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Abstract Laser ablation is a process very useful to obtain
many kinds of nanoparticles, included single wall carbon
nanotubes (SWNTs). The control of the process, with the
aim of determining the temperature conditions during
ablation, is required to previously determine the formation
and dynamic of growth of nanoparticles. An analytical
method to predict the ablation rate is a starting point to set
up the experimental conditions, to allow the predefinition
of the nanoparticles produced with laser ablation. An
ablation method using a pulsed Nd:YAG laser was carried
out to ablate a target of graphite, which was irradiated with
a laser energy density of 10 J/cm? at a temperature of
1,273 K under a controlled atmosphere of Ar. The ablation
rate and the heat conduction in the target were studied
through an appropriate heat balance method that offers an
analytical solution and seems to be very appropriate to
describe the ablation conditions. The predictions of abla-
tion rate are in very good agreement with the experimental
data.

List of symbols

L Characteristic length (m)
T, Ablation temperature (T)
To Initial temperature (T)

o Thermal diffusivity (mz/s)
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n Function degree
op Dimensionless heat penetration depth
0n Dimensionless ablation depth

u Dimensionless relative depth (0p — d4)
QOr Dimensionless heat flux (Lq"/k(Tx — Tp))
v Inverse Stefan number (A/Cp(Ts — Tp))

0 Dimensionless temperature (T — To)/(Tx — To)
T Dimensionless time (oct/Lz)

X Dimensionless length (X/L)

t Time (s)

X  Length (m)

A Heat of ablation (KJ/kg K)

k Thermal conductivity (W/m K)
Introduction

Single Wall Carbon Nanotubes (SWCNTSs) can be produced
by Laser ablation process by focusing a laser beam at the
surface of a graphite target. The produced carbon plasma
will condense in form of several different nanoparticles,
including SWCNT. When the carbon plasma is allowed to
cool in appropriate conditions, the production of SWCNT
will be enhanced. Thus, the study of the ablation rate of the
target provides important information to tune the process.
The heat conduction during ablation is inherently nonlinear
and involves a moving boundary inside the target that is not
known a priori. According to Chung [1] and Zien [2], the
exact analytical solution for transient heat transfer in a solid
undertaking ablation is very difficult and practically non-
existent. Numerical and approximate analytical solutions
have been made available at some conditions and they
necessarily require considerable numerical computation,
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even if a simplified model of the problem is used in the
study.

This work makes use of the heat balance integral
method (HBIM) [3] to get a closed form, approximate,
analytical solution to obtain ablation rate of a graphitic
target with time-variable heat flux.

Literature review

Laser ablation (LA) has been used to obtain SWCNTSs with
high purity (generally larger than 70% [4, 5]) and little
dispersion in diameter of the nanotubes. By adjusting the
laser beam parameters, such pulse length, energy it is
possible to control in some extend the geometrical,
mechanical, and electrical properties of the carbon nano-
tubes [6]. These possibilities make LA an interesting pro-
cess to perform a controlled synthesis of SWNTs.

Many investigations were made to study thermal
dynamics during laser ablation, as function of the various
parameters of laser [7-9]: the fluence [10-16], the wave-
length of laser [14, 17-19], and the pulse duration [12, 16].
In particular, the spectroscopy of the carbon atoms gener-
ated by laser ablation of graphite was investigated by
Dreyfus and Kelly [20, 21]. These parameters, in combi-
nation with the characteristics of the target, determine the
ablation rate, the dynamic of vaporization, and heat dis-
tribution inside the target.

We studied the thermal behavior of the target during the
lasers pulse, as function of the laser pulse length and
irradiation in order to obtain the ablation rate. When using
a several laser pulses, it is important to investigate the heat
conduction occurring at times between two consecutive
pulses. Thus, the temporal density of absorbed energy
during the pulse, were included in the model.

The first step in this work was to model and simulate the
conduction heat transfer, in a graphite target, irradiated by
a single laser pulse. This was done by modeling a one-
dimensional transient model using MAPLE Software. The
obtained ablation rate was compared with the experimental
results, obtaining a function 0(x,f) describing the temper-
ature as function of the depth (x) measured from surface of
the material and the time (7) in the interval 0 <7 <1,
where ¢, represents the duration of a pulse.

Model of laser heating
Physical modeling

For the present analysis the following simplifications are
considered, as suggested by Landau [22]: (1) The heat
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Fig. 1 Schematic drawing of the physical model adopted. At time ¢, a
depth J, of the material is ablated and the material is heated up to a
depth Jp

transfer problem is considered one-dimensional. (2) The
ablative material properties do not present considerable
thermo-physical modifications during the heating process,
until it reaches the ablation temperature. All physical—
chemical phenomena are assumed to follow a time-variable
heat flux. Based on these simplifications the physical model
consists of a semi-infinite ablative material which is heated
in its surface, by a spatially uniform and time-variable heat
source. The laser beam is absorbed in a thin layer at the
surface, called heat penetration depth, Jp(f), where
op(0) = 0. As the time passes, the heating continues until
the front face temperature, T(5(), t) reaches the ablating
temperature level (T'4) and causes the start up of the surface
ablation. During the ablation, part of the heat is used to
keep the surface at the ablating temperature (7(JA(?),
t) = T,) and the remaining heat is used to change the
phase of the ablation material. The phase-change phe-
nomenon consumes part of the material. The length of
this part is denominated ablation depth, J(¢), where
0A(ta) = 0 and 74 is the ablation time, i.e., the time in
which T (Ja(ta), ta) reaches T,. Figure 1 shows a sche-
matic of this physical model.

Mathematical modeling
The Ist pulse

During the first pulse heat conduction inside the target can
be described considering the system without heat genera-
tion and heat convection. The following transient non-
dimensional partial differential heat equation (1) can be
used to describe the heat conduction in one dimension. We
solved it at the half-space conditions, to determine the
ablation rate and the heat penetration depth.
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At Eq. 1, 0 = (T — To)/(Ts — Tp) represents the non-
dimensional normalized temperature, in which 7 is the
initial temperature and T, is the ablation reference temper-
ature. In this equation, 7 is the Fourier non-dimensional time,
defined as 1 = (« z‘)/L2 (non-dimensional Fourier time),
where oo = k/p - Cpis the heat diffusivity, ¢ is the time and L
corresponds to an arbitrary length. Also, x is a dimensionless
length defined asx = X/L, where X is the dimensional length.
The parameters k, p, and Cp, heat conductivity, density, and
heat capacity, respectively, are going to be considered
constant in the range of temperature of the process,
accordantly with the Landau approximation.

Using the HBIM (heat balance integral method) [23],
the Eq. 1 is integrated in x from the solid surface J,,
that in the pre-ablation step corresponds to x = 0, to the
heat penetration depth Jp(f), obtaining:
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d 00 a0
x=bp Ox

| &

0A
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As Jp is a time-dependent variable, the Leibniz rule is
used and the Eq. 2 is rearranged as:

5, 00

op
0 0dp 00
e | 00Uy 0 =
N

S ox

)C:(Sp x:(SA

(3)

At this point, an appropriate function has to be selected
as the profile of the temperature distribution inside the
material. This function must have a good agreement with
the space boundary conditions and must present time-
dependent parameters, which are determined using the
remaining initial condition. In this article, the following
profile is considered:

5}) — X "

0 _A< — 5A) @)
where A is the time-dependent parameter used to adjust
the adopted temperature profile to the problem solution.
Physically, this parameter represents the surface temperature
of the material, while » is the exponent of the Eq. 4 and
establishes the shape of the temperature profile along the
solid, being arbitrarily selected. The best selection of the n
value and its implications will be explained latter on this
article. The profile represented by Eq. 4 naturally satisfies
the boundary conditions given by Eq. 3. Substituting Eq. 4
in Eq. 3 one gets the following ordinary differential
equation:

Pre-ablation problem

The following conditions can be considered for the pre-
ablation period, that is, t < 5, where t, is the time nec-
essary to the surface to reach the ablation temperature Ta:

doa
“A_po
dt
—@: 0, emx=Jp
Ox (6)
0=00=0, emx=7p
00
= ZQF7 emxzéAzo
axx:éA

At the present period, Qf represents the dimensionless
heat flux on side of material that suffers ablation. The
conditions in (6) describe the initial situation without
moving of surface, where d, = const., arbitrary zero.

The temperature distribution (Eq. 4) is substituted in the
heat flux boundary condition (last condition in Eq. 6),
obtaining the following equation:

An
5_ = QF> (7)
P lx=0
Solving for A, one gets:
0
4 9F P (8)
n

Substituting the Eq. 8 in Eq. 5 the following differential
equation is obtained:

#{atwrn) o X

This equation can be easily solved for the heat
penetration depth, resulting in:

op = M/QFdT (10)
OF )

Considering a constant heat flux, Eqgs. 8 and 9 can be
rearranged as:

op = v/n(n+1)(t —19) (11)
and
PR P (12)

Considering A = 1 and using Eq. 12, one can calculate
7, which is called 74, time:
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Summarizing, for the prescribed heat flux case, the
temperature profile is given by Eq.4, the surface
temperature by Eq. 8 and the heat penetration depth (dp)
by Eq. 10. Therefore, the only unknown variable is the n
parameter.

For the HBIM solutions, one can obtain the following
temperature profile, for the prescribed time-constant heat
flux problem:

TA = + 79 (13)

0= QF5P<1 —1> . 0<x<Jp

n op (14)
0= 0; x> 5p
Ablation

For the ablation period (# > t4), the ablation depth and
heat penetration are moving, i.e., ‘)" >0 and d"A > 0.
The following boundary conditions can be con51dered

0 dop

_a_o and E:O at x = 0p

9:00:0 atx:(sp

_@:QF_vdsﬁ7 at_x:éA:() (]5)
Ox dt

do

—=0 atx:5A=0

ot

0=0,=1 atx=0p=0

% is the instantaneous ablation rate, which represents the
velocity of consumption of the surface. The temperature
distribution (Eq. 4) is substituted in the heat flux boundary
conditions (last conditions for x = d, in Eq. 15) obtaining
the solution A = 1, and solving for d‘SA one gets, after some
manipulation:

déA o QF n

E - v V(ép — 5A) (16)
Substituting (16) in (5), one can obtain:

il:ép—éA:| %_ n o n (17)

dr|(n+1) v v(0p—0a) (Op—0a)

Defining u as the relative distance between the heat
penetration front and the ablation front, i.e., u = dp — 4,
Eq. 17 can be rearranged as:

du (n+41)n(v+1)

& (p—ony HDT

(18)

After some algebra manipulation, introducing u, as the
relative depth at the beginning of ablation, the solution of
(18) is:
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Substituting Eq. 19 in Eq. 16 and solving for dA(t) one
obtains:

fTrA QFdT Up _ n
(v+1) m+Dv+1) QOr(n+1)

Orua
+1v)/QFd‘c }+1>

(20)

S =

X ex Orur_ _
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From the u definition, using Eqs. 19 and 20 one gets:
T

., Ordt Ua (n+1D)(v+1)=1)n
(v+1) (m+DH+1) Or(n+1)

Orua
. (LambertW{ (m — 1)

op =

Orua +1) [
X exp n(v—s—l)i v/det)}Jrl
(21)
Considering a constant heat flux and us = é and from
Egs. 11 and 13, 20 and 21 can be rewritten as:
5 _QF(T—TA)+1 1 B n
ATTOHD T 0 i+ )+ 1) Qe(n+1)
v
. (LambertW{ <_(v yy
v _Q%(n—&— )(t —1a)
xexp( (v+1) n(v+ 1)y 1
(22)
5o QF(T=ta) 1 1
T+ T Or (kD)
n((n+1)(v+1)—1)
v
. (LambertW{ (—(H 1)>
(n+1

Q) w)
xexp( (v+1) n(v+1)v )}+1> (23)
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To obtain the ablation rate during the process, i.e., in the
several pulses condition, is necessary to evaluate the
transient of temperature between the pulses.

Post-ablation

The evaluation of the thermal transient after a pulse is
required to obtain the ablation rate, which depends on the
cooling dynamic of the material between two adjacent
lasers pulses. To evaluate that, is considered the solution of
the partial differential heat equation without heat source.
This situation is simulated in Maple, adding two pulses
with some energy but opposite sign, obtaining the solution
of the cooling process without heating, as discussed in the
section “Results and discussion”.

The heating and cooling profile depend from the
parameter n, which determines the heat penetration depth
op(7), but has no influence in the ablation rate, as discussed
in section below.

Obtaining the parameter n

As introduced before, the n parameter is the exponent of the
temperature distribution profile adopted and, generally, is
arbitrarily selected. Usually, this profile has an exponential
function shape, which satisfies the boundary conditions of
the problem, or is a polynomial, that instead, satisfies the
boundary conditions, expressed by Eq. 6 [23]. The best
selection of the n exponent of temperature profile is based on
the study of the optimum parameter for the case of the HBIM
method, with n = 3.66 as value that presents the minimum
error, when compared to classical solution [19], for the sur-
face temperature for the prescribed constant heat flux con-
dition. However, the chose of the value of n have not
influence over the ablation rate, which is defined uniquely
from the ablation parameters and boundary conditions.

Experimental set-up

Cylindrical graphite targets with diameter of 9.5 and 5 mm
in height, were made by pressing graphitic powder with
granulometry of 25 um. The powder was compacted at a
pressure of 500 MPa using a double action press. The LA
process was carried out using a pulsed Nd:YAG laser
operating at wavelength of 1,064 nm and with pulse
duration of 200 ps with repetition rate of 10 Hz. The laser
beam was focused on the target surface with a 300 pm
diameter spot. In Fig. 2 is shown an outline of the exper-
imental apparatus used in the ablation process. The laser
pulse duration of 200 ps granted a “soft” vaporization rate
without ejecting solid grains of the targets surface.

Nd:YAG
Pulsed laser

To pump

Fig. 2 Schematic of the experimental apparatus. The laser beam was
focused at the surface of the target, ablating and generating a plasma
of very hot carbon atoms

Test procedure

At the focal point, the laser fluence measured Fyy, = 10 J fem?®
with a repetition rate of 10 pulses per second. The LA
process lasted during 1 h at stabilized oven temperature of
1,273 K under the atmosphere of 0.066 MPa of Ar gas with
a flow rate of 160 mL/min. During the LA process, the
laser beam was scanned uniformly over the surface of the
target, preventing the generation of deep holes in the target
and resulting in a homogenous vaporization of the surface
during ablation. The total amount of ablated material was
estimated by carefully weighting the sample after and
before the process.

Results and discussion

The parameters used to test the analytical solution process
are shown in Table 1. In this table, P,pjai0on rEpresents the
pressure of the plasma in the region immediately above the
surface, generated from the laser pulse.

Ablation due to single pulse

The heat penetration Jp(t) and the ablation depth
oa(t) are showed in Fig. 3, with the relative depths
u(t) = dp(t) — da(r) as a function of time t during a
pulse (#, = 200 ps). In Fig. 3a it can be observed that in
the first part of the process, u(t) increases, corresponding
to a transient period of about 107° s, in which the
material is heating. After this period, the surface reached
the temperature of vaporization and the ablation process
started, as seen in Fig. 3b. At this moment u(t) reached
a constant value, i.e., the heat penetration and ablation
depths move at the same speed. After the transient
period of few microseconds, the constant relative depths
u(t) means that the material reaches a condition in which
the inner surface of the ablated volume material formed
a “thermal bath” during the pulse period, being
responsible for the heating at the constant distance from
the inner surface.
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Table 1 Graphite thermophysics properties

Density P ablation (atm) T of phase change (K) C, /g K) Absorption Conductivity k
(g/cm3 ) (at 100 atm) coefficient o (cm) ™! (W/cm K)
1.9 (experimental) >100 4800 [20] ~4.11 [24] (at the 1.6 x 10° [25] 5%1072 [26]
T of phase change)
Fig. 3 a Heat penetration depth (a) — (b) — _ 5
Jp(7), ablation depth JA(7), and 120 — s, 251 | ——46, _
the relative depth u(t) as a 5 e = & e
function of time, during a pulse 100 - o o 24 e
(t, = 200 ps). b First 0.5 us of &0 P
the pulse ) A g 154
= 60 / -~ g
" T P
P 14 /
7 i / d /;
Rt ]
0y .27 03
0 : T : , 0 : : .
0 50 100 150 200 0 01 02 03 04 05
t(15) ()
() 5000 (b) () 5000
g 3000 £ am < 3000
= = E
2000 / 1m0 01 \
L e e R S e
0 005 010 015 02 0325 0 O 60 80 100120 140 160 130 20 0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08 0,03 0,10
) tys) fis)

Fig. 4 Heat transient in material during the thermal process. a Heating, b ablation, and ¢ cooling between two pulses

Cooling after pulse ends

After the pulse, the thermal conditions of the surface
immediately before the successive pulse are showed in
Fig. 4, which visualize the thermal conditions of the sur-
face during the pulse and between two pulses. The Y axis
represents the normalized temperature. After heating, the
temperature falls very quickly to almost the surrounding
temperature, confirming the same starting conditions of
surface at all pulses, with a cyclic behavior independent of
the number of pulses considered.

Figure 5 presents the temperature distribution inside of
the material during one pulse. The region at high temper-
ature represents the part of material that have been
removed during the process and the region at low tem-
perature is the material that have not felt the surface
heating. It can be observed that there is a very thin heated
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Fig. 6 a Graphic of the three (a)
part of thermal behaviors of the
heated graphite surface during
LA. b Trend of temperature in
the several pulses LA process

part of the material that is easily cooled during the post-
ablation period.

Several pulses

The graphic in Fig. 6a shows the temperature distribution
as well as the ablation front d,(¢) and the penetration depth
op(?) during the cooling of material between the first and
second pulse (200 pus < ¢ < 0.1 s). Figure 6b indicates the
behavior of the several pulses condition; including the
heating and the cooling periods, the temperature goes back
nearly to the environment temperature, meaning that the
surface presents almost the same condition for all pulses.
Considering Fig. 3a and b, in the several pulses condition
the ablation rate of each pulse is practically the same,
because of the very little time (few ps), two orders minor
than the pulse period (200 ps), needed to reach the ablation
temperature. That condition allows calculating the total
ablation amount of material during the several pulses
process as a single pulse multiplied by the number of
pulses with a final value of almost 0.43 g/h. That value is in
the same order of experimental value, of approximately
0.5 g/h, demonstrating that the analytical model used in the
simulation was appropriate to be correlated with the
experimental conditions.

Conclusions

With the present method is possible to simulate the impact
of a single laser pulse on the surface of a target of graphite,
obtaining the thermal condition of the surface during the
pulse and the transient between two pulses. Consequently,
the total ablation of a several pulse process can be esti-
mated with a good agreement with the experimental values.

This description of ablation process allows us to
understand the correlation between laser parameters and
ablation conditions of the target.
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