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Physical mechanisms of CO,-laser-induced rapid structural

changes in glass-ceramics

V.P. Veiko, E.B. Yakovlev, E.A. Shakhno

Abstract. Laser-induced local structural changes in glass-
ceramics have recently been the subject of intense research
interest in connection with analytical, aerospace, optical-
memory and other advanced applications. In this paper, we
demonstrate that important features of such processes are
very high rates and unusual Kinetics. These features are
interpreted in terms of thermophysical kinetics and a novel
view of amorphous materials as vacancy-distorted crystals.
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1. Introduction

As a class of materials, glass-ceramics (GCs) have been
known since the 1950s, which saw the advent of polycerams
in the United Kingdom and sitalls in the USSR [l1].
Basically, GCs are polycrystalline materials prepared from
glass containing crystal-forming substances (nucleating
agents) by heat treatment for 6—10 h. The crystallisation
process begins with the formation of billions of submicro-
scopic nuclei per cubic millimetre, each serving as a growth
centre. Owing to the great diversity of glass compositions
and heat-treatment procedures, GCs offer a variety of
properties [1].

In contrast to conventional glass, whose properties are
determined primarily by its chemical composition, in the
case of GCs a key role is played by their microcrystalline
structure and phase composition. In addition to being
similar in manufacturing process, various GCs contain silica
as a key component and consist of both glassy and
crystalline phases.

Thus, GCs constitute a class of polycrystalline materials
prepared by directional (catalysed) crystallisation of glasses
with special compositions. GCs contain one or several
crystalline phases uniformly distributed over an amorphous
phase. Characteristically, GCs combine high hardness and
mechanical strength with excellent insulating properties,
high softening temperature, thermal and chemical stability
and other features, due to their fine-grained, uniform
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semicrystalline structure. Local amorphisation of GCs,
resulting in optical transparency and influencing their sur-
face morphology by virtue of the amorphisation-induced
increase in specific volume, makes them candidate materials
for micro- and nanophotonic applications [2] (Fig. 1).
Owing to the large difference in solubility and ion-exchange
properties between their amorphous and crystalline compo-
nents, GCs can be used equally successfully to produce both
surface and bulk structures for lab-on-a-chip devices [3, 4],
so-called nanosatellites [4, 5], diffraction gratings [6] and
other applications.

As mentioned above, glass crystallisation in the GC
fabrication process involves several prolonged heating/cool-
ing steps [1]. At the same time, our experiments [3] have
shown that, under CO, laser irradiation, the structural and
phase changes involved occur very rapidly, taking in the
order of several seconds. The mechanisms of these rapid
structural changes are not yet fully clear. A detailed
understanding of these mechanisms would allow one to
create advanced optical materials with tailored properties
and to substantially extend the application area of GCs.

The objective of this work was to review the recent
developments in experimental studies of laser amorphisation
and crystallisation in GCs and, more importantly, to analyse
and interpret the results obtained.

Figure 1. Reflected-light photograph of a plate with an array of high-
quality microlenses produced by laser amorphisation of Sitall ST-50 (lens
diameter, 0.9 mm; total fabrication time, ~ 1 min).
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The key features of structural modification to GCs will
be illustrated by the amorphisation of Sitall ST-50-1, which
consists mainly of rutile («-TiO,), cordierite (2MgO
x 2A1,05 - 58i0,) and an amorphous phase (SiO,, 60.5;
AL, 03, 13.5; CaO0, 8.5; MgO, 7.5; TiO,, 10 wt %), and also
by the crystallisation of the titanium-containing glass
obtained through laser-heating-induced amorphisation of
ST-50-1. Note that ST-50-1 strongly scatters visible light
and is thus opaque in the visible to near-IR spectral region
even at thicknesses just under 1 mm.

2. Experimental results

Our experimental results have been presented in recent
publications, so here we only outline them. For more
details, we refer the reader to previous reports [7, 8].

Our experimental setup is shown schematically in Fig. 2.
It comprises a laser processing system and two measurement
systems, one for measuring the temperature 7" of the zone
being heated, heating rate (v,q,;) and cooling rate (vg,,), and
the other for measuring the visible transmittance of the GCs
during CO, laser irradiation.

The transmission measurements are intended to assess

the bleaching or darkening rate as the amorphisation or
crystallisation front advances deeper into the sample.
Micro-video imaging is used to determine the radial growth
rate of the bleached zone.

The phase composition and structural state of GCs were
identified by standard X-ray diffraction (XRD) techniques.
Figure 3a shows the XRD pattern of the unprocessed GCs.
The peaks at 1.688 and 2.495 A are due to rutile (2-TiO,),
the halo around 3.505 A is characteristic of amorphous
SiO,, and the other peaks arise from cordierite (2MgO
x 2A1,05-5810,). The relative area of the grey regions
represents the amorphous content of the GCs. Bleaching
occurs when crystals, which have strongly scattering boun-
daries, disappear (Fig. 3b), and the amorphous content
rises. As a result of the amorphisation process, the trans-
mission band of the material shifts from the mid-IR (with a
maximum at 4 ~ 5.5 um) to the visible/near-IR region, 0.3 —
2.8 um (Fig. 4), extending up to 5 pm. At incident power
densities and heating rates below those needed for amorph-
isation, ST-50-1 crystallises, as evidenced by XRD results
(Fig. 3c), optical spectra of recrystallised GCs (Fig. 4) and
the visual appearance of unprocessed, amorphised and
recrystallised GCs. Figure 5 shows typical time dependences
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Figure 2. Scheme of the experimental setup.

High-power laser processing system: ( /) CO, laser; ( 2) gate; (3) power meter; (5 ) aperture; (6, 8) mirrors; (/0) ZnSe lens; (/1) GC sample; (12) x—

v stage.

Temperature measurement system: (9) digital pyrometer; ( /5) multichannel interface; (/6 ) computer.
Transmission measurement system: (4) beamsplitter; (7) He—Ne laser; (10, 13) lenses; (/4) photodetector; ( /5) multichannel interface; (16)

computer; (/7) microscope; ( /8) video camera.
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exposure to laser light) and (c) partially recrystallised (after a second
exposure) GCs.
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Figure 4. Absorption spectra of ST-50-1.

of the surface temperature over one heating/cooling cycle
for a 0.6-mm-thick sample under CO, laser irradiation at a
laser spot diameter of 1 -2 mm and various incident power
densities.

Laser amorphisation occurs at heating rates vy, ~
30 —80 K s™' and cooling rates vy ~ 50 — 100 K s7'.
In this process, the temperature of the zone being heated
reaches the melting point Ty, and the rate of subsequent
cooling is high enough for melt freezing and the formation
of a stable, fracture-free amorphous material.

Figure 5. Surface temperature of ST-50-1 under laser irradiation: (a)
amorphisation (incident power P =1 — 3 W, power density g = 3 x 10°
to 3 x 10° W m™2, initial temperature 7, = 700 K); (b) crystallisation
(P<03W,q<10° Wm™2, T, = 1000 K).

After laser irradiation, the molten zone continues to
grow for some time and then begins to decrease, whereas the
dimensions of the amorphised zone stabilise. Increasing the
dimensions of the amorphised zone reduces the cooling rate,
which is conducive to glass crystallisation at the periphery of
the amorphised zone.

The formation of amorphised and recrystallised zones in
GCs during laser irradiation is illustrated in Fig. 6.

Figure 7 plots the dimensions of the amorphised zone
versus time (data obtained by optical microscopy of cross-
sectional samples and micro-video imaging).

Figure 8 illustrates the effect of the CO, laser output
power on the melting-through time in the centre of the zone
under irradiation, the complete amorphisation time and the
complete crystallisation time.

3. Discussion

3.1 GC amorphisation process

We associate this process with laser melting of GCs
followed by amorphisation as a result of rapid cooling.
Note first of all that we do not assume that rutile and
cordierite microcrystals, typically present in ST-50-1,
undergo complete melting. Their presence in the amorphous

Figure 6. (a) Formation of an amorphised GC zone under laser irradiation; (b) photographs of the sample after a second exposure at different beam
diameters; the unprocessed and recrystallised zones appear grey, and the amorphised zone appears white; the images were taken after exposure for (1)

6,(2) 6.5, (3) 7and (4) 8 s.
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Figure 7. Amorphisation kinetics: (a) increase in the top (d,p) and
bottom (dyoiom) diameters of the amorphised zone, (b) amorphisation
front advancement and (c) increase in the depth and diameter of the
amorphised zone (dy=1mm, h=0.6mm, ¢g=5x 10° W m~2,
T, = 800 K).
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Figure 8. (/) Melting-through time in the centre of the zone under
irradiation, (2) complete amorphisation time and (3) complete crystal-
lisation time as functions of CO, laser output power (7 =935 K,
h = 0.6 mm, ry = 0.7 mm).

matrix is evidenced by characteristic XRD peaks (Figs 3b,
3c). It is these microcrystals which we believe to be
responsible for the residual absorption in the GCs
(~ 20 %).

Bleaching kinetics are governed by the rate at which the
melting front advances into the bulk of the material.
Rigorous thermophysical calculations of the melting/
amorphisation process in question present serious problems
because the temperature field of a GC plate being heated by
laser radiation has a complex three-dimensional (3D)
configuration and is nonstationary. Here, we restrict our-
selves to estimating the heating rate at the beginning of
surface melting and during the radial expansion of the
molten zone.

In the initial stage of the process, laser exposure leads to
heating of the region adjacent to the zone under irradiation.
The heating rate at the beginning of melting, when the
surface temperature T, reaches the melting point Ty,
can be determined by solving a 1D problem of heating of a
strongly absorbing semi-infinite body [9]. The temperature
in the centre of the laser spot is given by

2¢(1 — R)Vat
ik

where R is surface reflectance, k¥ and a are the thermal

conductivity and thermal diffusivity of the material, ¢ is the

exposure time, and ¢ is the incident laser power density.
The surface heating rate is

T= +T07 (1)

B 2¢%a(1 — R)? 2

Tsurt=T el a nkz(Tmelt - To) .

_ d Tsurf
Uheat = ds

At ¢g=10°Wm 2 and 7,=800K, v is 3X
10° K s™!. Subsequently, as the rate of heat removal
from the zone under irradiation increases, the heating
rate drops, and the heat flow pattern in the plate becomes
substantially 3D. The through-thickness average temper-
ature in the centre of the area being irradiated is [10]

_dU =R
Tav = pch L—exp 4at

2 2
—T;El(rgl)} + T, 3
where p and ¢ are the density and heat capacity of the
material, and E;(z) is the exponential integral of order one.
Equation (3) can be used to determine the time deriv-
ative of the through-thickness average temperature in the
centre of the laser spot, d7,,/ds, at an arbitrary instant in
time. At an incident power density ¢ = 10° W m~2 and spot
radius ry = 1 mm, dT7,,/d¢ varies from 40 K statr=1s
to 5K s~ at t=10s. Under the above assumptions, the
bleaching time #y.,o, can be estimated as the time needed for
uniformly heating a cylinder of diameter d, and height %
from the preheating temperature 7, to the melting point
Tmcll:

pCh(Tmelt — TO)
q(1 - R)

At Tog — Ty =250 K and ¢ =0.5x 10° W m~2, the
bleaching time is 1.3 s. Taking into account lateral heat
removal and the increase in the diameter of the molten zone
by v/at (dme; = dy + 2+/at, where 7 is the irradiation time)
foeach 1nCreases to 2.7 s. These estimates agree well with
experimental data (Fig. 5a), thus leaving no doubt that the
amorphisation process is of a thermal nature.

Whether the solidified melt is amorphous or crystalline
depends on the cooling rate and the nature of the melt. It
can be shown theoretically that any melt can be amorphised
by sufficiently fast cooling. To this end, consider the
equation for the volume of the crystalline phase formed
over time 7., during glass cooling from the liquidus
temperature to the glass transition temperature 7,. At a
small volume of the crystalline phase, V, the equation has
the form [11]:

Toleach =
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Vo~ VOJ It"YV,(t', t)dt’
0
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Here, V, is the initial melt or glass volume; I(t') is the
volume nucleation rate at time t’; V,(t',)=
([ c(t',¢")dt"]? is the volume at time ¢ of a crystal
that nucleated at time ¢’, where c(¢’,¢") is the linear growth
rate of crystals, which are taken to be spherical in shape, of
radius R(t',1) = [' (', ¢")dt".

Let AT be the temperature range in which the Ic*
product has the highest value, and let the cooling rate of
the melt, v, be constant. Then the time needed for cooling
by AT is AT /v, and, from (4), we obtain a rough glass-
forming criterion:

vV —( AT\
_M@(_) <l 5)
VO Ucool

where I¢? is the average of Ic® over the temperature range
AT. In practice, the solidified melt can be considered
amorphous at V/V, ~ 1075

Thus, since GC amorphisation requires melting followed
by rapid melt cooling (to avoid recrystallisation), we think
that the key process parameters are the temperature of the
GCs, the heating and cooling rates and the bleaching front
advancement rate, which were determined in our experi-
ments.

3.2 Crystallisation process

As mentioned above, the melt obtained by laser exposure is
considered to be in a nonequilibrium state, with residual
traits of the parent crystalline phase. The short-range order
of ST-50-1 and probably the structure of the main types of
crystals in the parent material continue to manifest
themselves after melting and amorphisation; in particular,
the crystallite size decreases, as evidenced by small-angle X-
ray scattering data (Fig. 3b) and the residual absorption in
the amorphised material (Fig. 4).

The above allows our experimental data to be inter-
preted in terms of vacancy-mediated melting, a model
formulated by J. Frenkel and further developed by Yakov-
lev [12]. According to this model, the loss of long-range
order on melting of polycrystals is the result of vacancy-
induced lattice distortions. Supercooled melts retain high
concentrations of vacancies, which are responsible for
viscous flow of the melt. This may lead to fluctuation-
assisted formation of crystalline nuclei, which contain lower
vacancy concentrations, at the level of crystalline material.

In this situation, density and structure fluctuations may
be of importance. In the case of local laser heating, such
fluctuations are inherently due to the extremely sharp
temperature gradient. The temperature gradient is a funda-
mental characteristic of laser irradiation, associated with
rapid heating and cooling. It always gives rise to density
fluctuations in the same direction and can be estimated as
0T /0x ~ \/1/adT/dt ~10* K em™" at 8T/0t ~100 K s~ .

In more rigorous terms, the surface temperature gradient
is determined by two main factors: the intensity distribution
over the laser spot and the radial heat flux. From an analysis
of the thermal field, the temperature gradient near the
melting isotherm can be estimated as

Tsurf — T 0 (6)

dT ~
gra éro +4dat/ry’

where ¢=2-15, depending on processing conditions.
Therefore, the temperature gradient near the melting
isotherm is 100—300 K cm™'.

Indirect evidence for the important role of the temper-
ature gradient is provided by Fig. 9, which illustrates GC
crystallisation during CO, laser irradiation. The photograph
shows clearly that crystallisation occurs along the temper-
ature gradient. Under certain conditions, the crystallised
zones grow as a consequence of vacancy outdiffusion and
recombination at the boundary of the amorphous phase.
Since the diffusion rate in silicate glass is rather slow, the
growth of a crystalline phase through concentration-driven
diffusion requires considerable time (hours).

Figure 9. Photograph illustrating the initial stage of crystallisation in the
irradiated zone.

After rapid (within seconds) heating of glass to its
crystallisation temperature, the vacancy concentration is
below the equilibrium value. Under such conditions, the
vacancy distribution over the material is nonuniform, and
there are regions more similar in properties to crystals
(below-average vacancy concentration) or to the equilibrium
melt (above-average vacancy concentration).

The reduction in vacancy concentration in ‘crystallizing’
regions is then due not to vacancy recombination but to
vacancy flow from a region with a low concentration to one
with a higher concentration. In the absence of slow vacancy
diffusion processes, laser crystallisation occurs more rapidly
because it is no longer diffusion-limited.

Let us estimate laser irradiation parameters at which
rapid crystallisation is possible.

The rate of vacancy generation during heating can be
estimated as [12]

N2/3
Uyac ™~ TSﬂow exp[_Evac/(kBT)]7 (7)

where N is the oxygen concentration; T ~107"% s, Spo. is
the vacancy sink area (boundary area); E,,. is the vacancy
formation energy, and kg is the Boltzmann constant.
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The number of vacancies formed during heating for time
t is then given by

2/3

~ —Sflow JO exp[_(Evac + Ed)/(kBT)]dt

N,
vac Té

2/3 t 7
— N ﬂOWJ exp[ (EVac + Ed)/(kBT)] dT, (8)

70 0 dT/dt

where Ej is the activation energy for vacancy diffusion and
0 is the lattice constant of the crystal.

Since vacancies are formed mostly at high temperatures,
the integral in (8) can be estimated as

N2/3
% flow

exp|—(Eyue + Eq)/(kpT))kgT?
(Evac + Ed)dT/dt

Nyae ~ (9)

For the above process to take place, N,,. must be below
the equilibrium vacancy concentration in a supercooled
melt, Ny < Nyaco- Given that  Ny,o = Nexp[—E,.c
x(kgT)~", we obtain from (9) for Ny < Nyaco

2
dr kyT ( E, ) 10

- > ———————€X _—
dr T(Evac =+ Ed) P kBT

At S00 K 1~ 107" s, Ey/(kyT)~ 37 1 Spow = 1 cm?
(estimates per unit volume), we obtain d7'/dz = 50 K s !, in
agreement with experimental data.

In the case under consideration, the structure of crystals
resembles that of the supercooled melt where crystallisation
occurs. Moreover, with this crystallisation mechanism the
melt never crystallises completely because vacancy diffusion
to the bulk of the glass is needed, as observed in our
experiments.

4. Conclusions

Our experimental results and theoretical analysis lead us to
the following conclusions:

1. Laser amorphisation of polycrystalline GCs and the
kinetics of this process can be fully understood in terms of
the proposed thermophysical model (heating, melting, cool-
ing) for the interaction of laser radiation with materials in
an equilibrium state.

2. Rapid laser crystallisation of amorphous (glassy)
materials can only be explained by taking into account
the key features of their behaviour in a nonequilibrium
state. To adequately account for this process, it is necessary
to assume that the melt resulting from rapid laser heating
contains residual quasi-ordered polycrystalline structures,
which play a key role in the crystallisation process. Our data
provide evidence of such structures.
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