of micro-and macrode~
fects, as well as of impurity levels, which bring about the initial absorption of the radiation. Single-photon
ionization of microdefects leads to the appearance of free electrons. Their acceleration in the field of the
light wave may bring about the birth of new electrons by the shock ionization of defects with low levels in
the forbidden band. For simplification, we shall assume that recombination counterbalances the growth of
the number of "single-photon" electrons with the current and of "shock" electrons, with an increase in their
concentration. Let single-photon ionization of microdefects of the glass lead to the generation of ny free
electrons. Their acceleration in the field of the light wave up to the energy

E E)>E, =1

(E is the intensity of the field; I is the ionization potential of the defect) brings about the shock ionization

of part of the defects, i.e., an increase in the concentration ng. The efficiency of this process is con-
nected with the large content of inherentand impurity defects in the glasses, amountingto 10-6-10~3 out of the

total number of atoms, i.e., in one measurement, for each 10-100 atoms, * there is, onthe average, one defect. In
the case under consideration, scattering on the phonons is stronger than the setof energies, and all the energy of
the photo- and shock-gene rated electrons will be givenup to the atoms of the substance. The total concentration,
g, is made up of the concentration of photoelectrons, n;,and the concentrationofelectrons, An,appearing as

the result of the possible ionization of impurity levels, i.e., ng = ng + Any (Eg~Eg"), where n(Ee—Eg)) is a
Heaviside function.

The probability bf shock ionization is proportional to the concentration of photoelectrons, ng, to their
energy, and to the frequency of collisions with defects: An ~ nyEgv. In the first approximation, it can be
assumed that Ee ~ E? ~ q. The frequency of collisions with ionizable defects, v, can increase only with an
increase in the value of Eq. A rise in the temperature, bringing about an increase in the frequency of the
vibrations of the atoms of the matrix, also leads to an increase in the value of v.

Approximately, the dependence of the frequency of collisions between a defect and an electron may be
assumed to depend only on the energy of the latter

v~ye~VE~q‘/z
where v, is the velocity of an electron.

Then
An ~ nog¥n (g — ¢)

where the current density q' corresponds to the energy Eg' and
ne = n, [1 4 Bg'n (g — ¢') (7

where the constant g is a characteristic of the defectivity of the material.

A rise in the concentration ng leads to a nonlinear reinforcement of the absorption in a small volume,
to an increase in its temperature, and, starting at some given moment of time, to vaporization of the sub-
stance. A further rapid increase in the temperature and the pressure at the site leads to damage of the
material around the site. Thus, the condition for the origin of the site of a source of brittle failure at
microdefects of the glass may be characterized by a determined value of the specific enthalpy H, propor-
tional to the absorption energy E;.

In turn, the energy absorbed after the time t is
E, ~qn, (t — t;) > H = const 8)
Here t; = t1(qg) is the time starting with which the concentration of electrons set up by the current
can ensure an accumulation of heat at the site.

Then, taking account of (7) and (8), the condition for the origin of a site can be written

o const 9)
b+ g* 11+ B(g9 M (@~ ¢')]
Formula (9) does not take account of the durability of the material since,as the result of a rapid rise
in the enthalpy with the current, it becomes small in comparison with the time t*.

*As in Russian original = Consultants Bureau.
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The experimental curves (Figs. 4 and 5) are well described by dependence (9), with the empirical
values q' =107 W/cm?, const = 6 -10% J/cm?, which corresponds to the threshold energy density (g;) over a
whole pulse, g =3 +1070 (cm?/W)¥2, t; =107 sec.

The large scatter of the points on the curves is explained by the strong fluctuations of the local
strength of the glass [14]. The qualitative agreement between the approximate dependence (9) and experi-
ment bears witness to the correctness of a site-type model for the appearance of damage in glasses with
currents less than 10! W/em?, at microdefects due to the absorption of light, appearing as the result of
photoshock ionization by electrons.

In conclusion the authors thank A. E. Kuznetsov for his part on posingthe problem, and V. F. Loskutov
and L. N. Nefedov for their help in the experiments,
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