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In this work, laser-induced breakdown spectroscopy (LIBS) analysis is optimized for direct estima-
tion of elemental composition, thermal conductivity and hardness for Ni-Cr-Nb alloys. These alloys 
were chosen with a variable elemental content of niobium and chromium. The influence of laser 
energy and shot numbers on measuring line intensity was investigated. Based on the ratio between 
two spectral lines, calibration curves were formed to estimate the element concentration and LIBS 
results were confirmed with related energy-dispersive X-ray spectroscopy (EDS) data. Hardness 
and thermal conductivity estimation using LIBS were done by measuring the ratio between two 
spectral lines, plasma excitation temperature and electron density for different samples. Semi-em-
pirical formulas correlated hardness and thermal conductivity with plasma temperature were estab-
lished. 
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1. Introduction 

As a kind of emission spectroscopy, laser-induced breakdown spectroscopy (LIBS) tech-
nology has been widely investigated and developed for variety of applications thanks to 
its unique and attractive features [1, 2]. Whilst qualitative and quantitative compositional 
analysis of geological [3], archaeological [4] and industrial [5] materials have taken 
the principal part in LIBS application, many other industrial applications witnessed 
quick progress. Concerned industrial applications include hazard pollution detection, 
raw material exploring, rapid sorting, depth profiling, hardness estimation and so on. 

Many laboratory studies and industrial projects [6] addressed the analysis of metals 
and metallic alloys. KUZUYA [7] classified aluminum alloy scrap by checking the differ-
ence of the concentration of main additional elements (Si, Cu, Mn, Mg, and Zn) which 
was determined by the calibration curves. VARELA et al. [8] demonstrated the feasibility 
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of LIBS as a suitable analytical tool for characterizing NiCrBSi-WC coatings cladded 
by laser. KASHIWAKURA et al. [9] proposed a promising method to sort steel scrap pre-
cisely with relatively high Cu contents. ARARAT-IBARGUEN et al. [10] applied LIBS to 
investigate the rapid diffusion of impurities in Zr based alloys. GAUDIUSO et al. [11] 
acquired depth profiles at six spots of Sasanian metallic coins to determine the con-
centration of (Hg, Ag, Cu, Pb, Au, Si, Ca) elements. LI et al. [12] reported using LIBS 
to analyze T9 steel samples having various aging grades in order to predict the corre-
lation between LIBS spectral analysis of steel and aging grade. WANG et al. [13] sug-
gested the in situ LIBS based monitoring system correlating the intensity of emission 
lines with micro-hardness of AISI4140 steel molten zone. LEGNAIOLI et al. [14] pre-
sented a valuable and broad review related to industrial applications of LIBS. They 
focused on researches where LIBS analysis made big differences compared to other 
techniques. Also, they reported the novel developing applications including the sorting 
of metallic waste and selective plastic recycling. 

Added to this, extensive efforts have been focused on the innovative idea of using 
LIBS technique for estimating hardness. The simple experimental set up with little 
sample preparation, non-contact analysis and easy data collection of LIBS make it 
a desirable tool for in situ hardness measurements. It is found that the intensity ratio 
of neutral to ionic spectral lines can be correlated with material strength [12, 15]. This 
correlation was attributed to the repulsive force of the laser-induced shockwaves. It was 
experimentally confirmed that the repulsion of the shock wave on the hard materials 
is much strong to produce a high-speed shock wave. Consequently, enough temperature 
is generated just behind the shock wave to ionize the atoms leading to an increase in 
ionic emission intensity in comparison with the intensity of neutral emission [16]. 
Moreover, studies revealed that the hardness of various materials can be evaluated by 
monitoring the plasma parameters, i.e. electron density and temperature [17]. This re-
search aims to obtain precise elemental composition of Ni-Cr-Nb nickel alloys using 
laser-induced plasma (LIP) of niobium and chromium with respect to nickel. In addi-
tion, the relationship between the ratio of spectral lines with thermal conductivity and 
surface hardness of considered alloys was investigated. Moreover, plasma parameters 
have been employed to estimate thermal conductivity and surface hardness of consid-
ered alloys. 

2. LIBS theory and principle 

LIBS principle relies on three successive physical processes: laser–matter interaction, 
generation of micro-plasma and expansion of plasma and cooling. The first two processes 
start with the arrival of the laser pulse and continue until the duration of the laser pulse, 
whereas the last process starts after the ending of the laser pulse [18]. When one or more 
energetic laser pulses are focused on the sample surface, the laser energy is absorbed 
by the surface and converted into heat energy. During local heating, melting and intense 
evaporation, a small amount from the sample material will be ablated and plasma 
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plume of high-pressure is produced. During the plasma cooling, excited atoms and ions 
in the upper state will relax and come back to their ground state and thereupon radiative 
emissions of the light at representative wavelengths of the ablated target are observed. 
The laser induced plasma characteristics depend on several parameters including the ma-
terial properties, laser parameters and the properties of the ambient medium. The max-
imum amount of material that could be vaporized Mv is related to the laser energy E and 
thermal properties of materials according to the following equation [18, 19]: 

E 1 – RM = ---------------------------------------------- (1)v CpTb – T0 + Lv 

where R, Cp, Tb, T0, Lv are surface reflectivity, specific heat, boiling temperature, initial 
temperature and latent heat of the material. The emission from the plasma gives the 
chemical compositional information of the target material. Supposing that the produced 
plasma is under local thermal equilibrium (LTE) conditions, the intensity Ik of an emis-
sion line (k) can be given by [18]: 

gk Aki
h c  

Ik = Ci Mv ----------------------- exp –Ek /kBT (2)
Z λk 

where Ci is the concentration of the element i in the plasma, while gk , Aki , Ek , Z, T  are 
the statistical weight, the transition probability, the energy of the excited state, the par-
tition function and the temperature, respectively. Therefore, the line intensity is directly 
proportional to the population densities of species presented in the plasma, that is, to 
the amount of vaporized material available for excitation Mv. 

In addition to elemental analysis, plasma parameters such as excitation tempera-
ture Te and electron number density Ne can be determined from the emission spectrum. 
For calculation of Te, Eq. (2) requisites rearrange to establish the Boltzmann plot as 
given in the following expression [20]: 

 I  –Ekln---------------- = ------------- + C (3)
 gk Aki  kBT 

Here, the natural logarithm of rescaled intensities of selected emission lines was plotted 
versus the upper state energy (Ek ) to result in a straight line with the slope of (–1/kBT ). 
For electron number density Ne calculation, the Stark broadening of well resolved spec-
tral lines can be used according to the relation [21, 22]: 

Δ λFWHMN = -------------------------N (4)e r2ωs 

In Eq. (4), Δλ is the Lorentzian FWHM of the spectral line, ωs is the Stark broadening 
parameter, values of which can be found in scientific data tables, Nr is the reference 



 432 H. SALLOOM, T. HAMAD 
  
 

  

  
   

   

electron density equal to 1016 (cm–3) for neural atoms and 1017 (cm–3) for singly ionized 
states. 

3. Experimental part 

3.1. Samples 

Four kinds of (Ni-Cr-Nb) Ni-based alloys manufactured by vacuum arc-melting were 
used in this work. The nominal concentrations and composition of alloys were tested 
by energy dispersive spectroscopy (EDS) system (Model: EX23000 BU). The choice 
of these alloys was based on the variable concentrations of chromium and niobium with 
unchanged nickel. The tested result of sample No. 1 was shown in Fig. 1. The micro 
-hardness and thermal conductivity were measured using micro-hardness tester (model: 
HVS-1000Z) and Lee’s Disc apparatus, respectively. The measured values are listed 
in Table 1. 

Fig. 1. EDS of sample No. 1 (Ni-24Cr-8Nb) alloy. 

T a b l e 1. Compositional analysis of Ni-Cr-Nb alloys measured by EDS analysis. 

No. Sample Hardness 
Thermal conductivity 
[W/mꞏk] 

1 Ni-24Cr-8Nb 245 90 

2 Ni-22Cr-10Nb 315 82 

3 Ni-20Cr-12Nb 380 70 

4 Ni-18Cr-14Nb 440 63 
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3.2. Reference materials 

For quantitative purpose, calibration curves have been obtained using standard refer-
ence materials of (Ni-Cr) and (Ni-Nb). Elemental contents of these alloys are given in 
Table 2. 

T a b l e 2. Contents of standard reference alloys used to obtain calibration curves. 

No. Cr [wt.%] Nb [wt.%] Ni [wt.%] 

30 – 70 

25 – 75 

Ni-Cr 
20 

18 

– 

– 

80 

82 

15 – 85 

12 – 88 

–  19  81  

–  18  82  

–  15  85  

Ni-Nb –  13  87  

–  11  89  

–  9  91  

–  5  95  

3.3. Optical system 

Lab built LIBS set up was designed and utilized to produce plasma by ablating Ni-Cr-Nb 
alloys target. A Q-switched Nd: YAG laser operating at a wavelength of 1064 nm and 
a pulse duration of 9 ns was used for the ablation process. The laser pulse energy was 
varied from 50 to 200 mJ to obtain different laser fluences for various numbers of laser 
pulses ranging from 1 to 50. Target was fixed on 3-D stage perpendicular to the laser 
beam. Plasma emission was detected using (Maya2000 Pro) spectrometer operating at 
1.0 μs gate delay and 1.0 ms integration time. Plasma emissions are collected via 
a multi-mode optical fiber cable with a diameter of 400 µm. Identification of interested 
spectral lines was performed according to NIST atomic spectral database [23]. 

4. Result and discussion 

4.1. Optimization of LIBS spectra 

The spectra of Ni-Cr-Nb alloy in ambient air is shown in Fig. 2. The atomic and ionic 
lines of nickel, chromium and niobium having less interference and enough intensities 
have been identified [24]. These spectral lines for Ni, Cr and Nb were chosen to eval-
uate the composition analysis of four Ni-Cr-Nb alloys having different chemical com-
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Fig. 2. Emission spectra for four examined nickel alloys having different Vickers hardness values. 

positions. Also, the analysis of these spectra will be given in the following sections to 
study the correlation between plasma parameters and physical properties of examined 
alloys. 

Optimizing procedures have been adopted by studying the influence of laser energy 
on emission lines intensities of sample No. 1 (Ni-24Cr-8Nb) alloy as shown in Fig. 3. 

Fig. 3. Emission intensity of spectral lines of sample No. 1 at various laser energies ranging from 50 to 
200 mJ. 
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It can be seen that there is a significant enhancement in the intensity of all identified 
lines as laser peak power increased from 50 to 200 mJ, due to higher mass ablation 
rate from the target and higher number of excited atoms leading to increased peak in-
tensity of the emission lines. However, this increase is addressed by other related works 
[20, 25] and suffers from saturation effect, especially at thick optical plasma due to 
plasma shielding [26]. 

On the other hand, to enhance the quantitative analysis of samples, the accumulating 
energy of laser radiation and laser shots is usually used to get better signal intensity [27] 
and reduce signal fluctuations from pulse to pulse [28] during measurements. Herein, 
the relative standard deviation (RSD) of the measurements performed under the same 

Fig. 4. RSD of the ratios Cr I/Ni II and Nb I/Ni II line of peak intensities versus laser pulse energy. 

Fig. 5. RSD of the ratios of line intensities versus the number of laser shots. 
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experimental conditions was calculated from seven replicated values [29]. Moreover, 
the ratio of two emission lines possessing the same upper level (or as close as possible) 
has been selected to ignore the effect of the plasma temperature on the variation between 
the ratio emission lines and their corresponding concentrations. Figure 4 shows the RSDs 
of ratios for (Cr I 433.49 nm/Ni I 356.63 nm), (Cr I 460.07 nm/Ni I 431.47 nm), (Nb I 
378.70 nm/Ni I 394.61 nm) and (Nb I419.08 nm/Ni I 409.36 nm) as a function of pulse 
energy in each laser shot. One can see the RSDs become much better with higher en-
ergies since the laser pulse is more stable at higher laser energies. 

Further, the number of shots is very important due to their effects on measuring 
time aspects. In Fig. 5 we optimized the RSD of the ratio for (Cr I 433.49 nm/Ni I 
356.63 nm), (Cr I 460.07 nm/Ni I 431.47 nm), (Nb I 378.70 nm/Ni I 394.61 nm) and 
(Nb I419.08 nm/Ni I 409.36 nm) line intensities. RSD values decrease significantly 
and then become stable when the laser shots continuously increase. 

4.2. Calibration curves 

In this work, the optimized parameters of 50 shots and 150 mJ pulse energy were chosen 
for the calibration curves. In Fig. 6, the calibration curves of Cr/Ni and Nb/Ni are plot-
ted. It can be noticed from Fig. 6a that the resonance line pairs of (Cr I 460.07 nm/Ni 
I 341.47 nm) and (Cr I 449.68 nm/Ni I 341.47 nm) have nonlinear behavior (bending) 
due to the self-absorption effect [9]. Moreover, the line pair of (Cr I 433.49 nm/Ni I 
356.63 nm) has a straight-line trend. On the other hand, Fig. 6b shows similar charac-
teristics of calibration lines to those of niobium of (Nb I 380.29 nm/Ni I 394.61 nm) and 
(Nb I 419.08 nm/Ni I 409.36 nm) which display the bending, while (Nb I 378.71 nm/ 
Ni I 374.90 nm) has a straight line trend. However, to establish ideal calibration curves, 

Fig. 6. Calibration curves for targeting elements Cr (a) and Nb (b) in nickel alloys. 

https://and(NbI419.08
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Fig. 6. Continued. 

T a b l e 3. Elemental contents [wt.%] of Cr and Nb measured by LIBS. 

No. Cr/Ni (EDS) Cr/Ni (LIBS) Relative error [%] 

1 0.352 0.341 3.4 

2 0.325 0.335 3.1 

3 0.294 0.278 5.4 

4 0.264 0.280 4.9 

Nb/Ni (EDS) Nb/Ni (LIBS) 

1 0.117 0.120 2.5 

2 0.147 0.156 6.1 

3 0.176 0.167 5.1 

4 0.205 0.219 6.8 

the criteria are to choose the non-resonance line to avoid the self-absorption effect. So, 
we examined the emission intensity ratios of different Ni lines versus the atomic ratios 
but we selected only the linear dependences. The measurements of elemental concen-
trations using LIBS were close to those of EDS results with relative errors varying be-
tween (3.1 to 5.4 for Cr/Ni) and (2.5 to 6.8 Nb/Ni) as shown in Table 3. 

4.3. LIBS-hardness method 

The following step of our study was to correlate the emission intensity ratio of ionic 
chromium Cr II to atomic chromium Cr I emission lines with the Vickers mechanical 
hardness. The results demonstrated in Fig. 7 indicate a positive linear correlation for 
three different ratios of considered emission lines with different regression values in the 
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Fig. 7. Intensity ratios of ionic to atomic (Cr II/Cr I) emission lines versus surface hardness of Ni-Cr-Nb 
alloys. 

range of the measured hardness. The ratio Cr II 313.66/Cr I 393.11 showed the out-
standing positive linear correlation with R2 = 0.972, compared with the other investi-
gated ratios. This result confirms that the ratio of the ionic to atomic Cr II/Cr I spectral 
lines’ emission intensity could be a valuable measurement tool for the surface hardness. 
This relationship with the mechanical hardness has been established in case of iron-based 
materials [30], cast iron samples [31] and aluminum alloy containing zeolite [32]. 
The behavior is interpreted in terms of laser-induced shock wave whose speed is greater 
for harder materials, due to the increase in a repulsive force, resulting in an enhance-
ment of the ionization process and then of the ionic to neutral intensity ratio. 

Fig. 8. Saha–Boltzmann plot of the emission lines present in sample No. 3. 
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T a b l e 4. Plasma parameters for nickel alloys samples. 

No. Sample Te [eV] Ne [cm–3] 

1 Ni-24Cr-8Nb 0.555 8.9 × 1016 

2 Ni-22Cr-10Nb 0.585 6.8 × 1016 

3 Ni-20Cr-12Nb 0.663 3.8 × 1016 

4 Ni-18Cr-14Nb 0.763 3.1 × 1016 

In addition, the possibility of hardness measurement could be done by measuring 
the values of the plasma parameters, i.e. electron density Ne and excitation temper-
ature Te utilizing Eqs. (3) and (4). Plots of ln(λ Ik /gAki ) versus Ek have been drawn for 
five emission lines of elements (Ni I, Ni II, Cr I, Cr II and Nb I) in the spectra of sample 
No. 3 as shown in Fig. 8. The excitation temperatures have been calculated from the 
slopes of the lines (–1/kB T ). Also, the Ni I spectral line at 341.47 nm is used to calculate 
the electron number density where Stark – broadening value of ωs = 0.29 nm is substi-
tuted in Eq. (4) [33] 

Te and Ne of all considered samples are listed in Table 4. It can be seen that excita-
tion temperature increases as thermal conductivity of sample decreases. This could be 
due to an increase in the amount of heat that is confined inside the sample [34]. 

Figure 9 demonstrates the relation between sample hardness and Te. It was clear 
that the hardest sample has the highest excitation temperature, Te increases from 0.555 
to 0.763 eV corresponding to the increase in hardness from 245 to 440 VHM. This 
linear correlation can be written by semi-empirical formula as HV = 934Te – 252. Es-
sentially, this formula can be applied for Ni-Cr-Nb alloys evaluated at the same exper-
imental conditions. The same trend has been previously reported by COWPE et al. [35] 
for bioceramics and by SATTAR et al. [16] for tungsten heavy alloys. They revealed 

Fig. 9. Plasma temperature Te with hardness. 
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Fig. 10. Variation in electron density with surface hardness. 

that the plasma shockwave velocity also influenced the value of plasma electron tem-
perature. 

Regarding the electron density, the values of Ne have inverse exponential correlation 
with hardness of considered alloys since they varied from 8.9 × 1016 to 3.1 × 1016 cm–3 

from soft to hard alloys as shown in Fig. 10. As the electron density directly depends 
on the rate of ablated mass of material, and the latter is inversely related to hardness, 
we can conclude that Ne decreases if the materials become harder [16]. 

4.4. LIBS – thermal conductivity analysis 

As a final step, an attempt was carried out to explore the relationship between the spec-
tral analysis and thermal conductivity of examined alloys. Figure 11 shows the Cr I 
433.99 nm, Cr I 460.07 nm, Cr I 449.68 nm and Cr I 339.45 nm line intensities as 
a function of measured thermal conductivity of four alloys. One can see that the be-
haviour is identical with a clear reverse linear correlation and different values of R2; 
the highest value of R2 = 0.99 was for Cr I 449.68 nm. This decline in line intensity is 
attributed to a decrease of ablated mass which should be related to the decrease in max-
imum temperature at the surface of materials having high thermal conductivity. Further, 
the two main factors which can influence the emission line intensity are Te and Ne as 
it can be seen in Eq. (2). Therefore, the line intensity is directly proportionate to the 
concentration of free atoms in the plasma, that is, to the quantity of ablated mass Mv. 
Obviously from Eq. (1), the ablated mass is related directly to the laser energy E and 
inversely proportional to thermal properties. 

On the other hand, Fig.  12 shows the  variation of  electron  temperature with in-
creasing thermal conductivity K. There is a linear decrease in Te of alloys and it could 
be represented by a semi-empirical formula as K = 163 – 135Te. The reason of Te var-
iation is attributed to a reduction of ablation efficiency (low ablation rates) with an in-
crease in thermal conductivity [16]. In fact, the laser energy that reaches the bulk 
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    Fig. 11. Line emission intensities of Cr I 433.99 nm, Cr I 460.07 nm, Cr I 449.68 nm and Cr I 339.45 nm 
versus thermal conductivity. 

Fig. 12. Correlation between electron temperature and thermal conductivity of Ni-Cr-Nb alloys. 

material generates heat, which will reside longer into the materials with a lower thermal 
conductivity, leading to remarkable mass removal enhancement. 

5. Conclusions 

This investigation underlines that LIBS can be used for the elemental composition and 
measurement of hardness and thermal conductivity of nickel alloys. Calibration curves 
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have been formed for Cr and Nb based on a group of observed lines presented in the 
considered alloys. Also, the spectral analysis and plasma parameters, i.e. plasma tem-
perature Te and electron density Ne, have been used to estimate surface hardness and 
thermal conductivity. The results obtained between the hardness and the ratio Cr II 
313.66 nm/Cr I 339.11 nm showed the outstanding positive linear correlation with 
R2 = 0.972. Experimental results indicate the positive correlation between Te and nickel 
alloys hardness. Moreover, the electron temperature correlates inversely with the ther-
mal conductivity due to the reduction of ablation efficiency. The results addressed the 
importance of using LIBS technique not only for the compositional analysis of nickel 
alloys but also for monitoring their thermal and mechanical properties. 
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