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Abstract

Laser-induced breakdown spectroscopy (LIBS) is a promising atomic emission based elemental
analysis technique that has many potential applications for various samples. This paper presents the
implementation of calibration free laser induced breakdown spectroscopy (CF-LIBS) approach to
identify and determine the concentration of elements in Iragi cement samples collected from local
market. Q-switched Nd: YAG laser with energy laser pulse of 100 mJ and pulse duration of 9 ns is
focused on cement pellet surface to generate a plasma spark in air. The plasma emission spectrum
was recorded by the spectrometer connected to the fiber optic and resolved spectra were used for
identification and quantification of detected elements. The produced plasma temperature was
obtained from the Boltzmann plot method while their electron density was determined by Saha-
Boltzmann equation. The major elements such as Ca, Si, Al, Fe, Mg and minor Mn, Ti, K and Na
elements have been identified and their concentrations calculated based on analysis of the spectrum
that contain all information needed to derive the elemental composition of the cement matrix.
[DOI: 10.22401/ANJS.00.1.08]
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Introduction must be obtained. It is based on analyzing the
Recently, Laser-induced  breakdown physics of the plasma process and
spectroscopy (LIBS) has shown a great experimentally  validate  local  thermal
potential as an effective analytical tool for equilibrium and thin plasma conditions[9]. CF-
detection of elements with several advantages LIBS technique has been successfully
over conventional techniques [1], [2]. It is a employed for metallic alloys and oxides,
fast, in situ and reliable multi elemental Pandhija et al. determined the concentration
analysis of any states of materials that of toxic heavy metals in soil of industrial area
consuming only some micrograms of the [10]. Praher et al. presented quantitative
samples [3], [4]. Considering the solid determination of element concentrations in
materials, LIBS analysis has been applied not industrial oxide materials by CF-LIBS [11].
only for the simple metals matrix but also for Cement is a fine powder, obtained from the
complex matrix such as soil, rocks and cultural firing at 1,400 °C of a mix of limestone, clay,
heritage objects [5]-[7]. In brief, LIBS is a and iron ore. The firing process produced the
type of atomic emission spectroscopy where main ingredient of cement called clinker,
pulsed laser with high enough power density which is finely ground with gypsum and other
strikes the surface of the sample to generate a chemical additives to produce cement. To
plasma at that surface, then the emission of validate a good control of quality and
characteristics lines for elements presented in operation in best condition, the understanding
the sample will occur to give a unique of the chemical compositions of raw materials
fingerprint [3]. Quantitative LIBS analysis can and product are essential. Nowadays,
be performed either based on construction of elemental composition analysis of cement is
calibration curves using standard matched performed by AAS and XRF in cement
matrix, or based on calibration free where no factories, Although XRF are widely used for
need for calibration curves. As proposed by characterizing cement, it has many drawbacks
Ciucci et al [8], the CF-LIBS analysis can be such as need for sample preparation, expensive
applied to any element in the periodic table apparatus and poor sensitivity to detect light
provided that a relevant spectral information elements [12]. Therefore, further investigation
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IS necessary to explore alternative analytical
tool. In the present work, the assessment of
using CF-LIBS for quantitative analysis of
major, minor and the trace elements presented
in Iragi cement samples collected from Mass
factory has been investigated. The obtained
results have also compared with those obtained
from XRF analysis.

2. Experimental Procedure
2.1. LIBS system

The experimental set up used for LIBS
analysis of cement samples is shown in
Fig.(1). Samples were irradiated by
nanosecond Q-switched Nd: YAG laser
operating at wavelength of 1064 nm, pulse
width of 9 ns, output pulse energy was 100
mJ. The laser beam is focused by a convex
lens with focal length of 100 mm on the
sample surface. The diameter of the focused
laser spot is 0.028 mm and the peak power is
in the order of 11.1x10° W.

The emission of plasma was collected by a
imaging lens with diameter of 15 mm, and
focused onto optical fiber type (SMA, 50
um/0.22 NAc, which deliver the plasma light
to the entrance slit of spectrum analyzer model
(CCS-100) with (1200 Line/ mm) grating and
slit dimension of 20 um. The grating disperses
light according to wavelength and then
reflected by mirrors to detect and convert
optical signals to digital, and then moves the
digital signal to the application. Each emission
spectrum obtained by integration of 10 laser
shots impinging on surface of the sample.
Specific software was utilized to illustrate the
data as a diagram between intensity and
wavelength. The experiment is performed
under fixed environment conditions.

—

Power Supply

Sample

Fig.(1) Experimental set up for LIBS
Measurements.
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2.2. Preparation of experimental samples

There are several brands of cement
available at Iragi market; their chemical
compositions are the same. Variations in
physical properties occur due to the variation
of constituents. In this study, two different
types of cement produced at Mass factory
were used. Firstly, Ordinary Portland cement
(OPC) was used in general construction.
Secondly, Sulfate resistance cement (SRC)
was used especially for foundations in civil
construction. A pressed pellet is prepared from
3.0 gram of each cement. Hydraulic pressure
machine model (Auto Series) was used to
press the powder cement without binder at
(7.0 ton) to a disc of 1.0 cm diameter and 5.0
mm thick. To conduct elemental composition
of cement samples, X-ray fluorescence model
multi channel MXF2400 from Shimadzu was
used. In cement analysis, Ca, Si, Al, Fe, Mg,
Mn, Ti, K and Na are expressed as the CaO,
SiOz, A|203, FEZOg, MgO, anog, TiOZ, K,0O
and NaO oxides form. These oxides
eventually become more complex compounds
responsible for main cement properties such as
early strength, set times and color effects [13].
The obtained XRF results are finally compared
with related CF-LIBS data.

3. Results and discussion
3.1 Calibration free assumptions

The detailed description of CF LIBS can
be found in [9], it based on the assumption of
local thermal equilibrium, stoichiometric
ablation and optically thin plasma. These
assumptions need to be validated before
performing CF- LIBS Quantitative analysis.

Stoichiometric ablation ensures plasma
plume and then the emission spectrum have
the same composition as the considered
material, laser ablation of cement was
achieved by a Q- Switched Nd: YAG laser of
1064 nm with 9 ns pulse duration and a focal
spot diameter of 0.028 mm. The power density
is calculated to be 5.66x10* W/cm? which is
enough to induced ionization and generate
plasma on the sample surface and satisfies the
condition of stoichoimetric ablation.

Optically thin plasma condition is
necessary to ensure that other atoms in a lower
energy state do not reabsorb the radiation
emitted by an excited atom and avoid the so-
called self-absorption effect. In the absence of
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self-absorption, the intensity ratio of two
emission lines from the same species, having
the same upper energy level should be similar
to the ratio of their corresponding transition
probabilities. The experimentally observed
intensity ratio of various spectral lines of Ca |,
Fe I and Si Il have been used and compared
them with the ratio of their transition
probabilities. Table (1) presents the intensity
ratio and transition probability ratio between
two Ca lines of 443.569 nm and 442.544 nm,

Fe lines of 647.562 nm and 657.501 nm, Si of
634.718 and 385.602 nm. The intensity ratio
for Ca I/ Ca | was 0.68 and their transition
ratio was similar. The intensity ratio for Fe I/
Fe | was 0.6 and their transition ratio was
0.604. The consistency between the intensities
of Ca, Fe, Si and with their corresponding
transition probability was observed, which
clearly supported the assumption of optically
thin laser induced plasma [14].

Table (1)
Comparison between the intensity ratio of two non-resonant lines of Ca I, Fe I and Si Il and the
ratio of their corresponding transition probabilities.

Wavelength | Upper Energy

443.569 4.680179

Transition
probabilit

1.03*10°

Intensity ratio Transition

442.544 4.680179

1.49*10°

647.562 4.47327

1.82*10°

657.501 4.47327

3.01*10°

385.602 10.073

1.76*10°

634.710 10.073

2.34*108

In local thermal equilibrium condition, the
collision process predominate the radiative
process, which ensures that the energy
exchange between the species is larger than
the energy lose due to the radiation. The basic
criterion used for LTE wvalidation is Mc
Whirter criterion, which defines the lower
limit of electron density to ensure enough
collisions for the existence of LTE and is
given by:

N,(cm™3) = 1.6 * 102 « VT * (AE)3

where AE (eV) is the highest energy transition.
The electron density is estimated from
stark broadening of spectral line. For the linear
Stark effect, the electron density N,and the full
width at half maximum AAgy gy Of spectral
line are related by the following relation [15]:

N, = 2W (AlFWHM

T I
W is a constant called the electron impact
parameter.

Fig.(2) shows the experimental observed
data points of Ca II emission line as (@) and
the full red line, which approximately passes
through all the points is the Lorentz
distribution function fit. From this figure, the
FWHM of the experimental emission of this
line equal 0.43 nm. By substituting this value
and using the value of impact parameter
w = 0.286 [16] in EQ. 2, N is calculated to be
7.5x10" cm®,
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Fig.(2) Stark broadening of Ca Il spectral
line 393.36 nm used to calculate the electron
density N from plasma of ordinary Mass
cement sample. Experimental data (black dot)
fits a Lorentzian curve (red curve).

Plasma temperature have been determined
from the relative intensities of the emission
lines of all presented elements using the
Boltzmann plot method [17]. The observed
emission spectra contain spectral lines of Ca I,
Si,Sill, AlL,Fel, Mgl,Mn I, MnIl, Til, K
I, Na | and Ba I, which have been used to
construct the Boltzmann plot to extract the
plasma temperature. The atomic parameters of
selected lines were taken from NIST database
[18] and are listed in Table (2).
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Table (2)
Spectrometric parameter of the emission lines of cement sample.

| Element | wavelengths | A*g(s") | Ei(ev) | T(eV) Ordinary Mass | T(eV) Resistance Mass

364.441
428.3
487.81
612.22
564.56
568.44
672.18
700.35
412.507
505.59
595.75
634.71
555.79
555.706
669.86
736.15
390.06
466.3
559.33
704.21
379.85
387.85
432.57
495.75
405.75
416.72
435.19
470.29
552.84
357.78
401.8
403.9
404.13
408.29
4754
420.63
429.22
434.39
721.99
388.2
399.86
451.27
466.75
499.95
503.99
521.03
496.50

508.422
511.224

5.33.96
417.2
418.55
443.23
507.12
350.11
57754
582.62
634.16
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The Boltzmann plot of cement sample are
presented in Fig.(3), plasma temperatures of
ordinary and resistance Mass cements have
been calculated from the slopes of the straight
lines as listed in Table (2). For the calibration
free analysis, an average value of the plasma
temperature 0.83 K and 0.827 K have been
used respectively.

Ordinary Mass Cement
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Fig.(3): Family of lines in Boltzmann Plot
derived from LIBS of Sil, Sill, Al I, Al 11,
Fe I, Mg I, Cal, Mnl, Mnll, Til, K I species
of ordinary and resistance Mass Cement
samples.

The condition of local thermodynamic
equilibrium (LTE) was checked for obtained
electron density and plasma temperature for
the Ca I line at 443.569 nm. By substituting
AE = 3.12eV and plasma temperature
T, = 0.83eV, the limit of electron density is
calculated using Eq. 1 to be 14.18x10" cm3,
which is much lower than that experimentally
determined from the Stark broadened spectral
lines. Thus, the generated plasma is within
LTE.
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The electron density was also determined
by employing Saha-Boltzmann that relates the
number density of a particular element in the
two consecutive charged states N, N! as
following [19]:

_ 24 3/2 (12 gA
N, = 6.04 * 10%*(T)?/ (g—A)ion (&)
(V++Eion_Eatom)
KT

exp [—

By using the intensity of the neutral and
singly ionized spectral lines and the
spectroscopic  parameters and ionization
energies enlisted in Table (3) of all elements
for both ordinary Portland and sulfite
resistance Mass cement, the values of N, for
each element have been determined and will
be used for the subsequent CF LIBS
calculations.
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Table (3)
Spectroscopic parameters and the ionization energies of all elements presented in
Cement samples.

o]

N, ordinary | Ne resistance

422.67

Mass
5.60x10%

Mass
6.44x10%

390.55

5.25x1010

4.55%0%°

396.15

1.45x011

1.56x10""

352.616

4.82x1014

3.08x0™

383.82

3.95x1011

5.21x10™

404.14

3.18x1015

4.95x10%

498.17

3.05x1015

3.17x10%

474.43

5.7x1013

7.00x10%°

388.18

3.3x1017

4.5%10"

3.2 Calculations of elemental composition
From the above discussion, one can deduce
that the generated plasma is in LTE and
optically thin so that calibration free can be
used for quantitative analysis of constituent
elements in  cement samples. The
concentration of the species Cs is evaluated
from the intercepts of the fitted lines in the
Boltzmann plot Fig.(3); each intercept is a
function of the number density (ns) of the
individual species (s) in the plasma. The
species concentrations of any element in the
plasma could be determined from the emission
of one neutral line according to:
Cs =2 US(T)e?
where U*(T) is the partition function, g° is the
intersection value of the linear regression in
the Boltzmann plane. The concentration of a
specific element of interest is given by the sum
of the concentrations of neutral and singly
ionized species [20]. When it is difficult to
observed lines of ionized states and not
possible to draw their Boltzmann plot, only the
concentration N/ of one species of a given
element could be known. Then, the
concentration N of the other ionization states
can be calculated using Saha-Boltzmann
equation, which can be written as:
NN 2ul(T) 2mmek ~Zion
NI - UI(T(")) h3 e kot
where N is the number density for neutral
atoms | and singly ionized atoms II.
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577.76

7.5x1017

6.77x10%

CF-LIBS approach requires an extensive
calculation for which an Origin program has
been used to calculate the concentrations. The
inputs were the values of the slope, intercepts
and the list of transition probabilities and
degeneracy belong to each element. The
concentration of all different elements
presented in ordinary and resistance Mass
cement using CF LIBS are summarized in
Table (4).
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Table (4)
Concentration of Ca, Si, Al, Fe Mg, Mn, Ti, K, Na, and Ba in Two different samples
(ordinary and resistance Mass cement) estimated by CF-LIBS.

‘ Atomic Ordinary | Resistance

detected | weight Mass % Mass %
Ca 40.07 6.11 4.91 5.85 45.8 45.34
Si 28.08 8.15 11.16 5.85 10.22 10.02
Al 26.98 5.985 6.83 1.03 2.83 2.04
Fe 55.8 7.902 56.04 64.85 2.15 2.95
Mg 24.3 7.64 1.53 2.03 1.227 1.10
Mn 54.93 7.43 14.07 13.72 0.127 0.24
Ti 47.86 6.82 77.35 81.62 0.19 0.17
K 39.09 4.34 8.64 1 0.33 0.32
Na 22.98 5.13 15.6 1 0.214 0.09
Ba 137.3 5.21 14.71 6.79 0.084 0.071

Within this CF LIBS, analysis of spectra
confirmed presence of major and minor
elements. In addition, this method is utilized to
detect trace element such as barium Ba with
quantitative information about it. These
quantitative elemental analysis are compared
with the results obtained from XRF, the

absolute and relative errors are also calculated
and listed in Table. (5). The highest value of
relative error percentage was 5% for titanium
while the lowest value was 0.24 for
magnesium. These error could be attributed to
uncertainties associated mainly with the
determination of plasma temperature.

Table (5)
Absolute error (A.E), Relative error (R.E) of elements composition of ordinary Mass cement
calculated by CF-LIBS and XRF methods.

| Elements| XRF | CF-LIBS | AE | RE% |

In  general, two techniques have
comparable results for elements concentrations
analysis, Fig. (4) shows the bar diagram of the
data of Si, Al, Fe, Mg, Mn, Ti, K and Na that
listed in Table (6). The same trends in the
relative changes of element concentration are
noticed in two techniques; however, the
analytical results are not completely
correspond for each other. Each technique has
significant procedure and regulation to detect
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the elements of cement, which make these
techniques with advantage and disadvantage.
Among these technique the interaction
between the laser and the sample in LIBS is
influenced significantly by the overall sample
composition, so that the intensity of the
emission lines observed is a function of both
the concentration of the elements and the
matrix properties that contain them [21], [22].
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Fig.(4) Element concentration of Si, Al, Fe, Mg, Mn, Ti, K and Na in ordinary Mass cement
calculated with LIBS and other analysis techniques.

Besides the major and minor elements
which including in cement and give acceptable
information, the detection of trace elements is
required as shown in Fig.(5) the ability to
detect these element is significant and give
power to instrument have been used, since in
XRF technique the basic principle of operation
is the detection of x-ray fluorescence, so it
could not analyze the light elements with
atomic number less than 11 such as Ba which
present a problem [23].

Conclusions

A calibration-free LIBS algorithm was
implemented and tested by mathematical
analyzing of LIBS spectra for quantitative
analysis of Iragi cement samples. The plasma
temperature and electron number density were
determined from Saha-Boltzmann plots and
the calcium line width respectively. The LIBS
spectra of pressed cement samples have been
measured and employed for composition
analysis using CF-LIBS approach. The
calculated metals concentration was close to
the XRF analysis results, the highest value of
relative error percentage was 5% for titanium
while the lowest value was 0.24 for
magnesium. Our results shows that the
calibration-free LIBS method is a promising
approach for the quantitative determination of
major and minor element and oxide
concentration. Various applications of CF-
LIBS can be proposed including on-site and
in-line analysis in industrial and biological
materials.
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