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 
Abstract—Non contact evaluation of the thickness of paint 

coatings can be attempted by different destructive and nondestructive 
methods such as cross-section microscopy, gravimetric mass 
measurement, magnetic gauges, Eddy current, ultrasound or 
terahertz. Infrared thermography is a nondestructive and non-invasive 
method that can be envisaged as a useful tool to measure the surface 
thickness variations by analyzing the temperature response. In this 
paper, the thermal quadrupole method for two layered samples heated 
up with a pulsed excitation is firstly used. By analyzing the thermal 
responses as a function of thermal properties and thicknesses of both 
layers, optimal parameters for the excitation source can be identified. 
Simulations show that a pulsed excitation with duration of ten 
milliseconds allows obtaining a substrate-independent thermal 
response. Based on this result, an experimental setup consisting of a 
near-infrared laser diode and an Infrared camera was next used to 
evaluate the variation of paint coating thickness between 60 µm and 
130 µm on two samples. Results show that the parameters extracted 
for thermal images are correlated with the estimated thicknesses by 
the Eddy current methods. The laser pulsed thermography is thus an 
interesting alternative nondestructive method that can be moreover 
used for nonconductive substrates. 

 
Keywords—Nondestructive, paint coating, thickness, infrared 

thermography, laser, heterogeneity.  

I. INTRODUCTION 

OATING technology with a thickness of few dozen is 
widely used in various industries to achieve functional 

surfaces (wear resistance, corrosion resistance, cosmetic 
aspect, etc.) [1]. The thickness of the paint coating has to be 
controlled in several manufacturing industries such as 
automotive and aerospace, because it influences directly 
product performances aspect, etc. 

Destructive methods such as cross-section microscopy or 
gravimetric (mass) measurement [2] induce surface damage. 
These methods are used when nondestructive methods are not 
possible, or as a way of confirming nondestructive results.  

In the field of nondestructive inspection of paint coatings, 
many measuring techniques are commonly used:  
 Magnetic gauges [3], [4] are based on magnetic flux 

measurement through the layer of sample. The 
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inadequacy of this method is the determination of 
thickness for multilayered coating layer. 

 Eddy current method [5] use the interaction between a 
magnetic field source (i.e. coil probe) and the testing 
material to determine the thickness of the coating. The 
interpretation of the signals collected require a 
comparison with those provided by a reference sample 
[6]. 

 Ultrasound testing [7] estimates the paint thickness on 
nonmetal substrates via the velocity of ultrasonic waves in 
the layer. The ultrasonic sensor may be combined with 
other method such as Eddy current [2] or capacitance 
sensors. Ultrasound testing generally requires 
homogeneous surfaces, not being adapted on the 
measurement of heterogeneities.  

 Terahertz methods measure the time delay of a terahertz 
waveform using different analyzing methods such as 
terahertz imaging [8], terahertz sensor [9] or time-domain 
spectroscopy [10], but most of these methods are required 
a refractive index for calculating the coating thickness. 

Infrared thermography is a non-invasive method that can be 
used as a sensitive tool to measure the surface thickness 
variations by analyzing the temperature response. A laser, 
which is monochromatic and unidirectional, provides enough 
homogeneous heat for highlighting the thickness variations of 
paint coatings. Besides, it provides safe, low power [11] and a 
constant precision over the operational range [12]. 

This paper is devoted to prove the capacity of the infrared 
thermography to assess the heterogeneity of paint coatings on 
steel substrate. Firstly, a numerical simulation model has been 
used to examine the thermal behavior of the variations of the 
paint coating layer. This analysis allows optimizing the 
excitation parameters, thus generating prior information for 
real experimentations. Then, an experimental test setup using 
a laser and an Infrared thermal camera was used to analyze 
paint coatings varying between 60 µm and 130 µm. Results 
show that our system using pulsed laser combined to infrared 
thermography allows an accurate evaluation of the 
heterogeneity of paint coatings as compared with the results 
given by the Eddy current method. 

II. MATERIALS AND METHODS 

A. Samples 

Two paint coated samples of the same dimensions 1000 mm 
x 70 mm are considered. A black paint layer (epoxy) was 
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heterogeneously disposed on the steel substrate. Samples are 
thus composed of two layers: a steel layer of around 2mm 
thickness and a second layer of paint coating with a means 
thickness of 80µm and 100µm respectively for the first and 
second sample. The coating thicknesses variations were in the 
range of 60 µm-90 µm and 75 µm-130 µm respectively. The 
heterogeneity of the paint coatings was evaluated with the 
Eddy current method over one direction in the middle of the 
sample with a spatial resolution of 15 mm. For this reason, the 
laser infrared thermography method was applied on the same 
two samples along the same direction in the middle of the 
sample and with the same spatial resolution of 15 mm.  

B. Thermal Modeling 

In the case of two layers samples (paint coatings on steel 
substrate); the thermal response may arise from each one of 
the layers. A thermal response that will be measured by an 
infrared camera will therefore reflect the thermal properties of 
both layers. To obtain a substrate-independent thermal 
response, the properties of the heating source should be 
addressed. In order to get an insight on the influence of the 
substrate and be able to highlight only the thermal response of 
the paint coating, a finite element model based on physic-
thermal representation was developed under Comsol™ [13]. 

 

 
Fig. 1 Model for a two-layered structure [14] 

 
This model takes into account the different thermal 

response according to the thicknesses of the two layers and the 
excitation parameters, as shown in Fig. 1. This model requires 
the physical parameters of each layer and the parameters of 
the excitation, as indicated in Table I. In this model, each layer 
was represented by a thermal quadrupole, as shown in Fig. 2, 
and the heat transfer was considered to be one dimensional 
[15].  
 

 

Fig. 2 Representation of three cascaded quadrupole of two-layered 
samples [14] 

 
The heat transport inside the sample is described by Stefest 

algorithm and Laplace transformation. Equation (1) represents 
the fundamental result of thermal quadrupole method which 
linearly relates the input vector (temperature, heat flux) to its 
corresponding output vector through a square matrix called 

thermal quadrupole matrix [16]. The transformed heat flux 
ɸ	଴ሺ0, x ൌ 0ሻ and temperature	θ	଴ሺ0, x ൌ 0ሻ can thus be 
expressed according to quantities ɸ	ୣሺ0, x ൌ eଵሻ and	θ	ୣሺ0, x ൌ
eଵሻ	as [17]:  
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The different steps of the method are not presented here, but 

can be found in [15]. The resolution of this matrix system led 
to: 
 

௘ߠ ൌ
ሾ௛ሺ஺భ஻మା஻భ஽మሻା஺భ஺మା஻భ஼మሿொ

௛మሺ஺భ஻మା஻భ஽మሻା௛ሺ஺భ஺మା஻భ஼మା஼భ஻మା஽భ஽మሻା஼భ஺మା஽భ஼మ
      (2) 

 
with: 

)(
i

i
i

e
a

p
chA 

;

i
i

i
i

i
k

a

p

e
a

p
sh

B

)(


; )(

i
i

i
i

i
e

a

p
shk

a

p
C  ;

t

i
p

)2ln(
 ; 

and )(
i

i
i

e
a

p
chD  . 

 
TABLE I 

UNITS FOR THERMAL PROPERTIES 

Symbol Quantity Unitsa 

ɸ଴ 
ܽ

Front heat flux density 
Thermal diffusivity in layer 

W.mିଶ 
݉ଶ. ଵିݏ

ɸ௘ Rear heat flux density W.mିଶ

°Laplace transform of the temperature K ߠ
݁௜ Thickness in layer i m
݄଴ Front heat losses W.mିଶ. Kିଵ

݄ ௘ Rear heat losses W.mିଶ. Kିଵ

‐ Quadrupole Coefficient ܣ
Quadrupole Coefficient K.mଶ.W ܤ ିଵ

Quadrupole Coefficient K.mଶ.W ܥ ିଵ

 ܦ
௜ߣ

Quadrupole Coefficient 
Thermal conductivity in layer i 

- 
W.mିଵ. Kିଵ

݅ 
ݐ

Index 
Time 

െ 
ݏ

a, W = Watt, K° = Kelvin, m = meters and s=seconds. 
 

The estimation of the flux density allows modeling the 
thermal response of the two layers sample. Varying the 
physical parameters according to real samples that will be 
analyzed and the thickness of both layers, we are able to 
simulate different thermal responses and thus to pick up the 
optimal parameters of the excitation that highlight only the 
thermal response of the paint coating. 

C. Experimental Setup 

The experimental setup for the measurement of thermal 
properties on paint coating samples is shown in Fig. 3. 

The specimen is heated by laser diode in the near-infrared 
region (λ=810 nm, power of 3W/cm2). The laser beam passes 
through the mirror of a deviation device and heats the sample 
at a determinate position.  
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Fig. 3 Experimental setup: (a) Schematic representation. (b) Picture 
of the real setup implemented 

 
A continuous acquisition by an Infrared (IR) camera (range 

of 7.5-13 μm, 640 × 480 matrix detector) is placed at 30 cm 
from the sample in 90° direction so as to detect the whole area 
heated by the laser. A programmable delay between the laser 
trigger and the infrared camera was set by the camera control 
unit. The position of the specimen is marked with a step of 15 
mm. For one acquisition point, the IR camera provides a 
spatiotemporal collection of images called thermogram. After 
the thermogram record ended, the same procedure is repeated 
with another position. 

This system provides high precision, quick response, non-
contact measurement of the sample surface temperature 
through the laser pulse. 

 

 

 

 

Fig. 4 Representation of 3D data corresponding to the spatiotemporal 
collection of thermal images for an acquisition point (b) The thermal 
image recorded at the maximum heat. (c) Temporal variations of the 
temperatures recorded by IR camera at the selected X-Y coordinate 

for coating thickness of 61µm (green), 67 µm (red), and 111 µm 
(blue) 

D. Infrared Data Acquisition 

The thermogram recorded at one acquisition point, as 
shown in Fig. 4 (a), can be modeled by a 3D data. This data 
cube is constructed by stacking up the temporal sequences of 
thermal images [18].  

Theoretically, heating the sample with a laser, only one 
point of the analyzed sample should present a thermal 
variation. Practically, after passing through the mirror in the 
deviation device, heat dispersion is generated on the surface of 
the sample. Moreover, the sample itself is subject with thermal 
diffusion. As a consequence, each thermal image of the 
spatiotemporal collection has a Gaussian distribution as shown 
in Fig. 4 (b). This phenomenon can lead to misinterpretation 
of the thermal response. For this reason, we chose X-Y the 
coordinates in the thermal image sequences in which the 
maximum temperature is reached. Once the chosen 
coordinates, we are able to extract the thermal response of the 
sample analyzed as a function of time. Fig. 4 (c) shows the 
temporal variations of the temperatures recorded by an IR 
camera at three acquisition points presenting different coating 
thicknesses. 

E. Data Processing 

In this work, a spline analytical interpolation [19] of the 
discrete function defined by the temporal variations of the 
temperatures recorded by IR camera at the selected X-Y 
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coordinate is used to achieve a better estimation of these 
temporal variations. Indeed, as the IR camera records images 
with a specified frequency, the temperature variation is 
sampled with the same frequency and the highest temperature 
can by missed out. As shown in Fig. 5, the interpolation 
allows identifying the highest temperature for an acquisition 
point as well as to better describe the temporal variations of 
the temperature. 

 

 
 

Fig. 5 Temporal variations of the temperatures recorded by the IR 
camera at the selected X-Y coordinate (dotted line) and temporal 

variations interpolated by spline (continuous line) 
 

Once the temporal variation of the temperatures recorded by 
IR camera in an acquisition point were interpolated, we can 
extract two parameters: Tmax, representing the highest 
temperature that the acquisition point can reach and DeltaT, 
representing the time needed for a temperature decreasing to 
25% from the maximal thermal excursion in the cooling 
phase. These two parameters are in concordance with the two-
layered thermal model since, for an optimized excitation, the 
thermal variations related only to the thickness of the paint 
coating are highlighted by the highest temperature and the 
cooling phase. 

III. RESULTS AND DISCUSSIONS 

A. Identification of Optimal Heating Excitation Duration 
through Simulation 

Numerical simulations of the thermal response of two-
layered sample have been employed to determine the optimal 
thermal pulse excitation duration. This investigation was 
helpful to understand the relationship between the layer 
parameter (thicknesses, thermal properties) and the influence 
of excitation input on the thermal behavior of paint coating.  

First, simulations were performed by varying 
simultaneously the thickness of the painting layer and the 
pulse heating duration in order to study their effects on the 
thermal response. Fig. 6 presents the thermal responses for 
three paint coating thicknesses varying in the range 60µm - 
80µm for pulse excitation of duration 1, 10 and 60 ms. The 
metal substrate thickness of 500 µm was the same. The paint 
thickness variation has a radiative influence to transfer 

temperature to the metal substrate which has a high thermal 
conductivity. 

  

 

Fig. 6 Thermal response of paint coatings for laser pulse duration of 
(a) 1ms, (b) 10ms, and (c) 60ms for three paint coating thicknesses: 
60µm (blue), 70µm (red), and 80µm (green). Fixed metal substrate 

thickness 
 

These figures show that the time needed for a temperature 
decreasing to 25% from the maximal thermal excursion in the 
heating phase, i.e. DeltaT, is sensitive to the paint coating 
thickness whatever the duration of the excitation. The highest 
temperature that the acquisition point can reach, i.e. Tmax, is 
sensitive to the paint coating thickness only for excitation 
pulse above 10 seconds. As the epoxy thickness increases, 
there is a linearly increase in hotspot temperature. Hence, the 
measurement of thermal response can provide useful 
information of thickness variability. To conclude, from the 
first set of simulations, the optimal pulsed excitation duration 
should be between 10 and 60 milliseconds. 

In the second simulation, we have studied the effect of the 
metal substrate thickness in the thermal response since this 
response is influenced by each one of the layers. Fig. 7 
illustrates the fluctuation of temperature obtained for the same 
pulse excitation (duration of 1, 10 and 60 ms) by fixing the 
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paint coating thickness to 70 µm and varying the metal 
substrate thickness between 500 and 700 µm. 

 

 

 

Fig. 7 Thermal response of paint coatings for laser pulse duration of 
(a) 1ms, (b) 10ms, and (c) 60ms for three metal substrate thicknesses: 

500µm (blue), 600µm (red), and 700µm (green). Note that paint 
coating thickness is fixed 

 
The substrate thickness has no effect on Tmax for pulsed 

excitation of duration lesser than 10 ms and a relative small 
effect as compared with the influence of the paint coating 
thickness for durations greater than 10 ms. The DeltaT 
parameter is more influenced by substrate thickness and the 
comparative analysis indicates that the duration of the pulsed 
excitation should be lesser than 10 ms. 

From these two simulation studies, we conclude that a 
pulsed excitation of around 10 ms duration is needed to 
highlight only the thickness variation of paint coating layer 
and hence obtain a substrate-independent thermal response. 

This result served as the input of the next step of experimental 
setup in the next section. 

B. Application on Real Samples 

The laser-based pulsed thermography technique was 
compared to the Eddy current method for the samples 
presented in section II.A with paint coating thicknesses 
varying in the range 60µm - 130 µm. 

Figs. 8 and 9 show that the thickness variation 
measurements along the coated sample length using the Eddy 
current technique is highly correlated to DeltaT and Tmax 
parameters obtained from the thermograms recorded by the 
thermography method using a pulsed laser. The correlation 
rate between the two approaches reaches 92%, confirming that 
the laser assures the necessary heating. 
 

 
 

 

Fig. 8 Comparison of the DeltaT parameter extracted from temporal 
variations of the temperatures recorded by IR camera (blue curve) 

with the Eddy current measures (green line) for two samples having 
thicknesses variations of (a) 60 µm-90 µm (sample 1) and (b) 75 µm-

130 µm (sample 2) 
 
The discrimination observed on the thermal response during 

both heating and cooling stages is found to be conforming to 
numerical analysis results. Thus, it seems possible to 
characterize the thermal effect of the paint coating using laser 
infrared thermography. Another interesting application of the 
laser thermography can be the evaluation of paint coating 
heterogeneity on non-conductive substrates. 

 

0

1000

2000

3000

4000

5000

0,00 0,01 0,01 0,02 0,02 0,03 0,03

A
rb
it
ra
ry
 v
al
u
e

Time (seconds)

1ms

0

200

400

600

800

1000

0,0 0,1 0,2 0,3

A
rb
it
ra
ry
  v
al
u
e
 

Time (seconds)

10ms

0

400

800

1.200

1.600

0,0 0,1 0,2 0,3

A
rb
it
ra
ry
 v
al
u
e

Time (seconds)

60 ms

(a) 

(b) 

(a) 

(b) 

(c) 



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950

Vol:9, No:5, 2015

842

 

 

 
 

 

Fig. 9 Comparison of the Tmax parameter extracted from temporal 
variations of the temperatures recorded by IR camera (blue curve) 

with the Eddy current measures (green line) for two samples having 
thicknesses variations of (a) 60 µm-90 µm (sample 1) and (b) 75 µm-

130 µm (sample 2) 

IV. CONCLUSION 

In this research, a non-contact measurement method of 
coating thickness heterogeneity was suggested. The optimal 
parameters of the excitation can be identified through 
numerical simulations that are based on the thermal properties 
of each layer. The experimental results show that the pulsed 
laser thermography method can successfully be employed to 
evaluate the variation of paint coating thickness. Practical use 
of laser NDE for thickness inspection of coating can thus be 
considered, as for example as a feedback control system of a 
painting device for improving the surface quality. Further 
work will concern a more robust analysis for different type of 
painting, colors and substrates including nonconductive 
substrates. 

ACKNOWLEDGMENT 

The research for this paper was financially supported by 
Communauté d’agglomération de Châlons-en-Champagne, 
France. 

REFERENCES  
[1] T. O. Kim, H. Y. Kim, C. M. Kim, and J. H. Ahn, “Non-Contact and In-

Process Measurement of Film Coating Thickness by Combining Two 
Principles of Eddy-Current and Capacitance Sensing,” CIRP Ann. - 
Manuf. Technol., vol. 56, no. 1, pp. 509–512, 2007.  

[2] D. Chen, Q. Ji, L. Zhao, and H. Zhang, “Application of Pulsed Eddy 
Current and Ultrasonic Sensors in Paint Film Thickness Measuring,” 
Control and Decision Conference (CCDC '09), pp. 4461–4464, Chinese, 
17-19 June 2009. 

[3] K. Chandler, and R. E. Mansford, “Measurement of Thickness of 
Sprayed Metal Coating on Steel,” ICE Proceeding, vol. 30, no. 1, 
pp.131–146, 1965. 

[4] J. V. Koleske, “Paint and Coating Testing Manual,” 15th Edition of the 
Gardner-Sward Handbook, ASTM International, Bridgeport, 1995. 

[5] C. V. Dodd, and W. A. Simpson, “Thickness Measurements Using 
Eddy-Current Techniques,” Proc. Spring Conference of the American 
Society for Nondestructive Testing, Los Angeles, March 1972. 

[6] PJ. Shull, “Nondestructive evaluation Theory: techniques, and 
applications”, Marcel Dekker (Ed.), pp. 848, 2002.  

[7] L. Ming-Xuan, W. Xiao-Min, and M. Jie, “Thickness Measurement of a 
Film on a Substrate by Low-Frequency Ultrasound,” Chinese Physics 
Letters, vol. 21, no. 5, 2004.  

[8] T. Kurabayashi, S. Yodokawa, and S. Kosaka, “Terahertz imaging 
through paint layers,” 37th International Conference on Infrared 
Millimeter and Terahertz Waves, pp. 1–2, Sep. 2012. 

[9] K. Su, R. K. May, I. S. Gregory, P. F. Taday, Y. C. Shen, and J. A. 
Zeitler, “Terahertz sensor for non-contact thickness measurement of car 
paints,” 38th international Conference on Infrared Millimeter and 
Terahertz Waves (IRMMW-THz), pp.1–2, 1-6 Sept. 2013. 

[10] Y. Izutani, M. Akagi, and K. Kitagishi, “Measurements of paint 
thickness of automobiles by using THz time-domain spectroscopy,” 37th 
international Conference on Infrared Millimeter and Terahertz Waves 
(IRMMW-THz), pp. 1–2, 23-28 Sept. 2012.  

[11] C. A. Hebblewhite, and W. E. Moore, “Contextual scanning -3D 
Environment acquisition of specular surfaces in limestone caves,” 6th 
international Conference on virtual system and multimedia, Volume 
editor, pp. 72, Japan, 2000.  

[12] J. A. Beraldin, F. Blais, M. Rioux, L. Cournoyer, D. G. Laurin, and S. G. 
MacLean, “Short- and medium-range 3D sensing for space 
applications,” SPIE proceeding, Visual Information Processing, vol. 
3074, 22 July 1997. 

[13] M. L. Youcef, L. Ibos, A. Mazioud, Y. Candau, P. Brémond, M. Piro, 
and A. Filloux, “A non destructive method for diagnostic of insulated 
building walls using infrared thermography in real situation,” 9th 
International Conference on Quantitative InfraRed Thermography, pp. 
2–3, Poland, July 2008. 

[14] F.Najar, and J. Sicard, “Contrôle non destructive des matériaux par 
thermographie infrarouge: simulation numérique et application 
expérimentale,” 2th Mechanical congress, pp. 149–154, Casablanca, 
1995. 

[15] K. Mouhoubi, J.L Bodnar, L. Ibos, V. Detalle, J.M. Vallet, T. Duvaut 
“Identification of frescoes among murals paintings of the inheritance by 
stimulated infra-red thermography,” 12th Quantitative InfraRed 
Thermography (QIRT) conference, pp. 160, France, July 2014.  

[16] J. Ordonez-Miranda, and J. J. Alvarado-Gil, “Thermal quadrupole 
method applied to flat and spherical semi-transparent multilayers heated 
up with a modulated laser beam,” Journal Applied Physics, vol. 112, no. 
11, pp. 1–10, 2012. 

[17] J. Pailhes, C. Pradere, J. L. Battaglia, J. Toutain, a. Kusiak, a. W. 
Aregba, and J. C. Batsale, “Thermal quadrupole method with internal 
heat sources,” International Journal of Thermal Sciences, vol. 53, no. 11, 
pp. 49–55, March 2012. 

[18] S. Mezghani, E. Perrin, J. L. Bodnar, B. Cauwe, and V. Vrabie 
“Multiscale analysis of thermography imaging dynamic for sol-gel 
coating discrimination,” 12th Quantitative InfraRed Thermography 
(QIRT) conference, pp. 199, France, July 2014. 

[19] A. Mitra, and H. S. Dhillon, “Evaluating Sinusoidal Functions by a Low 
Complexity Cubic Spline Interpolator with Error Optimization,” 
International Journal of Electrical Robotics Electronics and 
Communications Engineering, vol. 1, no. 9, pp. 1275–1282, 2007. 

(a) 

(b) 


