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Mapping capability of linear correlation statistics for characterization of 
complex materials using laser-induced breakdown spectroscopy 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Linear correlation statistics applied to 
LIBS mapping of samples with non- 
uniform composition on surface and in 
depth. 

• Higher sensitivity to compositional 
changes by correlation 3D mapping 
method in comparison with conven-
tional LIBS mapping. 

• Location of corroded regions in the 
analyzed volume of brass samples by 
correlation 3D mapping analysis.  
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A B S T R A C T   

In this work, the capability of linear correlation statistics for chemical mapping by laser-induced breakdown 
spectroscopy (LIBS) has been studied for the first time for the characterization of samples with compositional 
changes on surface and in depth. For that purpose, a corrosion layer of varied spread has been caused in brass 
samples by chemical treatment and afterwards analyzed by LIBS. Correlation depth profiles, two-dimensional 
(2D) correlation maps and three-dimensional (3D) correlation maps have been generated from LIBS data to 
contrast the results obtained from treated and non-treated samples and zones. Conventional LIBS maps based on 
signal intensity have also been generated for comparison. The conclusions of this study demonstrate the capa-
bility and benefits of using the linear correlation method for 3D mapping by LIBS of samples with non-uniform 
composition. In this sense, the proposed methodology has allowed to determine the location of the corroded 
regions in the analyzed volume, even in the non-treated zones also affected by the byproducts originated from 
the chemical attack, in contrast to conventional LIBS mapping based on signal representation.   

1. Introduction 

Laser-Induced Breakdown Spectroscopy (LIBS) technique provides 
the characterization of chemical composition based on the analysis of 
the emission from a laser-induced plasma [1,2]. Among the capabilities 
of LIBS technique, one of its main features is that the spectral data 

extracted from each analysis location can be associated to spatial co-
ordinates [3–5]. This ability allows to obtain information about the 
elemental composition of the sample associated to a specific path along 
the sample surface (lateral distribution), along the cross section 
(depth-profiling) or associated to a certain area of the sample surface 
(2D chemical map). That characteristic of LIBS technique can be 
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exploited to study new and complex materials to understand the re-
lationships between the spatial distribution of chemical elements and 
the material’s properties. In addition, because removal of material is 
implicit in LIBS experiments, additional equipment is not required for 
depth-profiling analysis or generation of tomographic maps, that is, at 
different depth levels. A variety of applications exploiting these spatial 
capabilities of LIBS to carry out lateral distributions [6–9] and 
depth-profiling [10,11] can be found in literature. Regarding 2D 
chemical mapping, LIBS technique is a powerful analytical tool of 
conductive and nonconductive materials that does not require sample 
preparation or performing measurements in a vacuum atmosphere [3]. 
Moreover, lateral and in-depth analysis can be combined in 3D LIBS 
mapping to provide compositional information corresponding to a 
certain volume of the sample, although not many contributions have 
been reported in this mode of analysis [3,12,13], compared to surface 
mapping and depth-profiling separately. 

On the other hand, a review of the bibliography reveals that the 
results obtained when LIBS data are analyzed by means of statistical 
tools, such as linear correlation or artificial neural networks, are more 
robust against experimental fluctuations than those based only on the 
intensity of a reference line [14,15]. In this sense, correlation statistics 
have been successfully applied to the comparison of LIB spectra for 
quantification and classification tasks [14,16–22]. In addition, some 
studies have already proved that the comparison of LIBS spectra through 
the linear correlation coefficient provides an improvement of the depth 
profile quality and the interface localization by minimizing the influence 
of fluctuations and decay of signals in the global intensity of spectra, 
caused by sources other than concentration variations [10]. 

Based on the successful application of correlation statistics to the 
comparison of LIB spectra for depth profiling and for quantification and 
classification tasks, the goal of this research has been to study, for the 
first time to authors’ knowledge, the capability and possible benefits of 
linear correlation applied to LIBS mapping for the characterization of 
samples where the composition varies on surface and in depth. In order 
to compare the results obtained through the application of this statistical 
tool with conventional LIBS mapping based on intensity data, we have 
continued the study of corrosion and dealloying carried out in a previous 
work [23]. In that study, several brass specimens, previously subjected 
to a chemical attack, were analyzed by LIBS and the intensity of Zn I 
481.05 nm was plotted in different ways: depth profiles, 2D and 3D maps 
for the characterization of the corroded areas on the surface and with 
depth. In the present work, the proposed correlation method has been 
applied to the same brass samples to determine the location of the 
corroded regions by generating 3D correlation LIBS maps. In addition, 
correlation depth profiles and 2D correlation maps have also been 
plotted for a better explanation of the results through the comparison of 
treated and non-treated samples. It should be noted that the proposed 
mapping methodology is not limited to the application chosen as a proof 
of concept, but it can be extended to other fields of Material Science 
where pieces with non-uniform composition on surface and in depth 
require to be characterised with the best degree of precision by LIBS or 
by other spectroscopic techniques. 

2. Materials and methods 

2.1. Experimental setup 

The experimental setup consisted of a Q-switched Nd:YAG laser 
(Brilliant, Quantel, pulse width = 5 ns) emitting at 532 nm and a plano- 
convex quartz lens (f = 100 mm) to focus the laser beam at normal 
incidence onto the sample surface to produce sample ablation and 
plasma generation. In addition, a fiber optic cable was used to collect the 
radiation emitted from the plasma into the entrance of an Echelle 
spectrograph (Mechelle, Andor, spectral coverage from 200 to 850 nm) 
coupled to an ICCD camera (iStar, Andor). The synchronization of the 
spectral detection with respect to laser pulse was controlled by a delay 

generator (Stanford Research Systems, model DG-535). The experiments 
were carried out in air, at atmospheric pressure and at a laser pulse 
energy of 55 mJ that resulted in craters with a diameter of 640 μm. XYZ 
motorized stages were employed to control the sample movement and 
the location of the LIBS analysis. 

2.2. Sample preparation 

To perform this experiment brass was chosen as target material 
because its behavior under laser pulsed irradiation is quite representa-
tive of many materials, and in particular of metals, and because the 
spectral lines of copper and zinc have been widely studied by LIBS. In 
addition, oxides found in this material are quite common, which can 
open up some interesting perspectives for the industrial sector. 

Six brass samples (12 mm-diameter, 5 mm-thickness) like the one 
shown in Fig. 1a, were employed in the experiment. Two of them were 
not chemically treated: one was used as a pattern or reference sample 
while the other one was used for comparative purposes and will be 
denominated control sample hereafter. 

In order to obtain different grades of corrosion for the study, specific 
areas (about half part) of four of the brass samples were treated with a 
mixture of acetic acid and hydrogen peroxide during increasing expo-
sure times (1, 2, 3 and 6 h corresponding to sample 1 to 4, respectively). 
As a result of this treatment, a process of oxidation and dezincification 
has occurred in different grades in the treated brass samples, as shown in 
Fig. 1b, 1c, 1d and 1e. The attack procedure and the dezincification 
process have been described in detail in a previous work [23]. It should 
be noted that the zone of the samples subjected to the chemical treat-
ment corresponds to the left side of the samples in Fig. 1b, 1c, 1d and 1e, 
and it will be denominated treated region. However, as shown in Fig. 1, 
the corrosion process has not limited to the treated area of the samples, 
but it has spread over the entire surface of the sample due to the gen-
eration of a foam and other subproducts, formed from the corroded 
material during the chemical attack of the samples, which affects to the 
non-immersed area of the samples. 

2.3. Experimental methods 

2.3.1. Linear correlation 
In this study, part of the treated regions and the non-treated ones of 

the brass samples were analyzed by LIBS and the linear correlation co-
efficient values were calculated and plotted to detect the corroded zones 
along the surface and with depth in each sample. For this purpose, the 
statistical parameter of linear correlation coefficient was checked to 
avoid the disadvantages observed in some occasions when using in-
tensity values in the conventional mapping approach, like wrong data 
interpretation due to fluctuations or decay of the plasma signal [10]. 

Linear correlation measures the degree of interrelation between two 
variables, x and y, through the linear correlation coefficient, r, calcu-
lated using the following formula: 

r=
∑

i(xi − x)(yi − y)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

i(xi − x)2
√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑
i(yi − y)2

√

Where x and y are two data sets, x is the mean of all xi, and y is the mean 
of all yi [21]. 

The value of r lies inclusively between − 1 and +1 and has no units. 
The absolute value of r can be used as an indication of the association 
(correlation) between the x and y data sets [14], since the values around 
zero indicate linearly uncorrelated data sets while r = 1 and r = - 1 
correspond to complete positive and negative linear correlation, 
respectively, which means that the data points lie on a perfect straight 
line with positive (r = 1) and negative (r = - 1) slopes. 

2.3.2. Mapping methodology 
LIBS mapping has been carried out under the same irradiation 
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conditions in samples 1 to 4 and in the pattern sample. For that purpose, 
40 positions separated 0.75 mm have been analyzed in each sample, 
covering a mapped area of 5.25 mm × 3 mm that includes part of the 
treated and of the non-treated zones. 30 consecutive in-depth laser 
pulses have been delivered in each position. Afterwards, correlation 
coefficient values have been calculated by comparing each spectrum 
acquired from the analyzed samples with a reference one coming from 
the pattern sample not subjected to chemical attack, that is, free of 
corrosion. 

3. Results and discussion 

Based on the successful application of correlation statistics to the 
comparison of LIB spectra for quantification and classification tasks, the 
goal of this research was to study the possibility of using a simple linear 
correlation approach for distinguishing variations of composition over 
the entire volume of a sample though the generation of correlation LIBS 
maps. For this purpose, the linear correlation coefficient was employed 
for the comparison of spectra obtained from the LIBS analysis of the 
brass specimens. For the calculus of correlation coefficient values, the 
spectral intensities (yi) corresponding to a LIB spectrum y were plotted 
against intensities (xi) of a LIB spectrum x. In this way, each point in the 
generated plots corresponds to a pair of intensity values (xi, yi) at the 
same wavelength i. Some examples of the resulting correlation plots are 
shown in Fig. 2. On the one hand, Fig. 2a shows a typical correlation 
graph corresponding to a couple of very similar spectra. On the other 
hand, Fig. 2b shows a correlation graph of two spectra that are quite 
different. In the case of Fig. 2a, both spectra were acquired from non- 
treated samples (reference and control samples) and data points can 
be fitted to a straight line. However, one of the spectra of Fig. 2b was 
acquired from a non-treated sample (pattern sample) whereas the other 
one was acquired from the corroded area of a treated sample. Conse-
quently, the absolute value of the correlation coefficient, r, calculated 
using the equation included in section 2.3.1, is around 1 (0.9898) in the 
case of Fig. 2a and lower (0.7209) in the case of Fig. 2b. 

In order to contrast the results obtained through the application of 
this statistical tool with other ones based only in the intensity data, we 
have continued the study of corrosion and dealloying carried out in a 
previous paper [23] in six brass samples treated with acetic acid and 
hydrogen peroxide. This treatment caused a process of corrosion called 
dezincification or selective-leaching over a region of the samples 
(Fig. 1). 

With the aim of studying the extent of the corrosion process by LIBS 
in the surface and with depth, a mapping process has been carried out in 
samples 1 to 4 and, for comparison, in the pattern sample, following the 
mapping methodology explained in section 2.3.2. In order to test the 
mapping capability of the proposed correlation method by character-
izing the spread of corrosion process, we have used three different 
plotting methods based on the application of correlation statistics to the 
analysis of LIBS spectra: depth profiles, 2D maps and 3D maps. 

3.1. Correlation depth profiles 

In LIBS depth profiling, successive laser shots (30 in this study) are 
delivered on the same position of the sample to analyze the variation of 
the composition with depth. In this way, each acquired spectrum cor-
responds to a certain eroded layer of material or depth. For the calculus 
of the correlation coefficient, a reference spectrum taken from the 
analysis of the surface of the pattern sample was chosen in this study as 
the representative spectrum of a layer free of corrosion. Finally, the 
absolute value of the linear correlation coefficient was calculated by 
comparison of both, the reference spectrum and each one of the 30 
spectra of the sample in-depth analysis sequence. It should be noted that 
the same reference spectrum from the surface of the pattern sample was 
used for that comparison, instead of using a different one for each depth 
level. The reason is that r is known to be insensitive to the linear 
transformation of any or both of the two data sets for which it is 
calculated [14]. Therefore, r value is not influenced by those circum-
stances that affect the spectra uniformly, like experimental factors and 
sources other than concentration variations which can cause 

Fig. 1. Optical microscope images of the samples employed in the experiment: (a) Pattern or reference sample. (b) Sample 1. (c) Sample 2. (d) Sample 3. (e) 
Sample 4. 

Fig. 2. (a) Correlation graph of two spectra acquired from non-treated samples (pattern and control samples) showing the fitting of data to a straight line. (b) 
Correlation graph of two spectra acquired one from the pattern sample and another one from the corroded area of a treated sample as an example of low value of the 
correlation coefficient. 
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fluctuations or decay of the global spectral intensity. In this sense, as it 
was demonstrated in a previous work [10], the comparison of LIB 
spectra through the linear correlation coefficient avoids some problems 
of the classical depth profiling approach based on intensity evolution, 
such as scattered points and decrease in the intensity profile owing to 
pulse-to-pulse fluctuations and loss of emission signal with depth, 
respectively. These advantages of correlation calculus make unnecessary 
to use a different reference spectrum at each depth level for the calculus 
of r because, as the composition of the reference sample is homogeneous 
with depth, if there is a change in the spectral intensity of the reference 
sample due to depth, it will affect the whole spectrum but not signifi-
cantly to r calculus. Therefore, the resulting r values should be practi-
cally the same whatever reference spectrum chosen for the comparison 
with the spectra from the treated samples. 

In order to generate the correlation depth profiles for the corrosion 
study, the r values obtained by comparing the reference spectrum and 
each one of the 30 spectra of the in-depth sequence of the treated 
samples were plotted in a graph. The result was a depth profile in which 
the value of the linear correlation coefficient was plotted in the Y-axis 
and the number of laser pulses was plotted in the X-axis. As an example, 
Fig. 3 shows two correlation depth profiles corresponding to one in- 
depth analysis carried out in the treated area in sample 3 (Fig. 3a) and 
in the control sample (Fig. 3b), as examples of correlation depth profiles 
corresponding to a corroded sample and to a sample free of corrosion, 
respectively. As it can be seen, there is a clear difference between both 
correlation depth profiles. On the one hand, in the case of the correlation 
depth profile of the treated sample, shown in Fig. 3a, the absolute value 
of the correlation coefficient increases during the first eight pulses 
because of the progressive removal of the corrosion layer. Then, its value 
remains almost constant around 1 because the spectra corresponding to 
the 9th to 30th pulses are almost identical to the reference spectrum 
obtained from the pattern sample. In this way, it is possible to estimate 
the reach of the corrosion layer. However, in the case of the correlation 
depth profile from the control sample displayed in Fig. 3b, the value of 
the correlation coefficient is approximately 1 along all the ablation 
process due to the similarity of the spectra of the depth sequence with 
the reference spectrum. As shown, the correlation depth profiles allow to 
distinguish accurately between corroded layers and those which are free 
of corrosion. In addition, if the ablation rate is calculated, it is possible to 
express the X axis in the profiles in micrometers instead of number of 
pulses and therefore to estimate the thickness of the corroded layer from 
the correlation profiles. In this sense, average ablation rates were 
calculated for each sample like in our previous work [23], resulting in an 
estimation of corrosion thickness around 85 μm, with small differences 
of less than ten microns above and below, depending on the sample. 

3.2. 2D correlation maps 

The correlation depth profile has been proved as a good method to 
study the depth extent of the corrosion layer in a single point of the 
sample. Nevertheless, the corrosion area is not present along all the 
surface of the sample. At this regard, 2D correlation maps have been 
generated in this study to obtain information about compositional var-
iations in the surface of the sample, in this case, the exact location of the 
corroded regions. In 2D LIBS maps, successive individual analyses are 
performed in adjacent positions at the same depth level of the sample, 
usually the surface, and they are associated to spatial coordinates. In this 
study, spectral data extracted from each analysis location have been 
compared with the reference spectrum from the pattern sample to obtain 
the values of the correlation coefficient along the surface of the samples. 
Finally, these values have been plotted in form of 2D correlation maps 
where the color indicates the value of the correlation coefficient while 
the spatial information is in the X–Y axis. As an example, a correlation 
map of the surface of sample 2 is shown in Fig. 4 a, corresponding to a 
mapped area of 5.25 mm × 3 mm. As it can be observed in that map, the 
chemically-treated region (left zone), exhibits lower values of the cor-
relation coefficient, below 0.9 in most cases, and close to 0.8 in some 
zones, than the non-treated one (right zone). These lower values are due 
to the significant differences between the reference spectrum, obtained 
from the surface of the pattern sample, and the spectra from the attacked 
zone of sample 2, because of the compositional modifications due to the 
corrosion process. In contrast, the spectra from the non-treated region of 
sample 2 are more similar to the reference spectrum and therefore the 
correlation values are higher, around 0.94 (yellow-orange color). 
However, it should be pointed out that the correlation coefficients cor-
responding to the area of sample 2 that was not submerged in the 
chemical bath are lower than expected, as evidenced from comparison 
with the correlation map of the surface of the reference sample plotted in 
Fig. 4b, with values around 1 (red color). That is because, despite not 
being submerged in the chemical bath and therefore not directly 
attacked, the right region of sample 2 was slightly affected by the 
byproducts originated from the treatment (foam, vapor …) leading, as a 
consequence, to small differences of the corresponding spectra with the 
reference one. This explanation is supported by the appearance of the 
surface of sample 2 compared to the reference sample, as shown in 
Fig. 1, where the right side of samples 1–4 has also been modified by the 
chemical treatment. 

Once demonstrated the capability of 2D correlation maps for the 
characterization of compositional variations in the surface of the sam-
ple, the next step is to compare the proposed correlation mapping pro-
cedure with the conventional one based on signal intensity. For that 
purpose, the intensity of the emission line of Zn I 481.05 nm has been 
plotted in Fig. 4 in form of 2D intensity maps: Fig. 4c and d, 

Fig. 3. Depth analysis of brass samples corresponding to 30 in-depth laser pulses. (a) Correlation depth profile of the treated zone of sample 3 (corroded sample). (b) 
Correlation depth profile of the control sample (non-corroded sample). 
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corresponding to the map from the surface of sample 2 and from that of 
the reference sample, respectively. It should be clarified that maps of 
Fig. 4 are the result of different ways of processing or plotting (corre-
lation or intensity maps) the data obtained from the analysis of sample 2 
(Fig. 4a and c), and of the reference sample (Fig. 4b and d). As shown in 
Fig. 4c, the treated region of the sample (left side) exhibits a lower in-
tensity of Zn than the non-treated one due to the dezincification of the 
brass caused by the chemical attack of the sample [23]. On the other 
hand, the intensity values of the right side of the map, corresponding to 
the non-treated region, are very similar to those of the intensity map of 
Fig. 4d obtained from the reference sample, that is, the sample that has 
not been subjected to the corrosion treatment. In this sense, in the in-
tensity map of Fig. 4c there is no evidence of corrosion process in the 
non-treated region, in contrast to the correlation map of Fig. 4a, 
demonstrating the higher sensitivity of the mapping procedure based on 
correlation as compared to conventional one or standard maps based on 
intensity. 

3.3. 3D correlation maps 

When the composition of the sample is not uniform on the surface 
nor with depth, like in the case of the corrosion layer of the samples used 
in this study, it cannot be totally characterized by LIBS through a 2D 
map or a depth profile. For that reason, LIBS depth profiles and 2D maps 
were combined in this work by a home-made software based on the 
application of correlation statistics to the analysis of LIBS spectra to plot 
the linear correlation coefficients in the format of 3D maps. In this way, 
the 3D correlation maps generated provided information about 
compositional changes corresponding to the analyzed volume of the 
samples, allowing the estimation of the reach and location of the 
corrosion layer. 

Fig. 5 displays the 3D correlation maps generated from all the treated 
samples, where the vertical axes correspond to depth, being therefore 
the surface located at the top of the map and corresponding to a mapped 
area of 5.25 mm × 3 mm. In those maps, the treated zone is located at 

Fig. 4. (a) 2D correlation map corresponding to the 
surface of sample 2. (b) 2D correlation map corre-
sponding to the surface of pattern sample (c) 2D in-
tensity map of Zn I 481.05 nm corresponding to the 
surface of sample 2. (d) 2D intensity map of Zn I 
481.05 nm corresponding to the surface of pattern 
sample. Color bar indicates values of the linear cor-
relation coefficient in (a) and (b) and values of in-
tensity in (c) and (d). The approximate location of the 
boundary between the treated and the non-treated 
regions of sample 2 has been indicated by a dotted 
line, for clarification. (For interpretation of the ref-
erences to color in this figure legend, the reader is 
referred to the Web version of this article.)   

Fig. 5. 3D correlation maps: (a) Sample 1. (b) Sample 2. (c) Sample 3. (d) Sample 4. The approximate location of the boundary between the treated and the non- 
treated regions of the samples has been indicated by a dotted line, for clarification. Color bars indicate values of the linear correlation coefficient. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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the left side of the dotted line that indicates the approximate location of 
the boundary between the treated and the non-treated regions. As shown 
in Fig. 5, the location of the corroded regions in the analyzed volume can 
be distinguished easily by means of the correlation coefficient plotted as 
a color scale. Correlation coefficient values between 0.8 and 1 are 
plotted from blue to red color, depending on the degree of corrosion. In 
Fig. 5, the red color assigned to correlation coefficients close to 1, cor-
responds to regions with a LIBS spectrum, and therefore chemical 
composition, very similar to that of the reference spectrum acquired 
from the pattern sample, that is, free of corrosion. On the other hand, 
blue colors are assigned to the lowest correlation values which have 
been obtained from the highly corroded regions. As shown, the response 
is quite similar in the four samples, although some differences can be 
observed as the exposure time to the corrosion attack is increased (from 
sample 1 to 4), especially in the zones which were not submerged in the 
chemical bath. 

As in the previous section, it should be highlighted that the part of 
the samples that was not immersed in the chemical mixture was also 
affected by the corrosion process. This effect is evident in the maps of the 
four samples of Fig. 5, where the non-submerged zones exhibit colors 
different to the red that is characteristic of a non-corroded sample. 
Indeed, the correlation value in the non-treated zone of the samples 
decreases from sample 1 to 4, indicating a higher degree of corrosion 
when the exposure time is increased. It can also be observed in Fig. 5 
that the corrosion in the non-treated zones affects only to the outer layer 
of the sample, in contrast to the treated zones where low correlation 
coefficients have been obtained deeper. On the contrary, in the 3D 
standard maps of the previous study [23], the effect of chemicals over 
the non-treated region was only perceptible in the sample with the 
longest treatment time, sample 4, indicating a lower sensibility to 
compositional changes of the conventional method compared to the 
proposed one. These results demonstrate the capability and benefits of 
3D correlation mapping for characterizing compositional variations in a 
volume, like the localization of non-uniform corrosion layers. 

4. Conclusions 

The capability of linear correlation for LIBS mapping and the ad-
vantages of this new kind of maps over standard maps, based only in the 
LIBS signal intensity, have been studied in this work. For that purpose, 
brass specimens with a corrosion layer covering to a greater of lesser 
extent the metal surface have been analyzed. 

Firstly, correlation depth profiles have been used to study the extent 
of the corrosion layer with depth. Moreover, 2D correlation maps have 
been generated to locate the region of the sample surface affected by the 
chemical attack. In both types of graphs, the results obtained from 
treated and non-treated samples have been compared. Finally, with the 
aim of characterizing the spread of the corrosion process over the sample 
volume and of testing its analytical capability, 3D correlation maps have 
been plotted by combining 2D correlation maps and correlation depth 
profiles. In those 3D maps, the correlation coefficient plotted as a color 
scale has allowed to determine the location of the corroded regions in 
the analyzed volume, even in the non-treated zones also affected by the 
byproducts originated from the chemical attack, in contrast to conven-
tional mapping. 

The results of this study have proven the capability of the linear 
correlation for LIBS mapping of samples with non-uniform composition 
on surface and in depth. In particular, it has been successfully tested to 
locate corroded regions at different depths and areas of brass samples. 
Moreover, the application of this statistical tool provides additional in-
formation in comparison with conventional LIBS mapping based on in-
tensity, since it improves the sensitivity and the accuracy of LIBS 
technique to discriminate regions with slightly different composition. 
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