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The CO, laser-material interaction is commonly used for thermal treatments and
processing of fused silica glasses. As the laser pulse duration decreases down to few
tens of microseconds the heat affected depth in the material decreases up to the point
where it has the same magnitude as the laser radiation penetration depth, which is
an interesting operating point for applications that require minimal heat affected
zone. In this work we explore the effects of CO5 laser pulses in the range of 100 us to
few ms on the laser ablation of polished fused silica surfaces, based on experiments
and numerical simulations. We particularly study the evolution of surface profile as
a function of the number of applied pulses. The results suggest that the ablation
depth can be accurately controlled from few hundreds of nanometers to few tens of
micrometers by adjusting the combination of the number of applied pulses and pulse

duration.
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I. INTRODUCTION

COs, laser processing of glass has been used for decades, but it is still a very active field
of research to develop innovative processes. Recent interests include for instance optics
manufacturing! ™, surface micromachining®®, to produce refractive or diffractive optical el-
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ements, processing of optical fibers” *°, including end-facet, fiber or cladding processing, or

14718 "such as laser damage or

mitigation of surface damage in high power laser components
scratches. The CO laser-material interaction is particularly suitable for thermal treatments
and processing of fused silica because this glass has a high thermal shock resistance due to
a low thermal expansion coefficient’®. Microcracking can be observed on other common
types of glasses, such as borosilicate, because of residual thermo-mechanical stress'®?. The
physical process of the laser glass interaction involves absorption of the laser radiation in
the skin layer, temperature rise with strong modifications of material viscosity associated to
viscous and capillary mass transport, and evaporation if sufficient laser energy is deposited.
Then during the cooling phase subsequent to laser heating, changes of the glass properties
compared to its initial state occur in the heat affected area (described as changes of the fic-
tive temperature) associated to thermo-mechanical stresses. These physical processes lead
to structural changes in the material such as densification, birefringence, surface smoothing,
and crater formation. Understanding these processes and evaluating their effects depending
on the laser irradiation conditions is of paramount importance to support the application de-

velopments. In such efforts, one of the main difficulty is to accurately describe the behavior

of fused silica at high temperature, up to 3000 K.

In this context there have been several developments of models to describe these phys-
ical effects in the operating range of CO, lasers (pulse irradiation from us to seconds) in
order to identify suitable process parameters. Feit et al*! took into account laser energy
absorption, heat conduction and radiation to obtain estimates and order of magnitude of
material removal by evaporation and thermally induced stresses. Nowak et al?? have de-
scribed a 1D analytical model of CO, laser ablation of fused silica based on thermodynam-
ical consideration and a defined temperature threshold (boiling temperature, 3085 K) for
the onset of ablation. This model describes accuratelly the reported data by the authors
(ablation threshold and removal rate) in the explored pulse duration range (10-100 ps) sup-

porting the hypotehsis that material removal can be described as a non explosive process



in such conditions. These models provide insights into the physical mechanisms and first
order estimates but they have limitations to tackle the strong non-linearities at high tem-
perature, complex geometries (with moving laser beam for instance) and strong interplay
between the different physical processes. Numerical models based on multiphysics finite-
element methods can provide such descriptions of the interactions but they need accurate
material descriptions, validated by experiments. With such approaches Vignes et al?® have
worked on thermomechanical modeling of laser-induced structural relaxation and deforma-
tion of fused silica heated at high temperatures. Their model is able to describe nanometric
surface profile changes related to structural modifications (densification) and the develop-
ment of residual stresses, with excellent agreement between experiment and simulations in
the long pulse regime (seconds). We have also detailed the development of comprehensive
thermo-mechanical numerical simulations of these physical processes, based on finite-element
method?*, with choice of the different inputs parameters based on dedicated experiments: in-
frared thermography, optical profilometry, furnace annealing, photo-elastimetry or wavefront
propagation measurements® 27. In the continuation of this work, we present in this paper
our last progress in the improvement of the description of the laser material interactions
under consideration. We particularly focus on the silica surface modifications (evaporation,
densification) in the perspective of obtaining a model which we can rely on to describe
these modifications in the range of CO, laser operating conditions that can be used for

microprocessing with pulsed ablation (from microsconds to milliseconds).

This paper is presented in 3 parts. In section II we detail the model used in this work.
This includes a short description of the thermo-mechanical model that has been published
in Ref 24 which is the basis of our present work, followed by our recent developments to
describe silica modifications after pulsed laser irradiation. Then in section III we report on
experiments conducted on fused silica samples with pulsed CO, irradiations in the range from
100 microseconds to few milliseconds. We particularly study the evolution of surface profile
as a function of the number of applied pulses. Then in section IV we compare experimental

results to simulations, and discuss the applicability and limits of the numerical model.



II. MODEL
A. Heat source and heat equation

The starting point of the work is based on Ref 24. Therefore it is of importance to recall
the approach, the main assumptions and the materials properties we use.

The laser source is described as an arbitrary intensity distribution at the surface, that
will be described as a Gaussian distribution on the surface in the present study. The inten-
sity distribution along the propagation direction in the skin layer of the material is solved
numerically, considering the dependence of the complex refractive index with temperature
based on reported data by McLachlan and Meyer?®. Such approach allows to take into ac-
count for the changes of the extinction coefficient within the depth of the heated material.
Variations of reflectivity with temperature are also considered.

Based on the volume heat source induced by laser absorption, we solve the heat equation
considering heat transfer by conduction in the material, and radiation losses at the surface.

Thermal properties and their temperature dependence are based on the work of Combis et

al?”.

B. Heat affected zone

Laser processing of glass can impose very fast heating and cooling rates that affect the
glass structure in the heat affected zone. During the cooling phase, the glass network
undergoes structural changes that depends on the cooling rate up to the point where it
frozens because of the strong increase of viscosity with the temperature decrease. Therefore
the laser-processed glass can exhibit different properties from those of the original material,
such as a change of density. In borosilicate glasses the rapid cooling down subsequent to laser
heating leads to a decrease of the glass density?’. This rapid cooling results in an increase
of the glass volume in the heat affected area and surface deformations on the glass surface

63031 " However the fused silica glasses exhibit the opposite effect: an

in the form of bumps
increase of the glass density leading to surface deformation in the form of depressions within
the laser-irradiated area%2®. In order to estimate these modifications we have implemented
in the numerical model the calculation of fictive temperature (1), which characterizes the

structural state of the glass. The fictive temperature of the glass reflects the temperature
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at which the liquid structure is frozen into the glassy state during the cooling phase. The
variation of fictive temperature with time can be calculated as:

dly T —Ty
dt (T, Ty)

(1)

where T is the thermodynamic temperature and 7 is the relaxation time, that is function of
the fictive and thermodynamic temperature. High purity silica glass exhibits an exponential

structural relaxation time®? that can be described with the following expression:
In(7) = In(m0) + [5 + 5] (2)

where 7y is the relaxation time at T and Ty=+o00, and Q; and Q are activation energies.
These activations energies can be described as a partition of the activation enthalpy, AH,
between thermodynamic and fictive temperature contribution: @1 = *xAH and Qs = (1 —
z)AH. In fused silica however the relaxation time has little dependence on T2, Vignes
et al®® estimated x=0.9 in conditions of CO, laser heating. In our previous work3® we have
estimated a value of AH=457 kJ/mol, with x= 1 obtained from fitting experimental data.

We have plotted on Fig. 1 the fictive temperature distributions obtained in the case
of different laser pulse irradiations, from 100 us to 100 ms. The power has been adjusted
for each pulse duration so that the same surface temperature is reached at the end on the
irradiation: 2800 K, which is close to the onset of vaporization of the material'*22.

As the pulse duration decreases, the heat affected depth decreases up to the point where
it is confined to the optical penetration depth of the laser radiation: as shown on Fig. 1-d,
the material is modified (fictive temperature change) for 100 us pulse in a depth of 9 um
below the surface, which is less than the laser wavelength. The minimal heat affected depth
is reached with pulses of 100 us. For long pulses up to seconds, it can reach almost one
hundred microns. If the depth of the heat affected zone can be understood based on heat
conduction considerations, the dependence of final fictive temperature with pulse duration
is more complex to analyze: the fictive temperature increases from 1700 K for 1 s pulse
irradiation to 1950 K for 100 s pulse. The cooling dynamic must be taken into consideration
to understand these differences. We have for instance plotted on Fig. 2 the evolution of
temperature during the cooling phase for different pulse durations, and compared it to the
relaxation time, as defined in Equation 2. The intersection of the different thermodynamic

paths plotted on this figure with the relaxation time plot corresponds approximately to the
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FIG. 1. 2D maps of the fictive temperature obtained after different CO3 laser irradiations on fused
silica with a spot size of 400 pm and (a) 100 ms / 4.05 W ; (b) 10 ms / 5.80 W ; (¢) 1 ms / 14W ;

(d) 0.1 ms / 55W. These parameters have been set to reach 2800 K at the surface.

point where the fictive temperature should ”froze”. A clear view of the relation between
cooling rate after laser heating and the resulting fictive temperatures can be obtained with
this plot. Short pulses will lead to relatively high fictive temperature compared to the initial

glass (1413 K in our simulations), with some consequences in terms of surface modification.

C. Densification

As shown previously, depending on the laser irradiation conditions the heat affected zone
can have different characteristics in terms of expanse and fictive temperature. The changes
of glass microstructure, reflected by the fictive temperature, result in density changes near
the glass surface. In the case of fused silica glass the density has a linear and positive

34 The consequence of this increase of density

relationship with the fictive temperature
with the fictive temperature is a shrinking of the glass volume in the heat-affected area
and the creation of deformation of the surface profile in the form of depressions®. With
the knowledge of the fictive temperature distribution it is possible to obtain the density
distribution in the material using the density dependence reported by Shelby3*. The surface
profile modification can then be obtained by integrating the density modifications along the

the sample thickness. This simulation has been done for the different cases shown on Fig. 1

and is reported on Fig. 3.
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FIG. 2. Plots of the relaxation time as a function of temperature (in blue) and thermodynamic
paths during cooling after heating with different pulse durations (other colors). The paths are
calculated at the surface and at the center of the laser-heated area, with ¢ = 0 the end of laser

pulse.
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FIG. 3. Surface profiles obtained by taking into account densification of the heat affected area for

different irradiation conditions (corresponding to the cases of Figure 1).

Surface profile modifications related to densification, and in conditions where no other
mechanism occur such as evaporation, lie in the range from few nm up to 100 nm, depending

on the pulse duration. This corresponds to experimental observations in reported works on

7



.36 £35

this topic: for instance 10 nm for 40 us in Ref.”°, and 60 nm for few seconds in Re

D. Evaporation

Different works have investigated the formation of craters due to evaporation of silica in
the case of COy laser process. Based on data on the variation of silica vapor pressure as a
function of temperature, Mendez et al.?” have estimated that substantial ablation of silica
must be expected at temperature above 2900-3000 K, corresponding to the range where
the vapor pressure exceeds the atmospheric pressure. In a following work the same group
has proposed an analytical model?? to describe CO, laser-controlled ablation of fused silica,
based on a sharply defined temperature threshold for material removal, practically equal to
the boiling temperature of silica glass (3085 K). However this applies for short laser pulses
(< 100us) and other works indicate significant mass losses by evaporation in case of long
pulses (< 1s) for temperatures as low as 2100 K3®.

As a first approach it is possible to evaluate the rate of material evaporation based on
thermodynamics and kinetic theory of gases. The mass loss dm per unit of time dt and

surface area dS and at temperature T can be expressed as®”:

dm M
dtdS — PS‘“\/ 2rRT (3)

with M being the molar mass of silica, R the perfect gas constant, and p,, the saturating
vapor pressure. This last parameter is obtained under conditions of perfect gas assumption,
ignoring vapor re-deposition, radial gradient effects and the formation of different silicon
oxide species, but it should give an upper limit on the ejection rate. py,; can be expressed
with the Clausius-Clapeyron equation:

AH, /1 1
Psat = P()@ffp ( R <T‘b - T)) (4>

where T, is the boiling temperature at pressure Fy and AH, the enthalpy of vaporization.

The reported boiling temperature of silica is spread over a considerable range between 2500
K and 3300 K. We used T, = 3085 K which is a recommended value in Ref!’. From

Equation 3, the velocity of the evaporation front at the surface is given by:

o Psat(T) M
o) == 7y \ oxRT (5)
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with p(T) the density of the liquid phase. This theoretical velocity, which should be con-
sidered as a theoretical maximum limit, is plotted on Figure 4. As shown in the study
dedicated to the evaporation kinetics of fused silica at high temperature by Elhadj et al*!,
the rates predicted by this theoretical approach derived from the kinetic theory of gases can
be 2 to 3 orders of magnitude greater than the measured evaporation rates. The rate is
reduced because of mass transport limitation in the conditions of laser-based evaporation.
By introducing in the right hand side of Eq. 5 a coefficient 8 (which is smaller than unity),
we can empirically take into account the various factors lowering the evaporation rate and

define an effective evaporation rate:

vers(T) = Bo(T) (6)

This coefficient § will be discussed later in the discussion section.
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FIG. 4. Velocity of the evaporation front as a function of temperature. Plain line curve corresponds
to the theoretial velocity calculated from the kinetic theory of gas. Dash line curve corresponds to

the velocity determined from experiments (effective velocity) with the application of S coefficient.

In order to investigate the crater formation dynamic by evaporation, we have a used a
moving mesh method in the numerical simulation, with a surface recession velocity deter-
mined by Eq. 6. We however neglect at this step the effects of the vapor on the laser beam
propagation.

Evaporative cooling has also to be considered in our conditions, particularly for the case



when craters deeper than the laser penetration depth are created. It was taken into account

in our simulations as an outgoing heat flux given by the expression:

Bous = veps (D)D) 17 g

Eventually the model is described in the schematic of Figure 5 to summarize the simula-

tion conditions.
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FIG. 5. Schematic of the simulation conditions.

III. EXPERIMENTS
A. Experimental system

The experimental system that has been used in this work has been described in details in
Ref.16. We will only briefly indicate the main specifications of interest for the present work.
The source is a radio frequency excited CO, laser (Rofin SR10i, UK) operating at 10.6-
pum wavelength. The wavelength was not measured and according to the manufacturer
specification it may vary from 10.45 to 10.7 pwm. This variation was not taken ino account

in our simulations. A maximum output power of 120 W is delivered with an active power
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feedback system to reach a stability of 2% peak to peak and of 0.5% standard deviation.
In our experiments, the laser was used at its maximum modulation rate (130 kHz) and
duty cycle (60%), to reach a quasi-CW output. The laser beam delivered to the sample
was provided by the first diffraction order beam generated by a germanium crystal acousto-
optic modulator (AOM). The AOM allows an accurate control of the laser power and pulse
duration. This beam was directed on the sample through a 200 mm focal length plano-
convex ZnSe lens. The beam is Gaussian in the focal plane, with an ellipticity < 0.95.
The beam radius at 1/e* is wys2 = 266pum £+ 10% with a corresponding radius at 1/e
wije = 188um £ 10% (measured with the knife-edge method). Taking into account the
different losses in the beam transport and delivery, 85 W are available on the sample plane
and all the experiments were done at this maximal power. Only the pulse duration was
modified in our study: we have worked with pulses from 100uxs, minimum pulse duration to
obtain modification of the surface in our conditions, to few ms. This pulse duration was set
with a digital delay generator (DG 535, Standford Research Instrument) used as the gate
input of the AOM.

B. Samples and test procedures

The samples under study are made of fused silica (C7980, Corning) and are polished.

They have diameter of 50 mm and a thickness of 5 mm.

We will report particularly on the results obtained on two set of experiments. For the
first one we were interested in carrying out a statistical study of the crater profiles, so we
have shot the laser at a given power and pulse duration on each location just one time. We
varied the duration of shots from 100 ps to 1 ms to obtain 20 craters at the same irradiation
time and then compared their variations. For the second experiment, we were interested in
studying the evolution of crater profile depending on the number of shots, so this time we
shot several times at the same site, from 1 to 16 shots, with pulse durations ranging also

from 100 ps to 1 ms.
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C. Measurements of crater profiles

We have used an optical profilometer based on coherence correlation interferometry
(Newview 7300, Zygo) to measure the surface topography of the irradiated sites. Optical
profiles of each irradiated site was measured with a 10X objective and a numerical aperture
of 0.30, which allows a measurement area of 700 um x 530 pm with an optical resolution
of 0.95 pum. Step height standards provided by the manufacturer were used to calibrate the
measurement. In Fig. 6 (a) we show one example of measurement on a shallow crater. For
deep craters such as those created with irradiation time longer than 500 s in our conditions,
it is not possible to reconstruct the complete profile because of the steep slope of the crater.
In these case, only a partial measurement of the profile is obtained (surface of the sample
and bottom of the crater, see for instance Figure 6 (b)). Nevertheless this measurement is

sufficient to obtain the depth of the crater.

D. Experimental Results

We have conducted a parametric study on 2 parameters: the effect of pulse duration
and the effect of the number of shots on the crater morphology. The other experimental

parameters, the beam size and the power, were kept unchanged.

1. Pulse duration

In our experimental conditions, the onset of surface modification corresponds to pulse
durations of approximately 100 ps, therefore we have not been able to explore effects at
shorter pulse durations. In accordance to our study objectives which were to identify best
conditions to ablate silica while minimizing the heat affected area, we have restricted our
study to 1 ms as the longer pulse duration, thus exploring one decade of irradiation time.
We report on Figure 7 on the evolution of the crater depth with the irradiation time, taking
into account the statistical variations obtained on 30 different sites per condition. The crater

morphologies and their comparison with simulations will be discussed in the next section.
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FIG. 6. Surface profiles measured with optical profilometer. The inserted images show the surface

topograhy with a scale bar of 200 um. Irradiation conditions (a) 300 us, 85W ; (b) 1000 us, 85W.

2. Pulse repetition

We have investigated the effect of the number of applied pulses on the crater morphology,
with a number of pulses from 1 to 16. In these experiments, a delay of 1 s has been set
between each pulse in order for the material to cool down before the next irradiation. The
results are plotted on Figure 8 for different pulse durations. The data is given on different

graphs for clarity. The profiles of these different craters are shown and discussed in the next
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FIG. 7. Evolution of the depth of the craters with the pulse duration. The experimental data
corresponds to a mean value on 30 sites, with the error bars given as plus/minus the standard

deviation. The dashed line corresponds to the numerical simulations.

section, by comparing them to the numerical simulations.

For low pulse duration, 100 us, the surface modification of few ten of nm corresponds to
a regime of densification and a linear evolution can be observed. A linear regression can also
be applied to the data obtained for pulses longer than 200 us, a regime that corresponds
to material evaporation with material removal. Interestingly, we do not observe any satu-
ration as the number of pulses increases. The pulse duration of 150 us should correspond
to an intermediate state between these two effects and a linear evolution is not observed.
These results suggest that the ablation depth in laser processing applications can be ac-
curately controlled in a large range of depth by the number of applied pulses and pulse
duration. However if the linear evolution is understandable in an ablation regime controlled
by evaporation (the same material quantity is evaporated at each shot) it is more difficult to
understand in the regime of densification since this regime is controlled by the heat affected

zone, that should be the same for each shot. This will be discussed in the next section.

14



(a ) 0.03

.-"'l'..

0025 P
_ 002 Pt |
£0015 s
z { ..........
S 001 e

0.005

0
0 5 10 15

Number of pulses

(b) 10
9 $
: .
7 5
Es .2%
i t . 1501
g a .
3
&
2 | . .
; a
ot °
o LR e
0 ’ 10 -
Number of pulses
120
(C) - ® 1000
: Hs
100 --'!
® 500 ps
. 80 i s
E .
:
= 60 =
: -’ an®
k- e
a 40 .-__' 1.
,'.- -V‘.-“-V
. s .
20 V. .I”J““ ......... @eeeerrtnttt
4 . ................ @ »
0 L g e ¥
0 ’ 10 n

Number of pulses

FIG. 8. Evolution of the depth of the craters with the number of pulses for different pulse durations.
(a) Case of 100 ps pulses ; (b) 150 and 200 ws ; (c) 300, 500 and 1000 ps. The dashed line

corresponds to a linear fit of the data (in the case of pulses of 150 us the evolution was non linear).

15



IV. DISCUSSION

We now proceed to discuss on the comparison of experimental and numerical results, in a
first part for the case of single shot irradiation and in a second part for the case of multiple

shots on the same location.

A. Evolution of crater profiles with pulse duration

Experimental results have shown that in our experimental conditions, the crater depth
is below 100 nm for pulse durations shorter than 100 us (see Figure 7). Profilometry mea-
surements of the crater profiles reveal that a transition occurs between 100 ps and 150 us
(Figure 7) which could be considered as the onset of material evaporation. The observed
craters below 100 ps are in this case related to surface modification by densification. The
comparison of simulated crater profile to the experimental one is shown on Figure 9 (a) for
100 ps irradiation time. In the simulations the onset of evaporation is not reached and the
surface modification is caused only by density change and material contraction. Even if the
calculated shape does not corresponds perfectly to the measured one, particularly consid-
ering the large diameter of the experimental crater, the depth are in close agreement. The
relatively large diameter of the experimental crater is still unclear and cannot be explained
on the basis of fictive temperature change in our model since the experimental crater ex-
tends out of the heated area. One possible cause of discrepancy between simulation and
experiment could be that the spatial shape of the beam is not perfectly gaussian. The beam
shape being measured with the knife-edge method and not directly with an imaging system,
it is difficult to go further on this point. For longer durations, greater that 150 us, the
material is removed by evaporation according to the simulation. In that case the model can
match very well the measured crater profiles, for 5 = 0.015, as shown on figure 9 (b) to (c).
For craters as deep as 10 um, obtained for 1 ms pulse irradiation, an excellent agreement is
obtained on the evolution of crater depth with exposure time (Figure 7). Such value of
is consistent with the work of Elhadj et al*! that demonstrate very low evaporation rates of
silica in air, compared to the ones predicted by equation 3. We can note the different shapes
between crater related to densification (figure 9 (a)) or evaporation (figure 9 (c), (d)), the

case shown in figure 9 (b)) being an intermediate between both since it corresponds to the
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onset of evaporation.
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FIG. 9. Measured crater profiles and comparison to simulations. Case a single irradiation with (a)

100 ps, (b) 150 ws, (c) 300 us, (d) 500 ws.

B. Effect of the number of applied pulses

As discussed previously the numerical model can accurately describe the evolution of
crater shape with the laser processing parameters. In the case of multiple irradiations it
has been observed that the crater depth evolves linearly with the number of applied pulses
(Figure 8). This means that the laser irradiation has the same effect on the material in case
of pristine surface or a crater, which indicates that the absorption does not depend on the
crater shape and potential modified material properties in the crater. We have conducted
numerical simulations corresponding to this case using the crater profile after one shot as
an input for the next shot. Not surprisingly the crater profile is also well described by the
numerical model, as shown for one example on Figure 10, since we use the same absorption
and material properties during the sequences. This excellent agreement has been obtained for

pulse duration from 200 us to 1000 us, but not for shorter pulse durations where densification
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is the main mechanism of crater formation. In that case the model cannot describe any
evolution with the number of pulses: the same temperature gradient is reproduced for each
shot therefore there cannot be any further fictive temperature modification after the first
shot. A possible explanation of the observed experimental behaviour in case of short pulse

durations could be a slight participation of evaporation.
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FIG. 10. Measured crater profiles and comparison to simulations. Case of successive irradiations

on the same site.

V. CONCLUSION

The objective of our work was to obtain a better understanding of surface profile modifi-
cations corresponding to laser material interaction in a regime that is particularly interesting
for processing silica optical components. A numerical model was able to provide an excellent
description of the crater morphology as a function of laser parameters (which are mainly
power, beam size, pulse duration and the number of successive irradiations). Such model
should support the development of applications, for example it could allow to estimate the
effect of laser power stability, which is known to be critical in such applications, on the laser
ablation. As short pulse of 100 us has a minimal heat affected zone, ablation with multiple
100 us pulses is interesting for applications that require to remove precisely a certain amount

of material with minimal heat affected zone. Moreover the linear evolution of depth with
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the number of pulses that was evidenced in our work is of interest to calculate the required

spatial distribution of irradiations to achieve complex structures.

DATA AVAILABILITY STATEMENT
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Appendix A: Appendix: thermal and optical properties of silica used in this

work

e Real part of refractive index: n, = 2.4

e Imaginary part of refractive index: n; = 4.628 x 1072 4+ 1.01 x 107 x T’
e Fmissivity: € = 0.8

e Density: p = 2500 kg/m3

e Evaporation temperature: T, = 3085 K

e Evaporation enthalpy: U = 475 kJ/mol

e Molar mass: = 40 x 1072 kg/mol

e Specific heat: C, = —119.6 + 4.5623 x T — 7.3779 x 107 x T? + 6.5913 x 107¢ x
T3 — 3.0554 x 1079 x T* 4 5.7158 x 10713 x T5 J/kg/K for 300 K < T < 1500 K ;
678.25 — 0.14232 x T + 3.451 x 107* x T? J/kg/K for 1500 K < T < 1696 K ; 1429
J/kg/K for T' > 1696 K

e Thermal conductivity: K = 1.43183 x 1073 x T' 4 0.92885 W/m/K for 300 K < T <
1400 K ; K = —1.9029 x 1073 x T'+ 5.56413 W/m/K for 1400 K < T < 1872K ; 2
W/m/K for T < 1872 K

e Initial fictive temperature: Ty = 1413 K
e Evaporation coefficient: 5 = 0.0145

e Relaxation time: 75 = 1.064 x 10717 s
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