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Abstract: In this present work, we demonstrated a spectral characterization of copper—iron (Cu-Fe)
alloy using optical emission spectroscopy. The Cu-Fe alloy plasma was generated on the target
sample surface by directing the laser pulse of Q-switched Nd: YAG of the second harmonic (2w)
with a 532 nm optical wavelength. The optical emission spectrum was acquired using five miniature
spectrometers that lie within the wavelength range of 200-720 nm. The emission plasma was
characterized by validating the local-thermodynamical equilibrium (LTE) as well as optically thin (OT)
plasma condition. In addition, the LTE condition was verified using the McWhirter criterion, and the
OT condition was validated by comparing theoretically calculated intensity ratios with experimental
ones. Plasma parameters, including electron number density as well as plasma temperature, were
estimated. In the first stage, the plasma temperature was estimated using the Boltzmann-plot method
and the two-line method. The average calculated value of the plasma temperatures were 8014 £ 800 K
and 8044 £ 800 K using the Boltzmann-plot and two-line methods, respectively. In the second stage,
electron number density was estimated using the Saha-Boltzmann equation and stark-broadening
method (SBM). The average number density calculated from the SBM was 2.73 x 10'® cm~3 and
from the Saha-Boltzmann equation was 3.9 x 101 cm~3, showing a good agreement. Finally, the
comparative compositional analysis was performed using CF-LIBS, Boltzmann Intercept Method,
EDX, and ICP-AES, which showed good agreement with that of the standard composition.
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1. Introduction

Numerous metallic materials utilized in the industry are blends of various kinds of
metals because pure metals have distinctive properties for many industrial applications [1].
For instance, copper (Cu) has various excellent characteristics, such as corrosion resistance,
electrical and thermal conductivity, ductility, and softness [2]. However, pure metals can
have undesirable characteristics that will destroy the application if used alone. Copper
is a weak metal in this situation. Work-hardening methods can be used to strengthen it,
but another option to make it stronger is to incorporate additional metals, such as iron.
Iron is ductile and malleable, just like copper. It can be stretched without breaking and has
good conductivity and tensile strength. Iron, however, is corrosive because it oxidizes to
generate rust when exposed to oxygen and water. Iron may boost the tensile strength and
corrosion resistance of copper alloys without affecting their inherent conductivity, which
is one of the key advantages of adding iron to copper alloys [3-5]. High tensile strength
and thermal conductivity, resistance to corrosion, and high electrical conductivity are all
features of copper—iron (Cu-Fe) master alloys [6]. Combined with various copper alloys,

Metals 2023, 13, 1188. https:/ /doi.org/10.3390/met13071188

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met13071188
https://doi.org/10.3390/met13071188
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0001-9160-9361
https://orcid.org/0000-0001-7138-3609
https://orcid.org/0000-0002-2139-3005
https://orcid.org/0000-0001-5182-8172
https://orcid.org/0000-0003-0460-6571
https://doi.org/10.3390/met13071188
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met13071188?type=check_update&version=3

Metals 2023, 13,1188

20f13

such as aluminum brass, and bronze alloys, this master alloy serves as a grain refiner [7].
Low-alloyed coppers’ mechanical characteristics are often enhanced [8].

Laser-Induced Breakdown Spectroscopy (LIBS) is the diagnostic tool utilized for quick
and fast qualitative and quantitative investigation of materials [9]. LIBS has minimal sample
preparation, is contamination-free, micro-destructive, compact size, portable format, and
just a single shot of laser permits for the rapid analysis of the sample [10-12]. This technique
creates plasma by directing a pulsed laser source at the target surface of a gas, solid, or
liquid. The plasma emission spectrum created by the laser could be used to estimate the
elemental content of any material. The LIBS system has been employed for both quantitative
and qualitative analyses throughout the past couple of decades. The most commonly used
techniques for alloy composition measurements include X-ray fluorescence-spectroscopy
(XRF), photoelectric direct reading spectroscopy, and inductively coupled plasma atomic
emission spectroscopy (ICP-AES) [13]. These techniques are costly, required for the sample
preparation, time consuming, as well relative to LIBS.

The most commonly used procedures for compositional analysis in LIBS are calibra-
tion curves and calibration-free methods. In the calibration curve LIBS (CC-LIBS) technique,
reference samples are desired to generate the calibration curves among the emission line
intensities and the identified compositions. Then, the relative comparison of the emission
spectral intensity from calibration curves and the composition of the unknown samples
is calculated. This method’s restriction contains only samples with comparable composi-
tions that can be quantitatively examined. The calibration-free LIBS (CF-LIBS) approach,
however, does not require reference samples. The plasma generated through the LIBS
mechanism must meet the local thermodynamic equilibrium (LTE) requirement, and it
should be OT for a sample to be quantitatively analyzed using the CF-LIBS method. On
the other hand, in the Boltzmann intercept method, OT spectral lines are needed to draw
the Boltzmann plots, and then the corresponding intercepts to each element in the sample
are used to estimate the excitation temperature and elemental composition. However, the
application of the Boltzmann intercept method approach for the compositional study of the
trace elements in the target sample is constrained since it is never easy to identify a suffi-
cient number of OT lines for trace elements. In previous studies, Gomba et al. [14] studied
the Al-Li alloy samples using the Boltzmann-plot method. Mohamed et al. [15] reported a
high-precision LIBS limit in a detection study of Al-based standard alloys in the air using
the calibration curves of Fe, Cu, Mn, Si, Mg, and Be. Goode et al. [16] established that
time-resolved LIBS spectra can be utilized to classify different metal alloys. Ismail et al. [17]
investigated the impact of the matrix on the LIBS limit-of-detection (LOD) of four elements,
including Cu, Mn, Mg, and Si, in two different matrices, such as steel standard alloys
and Al Castro et al. [18] optimized the LIBS experimental conditions using different alloy
samples, such as Hastelloy, bronze, steel, aluminum, brass, copper, and titanium-containing
Co, Mo, Cr, and Fe. Shakeel et al. [19] reported the quantitative analysis of standard Al-5Si
alloy plasma using CF-LIBS using Nd: YAG laser at fundamental harmonic. Ali et al. [20]
synthesized Cu-Ni and Cu-Fe alloys using the LIBS technique, and antibacterial activity
was achieved for the biological behaviors of nanoparticles that were made via laser ablation
in water. Most recently, Nasar et al. studied the reliability of the LIBS technique for the
quantitative analysis of iron—copper alloy, and the results were matched with the ICP-MS
technique [21]. Besides this, a lot of analytical research studies on LIBS capabilities and
limitations still need to be explored through metallic alloy sample analyses.

Here, we have demonstrated the analytical performance of the LIBS technique using
a standard alloy sample provided by the manufacturer. In this contribution, we have
achieved a qualitative and quantitative investigation of Cu-Fe alloy sample plasma using
the CF-LIBS analytical technique, and the estimated compositional results were compared
with that of the standard. To highlight the detection limits and accuracy of the CF-LIBS,
we compared the CF-LIBS results with those estimated from EDX, and ICP-AES showed
excellent agreement with the standard values (Cu: 20%; Fe: 80%). This work can be
interesting in LIBS quantification analysis by comparing the other analytical techniques
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but will additionally be significant for emerging future LIBS applications in the metal-alloy
industry and engineering.

2. Experimental Setup

The schematics of LIBS experimental setup utilized for the analysis of Cu-Fe alloy
is illustrated in Figure 1. The same LIBS experimental setup is used as described in our
previously reported articles [22-25]. In short, a pulse of second harmonic (2w), with pulse
duration of 5 ns, 10 Hz pulse repetition frequency, 10 ps integration time, and a 2 ps delay
were kept fixed to record emission spectra. The Nd: YAG laser capable of delivering 400 m]
energy at wavelength 1064 nm and 200 m]J energy at wavelength 532 nm was used to
induce the plasma. The variation in laser energy was carried out by measuring Q-switch
flash lamp (FL-QS) time delay and the amount of energy delivered to the target with the
help of an energy meter. The convex lens containing a 20 cm focal length was utilized to
direct the laser beam of energy ~ 80 mJ upon the target surface of the Fe-Cu alloy sample.
The sample under investigation was kept on the rotating frame to provide a clean and
free-from-deep crevices surface of the target laser for every laser shot. LIBS2000+ detection
system (Ocean Optics, Inc.) contains a set of five miniature spectrometers, each with a
slit size of 5 pm within the range from 200 nm to 720 nm. The light emitted from optical
plasma was recorded by the LIBS2000+ spectrometer detection system using the optical
fibers with the collimating lens placed at around 45° to the plasma plume. The dark signal
was removed via the OOLIBS2000 software to obtain the actual optical emission signal.

Sample

Plasma Plume

Focusing Lens

INd:YAG|
LASER

P AT S S SN
Delay Generator '

Figure 1. LIBS spectroscopy experimental setup used to acquire optical spectrum.

For the comparative elemental study, an ICP-AES analysis of the Cu-Fe alloy sample
was also acquired. The plasma is generated at a 1.6 kW power, and Ar gas was also utilized
for supplemental cross flows at a 10 L/min flow rate. To perform an ICP-AES analysis, a
sample solution was prepared using 70 mg/kg of fine dehydrated powder of the Cu-Fe
alloy sample blended with 3 mL laboratory grade (HNO3) along with 6 mL hydrofluoric
acid (HF). The as-prepared solution having a mixture of pure Cu and Fe was heated at
around 400 K temperature for one hour in a microwave oven equipped with PTFE pots
(CEM, USA) for target sample digestion. Afterward, the solution was collected into a flask
and was then used for the ICP-AES chemical analysis using a Thermo-Fisher IRIS Intrepid
II ICP-AES system.

3. Results and Discussion
3.1. LIBS Emission Analyses

In Figure 2, we present the emission spectrum of the Fe-Cu alloy sample, which ranges
from 323-330 nm and 370-378 nm. This optical wavelength region’s excellent signal-to-
noise ratio (SNR) is observed as free from self-absorption and spectral interference. The
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spectrum shows strong emission lines of Cu I at 324.75 nm and 327.39 nm, along with
a bunch of iron emission lines among wavelength regions from 370 nm to 378 nm. The
atomic and ionic emission lines of Cu and Fe are recognized by comparing the relative
intensity, upper- and lower-level energy, transition probability, and statistical weight,
respectively, via the NIST database [26]. To improve the accuracy of LIBS analysis, including
plasma characterization, the line selection rules have been considered throughout the
qualitative analysis. According to this rule, the following conditions for the selection of
lines are designated:

a. For the calculation of plasma number density and plasma temperature, ground state
transition lines are ignored;

b.  The transitions corresponding to lower energy below 6000 cm~! are eliminated to
reduce the self-absorption influence on the emission line;

C. The transitions having a transition probability lesser than ~10° s~! are omitted to avoid

the time intrusion between emission time and time related to the plasma variations.

The whole Cu-Fe spectrum from 200 to 720 nm contains different spectral lines of Cu
and Fe in the UV-VIS visible region, while the H, N, and O spectral lines are identified in
the near-infrared region. The spectrum recorded using OOLIBS2000 software 200 nm to
720 nm wavelength region shows Cu and Fe emission lines are present as dominant in the
Fe-Cu alloy plasma. However, H, O, and N spectral lines appeared in the spectrum due
to air breakdown. Therefore, only well-resolved emission lines, free from self-absorption
and spectral interference, were assumed for the plasma characterization and the CF-LIBS
compositional measurement.

800

™
>
=
|

Cu Fe

400 ==

| L DL L / A ! v ! v
324 326 328 372 375 378

Wavelength (nm)

Relative Intensity (a.u.)

Figure 2. Optical emission spectrum as a function of wavelength (nm) using a 10 ps and 2 ps
integration time and delay time, respectively between the opening of the window and the laser pulse,
showing the expected lines of Cu and Fe in the UV-VIS region.

3.2. Local Thermodynamical Equilibrium and Optically Thin Condition

Both parameters of plasma excitation temperature and plasma density are the most ba-
sic, prominent, and significant factors in LIBS analytical analysis. Spectral characterization
of laser-induced plasma is believable with verification of the OT and LTE conditions. Vari-
ous methods are used to check the OT condition for LIBS optical plasma. The OT condition
for plasma can be verified from the linear trend of Boltzmann plots and by comparing the
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experimentally observed intensity and theoretically estimated intensity ratio. To check the
OT condition, we have compared the experimentally observed intensity and theoretically
estimated intensity ratio using the following relation [27]:

L — A1 A2 e_(EiB%?) 1)
L AxgoM

Here, I; and I, are experimentally observed line intensities; A, g, and A represent
the transition probability and statistical weight for upper energy level and wavelength,
respectively. Similarly, E and kgT is the upper-level energy and plasma excitation tempera-
ture (eV). The left-hand side of Equation (1) represents the experimentally observed line
intensities ratio, and the other side represents the theoretically calculated values using spec-
troscopic parameters for the same spectral lines. The spectral wavelength of the emission
lines with corresponding spectroscopic parameters is listed in Table 1. The experimentally
observed and theoretically calculated intensity ratios for spectral lines 372.13 nm and
382.18 nm for Fe I are 0.598 and 0.591, while for Cu I lines with wavelength 515.32 nm
and 521.82 nm, the intensity ratios are 0.53 and 0.59, respectively. The estimated average
plasma temperature (0.69 eV) from Boltzmann plots belonging to Cu I and Fe I spectral
lines was used in Equation (1) to validate the OT condition. The OT results were found
within 10% relative uncertainty. Thus, the OT condition is validated, which ensures that the
LIBS optical plasma is OT. For more clarification, the experimentally measured intensities,
spectroscopic parameters, and intensity ratios of the Fe and Cu emission lines are presented
in Table 1.

Table 1. Spectroscopic parameters for neutral iron and copper emission lines along with calculated
theoretical and experimental intensities ratios.

Intensit Experimental Theoretical
-1 y P
Element A (nm) A(s™h) Accuracy 2 (aw) Ei(eV) Ratio Ratio
7 +
cul 515.32 6.0 x 10 C 4 1079 619 053 0.539
521.82 7.5 x 107 ct 6 2028
372.13 7 x 100 B 3 61.5 5.82
Fel 6.7 % 10 0.586 0.536
382.18 7.3 x 10° B 5 104.9 5.85

The LTE condition for LIBS optical plasma was checked with two different methods.
In the first method, the McWhirter criterion for minimum electron number density was
used to verify the LTE condition [27].

Ne(em™) > 1.6 x 102 x (T)"/*(AE)’ @)

Here, AE represents the variance among the lower as well as upper energy levels,
while T represents the plasma excitation temperature. The calculated electron density
from Equation (2) must be smaller than the electron number density estimated from the
stark broadened line profile. The plasma number density estimated using the McWhirter
criterion was 3.7 x 104 cm—3 having Fe I emission line at 407.47 nm, AE = 3.04 eV, and
T = 0.69 eV. While electron number density using SBM was 2.73 x 10'® cm~3 for both Fe I
and Cu I, the above relation (2) becomes 2.73 x 10 ecm™3 > 3.7 x 10 cm~3, validating
the LTE condition. Similarly, the average electron number density calculated from the
Saha-Boltzmann equation was 3.9 x 10'® cm~3, which is also greater than the plasma
density measured from the McWhirter criterion. Therefore, results show that LIBS Cu-Fe
alloy plasma is in LTE.
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3.3. Plasma Excitation Temperature

We have measured the plasma excitation temperature from the relative spectral inten-
sity of the emission lines of iron and copper using the following Boltzmann equation [28-32]:
TkiAgi

() = ()~ ©)

The gy and Ej are the statistical weight and energy for the upper level, respectively. The
U(T) is the partition function, kg is the Boltzmann constant, N(T) denotes the population
of excited states, and T represents the plasma temperature of plasma, while Ay; and Ay;
represents the transition probability and wavelength, respectively. From Equation (3),
upper energy level verses ln(g‘;—f‘g";) shows a linear trend, and the line slope is equal to the
1/kpT, yields the T, (plasma temperature).

Various Fe I emission lines correspond to the wavelength at 358.26 nm, 414.60 nm,
418.95 nm, 426.42 nm, 470.74 nm, and 561.52 nm. Cu I lines heaving wavelength at
406.26 nm, 465.11 nm, 521.82 nm, 515.32 nm, 458.69 nm, and 570.02 nm are used to con-
struct Boltzmann plot for the calculation of plasma excitation temperature. The relevant
spectroscopic parameters used for the construction of the Boltzmann plot are given in
Table 2. The excitation temperature is estimated from the slope of the line after linear
fit to the data points, i.e., kgT. The Boltzmann plots based on the Fe I and Cu I optical
spectral lines are shown in Figure 3. The plasma excitation temperatures were calculated as

(8068 + 800) K for CuIand (7960 £ 800) K for Fe I.

Table 2. Spectroscopic parameters of neutral iron (Fe I) and copper (Cu I) used to construct Boltz-

mann plot.
Transition . .. .
Element Wavelength Probability Accuracy Statistical Weight ~ Upper Energi)lf Level
A (nm) A (1) 8k E; (cm—1)
358.26 2.44 x 10° C 7 47,693.2
414.61 3.78 x 10° Cct 11 48,231.3
Fel 418.95 2.70 x 106 D 7 53,661.1
426.42 1.62 x 100 c* 7 50,611.3
470.74 292 x 10° C 5 44,183.6
561.52 2.39 x 10° C 5 38,678.0
406.26 2.10 x 107 C 6 55,391.3
458.69 3.20 x 107 c* 6 62,948.3
Cul 465.11 3.80 x 107 Cc* 8 62,403.3
515.32 6.00 x 107 c* 4 49,935.2
521.82 7.50 x 107 c* 6 49,942.0
570.02 2.40 x 10° ct 4 30,783.7

3.4. Electron Number Density

SBM is a reliable and convenient technique for the estimation of plasma number
density. The electron number density via the SBM is calculated for optically thin lines, and
its value is reliable if the shape of the experimentally measured peak is consistent with a
theoretically built profile. The plasma number density is calculated as follows [33,34]:

N, (cm—3) - {W} % N, @)

where FHWM is the full width at half-maximum (FWHM), stark broadening parame-
ter wg; was taken from the literature [27] for Cu and Fe atomic emission lines at vari-
ous temperatures, N, is the reference number density (10'® cm~3 for the neutral species
and 107 cm~3 for singly ionized species). The FWHM of the Cu and Fe emission line
was calculated using the Voigt fit to the line profile by considering the Stark width (ws),
0.06 £ 0.01 nm instrumental width, and 0.005 nm the Doppler width, respectively. The
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estimated average value of plasma number density from the Stark broadened line profiles
of Fe and Cu is 2.73 x 10'® cm~3. In Figure 4, the dots signify the experimental data, and
the red lines show the Voigt fitting.

=

23 =

Fel, T,~7960 + 800 K

Cul, T, ~8068 =800 K

Ln (Al/hcA g )

19 o=

18
I . | y I b | 5 I v | y I
35,000 40,000 45,000 50,000 55,000 60,000 65,000

Upper Level, E, (em™)

Figure 3. Measured Boltzmann plots for the measurement of plasma temperatures from the Cu I and

Fe I emission lines.
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Figure 4. Voigt fit (red color) to the line profiles (blue dots) of Fe (I) and Cu (I) lines at 382.18 nm and
510.55 nm, respectively.
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In the Saha—Boltzmann method, the plasma number density can be calculated using
the spectral lines of both the neutral and ionized plasma constituents [35] as follows:

Te (Cm_3) =2 x6.04x10% x (T%) X e kT (5)
Iz741

where I, represents the intensity of neutral lines, Iz, is the intensity of ionized lines,
Ey ,+1 is the upper-level energy for singly ionized species, E . is the upper-level energy for
neutral species, x; the ionization energy of neutral species, kp is the Boltzmann constant
in eV, and T denotes the average electron excitation temperature. The average electron
number density calculated for iron and copper from the Saha-Boltzmann equation is
3.9 x 10'® cm~3, which is close to the electron number density calculated from the SBM.

3.5. Calibration Free-LIBS

The CF-LIBS method does not require calibration curves, reference samples, and
matrices matched with the known composition of a sample. Different calibration-free
methods can be used to find the elemental composition of elements in a sample. We have
used the well-known CF-LIBS method in this present study for elemental analysis. For the
LTE plasma, the Boltzmann equation is used to find the composition of neutral species in a

Cu-Fe alloy sample.
Fcz — Ik uZ(T) e(Ek/kBT) (6)
AKgK
Factor F is an experimental factor that corresponds to the ablated mass, C* is the
concentration of neutral atoms, and I, is the integrated line intensity. The Saha—Boltzmann

equation is utilized to measure the composition of ionized atoms (C>*1).

z .
Cz+1 — (f\]) 2uz+1 exp(E10n> (7)
e

U, kgT
The total concentration of both the species such as neutral and singly ionized charge
particles is calculated as follows:

(27’}’[ng T)3/2
h3

ch=c +c*! ®)

The weight percentage composition is calculated via the following relation:

CT x wT
T/o _
Cl(%) = <Z_1 T T) x 100 ©)

3.6. LIBS: Boltzmann Intercept Method

In the Boltzmann Intercept Method, slope intercepts from the Boltzmann plots are
estimated individually for each element present in a sample. While the Cu-Fe plasma
satisfies the LTE criterion, all the Boltzmann plots will, hence, have a similar slope with
different slope intercepts. For assuming an optically thin LTE plasma, by taking the
logarithm of both sides of Equation (6), the Boltzmann equation is rewritten as follows:

I Ex ( FC* )
In =——+In{ "= 10
(AKgK) kBT UZ(T) ( )
Equation (10) shows a linear equation of the structure as (y = ax + b) and can
be used to draw Boltzmann plots, where ‘a = —(1/kgT)’ represents the slope, and

‘b = In(FC*/U,(T))’ represents the slope intercept. Equation (10) in terms of slope intercept
‘b’ can be written as follows:

C* = ZU*(T)e" (11)

1
F
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As slope ‘a’ corresponds to the temperature of the sample plasma, which is almost
constant, slope intercept ‘0" will be unique and relates to the composition of the species.
For each species, the total composition of an element is the sum of the composition of both
ionized as well as neutral species of that element as (CT = C? + C>*!). The experimental
factor F can be achieved by considering the normalized sum of the concentration of all the
species to unity as follows:

Y = Z(;UZ(T)eb> =1 (12)

The chemical composition wt.% calculated using the CE-LIBS method and the relative
standard deviation (RSD) are shown in Table 3. The results show that the alloy sample
contains Cu and Fe as major ingredient elements. To calculate the relative errors in the
chemical composition wt.%, we determined the RSD of each element’s composition that
appears in the target sample.

Table 3. Relative elemental composition wt.% estimated via the CF-LIBS technique along with RSD.

Elements
Composition wt.% + RSD Using CF-LIBS
Cu 18.09 £+ 1.26
Fe 8191 +573

3.7. Energy Dispersive X-ray (EDX) Studies

The Energy Dispersive X-ray (EDX) is a spectroscopical technique used for qualitative
and quantitative study based on the characteristic X-ray emissions that determine the
elemental signatures in a sample. The EDX chemical analysis is employed in different areas,
such as the medical, metal industry, plants, minerals, drugs, and cement industries. In this
study, we utilized the EDX spectrum of the Cu-Fe alloy sample that was obtained via the
Oxford EDX Instruments (X-MaxN-20) operated at 30 keV having a depth profile of 2 um.

In Figure 5, we present the characteristic X-ray emission spectrum of the Cu-Fe alloy
sample showing the K-shell and L-shell electronic transitions. For the qualitative analysis,
the strong Loy, Koy, and K31 lines of Cu at 0.929 keV, 8.047 keV, and 8.91 keV, respectively,
were detected showing the presence of copper in the target sample. Similarly, the strong
characteristic X-ray emission lines correspond to Fe at 0.71 keV, 6.4 keV, and 7.1 keV
due to Lx1, K«g, and Kf34 transitions, respectively, were identified in the spectrum. For
quantitative measurement, commercially available software was utilized to integrate the
detected X-ray emission lines of Cu and Fe. The EDX estimated composition (%) within
the 5% error of Cu and Fe in the sample is presented in Figure 5. The error appears due
to the detector’s dead time, and it can be detracted using the EDX software. The relative
uncertainty in the EDX quantitative analysis is around ~5% and usually occurs owing to
the line integration procedures using the EDX software.

3.8. ICP-AES Analysis

For the qualitative analysis, the ICP-AES spectrum of the Cu-Fe alloy sample com-
prising signal amplitude versus wavelength is demonstrated in Figure 6. Various emission
peaks of singly ionized Fe at 258.58 nm, 259.94 nm, 260.71 nm, 261.19 nm, 261.76 nm,
262.56 nm, 262.83 nm, and 263.13 nm, while strong emission peaks of atomic Cu at 324.75 nm
and 327.39 nm were detected in the ICP-AES spectrum. For the quantitative analysis, the
weight percent (%) of the detected elements Cu and Fe is shown in Table 4.
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Figure 5. The EDX spectrum of Cu-Fe alloy sample.
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Figure 6. ICP-AES spectrum of Cu-Fe alloy sample revealing different dominant emission peaks of
Cu and Fe.

Table 4. Comparative study of Cu-Fe alloy sample composition using different analytical tools.

Boltzmann
CF-LIBS EDX ICP-AES
Elements 1 RSD Intercept Method 1 RSD 1 RSD Standard
£+ RSD
Cu 18.09 £ 1.26 19.11 £ 0.95 22.21+1.33 21.09 4+ 0.84 20

Fe 8191 +5.73 80.89 + 4.04 77.79 + 4.66 78.91 £ 3.15 80
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3.9. Comparative Analyses

In the following, we compared the results obtained using CF-LIBS, Boltzmann Inter-
cept Method, EDX, and ICP-AES with that of the standard components provided by the
company, as shown in Table 4. In CF-LIBS, the estimated relative composition of the Fe
and Cu in the alloy sample is 81.91% and 18.09%, respectively. Similarly, the calculated
composition of Fe and Cu elements using ICP-AES, Boltzmann Intercept Method, and EDX
is (78.91% and 21.09%), (80.89% and 19.11%), and (77.79% and 22.21%), respectively. The
mean (p) and standard deviation (o) of the estimated composition of the elements; Fe and
Cu are (79.9 wt.% and 1.45) and (20.1 wt.% and 1.44), respectively. The compositional results
from ICP-AES were found very near to the standard within a 2% relative error. For the Cu
element, CF-LIBS results were found similar to the ICP-AES and standard values because
the variation in signal intensities of Cu emission lines was detected as very analogous in
both LIBS and ICP-AES measurements. However, the Fe composition results obtained
using CF-LIBS, Boltzmann Intercept Method, and EDX were found quite deviating from the
standard values within 5%, 4%, and 5% error, respectively. CE-LIBS uncertainty in the Fe
composition appeared due to variation in signal intensities of Fe emission peaks compared
to ICP-AES. The results estimated using different techniques show that the Cu-Fe alloy
sample has the highest composition of Fe (~80%).

Typically, LIBS analysis is affected by the chemical matrix effect more rigorously than
ICP-AES due to the high-density plasma. However, in this analysis, LIBS has detected all
the optical emission peaks of Fe and Cu from the wavelength region 200 nm to 720 nm
showing good detection limits, but ICP-AES covers only a particular wavelength region
from 250 nm to 500 nm showing only two peaks of Cu along with different peaks of Fe. A
major constraint of the Boltzmann Intercept Method is the prerequisite to constructing the
Boltzmann Plots for all the ingredient elements that exist in the sample, which is quite easy
for major elements than traces. In our experiment, both elements Cu and Fe are present as
a major ingredient in the alloy sample, so results obtained using the Boltzmann Intercept
Method are quite compatible with that of the other analytical techniques and standards.
EDX is generally utilized for the qualitative and quantitative measurements of a target
sample. The EDX depth profile is usually ~5 pum, its detection minimum value is ~0.1 wt.%,
and elements starting from Na to U can be easily identified. The elements which are present
in compositions >0.1% can be identified in the EDX spectral analysis. Therefore, in this
study, the elements Cu and Fe with compositions >15% are determined very accurately
within a 5% error. In addition, to achieve RSD values, the results presented in Table 4
were taken from the different techniques at several measurements using an identical Cu-Fe
alloy sample such as seven measurements for CF-LIBS and five measurements for other
techniques on the same experimental conditions.

4. Conclusions

In summary, we have investigated the qualitative and quantitative characterization
of the Fe-Cu alloy sample using the LIBS spectroscopical technique. For the qualitative
analysis, the LIBS spectrum was acquired by focusing a 2nd harmonic (2w) Q-switched
Nd: YAG pulse laser (at a wavelength of 532 nm) on a sample surface. For the CF-LIBS
quantitative measurements, sample plasma was considered by calculating the plasma
excitation temperature and electron plasma number density having established the LTE
and optically thin plasma assumptions. The average value of the plasma excitation tem-
perature (~800 K) and electron plasma number density (~3.3 x 10'® cm~3) was used to
estimate the composition. For the comparative studies, the same sample was analyzed
using EDX and ICP-AES techniques. The results estimated using CF-LIBS were compared
with the EDX, and ICP-AES showed excellent agreement with the standard composition
(Cu: 20%; Fe: 80%) provided by the manufacturer. Therefore, CF-LIBS has a potential
technique for material quantification, and it can be employed in the metal industry for
elemental characterization.
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