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Abstract 

Constant Velocity Flying-Spot thermography consists in scanning the sample surface by a 

focused CW-laser spot moving at constant speed. This technique was designed to study large 

surfaces in short times. In this work, we propose a method, based on a Flying-Spot 

thermography setup, to size the width of vertical cracks by fitting the temperature profile along 

the line that contains the center of the laser spot and is perpendicular to the crack to its analytical 

expression. This method is also valid in the opposite configuration, where the laser spot remains 

at rest and the sample is moving at constant velocity. This configuration is useful for in-line 

inspection in factories, for detecting and sizing cracks in real time, without stopping the 

production chain. Experimental measurements on stainless steel samples containing calibrated 

vertical cracks confirm the validity of the method to measure the crack width with high 

accuracy, even for submicronic wide cracks. 
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1. Introduction 

 

The growing necessity of in-service non-destructive testing and evaluation of surface 

breaking cracks in a wide variety of devices has been a challenging task for modern industries 

and laboratories. Several non-destructive techniques, like dye penetrants, magnetic particles, 

eddy currents and X-rays have been widely used to detect fissures. In the last decades, optically 

stimulated infrared (IR) thermography has gained attention because it is noncontact, safe and 

very sensitive to the presence of cracks [1-4]. To detect this kind of defects, a focused laser 

beam is directed to the sample surface close to the crack, which produces an asymmetry in the 

heat flux. In the case of infinite vertical cracks, an analytical solution of the surface temperature 

can be found for both lock-in and pulsed excitation. By fitting the surface temperature recorded 

by an IR camera to the analytical model the width of the crack was obtained [5,6]. For finite 

vertical cracks, the surface temperature has to be obtained numerically, and the depth and width 

of the crack can be obtained by analyzing the infrared thermogram [7-9].  

 In the nineties of the last century, following pioneering works performed two decades 

before [10-11], it was introduced the so-called Flying-Spot thermography to study large 

surfaces in short times [12]. It consists in illuminating the sample surface with a moving laser 

spot or line and detecting the time evolution of the surface temperature with an infrared camera 

[12-20]. The sample can be heated by a continuous wave [12-16], modulated [18] or pulsed 

laser [17-20]. This technique allows detecting cracks a few micrometers wide [17]. Recently, 

several approaches to characterize the geometrical parameters of the crack (depth, length, 

width, orientation…) have been introduced by several research groups [21-27]. They take 

advantage of the asymmetry of the temperature field at both sides of the crack arising from the 

thermal resistance produced by the crack, which partially blocks heat flux when the laser spot 

approaches the crack. Moreover, Flying-Spot thermography has been recently proposed to map 

the thermal diffusivity in heterogeneous and (an)isotropic samples [28-30]. 

 The aim of this work is to size the width of vertical cracks accurately using a Flying-

Spot thermography setup. First, we find an analytical expression for the surface temperature of 

a sample containing a vertical crack when the surface is scanned by a focused CW-laser spot 

moving at constant speed. The signature of the crack is a temperature discontinuity at the crack 

position. We analyze the dependence of this temperature jump on the experimental parameters: 

laser speed, laser radius, crack width and sample thermal properties. We propose a method to 

size the width of vertical cracks by fitting the temperature profile along the line that contains 

the center of the laser spot and is perpendicular to the crack to the analytical model. Note that 
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this method can be directly applied when the laser spot remains at rest and the sample is moving 

at constant velocity, just by performing a Galilean transformation of coordinates. This is of 

special interest for in-line production or in-line quality control processes in factories, where 

cracks must be detected in real time, without stopping the production chain. Experimental 

measurements on stainless steel samples containing calibrated vertical cracks indicate that the 

method is very sensitive to detect submicronic cracks. Moreover, by fitting the temperature 

profiles to the analytical model, the width of the crack is obtained with high accuracy.  

 

2. Theory 

 

Figure 1 represents a semi-infinite and opaque material containing an infinite vertical 

crack placed at plane y = 0. The sample is illuminated by a Dirac-like laser pulse of energy Qo 

and Gaussian profile of radius a (at 1/e2 of the intensity). The center of the laser spot is located 

at a distance d from the crack. Adiabatic boundary conditions at the sample surface have been 

assumed. The temperature profile along the y-axis is given by (see Eq. (10) in Ref. [6]): 
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where η is the energy fraction absorbed by the sample, 4Dtµ = is the thermal diffusion length 

(m), erfc is the complementary error function, K, D and ε are the thermal conductivity (Wm-1K-

1), thermal diffusivity (m2s-1) and thermal effusivity (Js-0.5m-2K-1) respectively. ou y y= + , 

where yo indicates the y coordinates covered by the laser spot; integration is performed to add 

the contribution of the whole Gaussian profile. Rth is the thermal contact resistance (W-1m2K) 

of the crack, which is related to the crack width (m), L, through the equation Rth = L/Kair [31]. 
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Figure 1. Scheme of a semi-infinite sample which contains an infinite vertical crack (in grey) and that is 

illuminated by a brief laser pulse of Gaussian profile. 

 

 

Now we consider that a CW-laser of power Po and Gaussian profile of radius a (at 1/e2) 

moving along the y-axis to the right at constant velocity v, while the material remains at rest, as 

it is shown in Fig. 2a. The laser was switched on at t = -to. The temperature profile along the y-

axis at time t is given by the convolution integral of Eq. (1): 
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 Here sign(x) is: -1 when x < 0, +1 when x > 0 and 0 when x = 0. In the previous 

expression the origin of time is taken in such a way that at time t = 0 the laser is at the origin of 

the reference frame. 

According to the relativity principle, by performing a Galilean transformation in Eq. (2), 

we calculate the temperature profile when the laser remains at rest while the material is moving 

at constant velocity along the y-axis to the left (see Fig. 2b). This means that exponents (yo-vτ)2 

and (y-vτ)2 must be replaced by (yo+vt-vτ)2 and (y+vt-vτ)2 respectively. 
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Figure 2. Cross section of the cracked sample. (a) The laser is moving to the right at constant speed v. (b) The 

laser is fixed and the sample is moving to the left at constant speed v. 

  

 

3. Simulations 

 

In this section, we show numerical calculations of the temperature profile along the y-

axis of a cracked sample, using Eq. (2), to analyze the effect of the different parameters in the 

visibility of the crack:  the thermal resistance (Rth), the laser radius (a) and the distance between 

laser and crack (d = vt). Simulations are performed for an AISI-304 stainless steel sample (D = 

4.0 mm2s-1 and K = 15 Wm-1K-1). 

 Figure 3 shows a sequence of temperature profiles along the y-axis for an AISI-304 

sample with an infinite vertical crack located at y = 0. The laser spot is moving from left to right 

at constant speed v = 10 mm/s. The power of the laser is Po = 1 W and its radius is a = 0.3 mm. 

Five position of the laser spot are shown: y = -1, -0.5, 0, 0.5 and 1 mm. For each position, three 

crack widths are considered: L = 25, 2.5 and 0.25 µm. As can be observed, the signature of the 

crack is an abrupt temperature discontinuity, which increases with the crack width. Note that 

even submicronic cracks can be detected. In this way, it is worth mentioning that, according to 

Eq. (2), the thermal resistance is correlated to the thermal conductivity of the material through 

the factor KRth. This means that narrow cracks are better detected in good thermal conducting 

materials (metals, alloys, ceramics, etc.) than in thermal insulators (polymers, composites, etc.).  
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Figure 3. Sequence of temperature profiles for an AISI-304 sample with an infinite vertical crack located at y = 

0. The laser spot is moving from left to right at constant speed v = 10 mm/s. The power of the laser is Po = 1 W 

and its radius is a = 0.3 mm. Each figure corresponds to a different position of the laser spot, which is marked by 

the arrow: y = -1, -0.5, 0, 0.5, 1 mm. In each figure, three crack widths are analyzed. 

 

 

In order to quantify the dependence of the temperature jump at the crack position on the 

experimental parameters, we define the normalized temperature contrast at the crack as 
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which is independent of the laser power Po. 

 Figure 4a shows the temperature contrast as a function of the crack width in an AISI-

304 sample. This simulation is performed for a laser spot of radius a = 0.4 mm, moving at v = 

10 mm/s, when the laser spot is just arriving at the crack position, i.e. d = -a, as shown in the 

inset of Fig. 4a. As can be observed, ∆ has a sigmoidal shape where three regions of interest 

can be distinguished. For narrow cracks, L ≤ 0.03 µm, the temperature contrast is so small that 

they remain undetected. For wide cracks, L ≥ 20 µm, the temperature contrast is very high and 

therefore they can detected easily, but they cannot be sized since there is no sensitivity, i.e. 

different widths produce the same temperature contrast. Finally, for intermediate widths, 

0.1 µm ≤ L ≤ 10 µm, fissures can be detected and sized. This is the region we are interested in 

this work.  

 In Fig. 4b we analyze the influence of the laser spot radius on the temperature contrast. 

Simulations are performed for AISI-304 and the laser spot moving at v = 10 mm/s and d = - 0.4 

mm. As can be observed, ∆ increases with a, even when the laser spot overlaps the crack. 

However, for a practical point of view, it is better to avoid the laser spot overlapping the fissure 

to prevent the light from entering inside the crack and disturbing the temperature profile. 

Accordingly, in order to obtain the highest temperature contrast without experimental artifacts 
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the best option to size a crack is using d = -a, i.e. when the laser spot is just touching the crack 

without overlapping it. 
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Figure 4. Simulations of temperature contrast as a function of the crack width in AISI-304. (a) v = 10 mm/s, a = 

0.4 mm and d = -a. (b) Effect of the laser radius, v = 10 mm/s and d = - 0.4 mm. (c) Effect of the laser speed, a = 

0.2 mm and d = -a. (d) Effect of increasing the laser speed while decreasing the laser radius. 

 

 

In Fig. 4c we evaluate the influence of the laser speed on the temperature contrast. 

Simulations are performed for AISI-304 with d = -a = -0.2 mm. Four speeds are considered.  

Simulations indicate that ∆ decreases as the laser speed rises. This result alerts us about the 

difficulty of detecting cracks using a fast moving laser. However, this result is because we keep 

the laser radius constant as we increase the speed. In the simulations of Fig. 4d we reduce the 

laser radius by a factor of ten while increasing the laser speed by the same factor. Moreover, 

we keep the rule of d = -a. As can be observed, the highest temperature contrast remains 

unchanged, but the sigmoidal curve is shifted to the left by a factor of ten, i.e. the sensitivity is 

displaced to narrower cracks. It is worth mentioning that combining high speed and small radius 
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allows detecting and sizing cracks of submicronic width (see the blue line in Fig. 4d). Anyway, 

it is worth mentioning that the relationship Rth = L/Kair is no longer valid when the width of the 

cracks is narrower than the mean free path of the air (≈ 0.1 µm at room temperature) [32]. 

Accordingly, for such a narrow cracks it is more accurate to give Rth than L.   

 According to the results of this section, we propose the following procedure to size 

cracks using Flying-Spot Thermography: (a) Using the temperature profile along the y-axis 

corresponding to the position of the laser spot just arriving to the crack (d ≈ -a) and (b) selecting 

high speeds together with tightly focused laser spots for sizing extremely narrow cracks.    

 

4. Experimental results and discussion 

 
We have developed an IR thermography setup where the sample is moved at constant 

velocity while the laser spot remains at rest. The scheme of the setup is shown in Fig. 5. We 

use a CW-laser (532 nm, up to 6 W), which is directed to the sample surface perpendicularly 

using a small mirror glued to a Ge window, which reflects visible light and transmits IR 

wavelengths. The laser spot is focused by means of a 10 cm focal length lens to a radius at the 

sample surface in the range 300 - 400 µm. An IR video camera (FLIR, model SC7500, 

320 × 256 pixels, pitch 30 μm and spectral band from 3 to 5 μm) records the temperature field 

at the sample surface at a frame rate between 1000 and 2000 images/s. The spatial resolution 

of the IR camera is improved up to 30 µm using an IR microscope lens. The corresponding field 

of view is 9.60 mm x 7.68 mm. The sample is mounted on a dynamic system (cart + track) that 

is coupled to an electric engine to move the cart at constant speed in the range between 1 and 

100 mm/s. 

To verify the ability of the Flying-Spot Thermography to size vertical cracks we have 

prepared AISI-304 stainless steel samples with calibrated vertical cracks. We put in contact two 

parallelepiped blocks of AISI-304. In order to calibrate the air gap between the two blocks we 

placed nickel tapes of equal thickness between them (10, 5 and 2.5 µm) and kept the blocks 

under pressure. In this way, the width of the air gap is equal to the thickness of the tapes. On 

the other hand, the surface of the blocks facing the IR camera is covered by a thin graphite layer 

(≈ 3 µm thick) to enhance both the absorption to the laser and the emissivity at infrared 

wavelengths.  
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Figure 5. Scheme of the IR thermography setup with a moving sample and a resting laser spot. 

 

 

 
 

Figure 6. Sequence of thermograms corresponding to a crack with L = 0.56 µm in AISI-304. The laser is at rest 

while the sample is moving to the left at v = 3.56 mm/s. The laser power is Po = 4 W and the radius is 0.4 mm. 

The arrow indicates the position of the crack. 

 

We start measuring the case of two AISI-304 blocks put directly in contact without any 

nickel tape. Although the surfaces in contact are polished, the width of that crack is not zero 

due to the remaining slight roughness. In fact we measured the width using a lock-in 

thermography setup [5] and we found Llock-in = 0.56 µm. Figure 6 shows a sequence of 

thermograms corresponding to this sample. The white arrow indicates the position of the crack. 

Note that even for a so narrow fissure the temperature discontinuity is clearly marked. In order 

2 mm 
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to size the crack width we take the temperature profile along the horizontal line across the center 

of the laser spot and perpendicular to the crack.  
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Figure 7. Temperature profiles corresponding to a crack 0.56 µm wide, for two positions of the crack, before 

and after reaching the laser, and for two sample speeds. Dots are the experimental data and the continuous lines 

the fit to Eq. (2). The retrieved crack width is indicated in red. 
 

 

Figure 7 shows those profiles for two positions of the crack, before and after reaching 

the laser, and for two sample speeds. Dots are the experimental data and the continuous lines 

the fits to Eq. (2) using a nonlinear least square fitting function implemented on MATLAB. 

Temperature profiles described by Eq. (2) depend on 6 parameters: Poη/ε, KRth = KL/Kair, D, v, 

a, and t, which governs the distance between the laser spot and the crack. The thermal properties 

of the sample (D and K) and the thermal conductivity of air Kair = 0.025 Wm-1K-1 are taken 
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from the literature. Parameters v and t are measured very precisely from the IR video recorded 

by the camera due to the high acquisition frame rate. The radius of the laser spot a is measured 

optically. Accordingly, the only parameters involved in the fittings of the temperature profiles 

using Eq. (2) are: Poη/ε and L. The values in red in Fig. 7 correspond to the retrieved crack 

width. We have analyzed the profiles corresponding to all the thermograms verifying that the 

distance between the crack and the center of the laser spot is in the range 0.4-0.8 mm (i.e. 

between a and 2a). The statistical analysis gives a crack width L = 0.5±0.2 µm, which is in good 

agreement with the lock-in thermography value indicating the reliability of the method. It is 

worth mentioning that the fitting of each profile is performed in less than one minute in a laptop. 
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Figure 8. The same as in Fig. 7, but for a 2.5 µm wide crack. The retrieved crack width is indicated in red. 
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Similarly, Figs. 8 and 9 show two temperature profiles in the case of a nominal crack 

width of 2.5 µm (lock-in thermography measurements indicate Llock-in = 2.72 µm) and a nominal 

crack width of 10 µm (Llock-in = 10.5 µm), respectively. Dots are the experimental data and the 

continuous lines the fit to Eq. (2). The values in red correspond to the fitted widths. As before, 

we have analyzed the profiles corresponding to all the thermograms verifying that the distance 

between the crack and the center of the laser spot is in the range 0.4-0.8 mm. In the case of the 

2.5 µm wide crack, the retrieved crack width is L = 2.5±0.4 µm, in very good agreement with 

the nominal value and showing a small uncertainty. However, for the 10 µm wide crack the 

retrieved width for v = 3.56 mm/s is L = 9.7±0.8 µm, whereas for v = 7.53 mm/s is L = 9±6 µm. 

This last result shows a huge uncertainty, even though the signal to noise ratio of the 

experimental data is excellent and the fits are very good. The reason for this uncertainty lies in 

the fact that for this combination of speed, radius and width, the temperature contrast is in the 

upper limit of the sizing region, very close to the boundary of the no sizing region, as it is shown 

by the red dot in Fig. 10. In this way, the mean value of the crack width is close to the real 

value, but the uncertainty is very high due to the sensitivity reduction. Unlike what happens for 

the thinner cracks studied in this work, the retrieved width value highly depends on the 

experimental parameters, in particular, the distance d between the center of the laser spot and 

the crack position. 

It is worth noting that, provided the thermography setup works properly, the uncertainty 

in the retrieved crack widths mainly depends on the sensitivity given by the sigmoid ∆ curve. 

When the ∆ value falls in the middle of the sigmoid curve, as is the case of the green dots in 

Fig. 10, the uncertainty is around 20%. As the ∆ value moves away from the maximum slope 

area, the uncertainty increases.  

The results shown in this section confirm the ability of Constant Velocity Flying-Spot 

Thermography not only to detect narrow cracks, but also to size them. Anyway, it must be 

pointed out that for some combinations of speed, radius and width, fissures can be detected but 

not sized. In particular, for a given speed, the sigmoid of ∆ is a guide to establish the upper 

value of the crack width that can be measured. It should be noted that Flying-Spot 

Thermography is not appropriate to size wide cracks, unless the laser (sample) speed is 

extremely low. Contrarily, this method is very efficient to size very narrow (submicronic) 

cracks, where other nondestructive techniques, as dye penetrant, fail. Anyway, it should be 

pointed out that high speed together with tightly focused laser beams requires IR cameras with 

high spatial resolution, approaching the diffraction limit of midwave IR cameras (3-5 µm). 
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Figure 9. The same as in Fig. 7, but for a 10 µm wide crack. The retrieved crack width is written in red. 
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Figure 10. Simulations of temperature contrast as a function of the crack width in AISI-304 for v = 7.53 mm/s 

and d = -a = -0.4 mm. Dots indicate the value of ∆ for the three crack widths studied in this work. 

 

 

Before closing this section let us discuss the fact that there is a relationship between the 

maximum sample speed and the highest frame rate provided by the IR camera. Actually, in 

order to guarantee that there is at least one thermogram where the crack is close enough to the 

laser spot, the distance travelled by the crack between two consecutive thermograms (v/n, where 

n is the frame rate) must be smaller than the longitudinal thermal diffusion length (µy = D/v 

[30]). Accordingly, vmax nD≤ . In this way, there is always a thermogram where the crack 

position is marked by a clear temperature jump.  

 

5. Conclusion 

 

 Flying-Spot thermography has been used for more than two decades to detect cracks in 

opaque materials. In this work, we have proposed a method to size the width of infinite vertical 

cracks, for which an analytical expression of the surface temperature can be obtained. By fitting 

to this model the temperature profile along the axis that crosses the center of the laser spot and 

is perpendicular to the fissure, the width of the crack is obtained. Measurements performed in 

stainless steel samples with calibrated cracks in the range 0.5 – 10 µm confirm the validity of 

the method.  

 This method can be extended to more realistic cracks (finite vertical cracks, slanted 

cracks, cracks of irregular shape, etc.) in order to retrieve their geometry (length, depth, width, 

angle, etc.). However, for those realistic cracks, there is no analytical expression for the surface 

temperature and therefore the heat diffusion equation must be solved numerically. This will be 

the subject of future research. Anyway, let us to point out that the method proposed in this work 

could be applied for finite surface breaking vertical cracks provided that both length and depth 

are larger than twice the transverse thermal diffusion length, µx,z = 2D/v [30]. For instance, in 

stainless steel samples and v = 5 mm/s, cracks larger than 2 x 2 mm2 behave as infinite. 
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