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Physics of selective evaporation of components during laser

ablation of stainless steels

S.M. Pershin, V.N. Lednev, D.E. Bogatkin, T.A. Labutin, A.F. Bunkin

Abstract. A physical mechanism of the deviation of plasma compo-
sition from stoichiometry during laser ablation of multicomponent
alloys is proposed and experimentally verified. This mechanism
takes into account the difference in the work functions of the alloy
components in the heating —melting —evaporation cycle and makes
it possible to take into account selective evaporation when deter-
mining the composition of four-component bronzes and substanti-
ate conservation of stoichiometry when analysing the composition
of stainless steels. The proposed mechanism of selective evapora-
tion allows one to improve precision of the analysis for multicompo-
nent alloys without reference calibration, which increases the prac-
tical importance of the calibration-free laser-induced breakdown
spectroscopy (CF LIBS).

Keywords: laser ablation, laser plasma, selective evaporation, com-
positional analysis.

1. Introduction

Since the discovery of first lasers laser radiation has been
used for chemical analysis, matching applications and low-
temperature plasma formation [1,2]. The first studies on the
use of lasers to deposit coatings showed that laser evapora-
tion of multicomponent targets may result in deposition of
thin films with a complex composition [3]. It was found in
the subsequent studies that during laser ablation of samples
of complex composition (superconductors, bronzes, etc.) the
component ratio in a deposited coating does not always cor-
respond to that for the initial sample [4]. As a result, one
must choose appropriate experimental conditions (change the
target composition, perform evaporation in an atmosphere
of specially chosen gas, etc.) to obtain a coating of specified
composition. Laser radiation is also used for sampling and
forming laser plasma with subsequent analysis of its compo-
sition or the composition of its products [5,6]. To provide
analysis, the laser plasma composition must reflect the sample
stoichiometry and exclude the influence of selective evapora-
tion of its components. Unfortunately, this cannot be
achieved in practice. To reduce the influence of the sample
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composition on the results of analysis based on laser sam-
pling methods (laser-induced breakdown spectroscopy,
inductively-coupled plasma mass-spectrometry and induc-
tively-coupled plasma atomic-emission spectroscopy with laser
sampling) reference samples (standards) are applied for cali-
bration. Sometimes correction methods are used with addi-
tionally measured signals, which characterise laser plasma
[7]. However, in some cases, where selective evaporation is
pronounced (bronzes, nonferrous alloys), the sample com-
position cannot be analysed [8, 9].

It was previously established [10, 11] that the degree of
change in the ratio components in plasma is determined by
both the properties of laser radiation and the sample nature.
Selective evaporation was revealed for laser radiation wave-
lengths from 246 nm to 10 um, energy densities 0.1—-103 J cm™
on the target surface, and pulse widths from 120 fs to 100 ns
[9,12,13]. It was shown in [14] that a reduction of the laser
pulse width and laser wavelength, as well as an increase in the
power density, reduce deviation from stoichiometry. Never-
theless, it was found that stoichiometry cannot be retained for
some samples (bronzes, glasses) even when optimal laser sources
are used: the component ratios in the plasma and in the original
sample are different.

The calibration-free method of laser-induced breakdown
spectroscopy has been widely spread in the last decade [15].
As was believed by its authors [16,17], composition can be
analysed without reference samples if the following require-
ments are satisfied: (i) plasma is optically thin, (ii) plasma is
in local thermodynamic equilibrium, and (iii) the component
ratio is the same in the plasma and sample (i.e., stoichiometry
is retained). One can check experimentally the validity of the
first two requirements or choose detection conditions (spectral
lines, delay time with respect to the laser pulse) under which
these requirements are satisfied. Generally stoichiometry con-
servation is not checked and assumed to be always retained.
In some cases this holds true (the components of sample addi-
tives have similar properties and the content of the sample
base exceeds 90 %); however, this condition cannot be fulfilled
for some samples (bronzes, nonferrous alloys) [8, 18]. The cali-
bration-free laser-induced breakdown spectrosciopy (CF
LIBS) gave correct results for gases whose stoichiometry did
not change as a result of optical breakdown [19].

A model describing deviation from stoichiometry during
laser evaporation was proposed for the first time in [10]; it was
shown by the example of bronze samples that the correction
of spectra using the proposed model improves the analysis
results. In the subsequent studies [20,21] this approach was
used to analyse the spectra of plasma treated in different
modes, including one- and two-pulse ones, and for alloys of
other types.
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In this paper, we report the results of studying the influ-
ence of selective evaporation on the analysis of the composition
of stainless steels during laser ablation.

2. Deviation from stoichiometry during laser
evaporation of material

Both direct (optical emission spectroscopy, mass spectroscopy)
and indirect (X-ray photoelectron spectroscopy, secondary-ion
mass spectrometry, X-ray fluorescence spectroscopy) methods
are used to determine the deviation from stoichiometry during
laser evaporation of materials.

When using optical emission spectroscopy, the deviation
from stoichiometry is found from the ratios of spectral line
intensities for different elements in plasma. Generally, the
elemental composition of laser plasma is determined by the
CF LIBS [17] and compared with the known sample composi-
tion. On the assumption of optically thin plasma in local ther-
modynamic equilibrium, the following expression holds true:

exp(—ELIkT)
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where I”/‘ is the line intensity of the P k electronic transition
for the zth particle (in rel. units); A” is the Einstein coeffi-
cient for this transition (s!); gy is the statistical weight of the

pth level; & is Planck’s constant; v” is the (p—k)-transition
frequency (s7!); n; is the amount of the ith component in the
plasma (mol); Z; is the partition function at a temperature 7
E? is the energy of the pth level (eV); & is the Boltzmann con-
stant; 7'is temperature (K); and Fis an experimental constant
(it depends on the experimental scheme, efficiency of plasma
emission collection, etc.), which is determined in the proce-
dure of CF LIBS.

One can check experimentally if plasma is optically thin
for a given line or record spectra at instants when this condi-
tion is obviously implemented. For example, to satisfy this
condition, one can record nonresonant lines or lines with a
lower level spaced from the ground level by several tenths of
an electronvolt [22]. In some cases, the degree of self-absorp-
tion of a line can be estimated from its profile [23] or from the
intensity ratio for lines with different energies of the lower levels
involved in the corresponding transitions [24]. The presence
of local thermodynamic equilibrium is checked by comparing
the electron temperatures for particles of different types (atoms
and ions of different elements) [22]. The coincidence of these
temperatures (found from the spectrum) indicates local thermo-
dynamic equilibrium.

The deviation from stoichiometry during laser evapora-
tion of a multicomponent sample is estimated from ratio (1)
by expressing the amounts of materials in terms of mass frac-
tions C; (%) of the ith components in the initial sample and
the mass of evaporated materials m:

n; = Cl-m/M,-,

where M; is the molar mass (g mol™!) of the ith component.
After substituting these expressions into formula (1), intro-
ducing a new constant F' (F'= Fhm), and finding the logarithm,
we obtain
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The dependence I”k(E” ) in the coordinates ln[I”/‘/(A” v”/‘)]
and E? is plotted for several lines of the same atom, and the
temperature is calculated from its slope. The free term b; =
In[F’C;/(Z;M;)] is determined for each straight line. Then the
material balance condition

i
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is used to calculate the experimental constant F’ and then
determine the content of each component:
C =Lz Mexph. (%)
F
Note that, since the plasma temperature is generally fairly
high (up to 10000 K) and the ionisation energies are different
for atoms of different elements, one must take into account the

ionisation equilibrium state to correctly determine the plasma
composition. To this end, the Saha equation [25] is used:
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where N, is the electron concentration (cm™); #° is the amount
of s-type ions (mol); m, is the electron mass; E5 ! is the ioni-
sation energy of s—1 ions (eV); and AES™! (eV) is the correc-
tion to the ionisation energy that takes into account the inter-
action of ions with plasma. The electron concentration is
determined by different methods; generally, Stark line broad-
ening is used to this end [22]. Then the ratio of numbers of
atoms and ions is calculated at the known temperature. To
find the total amount of a given element in plasma, it is suffi-
cient to take into account only atoms and singly charged ions,
because the fraction of doubly charged ions at laser plasma
temperatures (up to 10000 K) is less than 0.01%. After deter-
mining the fraction of ions from (5), the correction factor 8; =
1 + n¥/n{~"is introduced into Eqn (3) by replacing C; with 8;C
on the left-hand side, and the plasma composition is found.

The deviation from stoichiometry is estimated by comparing
the calculated plasma composition with the known sample
composition.

3. Model of deviation from stoichiometry
during laser evaporation of alloys

The mechanism proposed was described in detail in [10,21]
and we will only briefly consider it here. Laser irradiation of a
solid results in its melting; evaporation; and then optical
breakdown of the vapor, which leads to the formation of laser
plasma. It was shown that in the case of laser breakdown of
molecular gases the laser plasma and gas have identical com-
positions; therefore, one should expect deviation from stoichio-
metry in the stages preceding the optical breakdown [19]. As
was suggested in [10,21], deviation from stoichiometry during
laser ablation of solids occurs in the melting and evaporation
stages.

It was experimentally found that the deviation from stoi-
chiometry during laser evaporation is maximum for the samples
whose components have significantly different melting and
evaporation temperatures and energies. Bronze samples were
used to show that the components characterised by lower
melting temperatures and heats of fusion and lower evapora-
tion heats and temperatures have a higher concentration in the
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plasma after breakdown [9]. For pure materials the evaporated-
material mass is known to be inversely proportional to the
melting temperature, heat of fusion, and evaporation tem-
perature and heat [26].

It is physically clear that an increase in the melt exposure
time to laser radiation before optical breakdown should
facilitate selective evaporation. On the contrary, one should
expect reduction of this time [for example, when short (pico-
or femtosecond) pulses are used] to weaken the manifesta-
tion of selective evaporation. Note that the possibility of
existence of a metal melt in the superheated state was pre-
dicted by L.D. Landau and Ya.B. Zel’dovich [27]. They showed
that the high surface tension coefficient of metals can provide
a significant metal overheating (up to temperatures exceeding
the boiling temperature) and cause a metal—insulator transition.
This effect was found for metallic mercury as a conductivity
jump upon continuous heating to the critical transition tem-
perature [28].

It is noteworthy that this effect was found during laser-
induced plasma formation on a metal surface by Prokhorov
et al. [29]. They showed that the metal—insulator transition is
accompanied by the generation of a transparency wave in the
melt upon laser heating. Boiling does not develop under these
conditions, and the laser energy reaches the crater bottom
and the metal-melt interface to be spent on melting, which
increases the melt lifetime and enhances selective evaporation.
The formation of plasma in the optical breakdown region is
accompanied by its fast expansion (during the laser pulse)
with a shock effect on the melt, as a result of which the latter
overflows the crater [30]. Thus, the surface composition does
not change (which would occur as a result of solidification of
melt with a changed composition), and each new pulse interacts
with the fresh surface of purified crater.

During laser evaporation by a nanosecond pulse the depth
at which energy dissipates during the pulse (due to the thermal
conductivity) is small: less than 1 um [2]. Let us write the
material-balance equation for a pure material, neglecting the
energy loss due to the thermal conductivity:

n&® = EOA /[csol(Tmelt - Troom) + Aflmelt
+ Cliq(Tev - melt) + AHev + Cgas(T_ Tev)]a (6)

where 7% is the amount of evaporated material (mol); Ej is
the laser pulse energy (mJ); 4 is a coefficient characterising
the laser radiation absorption efficiency of the material; ¢y,
Clig» and ¢g, are the specific heats of the material in the solid,
liquid, and gaseous states, respectively (J mol! K™1); T, is
the melting temperature (K); 7,,om 1S the sample temperature
prior to laser irradiation (K); AH, is the melting enthalpy
(J mol™Y); T,, is the evaporation temperature (K); AH,, is the
evaporation enthalpy (J mol™); and T is the temperature (K)
at which the vapor undergoes optical breakdown.

During laser ablation target material starts evaporating
when the melting temperature T}, is reached and stops with
the optical breakdown onset. The time profile of a nanosecond
laser pulse is generally described by a Gaussian. When the
density power sufficient for melting is reached, the melt begins
to intensively evaporate; the evaporation rate increases when
approaching the boiling temperature. Components with lower
melting and boiling temperatures evaporate more actively and
for a longer time. To take into account the influence of this
process on selective evaporation, we will transform expression
(6) by introducing phenomenologically a factor 7/ Ty

npl = (T/Tmelt)EOA /[csol(Tmell - Troom) + A[Jmell
+ Cliq(Tev = Tpet) + AH,y + Cgas(T_ 1)) (7

where nP! is the amount of evaporated material in the plasma.

The temperature at which optical breakdown occurs depends
on the properties of target material (ionisation energy of atoms
in the gas phase, etc.), external factors (buffer gas type and
pressure, etc.), and the laser radiation parameters (wavelength
and power density on the target surface).

The introduced factor 7/ Ty, is proportional to the active
evaporation time of each alloy component from the instant
when the melt temperature reaches the 7, value to the tem-
perature T at which selective evaporation is interrupted (for
example, at optical breakdown).

In the case of a multicomponent alloy the previous expres-
sion can be written for the ith component in the form

n? = (103 )T/ Tet) Eo A 1 1501 Timett = Troom) + AH ey
+ Ciliq(Tiev - imelt) + APliev + Cigas(T_ Tiev)]a (8)

where ;%! is the amount of the ith material in the solid phase
(mol); n = Xn.

Let us denote the part of expression (8) where all thermo-
dynamic parameters refer to the ith component as W; and call
it the ‘work function’:

W, = Timelt[cisol(Timell - Troom) + AI_Iimelt

i
+ Ciliq(Tiev - Timelt) + AHiev + Cigas(T_ Tiev)]~ (9)

Therefore, the amount of the ith component in the plasma
before optical breakdown can be written as

o n® EyAT _ Cim EgAT

o W, M W

(10)

where m is the evaporated mass of the sample; C; is the ith-
component concentration; and M; is the molar mass.

Correspondingly, the ratio of components 7, j, and /4 in the
solid sample can be written as

sol sol sol
sol. sol.  sol m; .mj . mj, Ci q C/’
npongoing

M, M,

.Mh —M:%:Mh.

(11

According to (10), the component ratio in the plasma is
determined by the following equation [which differs from (11)]:

Pl Pl — G . C/ . G
I.j.h—MiI/I/i.MI/I/j.Mhm.

(12)

Thus, the component ratios in the plasma differ from the
similar ratios for the sample by the factors W, ; , (work func-
tions). In the case of multicomponent samples, which exhibit
deviation from stoichiometry during laser evaporation, the
consideration of the work function should make the results of
analysis be consistent with the known data for a solid sample.

Therefore, when calculating the sample composition with
allowance for selective evaporation, one must use the following
expression instead of (1):

C; exp(—ElIkT)

ka:Apk h !)kF
i i gP vl M,VV, Zi

(13)
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The previously proposed model was checked on samples
characterised by deviation from stoichiometry during laser
evaporation (bronzes and aluminum-based alloys); its appli-
cation made analysis more accurate. Our purpose was (i) to
analyse the deviation from stoichiometry for steel samples
with alloy steels (there are suggestions in the literature that
the deviation from stoichiometry for such samples should not
be very pronounced; however, there are no experimental data
confirming this suggestion) and (ii) to verify the model pro-
posed in the case of weak deviation from stoichiometry dur-
ing laser evaporation.

4. Experimental

A schematic of the experimental setup is shown in Fig. 1.
A pulsed solid-state Nd:YAG laser (1064 nm, 10 ns, 6 mJ pulse™
11 Hz) was used for target evaporation. The laser beam was
focused on the sample surface by a lens (/= 80 mm). To
improve the reproducibility and reduce the influence of cra-
ter formation on the ablation, the focused-beam waist was
located at a depth of 1 mm from the sample surface. The spot
diameter on the sample surface was found from the crater
diameter (measured per pulse) to be 120 um, a value corre-
sponding to an average power density of 5.5x10° W cm™2.
An image of the laser plasma on the 1:1 scale was projected
(using a quartz lens) onto the input slit of the spectrograph.
The plasma plume was oriented along the slit, the width and
height of which were 50 um and 4 mm, respectively. A
Shamrock Andor spectrograph was equipped with a detector
based on an intensified CCD (Andor iStar). The parameters
of the entire system were as follows: spectral resolution 0.1
nm, time resolution 10 ns, spectral range 200—-800 nm, and
spectral detection window 18 nm. To check the validity of
condition for local thermodynamic equilibrium, we recorded
a spectrum from a small central region in the plasma, which
provided the maximum intensity of iron lines during the first
2 us of plasma luminescence. The horizontal size of the

(BRTEEETS 4)

Figure 1. Schematics of the experimental setup:
(1)Nd:YAG laser (1064 nm, 10 ns, 6 mJ pulse”!, 1 Hz), (2) mirror, (3)
focusing lens (/= 80 mm), (4) sample, (5) plasma, (6) projecting lens
(quartz, f = 80 mm), (7) spectrograph equipped with an intensified
CCD, and (8) control PC; the inset shows a projection of the laser plas-
ma image on the input slit of the spectrograph.

image of the region under study was set by the width of the
spectrograph slit (50 um). The vertical size of the slit was 4
mm, and several rows of pixels were chosen in the obtained
image on the CCD matrix, thus setting the vertical size of
the region under consideration (300 um).

The objects of study were samples of stainless steel with
high nickel and chromium contents. The samples were pre-
pared and certified at the German Institute for Standardisation
(Berlin). These samples were chosen because ferrous alloys (with
an iron content exceeding 95%) do not exhibit any deviations
from stoichiometry during laser evaporation. At the same
time, there is no information in the literature about the degree
of deviation from stoichiometry during laser evaporation for
stainless steels with a high (more than 20%) content of other
components. Before measurements the samples were polished
by a grinding paper to reduce the surface roughness and thus
improve the reproducibility of ablation conditions. The sam-
ple composition is given in Table 1.

Table 1. Compositions of stainless steel samples (wt%).

Sample Si Mn Cr Ni Fe

1 0.46 0.74 12.35 12.55 73.90
0.57 0.791 25.39 20.05 53.20

3 0.21 0.89 14.14 5.66 79.10

5. Results and discussion

Figure 2 shows the full-range spectrum of laser plasma. The
spectral detection window of the system was 18 nm. To carry
out calculations, it was necessary to record the lines of all ele-
ments entering the sample composition. We used several spec-
tral ranges, each containing several spectral lines, chosen to
calculate the laser plasma composition (Fig. 3). The spectral
parameters of the transitions are given in Table 2.

20000

15000

10000

Intensity (rel. units)

5000

1 I A ! ol
200 250 300 350 400 450 500
Wavelength/nm

Figure 2. Full-range spectrum of the laser plasma from a steel sample,
recorded with an exposure of 5 us in 2 ps after the end of the laser pulse.

Laser plasma must be optically thin and in local thermo-
dynamic equilibrium to calculate its composition by the
CF LIBS. We chose atomic nonresonant lines of the main ele-
ments Fe, Ni, and Cr with energies of the lower transition
levels exceeding 0.1 eV (Table 2) to check if these require-
ments are fulfilled. One should expect maximum self-absorp-
tion for the atomic transition with the lower level close to the
ground level. Generally, the laser plasma temperature is
10000 K for 0.5 us after the end of the laser pulse; under these
conditions, the fractions of atoms with level energies of 3 and
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Table 2. Spectral data for the transitions used [see (1)].

Particle ~ Wavelength/nm Apls™ Ei/eV  E,[eV g,
396.368 1.3x108 2.54 5.67 15
396.974 1.2x108 2.54 5.67 13
398.390 1.05x108 2.54 5.65 9
399.110 1.07x103 2.54 5.65 7
Crl 433.755 5.48x10°  0.96 3.83 5
433.943 6.92x10%  0.98 3.83 7
434.450 1.1x107 1.00 3.85 9
435.174 1.2x107 1.03 3.88 11
435.962 5.4x10° 0.98 3.83 5
437.126 4.1x10° 1.00 3.84 7
370.556 3.22x10  0.052  3.39 7
370.925 1.56x107 091 4.25 7
371.994 1.62x107 0 3.33 11
372.762 2.25%107  0.96 4.28 5
373.486 9.02x107  0.85 4.17 11
Fel 373.713 1.41x107  0.052  3.36 9
374.556 1.15x107  0.087  3.39 7
374.589 7.33%x10°  0.12 3.43 3
374.826 9.15x10%  0.11 3.41 5
382.782 1.05%108 1.55 4.79 5
376.554 9.8x107 3.23 6.52 15
272.754 8.5%107 1.04 5.58 4
273.073 2.5%x107 1.07 5.61 4
Fe Il 273.954 1.9x108 0.98 5.51 8
274.638 1.9x108 1.07 5.58 6
276.181 1.1x107 1.09 5.58 4
279.482 3.7%x108 0.0 4.43 8
Mn I 279.827 3.6x108 0.0 4.43 6
280.108 3.7x108 0.0 4.42 4
344.625 4.4x107 0.11 3.71 5
345.289 9.8x10° 0.10 3.69 7
345.846 6.1x107 0.21 3.79 5
Ni I 347.254 1.2x107 0.11 3.68 7
349.295 9.8x107 0.10 3.65 3
351.034 1.2x108 0.21 3.74 1
471.441 4.6x107 3.38 6.01 11
Sil 288.158 1.89%108 0.78 5.08 3

I (arb. units)

8000
4000 - A
0
27() 275 280 285 290 360 365 370 l/nm
I (arb. units)
6000 [
4000 - cr
2000
() il AV 1 1 1
390 395 400 405 420 425 430 A/nm
I (arb. units)
2000 Ni
1000
0 ¥ v ' AVW
335 340 345 350 465 470 A/nm

Figure 3. Spectra of Fe, Cr, and Ni in laser plasma (see Table 2), which
were used to calculate the plasma composition.

1 eV are, respectively, ~3% and more than 20%. Thus, the
self-absorption of radiation for transitions with a lower level
energy of 3 eV or more is small even for main elements, and

the plasma can be considered as optically thin. Having found
the amount of the ath component (,) from Eqn (1) for each
line under study (the p—k transition) and divided it by the
same expression obtained for the transition with the highest
lower level energy (¢—w), one can estimate the degree of self-
absorption:

I 5/( y gk
pk pk
Ai"ga

qn lqn
A qn

1
]f;)] L (14)

o =

qn

If the (p—k)-transition line is not self-absorbed in plasma,
the a value should be close to unity. The transition for which
self-absorption can be neglected was chosen to be the Fel
transition with A = 376.55 nm and the maximum lower level
energy (3.23 eV). As follows from (14), to estimate the degree
of self-absorption, one must determine the plasma tempera-
ture. It was calculated from the lines of transitions with lower
level energies above 1.4 eV. The estimated degrees of self-
absorption for the lines of transitions with different lower
level energies at different instants are shown in Fig. 4. It can
be seen that the Fel line with A = 376.56 nm and a lower level
energy of 0.05 eV exhibits self-absorption during the first 3 s,
whereas the self-absorption for the Fel line with A = 370.9 nm
is insignificant. Therefore, the plasma is optically thin for the
Fel lines with a lower level energy exceeding 0.1 eV. Since
laser plasma is characterised by a large temperature gradient
and density, the strongest self-absorption is expected in its
central part. The degree of self-absorption was determined
for different lines in different regions of laser plasma and at
different distances from the center. According to the data in
Fig. 4, the self-absorption for lines with a lower level energy
exceeding 0.1 eV depends weakly on the local-region position;
i.e., the plasma is optically thin. Similar calculations were
performed for Cr and Ni lines, and transitions exhibiting no
significant self-absorption were chosen. The self-absorption
lines of trace impurities (Mn and Si) can be neglected due to
the low concentrations of atoms and ions of these elements
in the plasma. The data for the lines that did not undergo self-
absorption and were chosen for temperature calculations are
bolded in Table 2.

a
11+
1.0+ M . +
09+
0.8+
0.7F %
0.6 {
0.5- i x/r.nm
42 4 6 8 10 12 Tmew

Figure 4. Degrees of self-absorption « (determined with respect to the
Fel line (4 = 376.6 nm) in plasma for the Fel line at 370.6 nm [lower
level at 0.05 eV, (®)] and the Fe I line at 370.9 nm [lower level at 0.9 eV,
(w)] during the plasma luminescence. The inset shows the degrees of self-
absorption at the center (x = 0) and periphery of the plasma.
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The conditions for local thermodynamic equilibrium were
verified by comparing the electron temperatures of the plasma
calculated from the intensities of spectral lines of different
elements. The equality of temperatures at certain instants of
plasma evolution indicates that local thermodynamic equilib-
rium is likely to be implemented. The calculated temperatures
for three elements at a chosen evolution instant are shown in
Fig. 5a. Figure 6 presents the calculation results for the total
time of laser plasma emission. The temperatures calculated
from the spectra of Fe, Cr, and Ni atoms coincide, which may
be indicative of local thermodynamic equilibrium, which is
established 2 ps after the plasma formation onset. The differ-
ence in temperatures after 14 s is likely to be due to the fact
that the plasma density decreases and the particle collisions
become more rare upon cooling.

The degree of deviation from stoichiometry during laser
ablation was calculated by determining the laser plasma com-
position. Since the emission line intensity rapidly decreases
during plasma expansion, we chose the instant when the local
thermodynamic equilibrium was established (2 us after the
laser pulse, 2-us exposure) to record spectra.

— -3 o
24l T(Fe) = 7600300 K
50 T(Cr) = 7500400 K
ST T(Ni) = 8100+300 K
£ 2.
~ L
g -
7+
_8k
9t
,10 -
71 1 1 1 1 1 1 1 1 1
30 35 40 45 50 55 60 E’[ev

Figure 5. Temperatures calculated for (o) Fel, (@) Crl, and (a) Nil
using the plasma emission spectra recorded with an exposure of 1 s in
2 us after the end of the laser pulse.
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Figure 6. Plasma temperatures calculated from the (m) Fel, (®) Crl,
and (a) Nil lines at different instants during plasma expansion.

Furthermore the CF LIBS was used to calculate the
plasma composition for different samples, and the data
obtained were compared with the known compositions of the
initial alloys. At zero deviation from stoichiometry these
compositions should coincide. The results are listed in Table
3, along with the composition calculated taking into account
the work function. The W; values used in the calculations are
given in Table 4. As follows from the calculation, selective
evaporation is absent for nickel; this result is in agreement
with the model proposed, because the W; values for iron and
nickel coincide. At the same time, selective evaporation should
manifest itself (to a small extent) for only chromium, since W;
for this element exceeds that for iron by 15%. At chromium
concentrations in the sample exceeding 25 %, selective evapo-
ration becomes pronounced, and the compositions of the ini-
tial sample and plasma differ. When the chromium concen-
tration is reduced to 12 %, selective evaporation is absent, and
one does not need to correct the work function. The results of
calculating the composition within the selective evaporation
model are not worse than the results of analysis for chro-
mium; therefore, the consideration of selective evaporation
and work function allows one to obtain correct results for

Table 3. Compositions of the initial solid samples and the plasma compositions calculated disregarding and taking into account the work function W,

Sample 1 Sample 2 Sample 3
Compo-
nent Data of Calculation  Calculation Data of Calculation Calculation  Data of Calculation Calculation
Table 1 disregarding  taking into Table 1 disregarding taking into Table 1 disregarding  taking into
w; account W; w; account W; w; account W;
Fe 73.9 71.95+6.1 70.38+6.1 53.1 55.45+9.1 53.76+9.1 79.09 79.5+4.3 78.1+£4.3
Cr 12.35 12.76+5.22 13.74+5.22 25.39 22.96+5.9 25.59+5.9 14.14 12.76+2.9 15.01+£2.9
Ni 12.55 14.19£6.0 14.85+6.0 20.05 20.09£8.1 19.45+8.1 5.66 6.59+3.1 6.18+3.1
Si 0.46 0.50+0.39 0.50+0.39 0.57 0.80£0.39 0.80%0.39 0.23 0.22+0.10 0.2240.10
Mn 0.74 0.60£0.50 0.51£0.50 0.79 0.70£0.50 0.37£0.50 0.89 0.90+0.30 0.50+0.30

Table 4. Thermophysical parameters for the components of stainless steel samples and the W; values calculated on their basis.

Component  CyfJ mol' K' T, /K AH i /kI mol™' Cyyig/J mol™ K- Tyoil/K AH,,/kJ mol! W;:/107 J mol! K-!
Fe 25.1 1811 13.81 46.01 3134 340 8.208
Cr 233 2180 21 39.3 2944 339.5 9.482
Ni 26.07 1728 17.48 38.9 3186 377.5 8.460
C 8.5 3773 104.6 8.23 5100 716 32.495
Si 19.8 1687 50.2 27.2 3538 359 8.225
Mn 26.32 1519 12.91 46.01 2173 221 8.631
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samples of arbitrary composition. The model proposed can be
applied both to samples with a weakly pronounced tendency to
deviation from stoichiometry (steels) and to samples exhibiting
strong selective evaporation (bronzes); thus, this approach is
universal and provides reference-free analysis.

6. Conclusions

It was established that selective evaporation of alloys subjected
to laser ablation is caused by the difference in the thermo-
physical parameters of the sample components. Experimental
verification of the degree of deviation from stoichiometry
during laser evaporation of high alloy steel samples showed
that the manifestation of this effect is rather weak. It was
found that selective evaporation occurs for only chromium
when its concentration in the sample is about 25%; at lower
concentrations chromium exhibits no selective evaporation. It
was shown that the proposed model of nonstoichiometric
evaporation makes it possible to perform more exact analysis
of high alloy steel samples. Our approach correctly describes
the selective evaporation during laser ablation of alloys of dif-
ferent types (bronzes, stainless steels), which indicates univer-
sality of the model developed.
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