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Abstract
Additive manufacturing (AM) encompasses a range of advanced production methods that are increasingly applied across 
various sectors, particularly where customisation, high-strength materials, or complex parts are required. However, a key chal-
lenge remains the need for rapid methods and non-destructive testing (NDT) technologies to ensure part quality, particularly 
for detecting internal defects. Among these methods, infrared thermography (IRT) is gaining popularity due to its ease of use 
and low overall system cost (hardware, data acquisition, and processing) when compared to more complex techniques like 
tomography. AM can greatly benefit from IRT, both ex-situ for quality control and in-situ for process monitoring. This paper 
reviews the current literature on the application of IRT in the AM field. It examines IRT as a standard method for detecting 
typical defects in AM parts ex-situ, after the manufacturing process. The effectiveness of IRT techniques is evaluated in 
terms of their ability to detect defects based on size and depth. The paper also explores the use of IRT for in-situ process 
monitoring, where thermograms are captured during production and analysed to identify defects early. The advantages and 
limitations of IRT are discussed and compared with other NDT techniques. Additionally, the use of numerical simulation 
and artificial intelligence (AI) in enhancing IRT applications is reviewed. The findings highlight that while IRT is a valuable 
tool for defect characterisation in AM, significant potential remains for developing more advanced and efficient approaches 
that integrate data from multiple sources.
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1  Introduction

Additive manufacturing (AM), as defined by ASTM 
52900–2021, refers to a process of joining materials to cre-
ate objects from 3D model data, layer upon layer, as opposed 
to subtractive manufacturing methodologies. To produce 
a part with AM techniques, it is necessary to have a 3D 
object model in a CAD environment, which is subsequently 
sliced using parallel planes to obtain the 2D sections which, 
through overlapping, compose the final shape of the object 
[1]. The distance between two slicing planes is called the 
layer thickness. During an AM process, the material is 

deposited, sintered, or melted according to the 2D section, 
layer after layer, until the part is completed. AM technolo-
gies can work for a large range of materials, e.g. polymers, 
metals, and ceramics. The layer-by-layer approach in AM 
offers numerous advantages that have revolutionised part 
production with a transformative potential across a wide 
range of industries [2]. One significant benefit is the ability 
to create complex geometries, including intricate internal 
channels and lattice structures, which are difficult or even 
impossible to achieve with traditional manufacturing meth-
ods. This approach is also highly efficient, as material is 
added only where necessary, reducing waste and enhancing 
sustainability [3]. Furthermore, it facilitates the production 
of customised parts on demand, enabling tailored solutions 
for specific applications or individual requirements without 
incurring significant additional costs [4]. The process sup-
ports rapid iteration, allowing designers to modify 3D mod-
els and quickly translate these changes into physical parts 
without retooling or the need for new moulds. Additionally, 
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the precise control over the build process can improve the 
material microstructure and mechanical properties, result-
ing in enhanced performance in certain applications [5]. 
The layer-by-layer method also allows for the integration 
of different materials or functional elements within a single 
component, opening new opportunities for innovative and 
multifunctional designs. Despite the increasing adoption in 
several sectors, particularly aerospace, automotive and medi-
cal, the part qualification remains a critical challenge where 
safety and reliability are paramount [6, 7]. A key focus of 
qualification efforts is the evaluation of defects and overall 
quality, which requires a comprehensive approach to ensure 
that AM parts meet stringent performance standards. This 
control may be facilitated by the layer-by-layer approach 
because it enables the integration of advanced quality assur-
ance techniques directly into the process with the aim to 
track the defect creation during the part construction. Over-
all, therefore, in the AM chain is possible to apply tech-
niques for in-situ monitoring during fabrication and non-
destructive testing after production which are essential for 
identifying voids, cracks, and other irregularities. Among 
these, infrared thermography (IRT) has emerged as a power-
ful tool for detecting defects such as delaminations, voids, 
and cracks. IRT works by monitoring the thermal response 
of a part under controlled conditions, providing rapid, non-
contact evaluations of surface and near-surface irregular-
ities. In-situ IRT can be used in a particular way in AM 
using the temperature variation during the process, while a 
growing interest in ex-situ IRT has also been demonstrated 
by the introduction of this technique into the recent ISO/
ASTMTR52905 for the NDT quality control of AM parts 
[8]. The main advantages of thermography over other NDT 
testing are low cost and the opportunity of identifying defec-
tive parts early in the process, thereby reducing waste and 
unnecessary post-processing operations. Research on how 
to appropriately adapt and calibrate thermography for AM 
purposes has been growing because of the variety of AM 
processes and the resulting complexity of the manufactured 
objects.

This paper provides a comprehensive review of the cur-
rent state of thermography in the AM field to evaluate its 
potential in AM applications as a robust, sustainable, and 
cost-effective non-destructive testing method.

The paper is organised as follows. Section 2 presents 
the typical defects in AM part and how they are formed. 
Section 3 summarised the fundamentals of thermography, 
including differentiation in the performance of IRT, the 
sources that can be used to perform an active thermography 
and how IR camera data can be interpreted. The main fields 
of the applications of the IRT technique are also reported, 
albeit briefly. Section 4 offers a complete overview of the 
ongoing research on the application of thermography for 
the inspection of additively manufactured parts (i.e. ex-situ 

thermography) and process monitoring (i.e. in-situ thermog-
raphy). The data are summarised using tables and figures 
that help in proving an overview of the literature achieve-
ments and results. Moreover, the modelling and simulation 
of the IRT process are discussed. Artificial intelligence 
(AI) methods used to address the elaboration and analysis 
of complex thermographs are considered. Studies in which 
thermography is compared or used jointly with other NDT 
techniques are also mentioned to highlight differences, 
potentialities and limitations. Section 5 gives the overall 
conclusions and presents the future challenges of using IRT 
in the AM field.

2 � Defects in AM

Defects in an AM part may be caused by several phenomena. 
The detection of such defects generally depends on their 
morphology, size and geometry rather than their origin [8]. 
Given the diversity of AM techniques regarding physical 
phenomena and processing conditions, it is essential to clas-
sify the most relevant defects and how they can be detected 
properly.

Porosity refers to a set of internal pores within a material. 
These pores can contain, e.g., unmelted powder, gases, or 
binders, depending on the used process [9, 10]. The mor-
phology of such pores can vary from small and spherical to 
irregular and elongated.

The voids are usually categorised as either gas-induced 
or process-induced. Gas-induced porosity is caused by phe-
nomena that occur during the AM process or gas entrapped 
during the preparation of the raw materials. For example, in 
AM processes on metals, inert gas may remain entrapped 
when the particles solidify during powder atomization. 
These voids are spherical, and typically in the 10 μm to 80 
μm range [11, 12]. Gas inclusions, such as hydrogen pores, 
may form due to differences in solubility between solid and 
liquid metal. These pores, which often occur in aluminium, 
titanium and iron alloys, are usually spherical and in the 
5 μm to 20 μm range [11, 13, 14]. In AM for polymers or 
composites, air bubbles can be trapped in liquid resins, 
where they can reach a millimetric size, or inside the poly-
mer filaments [15–17].

Process-induced porosity arises from an excess of energy, 
which leads to keyhole porosity, or insufficient energy, 
which results in a lack of fusion (LOF).

Keyhole porosity involves the formation of a deep 
vapour cavity within the melt pool, characterised by a 
distinctive"J"shape, with an average width of 100 μm and 
a depth of 300 μm, which result in a greater width-to-
depth ratio than 1:2. When this cavity collapses, it creates 
spherical pores that are approximately 100 μm in diameter 
[11, 14, 18].
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LOFs are due to an incomplete bonding, which causes an 
irregular void formation. These defects can occur between 
adjacent melted (or deposited) lines, due to a missing over-
lap of material, or between layers when the energy or the 
temperature of the deposited material is insufficient to guar-
antee bonding between two subsequent layers. Moreover, 
spatter particles that absorb energy intended for the powder 
bed result in internal voids. LOF defects are generally large 
and irregular, and they pose great risks under mechanical 
stress. The dimensions in metallic AM parts may be over 
some hundreds of micrometres (lengths from 400 μm to 600 
μm and heights from 140 to 240 μm) [9, 11, 14, 19, 20]. 
Similar issues are observed in ME processes, where voids 
that formed due to a poor nozzle geometry or inadequate 
extrusion conditions may cause pores of some millimetres 
in size [21].

Balling defects form when the molten material breaks 
into spheroids, which are called"balls". In the case of metal-
lic AM parts, this defect is usually generated by incorrect 
process parameters or poor powder wetting. The average 
size of the spherical domains is around 150 μm to 250 μm, 
and such defects lead to rough surface finishing but also to 
porosity with similar dimensions [22].

Inclusions consist of foreign debris in the build environ-
ment, and they interfere with the consolidation process and 
contribute to porosity [13, 23].

Delamination is caused by an insufficient interlayer adhe-
sion, and it leads to the separation of layers, particularly in 
metal AM and stereolithography [24–26].

Cracks that form through solidification or in the solid 
state, due to temperature gradients, accumulated stresses or 
reduced ductility, have a significant impact on the integ-
rity of the parts. When these defects are present in metal 

AM, they are usually in the 150–200 µm long and 60–70 µm 
wide range [13, 27]. Cracks in binder jetting parts are mainly 
caused by high shear stresses during powder distribution and 
in the stereolithography process, where the mechanisms that 
lead to delamination also contribute to crack formation [26].

3 � Fundamentals of Thermography

IRT is the study of infrared radiation (IR) emissions [28–31] 
in a wavelength that ranges from 0.75 µm to 1000 µm, that 
is, between visible light and microwaves. IR radiations are 
emitted by every object above 0 K [28, 32]. The correlation 
between radiance and temperature is governed by Planck’s 
law, in which emissivity is treated as a wavelength-depend-
ent optical property of the material. Thermographic meas-
urements typically rely on the spectral radiance described by 
Planck’s law, especially when materials are not in thermal 
equilibrium or when narrow-band detectors are used. Under 
thermal equilibrium, a fixed temperature implies consistent 
IR radiation emission, and this correlation can be expressed 
through the material’s emissivity using Stefan–Boltzmann’s 
law [33], which is the integrated form of Planck’s law over 
all wavelengths. In contrast, non-equilibrium conditions lead 
to temperature gradients within the object, resulting in vary-
ing IR emissions. Moreover, IR emissions depend on various 
factors, such as geometry, material density variations, ther-
mal conductivity, and surface emissivity. Variations in IR 
radiation within the same component may therefore indicate 
sub-surface non-homogeneities, for instance, at interfaces 
between different materials. Despite an IRT measurement 
involves several complex key components working in tan-
dem, the main points are (Fig. 1) [30]:

Fig. 1   Basic principles on how 
a thermogram is produced
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–	 the irradiation source
–	 the detection system, usually an infrared camera or sen-

sor, capable of capturing and registering the emitted 
infrared radiation. This system creates a thermal image, 
also known as a thermogram, which represents the tem-
perature distribution across the object's surface

–	 an analytical system that processes and interprets the 
detected data. This system is responsible for analysing 
the thermal images, identifying anomalies or variations 
in temperature, and determining the presence of defects 
or material inconsistencies. The effectiveness of the IRT 
measurement relies on the precise coordination of these 
components, with the quality of the irradiation, the sen-
sitivity of the detection system, and the sophistication 
of the data analysis all playing critical roles in ensuring 
accurate results.

When the non-thermal equilibrium condition is natural, 
the phenomenon can be studied as it is, and this approach is 
called passive thermography. Therefore, in passive thermog-
raphy, the temperature distribution of a component is recorded 
without any external thermal stimulation, as the object serves 
as the heat source [28, 31]. The features of interest in passive 
thermography naturally exhibit temperatures that are higher 
or lower than the surrounding background [31].

The passive thermography method is effective when the 
part that has to be analysed undergoes inherently significant 
thermal variations. Passive thermography is generally used 
in quality control and process monitoring [33] and can be 
applied to various scenarios. It is exploited in the construc-
tion field to inspect civil structures [28, 33] and cultural 
monuments, using a solar load cycle [33] to detect mois-
ture [33], insulation [33, 34] or seepage problems in build-
ings [34]. Various relevant examples can also be found in 
the literature referring to the monitoring of the health of 
rotor blades [35], the monitoring of generalised corrosion 
[36] and in pipe walls in thermal power plants [34], to the 

inspection of aircraft structures to detect water in panels [33] 
and to the monitoring of the condition of machinery [28]. In 
addition, monitoring with passive thermography is essential 
to achieve optimal results in industrial processes that involve 
high temperatures, e.g. rolling [33], sintering [33] or weld-
ing [28]. Mechanical testing can benefit from the use of this 
thermographic method, for example, to monitor the damage 
and thermomechanical behaviour of composite materials 
[37] and to monitor deformation under tensile and fatigue 
loading [28]. The monitoring of electrical and electronic 
components [28, 33] and the measurement of power dissipa-
tion in electronic chips [34] are two examples of the appli-
cability of passive thermography for electrical purposes. 
Additionally, the passive method is also used in the field of 
medical sciences to identify emphasise skin diseases [38]. In 
all these applications, the advantages of the passive approach 
concern the ease and simplicity of conducting experiments 
and of analysing the data [28, 34]. On the other hand, the 
main disadvantage of passive thermography is that it can-
not provide a clear thermal contrast between the anomalies 
within a part and its surroundings that can be used to detect 
deep subsurface defects; moreover, its capacity for quantita-
tive analyses is somewhat limited [34].

To overcome this issue, there is the need of creating 
a non-thermal equilibrium condition using an external heat-
ing source. In this case, the analysis is called active thermog-
raphy [29]. Therefore, active thermography necessitates an 
external excitation source to thermally stimulate the part 
under examination [31]. Heating sources (Table 1) can be 
optical, that is, when the object is heated using lasers, flash 
lamps or halogen lamps; microwave; from an electric cur-
rent using the Joule effect; inductive from an eddy current; 
convective by investing the object with liquids or gases; or 
mechanical, which involves generating heat using vibrations 
[30, 33]. Each source has specific benefits and weaknesses as 
summarised in Table 1, and it should be chosen according to 
the material of the component and the defect to be detected.

Table 1   Summary of the key strengths and weaknesses of the reviewed excitation methods

Active thermography techniques Main strengths Main weaknesses

Optical flash stimulated technique - Possibility of inspecting large areas - Difficulty in detecting microdefects
- Limited robustness

Optical laser stimulated technique - High level of accuracy - Inspection point by point, slow speed
Convective heat stimulated technique - Low cost

- Suitable for cavities
- Slow heating
- Low level of repeatability

Eddy current stimulated technique - High levels of reliability and reproducibility - Limited to electrically conductive materials
Electric current stimulated technique - Time and cost effective

- High SNR
- Possibility of detecting sub-surface defects

- Limited range of electrically conductive materials
- Challenging contact setup

Microwave stimulated technique - Fast volumetric heating - Safety limitations
Mechanically stimulated technique - Simple and straightforward analysis

- Possibility of detecting medium-depth defects
- Challenging contact setup
- Risk of part damage
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All these sources can be supplied with different temporal 
evolutions (See Fig. 2), such as pulsed, when the energy 
is provided instantaneously, stepped, when the supply of 
energy is continuous, or lock-in, when the thermal excita-
tion is periodic [31]. Therefore, differently from passive 
thermography that is generally stationary, active thermog-
raphy is typically non-stationary or dynamic [39]. Therefore, 
active thermography is classified differently, according to the 
heating source, the excitation function, the relative position 
and movement between the part and the energy source, the 
scanning method and the type of heating, as proposed by 
Yang & He [31] (Fig. 3).

The source can distribute the heat within the component 
with several methods (Fig. 3) [31]. The heating mechanisms 
will affect defect temperature, which may appear as cooler 
or hotter regions in infrared imaging depending on the 
defect type. Surface heating thermography (SHT), shown 
in Fig. 4a, heats the component's surface and detects defects 
through heat conduction and reflection [31]. SHT methods 
include optical flash and laser-stimulated thermography and 

eddy current or electrical current-stimulated thermography 
for conductive parts [31, 40]. Volume heating thermography 
(VHT), depicted in Fig. 4b, heats the entire component, with 
defect detection based on conductivity changes [31]. VHT 
methods, such as flash-stimulated thermography in trans-
mission mode and eddy or electrical-current thermography 
for low-conductivity materials, offer deeper penetration than 
SHT [40]. Microwave-stimulated thermography can also be 
VHT for dielectric materials [41]. Generative heating ther-
mography (GHT), shown in Fig. 4c, selectively heats defects 
while leaving the surrounding material unaffected [31]. 
Mechanically stimulated thermography, including ultra-
sound and eddy current methods, is considered GHT when 
applied to CFRP and water detection in concrete [41, 42].

Also, the position (Fig. 5) and movement of the excita-
tion source and the camera (Fig. 6) respect the object are 
also additional characteristics of the design of the whole 
IRT measurements [31, 43]. In reflection mode (one-sided 
technique), both the energy source and camera are on the 
same side, making it practical for parts where access to both 

Fig. 2   Type of excitation functions: (a) Pulse and Square Pulsed thermography, (b) Stepped thermography, (c) Lock-in thermography, and (d) 
Frequency modulated thermography

Fig. 3   Classifications of active 
thermography
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Fig. 4   Different heating modes: (a) Surface heating, (b) Volume heating, and (c) Generative heating thermography

Fig. 5   Relative position between a part and a source

Fig. 6   Different thermography setups, depending on the relative motion between the camera and sample
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sides is restricted [31]. This mode is particularly effective for 
detecting surface-near defects and allows depth quantifica-
tion in optically stimulated thermography [31]. In transmis-
sion mode (two-sided technique), the source and camera are 
on opposite sides of the part, requiring heating through the 
sample, which limits its use for thick or insulating materi-
als [43]. However, it provides more accurate results for thin 
components and detects deeper defects across the sample 
thickness [30, 43]. The excitation source does not block the 
camera’s view [31]. Thermography can be static or dynamic, 
based on movement during the inspection [30, 31]. Static 
configurations keep all elements stationary, which is useful 
for precise data tracking but impractical for large or complex 
parts. Dynamic configurations speed up inspections, with 
at least one element moving [30, 31] that can scan the sur-
face. The scanning methods include point scanning (using 
a localised heating device and IR camera), line scanning 
(heating with a line projection for faster inspections), and 
surface scanning (heating and monitoring a large area, often 
used in static setups) [30, 31, 43]. Point and line scanning 
are used in dynamic configurations [30]. Various configura-
tions combine movements and scanning methods, such as 
point scanning with a rotating part or surface scanning with 
moving elements [43].

Active thermography is generally preferred over the pas-
sive approach as it offers certain quantification capabilities 
and produces a higher thermal contrast, which improves the 
possibility of analysing deeper layers within the inspected 
part. This makes it a valuable technique for inspections that 
require a thorough depth analysis [34]. Because of that, 
active thermography techniques are predominantly utilised 
to detect and quantify defects in various materials, including 
metallic [44–47], polymeric [48] and concrete [49] ones. 
The literature has recorded numerous industrial applications 
of active thermography, such as the detection of blisters in 
the corrosion-protection coating of oil tanks [50], the inspec-
tion of rail samples [51], the evaluation of the quality of 
weld seams [52], the detection of delamination [53] and 
inlays in layered structures for the automotive and aero-
space industry [54]. Other applications include assessing 
metal corrosion [55], inspecting composite laminates [56, 
57], identifying defects in honeycomb sandwich structures 
[58], and detecting microcracks in aluminium components 
for the aerospace sector [59]. In recent years, active ther-
mography has been increasingly used to detect naturally or 
artificially induced defects in parts manufactured via AM, 
particularly powder bed fusion (PBF) [60–62]. In addition, 
direct monitoring (in-situ) of the PBF process has garnered 
attention, due to its potential to detect and prevent defects 
during production [63–65].

An electronic IR camera is generally required to perform 
a thermographic study. The main components that constitute 
such a device are IR detectors, lenses, an optional cooling 

system, an ambient temperature sensor, an electronic unit, 
a display, and software. The IR detectors can be arranged 
in a matrix, which is called Focal Plane Array (FPA). The 
most common type of IR detector is the microbolometer, 
which exploits the bolometric effect. In this case, the elec-
trical resistance is modified by the temperature detected in 
the microbolometer sensing element. The variation of the 
electrical resistance is measured by means of electronics 
and converted into a numerical value that corresponds to 
the estimated temperature of the object. This conversion 
is carried out with calibrated parameters, such as emissiv-
ity, object distance, ambient humidity, and temperature. A 
collection of the numerical values results in a false-colour 
image, called “thermogram”, in which each pixel corre-
sponds to a microbolometer measurement. A large number 
of IR detectors results in a better resolution. This parameter 
specifies the number of microbolometers that are present 
and how the matrix is arranged. For example, an IR camera, 
characterised by a resolution of 640 × 480 pixels, contains 
640 columns and 480 rows of microbolometers for a total of 
307.200 IR detectors. Another parameter that is considered 
to describe an IR camera is the ratio between the dimension 
of the sensing element and the distance from the lenses. This 
parameter is called “instantaneous field of view (IFOV)”, 
and it describes the angular distance between two independ-
ent measurements, but also the physical angular aperture of 
a pixel. The combination of the IFOVs of all the detectors 
is called “field of view (FOV)”, and this represents the total 
angular opening of the IR camera.

An IR camera is also characterised by other significant 
parameters, such as the wavelength range at which the sens-
ing element can detect IR radiation. This quantity is called 
spectral range, and since the wavelength and temperature are 
connected through Plank’s law under black-body conditions, 
a spectral range directly defines the temperature range that 
can be detected. In real measurements, objects are consid-
ered grey bodies. Therefore, it is important to consider the 
spectral range and temperature range in which IR cameras 
can operate optimally, as well as the minimum temperature 
difference that is detectable (which is called thermal sensi-
tivity or noise equivalent temperature difference—NETD).

A thermogram is a single instantaneous measurement. In 
order to study a thermal evolution, it is necessary to acquire 
a certain number of thermograms within a unit of time. The 
number of thermograms that can be acquired in a second is 
known as the frame rate.

Each generated thermogram is composed of raw infor-
mation that needs to be post-processed to increase the so-
called signal-to-noise ratio (SNR). SNR is a dimensionless 
parameter that indicates the difference between a measure-
ment region of interest (ROI) and a reference area. A large 
SNR indicates the possibility of differentiating the most 
efficient sound area from ROI and, consequently, extracting 
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more information. The analysis of thermograms is a time-
consuming step and requires a sequence of operations, 
including acquiring, post-processing and image evaluation. 
In this regards, the use of artificial intelligence (AI)-based 
methods is increasing, with the intent of speeding up data 
elaboration and non-homogeneity recognition [60, 66, 67]. 
However, few studies have been conducted in this direc-
tion, although the interest in large-scale implementation is 
becoming more and more intriguing. Apart from AI, IRT 
simulations are also considered a primary tool to reduce 
the effort when analysing thermograms. Simulating the 
results of IRT on an object in advance is a precious way 
of anticipating thermal diffusion and of simplifying data 
acquisition and post-processing. IRT simulation can also 
be applied to CAD models to predict thermal behaviour 
or to investigate the potentiality of IRT, using an object 
with intentional flaws that has been specifically designed 
for this purpose.

Regardless of how the information is collected, IR 
measurements are largely applied for different aims in 
various fields, such as in the medical, electrical and elec-
tronic fields and in construction [28, 29, 43, 68–70]. IRT 
is also implemented in industrial applications to monitor 
processes or test and detect defects, anomalies and ther-
mal dispersion. Any manufacturing process which involves 
thermal reactions can be monitored using an IR camera. 
The presence of a discrepancy in the thermal distribution 
can be a warning signal of an inadequate procedure, e.g. 
cold points of strong thermal gradients that may gener-
ate cracks [71]. The application of IRT for monitoring 
purposes during a manufacturing process is called in-situ 
thermography [72]. IRT thermography as a non-destructive 
testing (NDT) method that is applied by inducing a ther-
mal non-equilibrium in an active approach. This technique 
allows any inhomogeneity e.g. pores, cracks and/or inclu-
sions to be detected, and assists programmed control and 
quality control after production. In this case, IRT thermog-
raphy is called ex-situ thermography [73, 74].

3.1 � Data Elaboration and Interpretation

Thermograms obtained from IRT often require post-process-
ing, due to certain inherent challenges, such as low surface 
emissivity and roughness, which lead to a low SNR. An 
effective detection of defects and the interpretation of the 
results necessitate the application of specialised algorithms 
to enhance the SNR. Several algorithms that can be used to 
refine defect identification and optimise the overall testing 
procedure exist [33]. Formally, the data from an IRT test 
can be represented as a three-dimensional matrix of tem-
perature values T (i, j, τ), where the spatial coordinates (i, 
j) correspond to the surface, and τ indicates discrete time 
intervals [39]. The data processing techniques can either be 

one-dimensional or two-dimensional, and can focus either 
on the temporal temperature evolution at each pixel T (τ), or 
on specific images T(x,y) [39]. Typical approaches involve 
filtering or segmenting individual IR images to reduce noise 
and analyse the geometric features within the areas of inter-
est [39]. The different approaches can be summarised as 
follows:

•	 Differential Temperature Signal: Detects temperature dif-
ferences but is limited by surface emissivity and absorp-
tivity [39, 75]

•	 Dimensionless Temperature Contrast: Reduces depend-
ence on heating power but amplifies noise and neglects 
lateral heat diffusion [39, 75]

•	 Differentiated Contrast Analysis: Requires no reference 
point but is best suited for flat defects [39, 76]

•	 Averaging Technique: Reduces noise but ignores material 
emissivity and absorptivity [39, 75]

•	 Gapped Smoothing Algorithms (GSA): Detect subsur-
face defects without a reference, improving contrast and 
detecting deeper flaws [59, 77]

•	 Normalisation Techniques: Suppress deterministic noise 
but amplify random noise [39, 57, 75, 78]

•	 Temperature-Resolved Radiometry: Extends heating to 
enhance deeper defect visibility, though surface reflec-
tions may impair accuracy [39, 75, 79]

•	 Early Detection: Focuses on initial signals but has issues 
with small defect detection [39, 80]

•	 Fourier and Wavelet Transforms: Suppress non-uniform 
heating impacts and improve resolution but depend on 
acquisition settings [33, 39, 60, 75, 78, 81–84].

•	 Principal Component Analysis (PCA): Identifies spati-
otemporal features but is computationally intensive [39, 
59, 85]

•	 Statistical Moments: Highlights defects via temperature 
distribution changes [33, 86]

•	 Thermographic Signal Reconstruction (TSR): Reduces 
noise and improves visibility, particularly for small 
defects [39, 59]

•	 Dynamic Thermal Tomography: Provides depth-specific 
thermal analysis, estimating defect depths with reason-
able accuracy [33, 39, 87–89]. Therefore, this method 
is essentially insensitive to such surface issues as dis-
colouration, texture and shape, as well as to lateral heat 
flow and heat loss mechanisms, which is why the accu-
racy can be kept very close to the thermal limits [39]. 
Like many other methods, it relies on treating samples 
as semi-infinite bodies and requires a reference point 
[39]

•	 Convolutional Neural Networks (CNN) and Data Fusion 
Use machine learning and combined datasets to enhance 
defect detection, though challenges remain in standardi-
sation [39, 90–93]
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3.2 � Applications in the Industrial Field

Thermography is a versatile technology that is applied 
over a wide range of sectors. IRT is used in agriculture 
and food [94–96], medicine [38, 97, 98], construction 
[99–101], aerospace [59, 102, 103], and nuclear indus-
tries [104–106].

Industrial applications of IRT techniques have been cat-
egorised into two main groups in the literature: electrical 
and mechanical [68].

In electrical engineering, IRT covers numerous appli-
cations in such sectors as industry, the service sector, 
transport and power generation [68]. In this context, IRT 
is primarily used for condition monitoring [68]. A classic 
application is the preservation of electrical installations 
[107], which includes monitoring the state of electrical 
switchgear and insulation systems [107, 108]. IRT is 
also used to detect faults in power converters in indus-
trial plants [109]. Moreover, IRT is used in solar energy 
applications to assess the degradation of lithium batter-
ies [110] and as a maintenance tool for electrical panels 
[111]. In some studies, IRT has been used to evaluate 
excitation winding during the rotation of synchronous 
generators [112]. IRT has recently been increasingly 
used to condition the monitoring of rotating electrical 
machines, especially electric motors, which are widely 
used in industry [68].

IRT has become an important tool, in the mechanical 
application field, for the analysis of faults and to comple-
ment other defect detection methods [68]. For example, 
IRT has been used in machining to measure the tempera-
ture during machining operations [113]. IRT has been 
employed to evaluate milling [114] and drilling [115] 
operations, but also to measure the temperature of chips 
during the orthogonal cutting of steel and in other machin-
ing configurations [116, 117]. In addition, IRT has been 
used to measure the rake face temperature of cutting inserts 
to relate it to tool wear [117]. IRT has been used effectively 
in the field of plastics, in particular to investigate defects in 
composite materials such as carbon fibre reinforced plas-
tics [118] and damage under fatigue loading [119]. This 
technique is used for the industrial sintering of plastics 
to measure the temperature of the sinter during the cool-
ing phase [120]. Other applications include the detection 
of deformations in metal foams [121] and the identifica-
tion of defects in metal welding processes [122]. IRT has 
been used in experimental studies in the railway industry 
to characterise artificial and natural cracks in steel sheets 
and rails [123]. In addition, IRT is frequently used to moni-
tor the condition of components in the aerospace [59] and 
automotive [124] industries.

4 � Thermography in AM

4.1 � Ex‑situ Thermography in AM

The effectiveness of thermography is not only inherently 
connected to the physical limitations of the technology, but 
also to the specific characteristics of the IRT methods and 
the defects within the sample, particularly their size and their 
depth from the inspected surface. Therefore, a comprehen-
sive quantity that takes both parameters into account, known 
as the size-to-depth ratio, can be used as a key performance 
indicator of thermographic capabilities. The empirical rules 
in IRT suggest that defects with a greater size-to-depth ratio 
than 2 are easy to detect, but recent studies have lowered this 
limit to 1 or, in some successful cases, even to 0.5 [47, 125].

The literature on NDT of components manufactured using 
conventional methods is rich and diverse, for both metal-
lic and polymeric parts. However, the state of the art, in 
terms of AM applications, is still quite limited, and covering 
results only for a limited number of sources of excitation 
for thermographic measurement. A summary of the state 
of the art of ex-situ IRT used on AM parts is provided in 
Table 2. The column "Reference defect" describes the typi-
cal defect of the additive manufacturing process which the 
respective bibliographic work aimed to emulate with one 
or more artificial defects created into the part. Typically, 
the dimensions and orientation of the defects introduced are 
such that the defects crosses several hundred layers with a 
few exceptions of a few tens. It should be noted that in most 
cases the surfaces examined are painted black or coated with 
graphite.

For metallic components, the sensitivity of optical flash-
stimulated thermography is limited by issues like noise, low 
SNR, and image blurring, affecting the detection of smaller 
or deeper defects. Studies have explored machine learning 
and post-processing algorithms to enhance defect detection 
in powder bed fusion with laser beam (PBF-LB) manufac-
tured plates with calibrated porosity defects. Results showed 
large defects were detectable with high accuracy, while 
smaller ones required advanced algorithms, reaching limits 
of 127 μm in diameter and depth. Spherical defects with 
a diameter-to-depth ratio above 3 were detected reliably, 
with probabilities improving using thermal signal recon-
struction techniques. D'Accardi et al. [129] compared flash 
and laser-stimulated thermography for detecting defects in 
AM-produced AISI 316L samples. Laser thermography 
outperformed flash methods, with higher signal background 
contrast and better detection, especially on graphene-coated 
surfaces. Smaller defects required advanced post-processing 
algorithms, highlighting the limitations of thermographic 
techniques. Other studies, such as Ref. [62, 148] confirmed 
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the potential of laser thermography for localising defects 
but noted challenges in accurately measuring their size and 
depth. As can be observed from the table, the number of 
studies for other sources are extremely limited. Only one 
work has been found regarding the used of mechanically 
stimulated thermography [133]. In this work, Chulkov et al. 
[133] tested a hollow, bottle-shaped metal part with a met-
allurgical discontinuity using ultrasound at 22 kHz. Coated 
with black paint for better emissivity, the part showed a 1 
°C temperature difference in defective areas, confirming 
the technique's sensitivity to small discontinuities while the 
surrounding material maintained uniform temperature. Kolb 
et al. [134] used convectively stimulated thermography to 
detect defects in an Inconel 718 sample produced by PBF-
LB. The technique detected open defects as small as 300 
μm but was ineffective for smaller ones. Despite this, it was 
fast and effective for shallow sub-surface defects. ASTM's 
report [8] tested a star-shaped artefact with defects rang-
ing from 0.1 mm to 0.7 mm in diameter. Optical flash and 
convective step heating thermography both detected open 
surface defects, with convective heating identifying defects 
as small as 0.2 mm, though both methods struggled with 
deep-seated defects.

Besides the metallic materials, IRT studies are grow-
ing particularly for polymeric parts. Silva et al. [135] used 
optical flash-stimulated thermography to detect defects in 
composite Material Extrusion (MEX) fabricated PLA parts, 
successfully identifying defects in CFRP, GFRP, PLA, and 
KFRP. The highest thermal contrast was found in CFRP, 
followed by GFRP, PLA, and KFRP. In contrast, Pierce et al. 
[136] studied ABS and PLA with defects of 8 mm and 12 
mm at depths between 0.68 mm and 1.15 mm, where defects 
were detected, but thermal contrast was below noise lev-
els, suggesting longer pulses could improve detection. Metz 
et al. [146] examined PA 12 and ABS with defects ranging 
from 2 to 8 mm and depths from 0.2 mm to 3.9 mm. ABS 
showed higher detectability due to better effusivity con-
trast compared to PA 12. Shagdyrov et al. [142] observed 
damage in CFRP, Kevlar, and hybrid composites, showing 
varying thermal inertia with impact energy. Carvalho et al. 
[138] found reflection mode more effective for early defect 
detection in PA-12, while Machado et al. [139] noted that 
reflection mode provided higher resolution but suffered from 
uneven heat distribution. Notebaert et al. [140] confirmed 
the recognition of defects in CFRP plates, while Saeed et al. 
[144] detected defects in CFRP samples, showing the effec-
tiveness of the method with algorithms to improve detection. 
Rodríguez-Martín et al. [145] found larger defects more vis-
ible, but with some thermal measurement inaccuracies. A 
study on infill percentage by Rodríguez-Martín et al. [137] 
showed that higher infill reduced defect detection probabil-
ity, while Santana et al. [143] found smaller, deeper defects 

less detectable in PLA with lower infill, emphasizing the 
influence of thermal gradients on detectability.

Comparing these studies, it is clear that thermal contrast, 
material properties, and infill levels significantly influence 
the effectiveness of defect detection.

Figure 7 and Fig. 8 provide a graphical overview of the 
detection possibilities, in terms of minimum size and maxi-
mum depth of defects in metallic and polymeric materials, 
using the different types of IRT discussed in the previ-
ous sections. Such a graphical representation enables the 
potential capabilities of various inspection techniques to be 
mapped. It becomes clear that the size-to-depth ratio is a key 
factor for the recognisability of defects. Indeed, very few 
IRT methods can detect defects in metallic components at a 
depth of twice their size (Fig. 7). Laser stimulation is one of 
the successful exceptions, even though its application range 
reaches a maximum depth of just over 1 mm. Optical flash-
stimulated thermography can extend the detection range to 
a depth of 5 mm, with a more moderate size-to-depth ratio 
of about 1. The enlarged inset in Fig. 7 illustrates the lim-
ited applicability of convective heat stimulation techniques, 
which are only effective for emerging or very shallow 
defects in metals. Diagrams, such as those in Figs. 7–8, are 
important tools to help guide industrial inspection processes 
towards defining quality control protocols based on the criti-
cal size and expected depth of defects.

The technical specifications of the IR camera (model, 
sensor type, resolution, frames per second and sensitivity) 
used in the literature studies reported in Table 3.

Figure 9a and Fig. 9b show graphical distributions of the 
different IR camera characteristics (resolution, frames per 
second and sensitivity) summarised in Table 3 on the basis 
of the IRT technique and material, respectively.

4.2 � Thermography used for in‑situ AM

AM process monitoring is considered a hot research topic 
because it might be able to ensure the detection of defects 
in real time during the printing process. Process monitoring 
allows production failures to be prevented and part quality 
to be ensured, thereby resulting in time, material and energy 
savings for the post quality control operations. Because of 
the complexity of an AM process, e.g. the broad tempera-
ture range, AM monitoring research is still at the early stage 
of development. The research so far has mainly focused on 
adapting or developing systems that could be used to cap-
ture features of interest for the AM process. Among these, 
thermography techniques are the most widely used. The 
design of the monitoring solution includes the identifica-
tion of the features of interest, the design of the instrument 
that is used to perform the monitoring and its position in 
the AM machine.
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Thermal monitoring is mainly adopted in metal PBF 
technologies to verify whether the heat has been correctly 
distributed. This aspect is usually observed by measuring 
anomalies in the melt pool and inhomogeneity in the temper-
ature. Pyrometers, thermocouples and thermographic cam-
eras are the most widely used tools for the thermal in-situ 
monitoring of powder-bed fusion technologies [63, 151]. A 
thermal camera can be mounted on-axis, if the measurement 
is performed considering the optical path of the sources, or 
off-axis, if the build plane is observed [152]. In the latter 

case, the thermal camera can be positioned inside or out-
side of the build chamber and tilted relative to the build 
plane. Because of the simplicity of its installation, off-axis 
is the most widely used method with the thermal camera 
mounted outside the build chamber [64, 151, 153]. How-
ever, this arrangement can result in various issues, such as 
static (Fig. 10) or moving elements (e.g. the recoater) that 
could temporarily cover the field-of-view of the camera dur-
ing movement [154]. Moreover, inaccuracy can be caused 
by the greater distance between the building plane and the 

Fig. 7   Summary of the detection of small and deep defects in AM metal parts using various IRT methods
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camera and, due to the unavoidable tilting angle, different 
points of the same building plane result to be closer to the 
detector, while others are further away. At the same time, the 
installation of the camera inside the build chamber can be 
particularly challenging. In many systems, it is impossible 
to fit a camera, or, when it is possible, it needs to be care-
fully protected. Other problems are related to the measured 
temperature [33, 153, 155–157], which is in the form of a 
thermogram. Thus, thermal cameras need to be calibrated 
considering the effective condition of the system [154] and 

the material state changes during melting from powder-to-
liquid-to-solid both within a layer and between all the layers 
[151, 158]. Furthermore, emissivity can change, depending 
on the surface conditions [159, 160].

The camera used in powder bed fusion with electron 
beam (PBF-EB) systems can be damaged by heat and metal 
vapour. A shutter can be used to protect the detector, that is, 
to both reduce excessive heat and metal vapour condensation 
[160]. An alternative to this solution is to unravel a thin Kap-
ton film in front of a leaded glass, if the camera is mounted 

Fig. 8   Summary of the detection of small and deep defects in AM polymer parts using various IRT methods
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Table 3   State of the art of the thermal imaging cameras specifications

IRT technique Model Type of sensor Resolution
[pixels]

FPS
[Hz]

Sensitivity
[mK]

Reference

Optical flash stimulated 
technique

FLIR X8501 sc MWIR Indium Antimonide (InSb) 576 × 520 (299,520) 216 20 [60]

Optical flash stimulated 
technique

FLIR X8501 sc MWIR Cooled detector array 1280 × 1024 (1,310,720) 181 20 [149]

Optical flash stimulated 
technique

FLIR A65 Focal plane array (FPA) 
uncooled Vanadium 
Oxide (VOX) microbo-
lometer

640 × 512 (327,680) 30 50 [61, 126]

Optical flash stimulated 
technique

FLIR X8501 sc MWIR Indium Antimonide (InSb) 752 × 704 (529,408) 220  < 20 [127]

Optical flash stimulated 
technique

FLIR X8501 sc MWIR Indium Antimonide (InSb) 728 × 960 (698,880) 240  < 20 [127]

Optical flash stimulated 
technique

InfraTec ImageIR 8800 MCT 160 × 128 (20,480) 1000  < 25 [129]

Optical flash stimulated 
technique

InfraTec ImageIR 8300 hp Indium Antimonide (InSb) 256 × 320 (81,920) 500  < 25 [129]

Optical flash stimulated 
technique

FLIR A6751 MWIR Indium Antimonide (InSb) 640 × 512 (327,680) 125  < 18 [128]

Optical flash stimulated 
technique

Fluke Ti400 - 320 × 240 (76,800) 60 50 [135]

Optical flash stimulated 
technique

FLIR SC4000 MWIR Indium Antimonide (InSb) 320 × 256 (81,920) 100 18 [136]

Optical flash stimulated 
technique

Thermosensorik CMT128 - 128 × 128 (16,384) - - [137]

Optical flash stimulated 
technique

Fluke Ti400 - 320 × 240 (76,800) 60 50 [138]

Optical flash stimulated 
technique

- - - - - [139]

Optical flash stimulated 
technique

FLIR T865 (focus lens 
42°)

Non-cooled microbolom-
eter, 12 µm

640 × 480 (307,200) 30  < 30 [140]

Optical flash stimulated 
technique

FLIR SC4000 MWIR Indium Antimonide 320 × 256 (81,920) 60 18 [141]

Optical flash stimulated 
technique

Optris PI450 FPA, Non-cooled (25 μm 
× 25 μm

382 × 288 (110,016) 25 40 [142]

Optical flash stimulated 
technique

FLIR SC640 Focal Plane Arrays, Non-
cooled microbolometer

640 × 480 (307,200) 30 60 [143]

Optical flash stimulated 
technique

FLIR GF309 Indium Antimonide cooled 
detector

320 × 240 (76,800) 25 25 [144]

Optical flash stimulated 
technique

- - - 3 - [145]

Optical flash stimulated 
technique

InfraTec ImageIR 8800 Cooled mercury cadmium 
telluride focal plane array 
detector

640 × 512 (327,680) 233  < 25 [146]

Optical flash stimulated 
technique

FLIR SC7650 Indium Antimonide 320 × 256 (81,920) 100 20 [147]

Optical flash stimulated 
technique

- Electrically cooled indium 
antimonite detector

320 × 356
(113,920)

150 30 [150]

Optical laser stimulated 
technique

InfraTec ImageIR 8300 hp Indium Antimonide 640 × 512 (327,680) 355  < 25 [130]

Optical laser stimulated InfraTec ImageIR 8800 MCT 640 × 512 (327,680) 500  < 20 [74]
Optical laser stimulated 

technique
FLIR X6540SC Focal plane array 640 × 512 (327,680) 20 20 [44, 148]

Optical laser stimulated 
technique

FLIR X6540SC Focal plane array 640 × 512 (327,680) 20 20 [62]
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outside, or in front of the lenses, if it is mounted inside. A 
Kapton film collects the condensing metal, thereby allowing 
the IR to reach the detector [161]. Rodriguez [162] proposed 
in-situ monitoring to measure the temperature profile of each 
layer and automatically detect cold zones and anomalies. 
The obtained data were used to adapt the process parameters 
and adjust the process. Price et al. [163] analysed the tem-
perature profile in a melt pool as well as its shape and dimen-
sion. Raplee et al. [151] showed that when the temperature 
is inhomogeneous, it could lead to to swelling and pitting 
zones, which cause irregular IR emission. Cheng et al. [164] 
quantified the correlation between surface curvature and IR 
emission. Mireles et al. [64] verified artificially designed 
defect detection in their work, which involved performing 
in-situ thermography alongside ex-situ tomography.

Another PBF technology that shares similar features of 
interest, such as the melt pool and temperature monitoring, 
is PBF-LB. Kruth et al. [165] developed and patented a 
procedure to monitor and obtain feedback control utilising 
a photodiode and a complementary metal-oxide (CMOS). 
Craeghs et al. [166] an algorithm to monitor the melt pool, 
while Krauss et al. [167] demonstrated how an inadequate 
heat dissipation can cause flaws and pores. Bartlett et al. 
[72] detected, through in-situ thermography, an 82% lack-
of-fusion, 100% of pores greater than 500 µm and 50% of 
pores smaller than 50 µm. One of the few works in which 
a pyrometer containing a CMOS camera had been posi-
tioned inside the build chamber was carried out by Mitch-
ell et al. [168], who examined melt pool aspect ratios and 
orientations. Mohr et al. [63] utilised two different types of 

Table 3   (continued)

IRT technique Model Type of sensor Resolution
[pixels]

FPS
[Hz]

Sensitivity
[mK]

Reference

Optical laser stimulated 
technique

InfraTec VarioCAM head 
880

Uncooled Microbolometer 
Focal Plane Array

640 × 480 (307,200) 60  < 20 [131]

Mechanically stimulated 
technique

FLIR A325SC Uncooled Vanadium Oxide 
microbolometer

320 × 240 (76,800) 60 50 [133]

Convective heat stimulated 
technique

FLIR SC660 Focal plane array uncooled 
microbolometer

640 × 480 (307,200) 30  < 30 [134]

Convective heat stimulated 
technique

- Electrically cooled indium 
antimonite detector

320 × 356
(113,920)

150 30 [150]

Fig. 9   Properties of the used thermal imaging cameras (FPS, resolution and sensitivity), classified according to a) the IRT technique, and b) the 
analysed material
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cameras: a high-frequency IR camera and a long-time expo-
sure camera, and they highlighted the presence of different 
lack-of-fusion clusters and 71% of porosities. Oster et al. 
[169] combined registration of in-situ thermography data 
with post-process XCT reference data. In this work a pre-
process through a linear interpolation algorithm, a camera 
off-axis setup compensation and a resampling to match XCT 
dataset is performed. A following XCT reference data and 
deformation adjustment and image registration is conducted. 
Errico et al. [170] examined thin wall fabrication through 
in-situ thermography and ex-situ XCT to analyse local over-
heating, geometric distortions and insufficient fusion. 

In-situ thermography has been also applied for Laser 
Metal Deposition (LMD). Among examples of such works, 
Mazzarisi et  al. [171] assessed maximum temperature, 
thermal gradient and cooling rate during the deposition of 
nickel-based superalloy with the aim to correlate the pro-
cess parameters and melt strategies with the resulting part 
quality. D’Accardi et al. [172] correlated thermal signatures 
with process parameters and considered the influence of 
material state, temperature, surface roughness and meas-
urement angles to determine emissivity. The same authors 
[174] correlated mean and minimum apparent temperature 
during deposition with hardness. Altenburg et al. [175, 176, 
212] compared advantage and disadvantages of the use of 
different wavelength in in-situ thermography summarised in 
tables concluding that short and mid-wave infrared are most 
suitable for monitoring where the emissivity variation is the 
main difference.

The main thermal feature of interest for AM material 
extrusion processes for polymers is the rate at which the 
filament cools down. In order to capture such information, 

a single thermal camera is usually positioned in such a way 
as to frame the nozzle and the depositing filament [177]. 
Seppala et al. [177] characterised the temperature profiles 
for MEX additive manufacturing for the polymer technology 
through in-situ- IR imaging.

The temperatures of the resin and of the platform are cru-
cial for vat photopolymerization (VPP). Zhang et al. [178] 
considered these parameters when they developed a calibra-
tion procedure for photopolymers and for the measurement 
of the superficial temperature of various portions of the sys-
tem. To achieve this, they chose two camera placements. 
Figure 11 depicts that, in position A, the camera is above the 
printed part, while, in position B, the camera is at the bottom 
and is slightly tilted.

Thermal monitoring has already been implemented in 
various commercial systems, because of the importance 
of the topic. Renishaw, for example, developed InfiniAM 
Spectral for PBF-LB that operates with LaserVIEW, a sys-
tem composed of an IR photodiode to measure laser inputs, 
and with MeltVIEW, which is an in-line opto-mechanical 
module system [179]. Arcam AB developed a monitoring 
system, named LayerQam, for the PBF-EB system, which 
operates in IR and visible light to detect defects [180]. EOS 
developed a pairing of hardware and software to monitor 
the energy input in real time through a near-infrared camera 
[181] in PBF-LB processes. HP MultiJet Fusion systems 
(PBF-IrL/P) are equipped with a thermal camera to monitor 
the temperature [182].

4.3 � Numerical Simulations

Numerical simulations are tools that are largely used in 
many fields to estimate and predict the behaviour of physi-
cal events. These tools are often valuable for evaluating and 
explaining phenomena that are difficult to observe at dif-
ferent scales. In such a context, simulations of an IRT are 
used to analyse the thermal behaviour of the object under 
analysis. IRT simulations are used, for example, to predict 
the thermal behaviour of flawless and defective component 
[57, 183]; to estimate the geometry of defects under differ-
ent conditions [184]; to reduce the time for the optimisation 
of the IRT parameters [185, 186]; for quality control and 
data analysis [43]; to detect inappropriate heat flows caused 
by an unoptimised manufacturing process [72]; to predict 
manufacturing thermal efficiency [187]; and to predict the 
heat distribution caused by tumours [188]. The amount of 
scientific research on IRT simulations and their relative 
applications is growing, even for quality control or quality 
assurance (QC/QA) purposes.

IRT simulation models are based on the simulation of the 
heat transfer through three mechanisms: conduction, con-
vection and radiation. Depending on the simulated system, 
one or more predominant mechanisms can be considered 

Fig. 10   The potential scanned area is reduced because of the presence 
of obstacles
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in IRT modelling. In addition, the setup of an IRT simula-
tion involves selecting the thermography mode, the mate-
rial, the component geometry and the simulation parameters. 
The thermography modes affect how energy is provided to 
the object, considering the Joule effect, radiation or fric-
tion. Depending on the form of the source, it is necessary to 
define how to model the resistance, current, time of exposi-
tion, emissivity, power of the source or time for the maxi-
mum SNR. The heat flows in the material are defined from 
the film coefficient, thermal conductivity, density and heat 
capacity. The simulation domain should be defined using 
either the full geometry or a part of it, the dimension and 
shape of the object and the presence, shape, dimension and 
position of defects. The domain can be simulated for dif-
ferent lengths, according to the symmetry level of the com-
ponent, which can be one-dimensional, two-dimensional, 
or three-dimensional. The simplest models are one-dimen-
sional. In this case, the temperature difference between a 
sound and defective area (ΔT) depends exclusively on the 
time and depth coordinates. Therefore, the contribution of 
lateral heat transfer is neglected.

Figure 12 shows graphically domains with one, two or 
three dimensions. In a one-dimensional system, the heating 
power against time Q(τ) is applied as a boundary condition 

of the domain and the heat transfer takes place along the 
thickness (z-axis). The only defined dimensions are the 
thickness of the material, z0, the dimension of the defect, zd, 
and its position. From the thermal point of view, the defect 
is usually considered as an absolute insulator [43], and no 
heat transmission is therefore considered in the defect. Two-
dimensional modelling is applied to an axisymmetrical sys-
tem that contains, e.g., a cylindrical defect in a cylindrical 
volume [189]. In this case, ΔT depends on the time, defect 
depth and radius. Unlike the one-dimensional model, the 
heat Q(τ) is also transferred along the r-axis. In this case, 
the defect is described by the z dimensions in a similar way 
to the one-dimensional approach to which the radius, rd, 
is integrated. In a three-dimensional simulation, all three 
dimensions contribute to ΔT. This is the most frequently 
applied method because of its level of accuracy. Since the 
heat transfer equations are solved along all the three dimen-
sions, the defects can be placed in different locations of the 
model and the cumulative effects on the heat transfer can be 
analysed. Hence, the defect is represented by three dimen-
sions: xd, yd, and zd.

Among the methods used to solve the numerical model, 
the finite element (FE) method is the most frequently applied 
[138, 145, 184, 186, 190–197] because it can achieve an 
adequate accuracy with a limited computational cost [145]. 
The most frequently employed commercial solvers based 
on FE are COMSOL and ANSYS. In the same was as for 
the experiments, the results of a thermography simulation 
can be considered thermograms in which thermal param-
eters are examined, e.g. temperatures and a thermal flux. 
Thus, validation of the results is required to determine and 
tune the accuracy of the numerical results. Differentiation 
between the sound area and the defective area of empirical 
thermograms is achieved, through binarization, to obtain an 
effective comparison between experimental and simulation 
results. For this purpose, Otsu [198] proposed a binarization 
technique which is still one of the most effective [195]With 
this method, thermograms are converted into black-and-
white images according to the presence or lack of a defect 
in the sound area.

Table 4 reviews the research on the use of simulation in 
thermography studies, according to the area of application, 
the technical simulation characteristics (dimensions of the 
model, the considered solver, the mode of the thermogra-
phy and the material under analysis), and the experimental 
validation. The use of the techniques for part production is 
also reviewed.

As can be observed, most of the simulations involved 
applying a step-heating and pulsed thermography mode. 
PA12 Carbon Fibre fibre-reinforced polymer and alumin-
ium alloys (CFRP) were the most commonly used mate-
rials for mechanical applications. Most studies adopted a 
three-dimensional approach and validated the model through 

Fig. 11   Camera positioning performed by Zhang et al. Adapted from 
[178]
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experiments. Among the two-dimensional simulations, only 
the work in [138] was supported by experimental validation. 
It is worth noting that, in most cases, thermography simula-
tion was applied to modern topics, including composites and 
AM. However, when AM thermography was simulated, the 
material properties were usually modelled as if the mate-
rial had been produced using conventional manufacturing 
processes [199].

The main reason for using thermography simulation is 
to improve the QC/QA, although some of the considered 
works focused on the development of thermography simu-
lations, hence improving modelling accuracy, replicating 
possible defect arrangements or analysing heat dissipation. 
In all the reviewed studies, defects were modelled as being 
filled with air, although Grys et al. [195] also considered 
iron defects. As far as validation is concerned, defects were 
considered for most of the reviewed works and considered as 
being filled with air. However, in Refs [186, 193], due to the 
impossibility of introducing air for lamination, Teflon was 
used because of its similar thermal properties.

4.4 � Artificial Intelligence applied to Thermogram 
Analysis

As mentioned above, the analysis of the result of a thermog-
raphy analysis requires experience in converting raw infrared 
images into significant information, especially concerning 
the identification of anomalies and defects. In this context, 
tools based on artificial intelligence, such as machine learn-
ing (ML) or deep learning, can facilitate automatic detection 
by automating and improving the precision of these interpre-
tations. Zhang. et al. [207, 208] employed ML to mitigate 

thermographic noise during the identification of defects in 
metallic components. Marani et al. [209] used a deep learn-
ing technique, called convolutional neural network (CNN), 
to identify faults in composites, and they concluded that a 
two-step procedure, based on a first rapid evaluation for an 
initial superficial estimation and then a deeper examination 
for the detection of the internal pores, could be implemented.

Zhang et al. [126] proposed the use of machine learn-
ing algorithms to enhance the quality of thermal images by 
eliminating additive white Gaussian noise, without causing 
image blurring. In this way, even the smallest and deepest 
defects were detected. Zhang et al. [207] investigated signal 
separation from noise utilising machine learning techniques, 
namely spatial–temporal blind source separation and spa-
tial–temporal sparse dictionary learning approaches. The 
efficacy of the suggested approaches was corroborated using 
thermography data derived from PBF-LB 316L stainless 
steel and Inconel 718 specimens featuring imprinted poros-
ity defects with a diameter of 1 mm and a depth of 1 mm. 
Machine learning-based thermography demonstrated a supe-
rior accuracy; however, it necessitated an extended runtime. 
Baumgartl et al. [210] integrated CNN with thermographic 
pictures of H13 steel specimens produced by PBF-LB meth-
ods to identify such faults as delamination and spatter, and 
they achieved an accuracy of 96.80%. However, this study 
did not consider cracks, pores or balling. Chen et al. [211] 
employed passive IRT with CNN to facilitate real-time fault 
detection in a manufacturing process. This technology can 
be used to modify the processing parameters of the subse-
quent layer, on the basis of detection data from the current 
layer, and in this way closed-loop feedback on the addi-
tive manufacturing process can be achieved. Heifetz et al. 

Fig. 12   Different mathematical approaches to defect modelling
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extracted low SNR features, related to the presence of mate-
rial flaws in thermal imaging, identified by means of unsu-
pervised machine learning algorithms [60]. They examined 
and confronted various algorithms and found that STBSS 
and STSDL were superior in the detection of defects than 
the other machine learning techniques they had evaluated. 
Nonetheless, they also found that the obtained enhancement 
in sensitivity implied an increase in the runtime. Oster et al. 
[212] compared different machine learning techniques con-
cluding that the Random Forest method shows better per-
formances over other techniques. The authors processed 
directly raw image using a combination of convolutional 
layers, LSTM layer and dens regression layers concluding 
that this technique avoids manual feature extraction result-
ing with increased computational complexity. Remarkable, 
Oster et al. [213] proposed a machine learning approach 
through CNN for keyhole formation prediction.

4.5 � Thermography VS other Technologies in AM

The complexity of the AM process, in terms of both part 
design and manufacturing, has increasingly necessitated 

the application of advanced quality control techniques [24]. 
In addition to thermography, other non-destructive testing 
(NDT) methods have been employed. Indeed, a single NDT 
technique can typically only detect a limited range of defects, 
whereas combining multiple NDT techniques provides com-
plementary information, thereby offering a more compre-
hensive evaluation of the integrity of a part [24, 214]. NDT 
techniques are generally categorised into imaging-based, 
electromagnetic, mechanical, and other specialised methods. 
Imaging-based NDT techniques include two-dimensional 
radiographic testing (RT), X-ray computed tomography 
(CT), synchrotron X-ray (SX) and neutron imaging (NI). 
Electromagnetic- based NDT techniques include potential 
drop testing (PD), eddy current testing (ECT) and magnetic 
particle testing (MPT). Mechanical NDT techniques, includ-
ing ultrasonic and vibratory methods, are widely used in 
industry. Ultrasonic techniques consist of conventional ultra-
sonic testing (CUT), immersion ultrasonic testing (IUT) and 
phased array ultrasonic testing (PAUT). Vibration methods 
encompass process-compensated resonance testing (PCRT) 
and the resonant acoustic method (RAM). Other techniques, 
or even a combination of them, involve residual stress 

Table 4   Thermography simulation applications. N/A stands for Not available

Ref Application and scientific fields Part production method Solver Thermography mode Material Model Validation

[138] QC/QA improvement, mechanical AM (MEX) ANSYS step heating PA12 2D Yes
[199] thermography simulation development, 

mechanical
/ COMSOL pulsed PLA, PA12,

ABS, SS316
2D N/A

[145] QC/QA improvement, mechanical AM (3D printed) Abaqus step heating PLA, PA12 3D Yes
[200] QC/QA improvement, mechanical Composite

lamination
/ pulsed CFRP006 3D Yes

[201] QC/QA improvement, mechanical Composite
lamination

/ laser CFRP 3D Yes

[202] QC/QA improvement, materials spray deposition
on AM part

COMSOL pulsed Ti64 coating
on Al6061

3D Yes

[203] thermography simulation development, 
construction

/ ANSYS lock-in Concrete 2D Yes

[204] QC/QA improvement, energy / COMSOL passive wind
turbine
blades

3D Yes

[205] QC/QA improvement, mechanical / COMSOL step heating Al3003
Cu

3D Yes

[195] thermography simulation development, 
Engineering

/ / step heating plexiglass 2D N/A

[194] QC/QA improvement, Engineering Composite
lamination

COMSOL line-scanning CFRP 3D Yes

[186] QC/QA improvement, mechanical Composite
lamination

Abaqus step heating glass–epoxy 3D Yes

[193] QC/QA improvement, IT Composite
lamination

NE/Nastran pulsed Composite 2D/3D Yes

[206] thermography simulation development, 
eletronic

/ / / PCB 3D Yes

[188] Quality of life improvement, medical casting in
3D printed mould

ANSYS step heating Silicone 3D N/A
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analysis (RS), penetrant testing (PT) and visual inspection 
(VI) or electromagnetic-acoustic transducer ultrasonic test-
ing (EMAT) and laser ultrasound (LU). Owing to their dif-
ferent natures, each NDT method presents different strengths 
and weaknesses, which are summarised in Table 5.

X-ray computed tomography, electromagnetic, and ultra-
sonic techniques are among the most frequently employed 
techniques in the AM field.

CT is a technique that is used to create a 3D virtual model 
of an object by acquiring numerous X-ray images from dif-
ferent rotation angles. Ultrasonic techniques use the anoma-
lies of the transmission of acoustic emissions through an 
object to detect any inhomogeneity of the material. The pri-
mary advantages of ultrasonic testing are the rapid scanning 
speed, high resolution, effective flaw detection capabilities, 
and its suitability for several field applications. On the other 
hand, the setup and the analysis of the results are complex 
and require skilled personnel. In addition, the minimum 
detectable defect size should exceed the wavelength. Non-
contact ultrasonic techniques, also known as air-coupled 
ultrasonic testing, use low frequencies, generally ranging 
from 50 to 400 kHz, which are transmitted through the air 
to the object that has to be inspected, without any contact. 
The inspection is quick [139]. However, owing to the long 
wavelengths, the theoretical minimum effect size is 0.85 mm 
at 400 kHz and 6.85 mm at 50 kHz. Eddy current testing 
utilises electromagnetic induction to generate a current in 
a conductive material. The magnitude of the induced cur-
rent depends on the permeability and conductivity of the 
material. Therefore, any variation of such properties in a 
continuous material may indicate the presence of defects.

Mandache [215] analysed the anomalies and service-
induced defects of NDT methods for metal-based addi-
tive manufacturing to ensure that when different operators 
employed the same NDT method on identical metal mate-
rials and utilised equivalent AM techniques, they would 
achieve consistent detection results. They found that ther-
mography demonstrated a defect size detection capability of 
10–2 m for surface or near-surface flaws, but ultrasonic test-
ing (UT) and radiographic testing exhibited superior defect 
size detection capabilities of 10–3 m and 10–5 m, respec-
tively, along with the ability to identify defects within the 
volume. Forien et al. [216] correlated a digital number (DN), 
generated by an in-situ pyrometer, to the presence of pores, 
and they verified the results through ex-situ CT on single 
tracks of AISI 316L produced by PBF-LB. They concluded 
that a higher DN corresponded to a higher probability of 
pores e.g. a DN > 300 indicated a probability of > 90% of 
the presence of pores. Ramírez et al. [217], comparing vari-
ous studies, found that a defect with a size of 100 µm was 
detectable by means of radiographic testing, CT, and UT, 
although they indicated that magnetic testing was the least 
efficient technology, as it could only detect larger defects 

than 1 mm. Under the same conditions, the minimum defect 
size detected by means of IRT was 500 µm.

Chen et al. [218] combined several signals, such as ther-
mal, optical, acoustic, electromagnetic and radiographic sig-
nals, to develop a closed-loop quality control specifically 
for wire and arc additive manufacturing (DED-Arc). Lu and 
Wong [219] compared acoustic emission testing and ther-
mography in additive manufacturing processes from various 
works. They evaluated the advantages and disadvantages of 
these two NDT techniques for fault detection in AM com-
ponents and their use in AM and concluded that the primary 
challenges in AM quality testing were the absence of real-
time sensors in critical areas for process control and moni-
toring and the lack of closed-loop control systems.

Mireles et al. [64] compared CT and IRT on a Ti-6 Al-4 
V sample produced by PBF-EB, which had been produced 
containing artificial defects of various shapes and dimen-
sions, that is, from 100 µm to 2000 µm. They demonstrated 
that IRT could not consistently identify large pores (< 600 
µm) in situ, which were instead detected post-situ through 
CT scans.

D'Accardi et al. [130] manufactured two samples of AISI 
316L using PBF-LB with different process parameters to cre-
ate squares and crosses in order to evaluate the typical defects 
generated by this process. The authors highlighted that ther-
mography and eddy current testing are capable of identify-
ing irregularly shaped defects, albeit with differing sensitivi-
ties to microstructural variations. Indeed, in thermography 
inspection, edge effects significantly influence the PPT 
method and can hinder the analysis of small specimens with 
defects located near the edge. The eddy current inspections 
were able to detect keyhole flaws more effectively, but only 
with the use of guided probes, although the increased con-
trast-to-noise ratio (CNR) [74] showed that localised com-
mon process flaws can be detected by means of both pulsed 
thermography and CT. However, the detection limit of the 
pulsed thermography approach reached a limit of 0.35 mm 
in size and 0.4 mm in depth. Machado et al. [139] compared 
the use of active thermography, eddy current testing, and air-
coupled ultrasound composite samples produced by the mate-
rial extrusion (MEX) additive manufacturing of polymer. The 
samples were produced using two different reinforced fila-
ments made up of a polymeric matrix reinforced with 0.1 
mm and 0.25 mm NiTi wires. The samples also embedded an 
artificial defect, positioned at the centre of the 5 mm sample 
to emulate delaminations of 0.1 mm and 0.5 mm. The authors 
found that active thermography with customised heat sources 
were able to detect voids and delaminations. The reinforc-
ing fibres (NiTi wire) and their configuration were detected 
inside the polymeric matrix during the eddy currents inspec-
tion. Air-coupled ultrasound exhibited a superior resolution, 
but no NiTi wires were detected. Kolb et al. [134] used active 
IRT, CT and ultrasonic testing for fault detection in Inconel 
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Table 5   Summary of key strengths and weaknesses of NDT techniques

Type NDT technique Main strengths Main weaknesses

Infrared Infrared thermography (IRT) - Time and cost effective
- Contactless

- Difficulty in detecting micro and deep 
defects

- Affected by emissivity and surface 
roughness

Imaging Two-dimensional radiographic testing 
(RT)

- Possibility of detecting deep defects - Slow and expensive
- Limited part size
- 2D visualisation

X-Ray computed tomography (CT) - Possibility of detecting deep defects
- High resolution
- 3D visualisation

- Slow and expensive
- Limited part size
- Unsuitable for online inspection

Synchrotron X-Ray (SX) - Possibility of detecting deep defects
- Excellent resolution
- 3D visualisation

Neutron imaging (NI) - Possibility of detecting deep defects
- High resolution
- Good resolution for large samples
- Suitable for light elements

Electromagnetic Potential drop (PD) - Sensitive to surface cracks
- Feasible at high temperatures

- Limited to conductive materials
- Low penetration depth (a few mm)
- Affected by surface roughness

Eddy current testing (ECT) - Time and cost effective
- Contactless
- Sensitive to small defects
- Suitable for online detection

- Limited to conductive materials
- Low penetration depth (a few mm)
- Affected by surface roughness

Magnetic particle testing (MPT) - High detection sensitivity
- Suitable for subsurface defects

- Limited to ferromagnetic materials
- Slow and expensive
- Unsuitable for online inspection

Mechanical ultrasonic Conventional ultrasonic testing (CUT) - Time and cost effective
- Large penetration depth

- Contact required
- Limited to flat surfaces
- Unsuitable for complex shapes

Immersion ultrasonic testing (IUT) - Contactless
- Time and cost effective
- Large penetration depth

- Requires immersion

Phased array ultrasonic testing 
(PAUT)

- Accurate spatial control
- Large penetration depth
- 3D visualisation

- Contact required
- High cost

Mechanical vibratory Process compensated resonance test-
ing (PCRT)

- Fast and easy to use
- Minimal setup
- Automated
- No size or shape limitations

- Contact required
- No information about defect type or 

location

Resonant acoustic method (RAM) - Fast and easy to use
- Contactless
- No part size or shape limitations

- No information about defect type or 
location

Combined Electromagnetic acoustic transducer 
ultrasound testing (EMAT)

- Contactless
- Fast
- Defect location and dimensions
- Perfect for online inspection
- Suitable for high temperatures

- Low SNR
- Not effective for complex geometries
- Low sensitivity for small defects

Laser ultrasound (LU) - Contactless
- Suitable for complex geometries
- Highly sensitive to small subsurface 

defects

- Medium penetration depth
- Onerous post-processing
- Unsuitable for real-time testing
- Expensive equipment
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718 components produced by PBF-LB. Both CT and UT pro-
vided a minimum defect detection dimension of 300 μm. CT 
provided an excellent resolution, but when the sample size 
or the material density increased, UT was more appropriate. 
IRT provided a rapid and straightforward assessment of near-
surface imperfections, but closed pores below the surface 
were not detected. The minimum size of the pores detected 
by means of IRT was 300 μm for an open pore defect (close 
to the surface). The resolution and the penetration depth of 
IRT were worse than in the other NDT approaches.

Sreeraj et al. [220] elaborated on prevalent concerns 
about AM parts, non-destructive testing (NDT) techniques 
for AM components, and their efficacy in addressing produc-
tion and service challenges, without providing any data or 
specific details on the used materials or technologies.

5 � Conclusions and Future Research 
Directions

This review highlights the growing importance of infrared 
thermography as a non-destructive method for the quality 
control of additive manufactured parts. The findings suggest 
that infrared thermography offers a promising, cost-effective 
solution for the early detection of internal defects, which is 
crucial to ensure product performance and reliability. An 
analysis of the current literature has pointed out several 
important conclusions:

•	 Effectiveness: Infrared thermography has shown a good 
defect detection capability in both ex-situ and in-situ appli-
cations, compared to other non-destructive techniques. 
The non-contact nature of this technology is particularly 
suitable for fast and automated inspection. However, its 
detection performance is highly dependent on a careful 
selection of the excitation method, the heating conditions, 
the test configuration and the post-processing algorithms.

•	 Limitations and challenges: Such factors as surface 
roughness and emissivity, as well as size and depth of 
the defects, can significantly affect the accuracy of ther-
mographic measurements. In addition, the typical com-

plex geometries of additive manufactured parts can make 
defect detection difficult.

•	 Integration with artificial intelligence and other non-
destructive techniques: The ability to augment the fidel-
ity of infrared thermography through the use of artificial 
intelligence tools represents a significant opportunity to 
improve defect detection and data interpretation. Indeed, 
the analysis of thermogram data can be automated and 
refined by integrating artificial intelligence algorithms 
to obtain faster and more reliable results. However, this 
aspect is still largely unexplored, and therefore presents 
considerable possibilities for better accuracy, speed, and 
real-time analysis. In this context, more accurate data, 
derived from other non-destructive testing, may be used 
to calibrate and tune tomography analysis. From an indus-
trial point of view, infrared thermography may be used 
to complement other non-destructive testing methods and 
could be used for early and fast defect detection before 
using more expensive and time-consuming techniques, 
such as tomography. The review has allowed application 
maps to be created that could be used to select the optimal 
non-destructive testing technique for each application.

•	 Practical implications: The results strongly support the 
use of infrared thermography in industry and research, 
and they emphasise its important role in proactive defect 
management strategies. As the additive manufacturing 
industry continues to evolve, implementing robust infra-
red thermography systems will become essential to main-
tain high quality and safety standards.

•	 Infrared thermography maps for decision making: The 
proposed analysis of the state of the art has been used to 
develop maps that allow infrared thermography set-ups 
to be chosen according to the material, size, and depth of 
the expected defects. These maps also include informa-
tion on the equipment and post-processing algorithms 
required for specific applications.

The interplay between infrared thermography, artificial 
intelligence and other non-destructive testing data is likely 
to define the future of quality control in this rapidly evolv-
ing field.

Table 5   (continued)

Type NDT technique Main strengths Main weaknesses

Other Residual stress (RS) - Large penetration depth
- High resolution

- Costly and time consuming

Penetrant testing (PT) - Time and cost effective - Limited to emerging defects
- No information about defect type or 

size

Visual inspection (VI) - Cost-effective - Limited to surface defects
- Labour intensive
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