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Abstract: Traditional infrared thermography (IRT) techniques can only provide 12 
two-dimensional (2D) projections of surface temperatures, and it is difficult to intuitively 13 
present the surface profile of the three-dimensional (3D) structure and the spatial dis- 14 
tribution of the internal defects. In this paper, a low cost, high efficiency and high preci- 15 
sion photothermal 3D tomography technology was proposed by combing 3D thermog- 16 
raphy and infrared tomography for the first time. Specifically, this paper abandoned ad- 17 
ditional 3D sensors and complex motion systems such as robotic arms and scanning 18 
platforms. Differently, it utilized a galvanometer to deflect laser for line structure light 19 
scanning, and captured the thermal stripes generated on the structural surface using an 20 
infrared camera, and then realized the highly efficient 3D reconstruction; moreover, this 21 
work introduced undersampling strategy into photothermal coherence tomography 22 
(PCT) technology to enhance the ranging depth, and the ranging results were transmitted 23 
to the 3D coordinate system, so as to realize the photothermal 3D tomography. Through 24 
the detection experiments of metal additive manufacturing parts, it was shown that the 25 
proposed method could reconstruct the 3D contour of the specimen, and identified the 26 
first heterogeneous interface below the surface of the specimen.  27 
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 29 

1. Introduction 30 

As an advanced non-destructive testing (NDT) method, laser thermography shows 31 
unique advantages in the detection of lack-of-fusion (LOF) defects in metal additive 32 
manufacturing (MAM) due to its non-contact and large-area imaging features [1-3]. 33 
However, in contrast to sound waves and electromagnetic waves that follow hyperbolic 34 
differential equations, thermal waves are essentially diffusive waves without wavefronts 35 
[4-6]. As a result, the traditional two-dimensional (2D) infrared thermography (IRT) can 36 
only capture the surface temperature distribution images that reflect the integral infor- 37 
mation along the axial depth, and it is difficult to quantitatively assess internal anoma- 38 
lous. Moreover, these 2D images are planar projections of three-dimensional (3D) objects, 39 
and cannot provide intuitive detection results for objects with complex geometries. With 40 
the rapid development of thermal science, modern control theory and computer vision in 41 
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recent years, it is possible to combine 3D imaging technology with quantitative infrared 1 
detection technology to realize photothermal 3D tomography. 2 

In this paper, a low cost, and high accuracy photothermal 3D tomography method 3 
and system are proposed. The system first performs line structure light scanning by de- 4 
flecting the laser using a galvanometer, and reconstructs the 3D surface contour of the 5 
specimen based on laser triangulation. Then, it enhances the depth measurement accu- 6 
racy of photothermal coherence tomography (PCT) with the help of undersampling 7 
strategy, and projects the result into the 3D coordinate system, thus realizing the photo- 8 
thermal 3D tomography. With these advances, this work demonstrates photothermal 3D 9 
tomography results of MAM parts containing LOF defects, reconstructing the 3D surface 10 
contour of the specimen as well as the first subsurface heterogenous interface.  11 

2. Materials and Methods 12 

2.1. Specimen 13 

To systematically evaluate the detection effectiveness of photothermal 3D tomog- 14 
raphy for MAM part, a 316L stainless steel blade simulated sample with a length of 130 15 
mm, featuring variable width, variable thickness, and variable curvature, were selected 16 
for photothermal 3D tomography detection. The sample was processed using selective 17 
laser melting (SLM) forming technology, and its surface was sandblasted to remove burrs. 18 
The sample contains 9 circular LOF defects parallel to the surface, the diameters of the 19 
defects in the three columns from left to right along the projection direction are 8 mm, 9 20 
mm, and 10 mm, while the depths of the defects in the three rows from top to bottom are 21 
0.4 mm, 0.8 mm, and 1.2 mm, and the thickness of all defects is 0.5 mm. 22 

2.2. Experimental Setup 23 

The structure diagram of the photothermal 3D tomography system is shown in Fig. 24 
1. The resolution of the Mid-wave infrared camera is 640×512, the integration time is 800 25 
μs, and the noise equivalent temperature difference is about 50 mK. The center wave- 26 
length of the laser is 1080 nm, the maximum output power is 400 W, and the switching 27 
optical response time ≤ 10 μs. The key innovation of this paper is the linear structured 28 
optical galvanometer scanning photothermal 3D reconstruction technique, and the pho- 29 
tothermal coherent tomography technique combined with undersampling strategy. 30 

 31 

Figure 1. Structure diagram of the photothermal 3D tomography system: (a) linear structured light 32 
scanning 3D reconstruction; (b) PCT combined with undersampling strategy. 33 

3. Results 34 

As shown in Fig. 2b, the traditional long-pulse IRT technology detected 6 defects 35 
with depths of 0.4 mm and 0.8 mm, but when the depth of the preset defects reached 1.2 36 
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mm, the defects were almost unrecognizable. Due to the geometric distortion caused by 1 
the 2D projection imaging mechanism, the detection results could not truly present the 2 
curved surface characteristics of the sample. As shown in Fig. 2c, the photothermal 3D 3 
tomography detection method achieved accurate reconstruction of the 3D morphology of 4 
the blade simulated sample (the raised portion at the bottom of the sample was used for 5 
fixation and was not detected). The measured distance from the top to the bottom of the 6 
sample was 128 mm, and the measurement deviation ≤ 1.2%. The slice image shown in 7 
Fig. 2d clearly displays the curved surface characteristics of the blade simulated speci- 8 
men at different positions and the depth of the pre-embedded defects: the detection re- 9 
sults for the defects at depths of 0.4 mm and 0.8 mm are relatively clear, while the defect 10 
at a depth of 1.2 mm appears relatively fuzzy. Additionally, from Fig. 2d, the feature of 11 
the sample with thick edges and a thin center can also be observed. The two processes of 12 
3D scanning and depth resolution took 2 s and 8 s, respectively. The sensor needs to be 13 
arranged only on one side of the sample, and the concave side of the imaging results is 14 
relatively smooth, without obvious artifacts or other significant noise interference. 15 

 16 

Figure 2. Detection results of 316L stainless steel blade simulated sample: (a) 3D schematic (the 17 
diameters of the defects in the three columns from left to right along the projection direction are 8 18 
mm, 9 mm, and 10 mm, while the depths of the defects in the three rows from top to bottom are 0.4 19 
mm, 0.8 mm, and 1.2 mm, and the thickness of all defects is 0.5 mm); (b) traditional 2D IRT detec- 20 
tion; (c) photothermal 3D tomography with surface translucent treatment; (d) photothermal 3D 21 
tomography transaxial slice. 22 

4. Discussion 23 

In this paper, an innovative photothermal 3D tomography method and system are 24 
presented. Photothermal 3D tomography combines 3D IRT and infrared tomography 25 
technology to overcome the limitations of traditional detection methods in terms of 26 
hardware complexity, cost and detection performance. Instead of traditional 3D scanners 27 
and complex mechanical carrying parts, the method innovatively adopts galvanometer 28 
deflection laser to achieve linear structured light scanning, and captures thermal streaks 29 
generated by the excited structure surface through an infrared camera to achieve efficient 30 
3D reconstruction. In addition, this paper also combines photothermal correlation tech- 31 
nology with undersampling strategy to propose a new enhanced infrared tomography 32 
method, which can eliminate the interference caused by reflected laser on imaging results 33 
and weaken the problem of low contrast in defect areas caused by heat accumulation on 34 
the surface of specimens during laser irradiation. The experimental results show that the 35 
photothermal 3D tomography system can successfully recover the 3D contour of the 36 
surface of the MAM specimen, and there is no need to mark the key points and do not 37 
need to perform feature registration. The system was able to identify and recover the first 38 
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heterogeneous interface below the surface of the specimen, and this interface presented a 1 
clear boundary, unlike the progressive fuzzy boundary provided by traditional infrared 2 
tomography.  3 
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