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A B S T R A C T

In this work, a Non-Destructive approach based on an Active Infrared Thermography model is proposed for the 
evaluation of residual stresses produced by surface treatments. In particular, the thermal diffusivity was chosen 
as a Non-Destructive thermal index of the investigated surface treatments, and it was carefully evaluated by using 
Lock-In Thermography measurements. The Active Infrared Thermography model was developed using a simi
larity to coatings concept that exploits the idea of equivalent thermal diffusivity. In addition, the most relevant 
factors involved during the Non-Destructive analyses were taken into consideration by means of an Analysis of 
Variance. The experimental activities were conducted following a complete Design Of Experiment approach 
composed of both Taguchi Design and Response Surface Methodologies, allowing for the laser parameters 
calibration with the aim of identifying the interaction between microstructures, residual stresses and thermal 
diffusivity. This approach resulted in a novel Non-Destructive methodology for the evaluation of residual stresses 
based on Lock-In Thermography and hardness measurement. The obtained results were compared with the 
measurements provided by using the X-Ray diffraction meter, allowing errors on the residual stresses evaluation 
less than 5 %. The validity of the proposed Non-Destructive approach was presented for cylindrical samples and 
gears with different geometries. Moreover, different surface treatments were also investigated in this work, the 
induction hardening and the carburizing surface treatments respectively.

1. Introduction

The selection of appropriate surface treatments is of significant 
importance for ensuring the mechanical resistance of components dur
ing operating conditions. This evaluation constitutes a crucial aspect 
from the preliminary design phase of the component itself. Nevertheless, 
it is essential that mechanical features, such as hardness and residual 
stresses, pass a rigorous inspection process before components are put 
into service.

In general, the inspection of residual stresses is typically realized by 
employing Destructive, Semi-Destructive and Non-Destructive analysis 
[1,2]. Non-invasive controls, when combined with green approaches, 
are now widely preferred due to environmental reasons, and the ad
vantages of Non-Destructive Testing (NDT) techniques largely meet 
these demands [3,4]. As a matter of fact, the evaluation of residual 
stresses through NDT techniques, for instance X-Ray or neutron dif
fractions, magnetic and ultrasonic techniques, can guarantee the 
integrity of components in many cases. Focusing the attention to the first 
approach, diffraction techniques exploit crystal structures for residual 

stress analysis through the use of diffraction signals obtained from the 
microstructure under investigation. These approaches permit a high 
level of versatility in terms of their application to different types of 
components under examination. For instance, as discussed in Refs. [5,6], 
they can be used to measure the stress of different types of pipes or 
turbine blades, respectively. Diffraction techniques may, however, be 
Destructive in certain instances, depending on the geometry of the 
component. One example of this consideration can be found in the 
context of complex geometries, such as gears, where the method ne
cessitates the removal of the tooth before the use of diffractometric 
approaches [7,8]. Alternatively, a number of studies proposed the 
application of the magnetic method for Non-Destructive detection, 
specifically the Barkhausen Noise Method (BNM). This technique can 
also be used for residual stresses evaluation since the detection is per
formed on the basis of a magnetic-elastic interaction in the magnetic 
domain [2]. There are many relevant studies on this technique, from 
residual stresses analysis of samples [9] to mechanical components like 
aeronautical bearings [10]. A portable device was also developed for the 
in-situ analysis of rail wastes [11]. Recent applications of the BNM 
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showed a continuous improvement of the current methodology to 
extend its applications to other research topics. For instance, the feasi
bility of using this NDT technique to detect the presence of martensite on 
the surface of rail sections was discussed in Ref. [12] thanks to the use of 
the envelope of the signals. Furthermore, a primary application of the 
BNM for the analysis of prestressed strands was carried out in Ref. [13], 
thanks to the use of a specific solenoid sensor and a dedicated data 
processing. Acoustic emission is another NDT technique that was 
extensively discussed in literature. This technique requires particular 
attention during measurement phases, since coupling conditions may 
affect the accuracy of results. In the specific case of stresses detection, 
the interaction between residual stresses and velocity of elastic waves in 
solid materials is the basis of the analysis [14,15]. Furthermore, it can be 
adopted for measuring residual stresses also in a combination with a 
magneto technique, as proposed in Ref. [16].

In the general context of NDT techniques, recent articles were pub
lished proposing innovative methodologies for the specific topic of re
sidual stress analysis. The feasibility of the indentation technique was 
investigated in a number of applications, and the results were promising. 
In Ref. [17], for example, the problem of non-uniform residual stresses 
caused by manufacturing and sharpening was discussed, and the prob
lem was investigated in a Non-Destructive manner using the Knoop 
indentation technique, developing a biaxial residual stress testing 
method. The integration of the indentation technique with Artificial 
Intelligence solutions was described in Ref. [18]. More in detail, the 
residual stress was analysed through the integration of indentation 
testing technology with Machine Learning (ML) methodologies, allow
ing the analysis independent of any knowledge of the mechanical 
properties of metallic materials. The utilization of the eddy current 
technique as a NDT technique was proposed for the analysis of metal 
Additive Manufacturing (AM) processes in Ref. [19] on the basis of the 
temperature-dependent electrical conductivity relation. The authors 
proposed a method for an in-situ temperature monitoring during the AM 
processes and showed that the induced currents can reflect the tem
perature changes in steel structures. Consequently, the temperature 
history could provide an indication of the quality of the material, such as 
internal stresses, which are otherwise inaccessible for the analysis. The 
advantages provided by the thermal-electrical relationship was also 
discussed in Ref. [20]. The authors proposed the investigation of the 
thermoelectric power (TEP) measurement as a Non-Destructive analysis 
for the evaluation of microstructural features in the case of a martensitic 
stainless steel. The obtained results identified that variations in the TEP 
can be related to the gradual microstructural modifications produced by 
the heat treatment, resulting in an alternative analysis with respect to 
the classical approach in which Scanning Electron Microscopy (SEM), 
X-Ray diffraction and hardness measurements are adopted. In the 
context of literature on the subject of residual stresses, a novel approach 
was discussed with regard to the TeraHertz (THz) technique. This 
technique allows the analysis of the internal information of materials 
due to its ability to penetrate inside them. Ref. [21] reported the 
application of THz for a full-field stress measurement method, and a 
theoretical model based on the stress-optical law was presented, vali
dating the method experimentally for a loaded disk. A further example is 
proposed in Ref. [22] for Glass Fibre Reinforced Polymer (GFRP). The 
authors developed a theoretical model based on the anisotropic 
stress-optics law to describe the THz-elasticity and to calibrate the 
stress-optic coefficients of GFRP. The proposed approach revealed the 
relationship between residual stress and the refractive index of GFRP, 
verifying the feasibility of this technique in measuring residual stress in 
GFRP.

The field of Infrared Thermography (IRT) is of particular interest as it 
is a non-invasive method of analysis based on heat emission measured 
by infrared cameras [23]. Nowadays, a promising application of IRT is 
the innovative active or stimulated configuration, also known as Active 
Infrared Thermography (AIRT). In this configuration, samples are 
thermally excited by an external heating source (laser, induction, lamps, 

etc.) and the resulting thermal responses are captured by the infrared 
camera. The first applications analysed composite materials, with many 
papers describing methods and algorithms to improve defect visibility 
[24–26]. Subsequently, applications to metallic materials were also 
explored for topics such as crack detection [27,28], coating analysis [29,
30] or damage and material characterization [31,32]. Furthermore, a 
preliminary application for the anticorrelation analysis between hard
ness and thermal diffusivity was proposed in Ref. [33], as an alternative 
to the classical approaches that adopt the photothermal radiometry 
technique [34–39]. Another recent application of the photothermal 
technique was presented in Ref. [40], where the combination of ad
vantages provided by photothermal tomography and pulsed thermog
raphy resulted in the proposal of a technique named frequency 
multiplexed photothermal correlation tomography (FM-PCT). The 
FM-PCT was proposed for Non-Destructive and contactless 
cross-sectional imaging of manufactured material evaluation and char
acterization, allowing for three-dimensional thermal images with the 
aim of evaluating the position of defects or discontinuities in the solid 
and for rapid detection speed. The potential applications of IRT in the 
field of stress analysis were also reviewed in the existing literature. For 
instance, an innovative force-temperature model was properly devel
oped in case of Carbon Fibre Reinforced Polymer (CFRP), as reported in 
Ref. [41]. The analysis was conducted on the basis of the elastic plate 
theory and thermal stress analysis, allowing for a novel internal stress 
measurement technique and composite mechanical behaviour analysis 
by investigating the temperature distribution on the external surface of 
the material. In other research works, a combination of both IR and THz 
techniques was employed for the analysis of residual stress. For instance, 
in Refs. [42,43], the analysis was conducted for high-density poly
ethylene (HDPE) material under tensile loading. The Line-Scan Ther
mography (LST) method was utilized for the quantification of residual 
stress, adopting the thermal diffusivity as a quantitative detection co
efficient. In addition, a comprehensive analysis of the residual stress 
measurement was conducted using the THz method, which took into 
account the influence of the refractive index and the sample thickness.

This work proposes an alternative AIRT based Non-Destructive 
approach for evaluating residual stresses produced by surface treat
ments. The evaluation is performed by considering Non-Destructive 
parameters, with a particular focus on thermal diffusivity selected as 
the AIRT. The analysis was conducted using an AIRT model that was 
developed on the basis of the most relevant factors involved during the 
analysis. The overall AIRT activities were conducted according to a 
Design Of Experiment methodology. Then, a range of case studies were 
considered to validate the proposed Non-Destructive approach. At the 
end, a comparison of the estimated results with those obtained from the 
X-Ray diffraction meter indicated errors of less than 5 % in the residual 
stresses evaluation.

2. Mathematical formulations

2.1. Thermal diffusivity estimation by means of the “Slope Method”: 
analytical background

The assessment of thermal properties requires the measurement of 
the thermal conductivity (k), that can be determined using a conven
tional apparatus such as the Hot Disk instrument. In order to obtain 
accurate results, it is essential that the samples under analysis are 
manufactured in accordance with the specific requirements of the 
apparatus or Standards. Then, the thermal diffusivity (α) can be calcu
lated through a computation with the specific heat and the density.

The capability to estimate α remains a topic of significant interest 
within the Thermographic field. As a matter of fact, a variety of AIRT 
configurations can be employed, depending on the AIRT technique 
(either the Lock-In or the Pulsed technique) and the experimental setup 
(either a reflection or a transmission configuration). In some cases, 
particular attention must be paid to the geometry of the sample, as with 
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the applications of the ISO 18555 and 18755 Standards [44,45]. On the 
other hand, the “Slope method” appears to be less sensitive to the sample 
geometry of the samples, allowing for a localised estimation of α for all 
sample geometries.

In this study, α was selected as a thermal index for the objective of 
evaluating residual stresses produced by surface treatments. The 
calculation was performed in accordance with the isotropic analytical 
formulation for slabs proposed in Ref. [46], as summarized below.

Let us consider a specific case in which the heating source is a laser 
beam of power P0, modulated with a certain frequency f and with a 
radius equals to a. In the context of a slab geometry (see Fig. 1) of 
thickness l, the periodic thermal response in terms of temperature can be 
defined in a generic formulation using the Hankel space with cylindrical 
coordinates: 

T(r,z) =

∫ ∞

0
δJ0(δr)

[
A expβz +B exp− βz]dδ (1) 

where δ is the Hankel variable, J0 is the Bessel function, β is the thermal 
wave vector and A and B represent specific constant tuned on the basis of 
the boundary conditions and heat flux continuity.

When considering a small temperature rise and a Gaussian distri
bution of the laser beam as 

(
P0 /πa2)exp− 2r2/a2 , two possibles cases can 

be defined on the basis of the thickness l and the thermal diffusion length 
(μ) parameter [46] introduced in equation (2). 

μ=

̅̅̅̅̅α
πf

√

(2) 

In the first case, a “thermally thin” slab is considered. The thickness of 
the slab is less than the thermal diffusion length (l≪ μ) and equation (1)
can be rearranged as: 

T(r) =P0

/

4πKl
∫ ∞

0
δJ0(δr)

(
exp− (δa)2/8

)/

β 2́dδ (3) 

where β 2́ = δ2 + σ 2́ and σ 2́ = σ2 + (2h /kl), where k is the thermal 
conductivity and h the heat transfer coefficient of the slab surfaces. In 
the particular case of a laser beam radius equals to zero (a = 0), and for 

distances that are significantly larger than the beam width (r→∞), an 
analytical solution to equation (3) can be derived. In particular, the 
thermal wave propagates in a cylindrical manner along the radial di
rection according to the following equation: 

T(r→∞,a=0) ≈ P0

/
4πKl

̅̅̅̅̅̅̅̅
π/2

√ (
1
/ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σŔ + iσÍ

√ )(
exp− σʹ

R r / ̅̅
r

√ )
exp− iσʹ

I r

(4) 

where σŔ and σ Í correspond to the real and the imaginary part of σʹ. 
Equation (4) allowed to point out the following considerations. The 
phase signal of the temperature response shows a linear behaviour with 
respect to the r dimension, which slope is equal to σ Í. On the other hand, 
the natural logarithmic of the amplitude signal of the temperature 
response exhibits a linear response in relation to the 

̅̅
r

√
, which slope 

corresponds to σŔ. A more realistic scenario involves a real radius 
dimension of the laser excitation source. In this scenario, the observed 
linear behaviour is confirmed for large r dimensions.

The second case is the “thermally thin” slab (l≫μ). Equation (1) can 
be rearranged as: 

T(r,z=0) =P0

/

4πK
∫ ∞

0
δJ0(δr)

(
exp− (δa)2/8

)/
(β+ h0 /K) dδ (5) 

but, in this case, no analytical solutions were available. In any case, 
the validity of the proposed formulations for the α estimation was 
validated by the authors [46] through numerical simulations. In the 
specific case of phase signal as thermal response, as implemented in this 
study, the estimation of α can be derived as follows: 

m=

̅̅̅̅̅
πf
α

√

(6) 

where the slope of the phase signal is defined with m.

2.2. AIRT model for the residual stresses evaluation

The proposed AIRT model provides a non-invasive evaluation of the 
superficial residual stress entity exploiting both mechanical and thermal 
properties. Regarding the thermal properties, α was evaluated by using 
AIRT measurements according to the “Slope Method” as presented in 
Section 2.1, becoming a thermal index representative of the material 
under investigation.

As described in Section 1, the anticorrelation phenomena between 
hardness and α was widely discussed through the use of photothermal 
radiometry technique [34–39]. More in detail, the local value of α was 
compared to the corresponding local hardness, and the analysis was 
performed along the depth of the material by using an inversion meth
odology. In these studies, the photothermal formulation was adopted 
and inversion algorithms were necessary to obtain α. On the contrary, 
there is a lack of discussion in literature on the possible relation between 
the residual stress state and α.

The idea of the proposed AIRT model is based on the analysis of the 
surface treatment as a coating that affects both mechanical and thermal 
properties at a superficial layer. Fig. 2 (a) shows a scheme of the surface 
treatment effect on both mechanical and thermal properties. In partic
ular, the red colour denotes to the untreated material (material without 
surface treatment, UTM), while the green colours refer to the treated 
material (material with surface treatment, TM). In case of surface 
treatments such as induction hardening and carburizing, the positive 
effects observed on both hardness and compressive residual stress 
properties are attributed to microstructural changes. This microstruc
tural modification also affects the thermal properties with a consequent 
impact on the heat propagation along the depth of the material. On the 
basis of these considerations, it can be concluded that the mechanical 
and thermal properties of the untreated material are uniform along the 
depth. On the contrary, in case of material subjected to surface treat
ment, these properties may differ from the surface to the substrate zone Fig. 1. Slab geometry.
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which may or may not be considered very close to the untreated mate
rial, depending on the surface treatment. So, the superficial hardness is 
defined as a local mechanical property derived from the local superficial 
microstructure. On the other hand, the compressive residual stress dis
tribution is generated by the interaction of different microstructures 
(with different densities) along the material depth, as a consequence of 
the treatment itself. Regarding thermal properties, it is possible to obtain 
different values of α depending on the microstructure.

Fig. 2 (b) provides a schematic representation of the coating 
approach adopted for the AIRT model. The phenomenon of the heat 
propagation that occurs during AIRT tests involves the material in its 
thickness, and, in the specific case of the treated material, several mi
crostructures are intercepted by the heat flux. It can be concluded that 
an equivalent thermal diffusivity value for the treated material (αTM 

EQ) 
can be considered, based on the microstructures at both surface (the 
coating part) and depth (the substrate part). This approach is the same in 
case of coatings [44], where an equivalent microstructure can be 
considered for the purpose of an equivalent thermal characterization. In 
a similar manner, the concept of these equivalent microstructures can 
also be explored in relation to the mechanical properties.

In this study, an equivalent value of superficial residual stresses, 
which could also be adopted specifically for each surface treatment, was 
considered as the results of the interaction of the whole microstructure 
along the depth and the volume of the material. So, the idea of a mean 
value of the surface residual stresses measured along two perpendicular 
directions was used as an indicator of the overall microstructural 
change. Regarding the hardness, the same superficial zone tested with 
AIRT was considered for the analysis.

From a mathematical point of view, the following formulations were 
proposed for the specific purpose of developing a Non-Destructive 
approach. Let now consider both thermal and hardness properties, 
that can be obtained in a Non-Destructive manner. The behaviour 
defined for each material condition (treated and untreated materials 
respectively) from Non-Destructive experimental measurements was 
mathematically described choosing a linear modelling of the anti
correlation phenomena: 

H= pα + d (7) 

in particular, H corresponds to the hardness in Vickers value, p is the 
slope and d is the intercept. It’s important to note that α proposed in 
equation (7) may represent the thermal diffusivity or the equivalent 
thermal diffusivity, on the basis of the tested material, indicating a 
general thermal index properly estimated through AIRT measurements. 
For the final purpose of Non-Destructive residual stresses evaluation, a 
proposal of a logarithmic formulation was considered by using the 
following mathematical description: 

σRS =
1
n

ln
(

HTM

HUTM

)

(8) 

where σRS corresponds to the superficial compressive residual stress, n is 
defined as the AIRT coefficient, HTM is the hardness in Vickers mea
surements of the treated material and HUTM is the hardness in Vickers 
measurements of the untreated material. The n coefficient was properly 
defined with the idea of utilizing Non-Destructive measurements pre
viously introduced in equation (7). For this aim, an analysis of the 
relevant factors involved during AIRT tests was also carried out by 
means of a statistical analysis, an Analysis of Variance (ANOVA) 
respectively. A formulation for the n coefficient (n*) based only on fac
tors influencing the AIRT measurements was then developed, taking into 
account the specific effect of the microstructural change produced by the 
surface treatment. The mathematical formulation is proposed in 
following equation. 

n* =
1

ST*|p|
(9) 

Then, the ST coefficient proposed in equation (9) was properly 
investigated on the basis of the surface treatment, allowing an error in 
the estimation of σRS less than 5 %. The optimal results were obtained 
with a ST coefficient equal to 2.7 for the carburizing surface treatment, 
while a value of 2.4 was used for the induction hardening surface 
treatment. The model calibration is described in the result section.

The validity of the proposed AIRT model concerns surface treatments 
in which the microstructural change has a significant effect on heat 
propagation compared to the untreated material behaviour. This way, 
the results of a Non-Destructive analysis (thermal index, α, and super
ficial hardness, H, measurements) can be adopted for evaluating the σRS 
entity.

3. Materials and methods

3.1. Specimens

This study proposes the estimation of residual stresses for cylindrical 
samples and gears subjected to two different surface treatments, an in
duction hardening surface treatment (for the C45 steel) and a carbu
rizing surface treatment (for the 20MnCr5 steel), respectively. 
Moreover, a set of two different gear geometries, in terms of different 
modulus, were also investigated.

The case studies considered in this activity are summarized in 
Table 1, while Fig. 3 illustrates, as an example, the possible specimen 
geometries. It is important to emphasise that untreated and treated gears 
(for each case study) show the same surface appearance, and the only 
difference is the presence of the surface treatment which is impercep
tible from a visual point of view.

Referring to Table 1, the columns report the specimen type (first 
column: cylindrical samples, 3 mm modulus gears and 4 mm modulus 
gears), the tested materials (second column: 20MnCr5 and C45 steels), 

Fig. 2. Surface treatment analysis: (a) material properties, (b) Similarity with the coating.
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the specimen geometries (third column: cylindrical shape or spur gears) 
and the tested conditions (fourth column: untreated, induction hardened 
and carburized materials). So, a total number of 10 specimens (4 cy
lindrical samples and 6 gears), untreated and treated, were utilized in 
this study. A high level of production quality was required from the 
manufacturer in terms of material properties and surface treatment 
uniformity of all specimen typologies (cylindrical samples and gears, 
treated and untreated materials). Moreover, the untreated and treated 
specimens were manufactured from the same steel bars in order to 
reduce as much as possible the variability in the chemical composition of 
the steel, which could affect the mechanical and thermal properties, so 
that the variability in the measured results was limited to the micro
structural changes caused by the surface treatment.

A detailed mechanical properties analysis was firstly investigated 
with a classical apparatus. The residual stresses of cylindrical samples 
were measured along two perpendicular directions with an X-Ray 
diffraction meter, while the hardness was evaluated at a series of points 
on the planar surface. For what concerns gears, the residual stress 
analysis was conducted by using an X-Ray diffraction meter in both 
radial and longitudinal directions after the tooth was extracted from the 
gear. The values were obtained at the centre of the tooth and close to the 

pitch diameter, that represents a zone of interest in ISO Standards 
computations [47]. Metallographic analyses were also conducted in 
order to investigate the microstructure and the hardening pattern of the 
tested gears. The micro hardness values were evaluated on the tip of the 
tested tooth and along the depth of the hardening pattern (in the 
proximity of the pitch diameter) by using a micro-durometer.

The X-Ray diffraction meter utilized in this activity exhibited a 
Theta-Theta geometry, equipped with a Cr anode (30 kV and 0.1 mA) 
and a linear silicon strip detector based on single photon counting 
technology. The hardness values for all the investigated specimens 
(cylindrical samples and gears) were evaluated by using the Vicker 
method with a load of 0.1 kg. The choice was motivated by the fact that 
the Vicker hardness is generally used to define the resistance of gears in 
the ISO Standard [48].

3.2. Active Infrared Thermography setup

The AIRT setup was already utilized as Non-Destructive approach for 
the local residual stress identification on both samples and gears [49]. 
Fig. 4 illustrates the experimental setup adopted for both cylindrical 
samples and gears (as an example for the 4 mm modulus geometry).

The equipment was composed of a thermal camera FLIR A6751sc 
(sensitivity lower than 20 mK and 3–5 μm spectral range), a laser 
excitation source (that can generate a square wave as heating profile, 50 
% of duty cycle, a maximum power of 50 W concentrated in a small 
surface) and a PC control unit. In case of gears, a special F-Theta optical 
lens was utilized to reduce and to localize the heating over the tip of the 
tooth. The thermal camera and the heating source were placed in front 
of the specimens (samples or gears), implementing the so-called 
“reflection mode” configuration during the AIRT tests.

3.3. Laser parameters calibration: a Design Of Experiment approach

The Lock-In technique was identified as the optimal AIRT technique 
for surface treatments identification when thick samples or components 
such as gears are involved [49–51]. In general, a laser heating source is 
controlled acting on three parameters: the power, the step duration and 
the number of cycles. In order to realize the Lock-In technique, all pa
rameters are involved during the heating phase and, for this purpose, the 
optimal laser parameters combination was accurately evaluated by 
following a Design Of Experiment (DOE) approach.

The laser parameters were evaluated for the untreated material. This 
assumption was motivated by the fact that untreated materials are 
characterized with a very low value of residual stress for definition, and 
the thermal properties are also easy to thermally characterize since they 
are generally constant along the depth of the material. Moreover, the 
laser parameters were evaluated for each case study (see Table 1). This 
way, the adopted approach enabled the compensation of the potential 
impact of different geometries and experimental setups (the presence or 
absence of the F-Theta lens) on the heat propagation, and consequently 
on the estimation of a possible thermal index.

Table 1 
Specimens and surface treatments: case studies.

Specimen type Material Geometry Tested conditions

Cylindrical 
samples

20MnCr5 
steel

-Cylindrical 
shape
-Thickness: 10 
mm
-Diameter: 45 
mm

-Untreated material
-Carburized material

Cylindrical 
samples

C45 steel -Cylindrical 
shape
-Thickness: 10 
mm
-Diameter: 45 
mm

-Untreated material
-Induction hardened 
material

3 mm modulus 
gears

20MnCr5 
steel

-Spur gear
-N◦ of teeth: 20
-Pressure angle: 
20◦

-Gear width: 28 
mm

-Untreated material
-Carburized material

4 mm modulus 
gears

20MnCr5 
steel

-Spur gear
-N◦ of teeth: 20
-Pressure angle: 
20◦

-Gear width: 40 
mm

-Untreated material
-Carburized material

3 mm modulus 
gears

C45 steel -Spur gear
-N◦ of teeth: 20
-Pressure angle: 
20◦

-Gear width: 28 
mm

-Untreated material
-Induction hardened 
material

Fig. 3. Specimen geometries: (a) cylindrical sample, (b) 3 mm modulus gear, (c) 4 mm modulus gear.
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Fig. 5 (a) reports the most relevant steps involved during the DOE 
activity. The initial step (thermal index definition, see Fig. 5 (a)) 
involved the selection of an appropriate thermal index capable of 
detecting thermal alteration produced by microstructural changes 
resulting from surface treatments. Preliminary analyses [50,51], in 
which Hot-Disk apparatus was employed, indicated that the thermal 
diffusivity was the most appropriate thermal index for this purpose. In 
this work, the thermal diffusivity was estimated by using the Slope 
Method (see the mathematical formulations presented in Section 2), and 
it was adopted as the response variable during the DOE activity. During 
the AIRT tests, cylindrical samples and gears were heated with the laser 
source as illustrated in Fig. 5 (b), and the thermograms were elaborated 
by using IRTA2 Software. Subsequently, thermal responses (phase sig
nals) were extracted along lines located over the cylindrical sample 
surface and the tip of the tooth (see Fig. 5 (b)). The tooth tip was chosen 
for the analysis as it corresponds to a planar surface in front of the 
thermal camera.

Subsequent to the thermal index definition, the laser parameter 
tuning was carried out with the second and third steps of the DOE ac
tivity (see Fig. 5 (a)). The three laser parameters (power, step duration 
and number of cycles) were considered as factors, while the target 
response utilized for the tuning of the laser parameters was α of the C45 
and 20MnCr5 untreated steels. These target values were estimated from 
dedicated thermal conductivity measurements by using the classical 
Hot-Disk from untreated cylindrical samples [50,51] and, in addition, 
the tested gears were manufactured from the same cylindrical bars. A 
preliminary laser parameter combination was identified by employing 
the Taguchi Design (Preliminary laser parameters combination step, see 
Fig. 5 (a)) in the “nominal-is-best” condition [52]. An L27 orthogonal 
array was adopted, with each factor varying with three levels, and each 
combination repeated three times. This approach facilitated the identi
fication of the most relevant factors by investigating the impact of each 
factor on the Signal-to-Noise ratio, the mean and the standard deviation 
of the response. Subsequently, starting from the previous preliminary 
combination, an optimal laser parameter combination was defined 

(Optimal laser parameter combination step, see Fig. 5 (a)) by using the 
Central Composite Design (CCD) as Response Surface Methodology 
(RSM) [53], and the tested combinations were repeated twice. At the 
end, the optimal laser parameters were then identified by means of the 
surface plot.

After identifying the optimal combination of laser parameters, the 
AIRT setups were validated by performing three AIRT tests for each case 
study (Laser parameters check step, see Fig. 5 (a)). Then, a mean value of 
the thermal index was considered to verify the results with respect to the 
target responses provided by the Hot Disk analysis [50,51]. So, any 
deviation in the thermal response can be attributed solely to micro
structural changes induced by the surface treatment, which can be 
quantified through the thermal index computation.

4. Results and discussion

Firstly, the results of the mechanical properties characterization 
(hardness and surface residual stress by using the X-Ray diffraction 
meter) of all specimens are presented.

The comparison of the investigated mechanical properties for the 
untreated and treated (carburized and induction hardened materials) 
cylindrical samples is shown in Fig. 6 ((a) and (b)). In particular, the line 
refers to the hardness variation, while the grey bars correspond to the X- 
Ray surface residual stress values. In particular, the x and y grey bars 
refer to the superficial residual stress measurements obtained along two 
perpendicular directions (see section 3.1). Similar results are reported 
for gears (Fig. 6(c) and (d) and (e)). In this case, the graphs show a 
comparison of the mechanical properties (hardness and X-Ray residual 
stress) between untreated and treated gears, carburized and induction 
hardened respectively. In particular, the x grey bars represent the su
perficial residual stress measurements along the longitudinal direction, 
while the y grey bars denote the superficial residual stress measurements 
along the radial direction (see section 3.1). From the analysis of Fig. 6 in 
all parts, it can be observed that the microstructural change caused by 
the surface treatments (carburizing and induction hardening processes) 

Fig. 4. AIRT setup for cylindrical samples and gears.

Fig. 5. DOE activity: (a) steps (b) investigated zones.
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increased the mechanical properties as expected, resulting in an incre
ment of both hardness and surface residual stresses. The same behaviour 
was observed for both cylindrical samples and gears (3 mm and 4 mm 
moduli).

Fig. 7 (a) shows the metallographic analysis carried out in case of 
gears for both surface treatments, while Fig. 7 (b) reports the micro 
hardness analysis performed along the depth of the tooth. For sake of 
simplicity, the analysis of the surface treatment pattern for the carbu
rizing surface treatment is proposed for the 4 mm modulus gear. For the 
induction hardening surface treatment, the microstructural change 
involved approximately the entire tooth up to the root (Fig. 7 (a), 
martensitic microstructure - A), while a microstructural transition was 
observed at the root zone (Fig. 7 (a), mixed microstructure - B). In case of 
carburizing surface treatment, a martensite microstructure can be 
identified as an external layer as a result of the carburizing enrichment 
(Fig. 7 (a), martensite microstructure - C), while the internal part of the 

tooth exhibited a mixed microstructure as a consequence of the heating 
and quenching processes (Fig. 7 (a), mixed microstructure - D). Focusing 
the attention on the micro hardness measurements (see Fig. 7 (b)), the 
obtained hardening pattern produced a microstructural evolution along 
the depth characterized by a micro hardness decrement. The induction 
hardening surface treatment is responsible for a relatively homogeneous 
microstructure along the depth of the tooth, resulting in a less significant 
micro hardness variation along the depth, although a slight decrement 
was observed in the measurements. Moreover, the microstructural 
change produced by the surface treatments over the teeth was found to 
be identical in both the tip and pitch diameter zones. This indicates that, 
in the specific case of gears, even if the microstructural changes were 
investigated by heating the tip, they can be considered comparable to 
those evaluated at a point of interest, such as the pitch diameter.

The results obtained during the DOE activity are presented in the 
following part. Fig. 8 illustrates the surface plots generated from the 

Fig. 6. Mechanical properties characterization: (a) (b) cylindrical samples, (c) (d) (e) gears.
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RSM analysis (Optimal laser parameters combination step, see Fig. 5 
(a)), specifically for cylindrical samples (Fig. 8 (a)) and 3 mm modulus 
gears (Fig. 8 (b)), to provide an example during the tuning of the laser 
parameters.

In the specific case of Fig. 8, the laser parameters evaluation was 
achieved through the adjustment of two factors (step duration and 
power of the laser source) that were identified as the most important 
factors during the Taguchi Design analysis (Preliminary laser parame
ters combination step, see Fig. 5 (a)). Subsequently, the optimal laser 
parameters were tuned with the objective of estimating α of the un
treated material under investigation. Table 2 shows the results obtained 
from the DOE activity for all the case studies. More in detail, the optimal 
laser parameters columns report the optimal combination of step dura
tion, power and number of cycles obtained from the RSM activity. Then, 
the thermal index column shows the target response (α from the Hot 
Disk measurements) and the corresponding errors generated with 
respect to the thermal index estimated by using the AIRT setup. The 
energy provided during the AIRT tests is also illustrated, and an esti
mation of the investigated depth (heat penetration) was also calculated 
for each case study with the thermal diffusion length (see equation (2)). 
From an analysis of Tables 2 and it can be seen that gears and samples 
exhibit different laser parameters combinations. This is due to the fact 
that gears undergoing testing with the F-Theta lens, which necessitates a 
dedicated tuning of the laser parameters to avoid excessive heating over 
the tooth surface. It is also important to note that a standardized 
experimental setup in term of laser parameters was obtained for gears. 
This result is supported by the observation that the target thermal 
diffusivity of both C45 and 20MnCr5 steels, in the untreated condition, 

is very similar. Consequently, it can be concluded that the different gear 
geometries (3 mm modulus and 4 mm modulus) have a comparable 
effect on the heat propagation, and the same laser parameters can be 
used during AIRT tests. On the other hand, the absence of the F-Theta 
lens produces two distinct combinations of laser parameters for cylin
drical samples. Regarding the error with respect to the target response, 
the 20MnCr5 steel exhibited low error values in the thermal index 
estimation in comparison to those obtained in case of C45 steel. The 
optimal laser parameters were then utilized to test both untreated and 
treated specimens.

The results obtained from both Destructive and Non-Destructive 
analyses are summarized in Table 3, for both untreated and treated 
materials, and for each case study. In particular, the Destructive analysis 
is referred to the experimental activities devoted to the measurement of 
residual stresses by means of the X-Ray diffraction meter. In case of 
gears, the investigated tooth was completely removed from the gear, 
resulting in Destructive measurements due to the complexity of its ge
ometry. The σRS values detailed in the Destructive analysis column of 
Table 3 correspond to a mean value of the surface residual stresses 
presented in Fig. 6, as defined in Section 2.2. The column reports values 
for both untreated and treated materials and for each case study. In 
particular, a null value was assigned for the untreated material due to 
the low value of residual stresses. Conversely, the Non-Destructive an
alyses are referred to the results obtained from micro hardness and 
thermal index investigations. The specimens were analysed without 
destroying the components since local micro hardness measurements 
were performed from the tip of the tooth, while the thermal index was 
estimated by using the AIRT measurements proposed in sections 2.1, 3.2 

Fig. 7. Surface treatment patterns: (a) metallographic analysis, (b) micro hardness along the depth.

Fig. 8. Surface plots: (a) cylindrical samples - 20MnCr5 steel, (b) 3 mm modulus gear - 20MnCr5 steel.
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and 3.3. So, in the Non-Destructive analysis columns are reported the 
micro hardness values, previously illustrated in Fig. 6, and the estimated 
thermal index by using the AIRT setups. As illustrated in Fig. 6, the 
surface treatment results in an enhancement of the mechanical proper
ties, attributable to microstructural changes. In contrast, the effects of 
the surface treatment result in a reduction in the thermal properties, as 
evidenced by a decreasing thermal index in comparison to the untreated 
material. The validity of these results is further confirmed by the liter
ature, that documented the anticorrelation phenomenon along the depth 
of the material between local thermal diffusivity and local micro hard
ness evaluations [34–37]. From the results illustrated in Tables 3, it is 
evident that an anticorrelation behaviour exists also between 

mechanical and equivalent thermal properties, properly utilized in this 
work. On the basis of these considerations, a similar approach can be 
adopted for the purpose of defining a relation between thermal prop
erties and residual stresses. In fact, an anticorrelation behaviour is 
established by utilizing the σRS and the thermal index, which are 
equivalent parameters capable of accounting for mechanical and ther
mal behaviours produced by both superficial and in-depth microstruc
tural changes of the material.

In the following part, the definition of the AIRT model for the re
sidual stresses evaluation is detailed.

Fig. 9 shows the analysis carried out to study the main parameters 
involved during the AIRT tests, necessary for the development of the 

Table 2 
DOE Activity: laser parameters combination.

Case study Optimal laser parameters Thermal diffusivity estimation Energy Heat penetration

Step duration [s] Power [W] N◦ cycles [− ] Target [mm2/s] Error [%] [J] [mm]

Cylindrical samples 
20MnCr5 untreated steel

1.9 22.5 200 10.59 6.35 8550 2.5

Cylindrical samples 
C45 untreated steel

1.5 50 120 11.10 11.98 9000 2.5

3 mm modulus gears 
20MnCr5 untreated steel

0.5 15 200 10.59 4.56 1500 1.3

4 mm modulus gears 
20MnCr5 untreated steel

0.5 15 200 10.59 1.68 1500 1.3

3 mm modulus gears 
C45 untreated steel

0.5 15 200 11.10 18.92 1500 1.4

Table 3 
Destructive and Non-Destructive analysis: mechanical and thermal results.

Destructive analysis Non-Destructive analyses

Case study Compressive residual stress, σRS 

[MPa]
Micro hardness, H [HV] Thermal index, α [mm2/s]

Untreated material Treated material Untreated material Treated material Untreated material Treated material

Cylindrical samples 
20MnCr5 - Carburizing surface treatment

0 465 
±66

165.17 
±4.53

679.82 
±27

11.59 
±0.11

7.99 
±0.04

Cylindrical samples 
C45 - Ind. Hardening surface treatment

0 497 
±78

208.06 
±5.87

595.32 
±37.61

13.16 
±0.22

10.90 
±0.63

3 mm modulus gears 
20MnCr5 - Carburizing surface treatment

0 555 
±81

220.67 
±2.55

820.67 
±2.14

11.34 
±0.06

7.81 
±0.09

4 mm modulus gears 
20MnCr5 - Carburizing surface treatment

0 558 
±99

262.90 
±11.54

833.45 
±36.66

10.89 
±0.09

7.82 
±0.08

3 mm modulus gears 
C45 - Ind. Hardening surface treatment

0 412 
±156

298.92 
±10.63

788.10 
±27.21

13.20 
±0.26

10.11 
±0.12

Fig. 9. Statistical analysis: (a) material, (b) geometry and (c) F-Theta lens.
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AIRT coefficient (n* see equation (9) in section 2.2). In particular, the 
analysis was performed by means of individual plot and ANOVA. The 
estimated thermal index was considered as the response variable during 
the statistical analysis, while the factors were defined on the basis of the 
possible parameters involved during the AIRT tests. More in details, the 
factors considered in the ANOVA were the material (Fig. 9 (a)), the 
specimen geometries (Fig. 9 (b)) and the presence or absence of the F- 
Theta lens (Fig. 9 (c)). The material factor (Fig. 9 (a)) included both 
untreated and treated materials investigated in this study (untreated 
steels, 20MnCr5-UTM and C45-UTM, treated steels, 20MnCr5-TM and 
C45-TM). The geometry factor (Fig. 9 (b)) takes into account the pos
sibility of testing gears with different moduli (Gear-M3, gear with 3 mm 
modulus, Gear-M4, gear with 4 mm modulus) or cylindrical samples 
(Cyl.Sample). For the F-Theta lens factor (Fig. 9 (c)), the possibility of 
using two different AIRT setups (with and without the F-Theta lens) was 
considered in the statistical analysis. Then, the statistically significant 
association (with 5 % of risk) between the factors and the thermal index 
was considered for an optimal calibration of the AIRT model. Focusing 
on the individual plots, a significant variation in the mean of the thermal 
index responses was observed for the material factor (Fig. 9 (a)). The 
result was confirmed by the ANOVA analysis (Fig. 9 (a)) as the material 
factor was statistically significant on the thermal index response with a 
p-value less than the 0.05 significance level. On the other hand, for the 
geometry and the F-Theta lens factors (Fig. 9 (b) and 9 (c)), no signifi
cant variations in the mean of the thermal indexes were observed. These 
considerations were confirmed with high p-values in the ANOVA ana
lyses. The results presented in Fig. 9 support the DOE approach, where 
the laser parameters were appropriately selected to estimate the thermal 
response only on the basis of the material and independently from tested 
specimens or the F-Theta lens. For this reason, a proposal of a mathe
matical formulation based on aspects related to the material was illus
trated in equation (9) of Section 2.2, taking into account only Non- 
Destructive analysis. Moreover, the calibration phase was performed 
acting on the ST coefficient (see equation (9)). On the basis of the ob
tained results, it was found that an error less than 5 % can be achieved if 
specific ST coefficients are used for each investigated surface treatment. 
This assumption is justified by the fact that the two investigated surface 

treatments produced different microstructural changes along the depth 
of the material, as reported in the metallographic analysis for gears (see 
the surface treatment patterns of Fig. 7 (a)). So, the ST coefficient was 
chosen equal to 2.7 in case of induction hardening surface treatment, 
while a value of 2.4 seems to be the most adequate in order to model the 
carburizing surface treatment.

The results of the proposed AIRT model are now presented.
Fig. 10 illustrates the proposed thermal and mechanical properties 

modelling described in Section 2.2, starting from the experimental re
sults detailed in Table 3. The blue colours are indicative of the carbu
rizing surface treatment, while the orange colours denote the induction 
hardening surface treatment. As illustrated in Fig. 10 (a), the linear 
modelling approach was employed to mathematically describe the Non- 
Destructive parameters, H and α respectively. The linear modelling 
presented in Fig. 10 (a) was obtained considering only the Non- 
Destructive analyses presented in Table 3. In any case, the obtained 
linear modelling can be considered as representative for each case study, 
since the results in terms of hardness and thermal index measurements 
were guaranteed by the high-quality production of all the specimens and 
by the proposed AIRT methodology. In particular, the hardness unifor
mity of each specimen was examined through the mechanical charac
terization (see Fig. 6) confirming the uniformities in terms of production 
provided by the manufacturer. Then, the AIRT setup allowed for a 
reliable thermal index measurement (see Table 3) thanks to the optimal 
laser parameters identified by using the DOE approach. On the other 
hand, Fig. 10 (b) shows the exponential modelling adopted for the 
mathematical description of the σRS. The surface treatment is respon
sible for the σRS increment and for the H increment, as consequences of 
both superficial and in-depth microstructural changes. The mathemat
ical coefficients of both linear (Non-Destructive analysis) and expo
nential (Destructive analysis) modelling are also illustrated in Fig. 10 for 
each case study.

Table 4 compares the results obtained from the experimental activity 
and the AIRT model. In particular, the experimental activity column 
reports the mathematical coefficients obtained from both linear and 
exponential modelling by using the experimental data. The slopes (p) 
were related to the Non-Destructive analysis using the linear modelling 

Fig. 10. Thermal and mechanical properties modelling: (a) α, (b) σRS.
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(see Fig. 10 (a)), while the exponents (n) were evaluated from the 
Destructive analysis using the exponential modelling (see Fig. 10 (b)). 
On the other hand, the AIRT model column reports the results obtained 
from the proposed Non-Destructive approach. In this case, the residual 
stresses evaluation was carried out using only Non-Destructive data, H 
and α respectively. As a matter of fact, the n* column refers to the 
estimated AIRT coefficients by using equation (9), in which the slope p 
and the specific ST coefficient were adopted. Then, the estimated 
compressive residual stress (σRS*) with the corresponding error (with 
respect to the σRS calculated from the X-Ray diffraction measurements, 
reported in Fig. 10) is illustrated for each case study. Focusing on the 
AIRT coefficients, it can be seen that the estimated values (n*) were 
comparable to those evaluated experimentally (n), allowing a good 
approximation of the evolution of the thermal and mechanical proper
ties. The final results (σRS*) showed that the proposed AIRT model 
generates an error of less than 5 % when compared with equivalent 
values obtained from classical apparatus, but with the advantage of a 
Non-Destructive approach for each specimen that was tested.

The approach presented in this work consists of a new Non- 
Destructive methodology based on AIRT measurements, which was 
appropriately calibrated for the evaluation of residual stresses produced 
in case of surface treatments on mechanical samples and components.

The proposed methodology enhanced the existing literature through 
the introduction of a new model developed using a similarity to coatings 
concept, which exploits the idea of equivalent thermal diffusivity. The 
model was formulated on the basis of Lock-In Thermography and 
hardness measurements, with the objective of taking into account the 
microstructural changes produced by the surface treatment. This 
methodology enabled the evaluation of residual stress considering 
exclusively Non-Destructive measurements, even in cases of complex 
mechanical components such as gears.

5. Conclusions

This work presents an AIRT-based Non-Destructive approach for the 
evaluation of residual stresses generated by surface treatments. A series 
of case studies involving cylindrical samples and gears with varying 
geometries, in combination with two different surface treatments, were 
investigated. The obtained results allowed the following conclusions to 
be drawn.

The DOE activity was adopted for the evaluation of the laser pa
rameters, and the tuning was performed for the untreated materials 
since it is easy to thermally characterize. Then, the same amount of 
energy, if provided to the treated material, allowed to quantify the 
thermal properties reduction as a consequence of the surface treatment.

The AIRT model, developed using a similarity to coatings concept, 
exploits the advantages of an anticorrelation phenomenon with equiv
alent mechanical and thermal properties. The thermal diffusivity be
comes the AIRT thermal index for a Non-Destructive residual stresses 
evaluation. The results obtained during the AIRT model definition (in
dividual plots and ANOVA analysis) confirm the approach developed 
during the DOE. As a matter of fact, possible effects of the experimental 
setup were properly considered during the laser parameters tuning, 
leaving the thermal indexes variation only to the microstructural 
changes. Furthermore, the impact of the hardening pattern produced 
from each surface treatment was considered with the ST coefficient.

In any case, the proposed Non-Destructive approach allowed for a 
satisfactory evaluation of the compressive residual stresses for each case 
study, and the results were confirmed by those obtained from X-Ray 
measurements (errors less than 5 %). Moreover, the residual stresses 
evaluation was performed considering only Non-Destructive measure
ments, the thermal index and the superficial micro hardness of the tested 
zones. At the end, the utilization of an AIRT configuration offers notable 
advantages, particularly in the evaluation of thermal properties for 
complex mechanical components, such as gears, where the employment 
of conventional apparatus, such as the Hot-Disk, is not applicable.

CRediT authorship contribution statement

Luca Corsaro: Writing – original draft, Validation, Conceptualiza
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