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A B S T R A C T   

The study investigated the anti-correlation between thermal diffusivity and Ultimate Tensile Strength (UTS) in 
Usibor® 1500 steel. The non-destructive pulsed laser spot thermography technique was used to analyze fifteen 
boron steel specimens with varying bainite/martensite phase percentages, while the UTS was measured through 
uniaxial tensile tests. A 23 % thermal diffusivity difference was found between fully martensitic and fully bainitic 
structures, with UTS varying by around 90 %. The strong anti-correlation was confirmed (Spearman coefficient 
− 0.98) and an empirical power-law equation was derived to estimate UTS based on thermal diffusivity varia
tions. The approach showed an R-squared value over 0.84, providing a non-destructive thermographic procedure 
for UTS estimation in Usibor® 1500 steel, offering valuable material property insights.   

1. Introduction 

In the industrial sector, a crucial requirement is to tailor the me
chanical properties of components to suit specific applications. For 
metallic materials, thermal treatments, including the widely used 
tempering process, play a vital role in achieving these objectives. An 
example of heat treatment is the press hardening process used with 
tailored technologies to achieve automotive structural components with 
high mechanical strength in one area and high ductility in another, as 
seen in the car’s central pillar (B-Pillar) [1,2] This component needs to 
both prevent intrusions and absorb energy during impacts. 

Traditionally, verifying the successful outcome of thermal treatment, 
i.e., the desired microstructure variation, has involved destructive 
testing, such as tensile tests or metallography, or semi-destructive 
methods, like hardness tests. However, these tests inevitably alter the 
surface of the component, compromising mechanical strength, particu
larly in structural applications. Furthermore, they are costly, time- 
consuming, and poorly suited for industrial applications. 

To overcome these limitations, non-destructive testing (NDT) tech
niques offer an intriguing alternative. Among these, thermographic 
testing stands out as a promising approach, with applications including 
process control [3–5], defect detection [6–14], and mechanical [15–18] 
and thermophysical characterisation [19–31]. Stimulated 

thermography offers full-field, non-contact evaluations without surface 
preparation and significantly reduces testing time compared to tradi
tional methods. 

The literature has demonstrated an "anti-correlation" between ther
mal diffusivity in metals and hardness, providing a basis for this study’s 
approach [20,32–35]. Non-destructive thermographic measurements of 
thermal diffusivity were employed to establish an empirical relationship 
enabling the estimation of mechanical properties, specifically the Ulti
mate Tensile Strength (UTS) of the Usibor®1500 boron steel. 

Thermal diffusivity measurements using thermographic methods are 
well-established and widely adopted, with various applicable techniques 
[19–28,31,36–40]. Over the years, researchers have introduced laser 
flash methods [19,27,41], spatial flash sources [42,43], and moving 
laser sources [23,25,44] for thermal diffusivity measurements. Among 
these, pulsed laser spot thermography [26,30,31,45] is a preferred 
method due to its simplicity, robustness, and suitability for future in
dustrial applications. 

Previous works have evaluated the proposed methodology’s ability 
to distinguish qualitatively between different microstructures and 
studied the influence of experimental test parameters on surface thermal 
diffusivity measurements [46–48]. This led to the development of a 
procedure for selecting optimal experimental parameters [46] for the 
in-plane thermal diffusivity measurement. Additionally, an initial 
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attempt was made to correlate thermal diffusivity with UTS [47] 
considering a fully martensitic structure and a ferritic-pearlitic ones. 

In the previous work [47], where a non-destructive thermographic 
procedure was proposed for a qualitative assessment of surface heat 
treatment, focusing on ferritic-pearlitic and martensitic structures, 
further advancements have been made. Specifically, the bainitic and 
martensitic phases were considered, including intermediate levels of 
percentage composition. Mechanical tests were conducted to develop a 
quantitative, non-destructive thermographic procedure for estimating 
the Ultimate Tensile Strength (UTS) in boron steels. 

In particular, this study presents a comprehensive quantitative test 
procedure for measuring in-depth thermal diffusivity using pulsed laser 
spot thermography. Subsequently, an extensive experimental campaign 
established an anti-correlation between the measured thermal diffu
sivity values and the ultimate tensile strength. This pioneering appli
cation of thermography as a non-destructive method allows for 
estimating the Ultimate Tensile Strength (UTS) in the boron steel Usi
bor® 1500 and determining the percentages of microstructures present. 
Furthermore, we assessed the influence of a protective Al–Si coating on 
thermal diffusivity measurements and proposed a relationship that ac
counts for the presence of this coating. These aspects constitute the main 
advancements compared to the previous works [46–48]. 

2. Theory 

As already mentioned in the introductive section, among the 
plethora of possible methods for thermal diffusivity measurement 
[19–28,31,36–40,45–47], the one employed in this research work is the 
pulsed laser spot thermography [22,31,45,47], a well-established tech
nique widely documented in the literature. This method is based on the 
model of temperature variation in both the in-plane and along the ma
terial thickness after applying a Dirac pulse heating using a laser with a 
spot radius R, on a finite body of thickness L, as shown below. 
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In the above equation, T represents the temperature distribution as 
function of time t, αn represents the thermal diffusivity of the material in 
the z direction, σt is related to the evolution of temperature distribution 
on the surface in time, thus to the in-plane thermal diffusivity, C rep
resents the specific heat, and ρ represents the material density. This 
equation can be separated into two factors, where one exclusively con
tains terms related to in-plane diffusion and the other solely contains 
terms related to diffusion along the thickness. In this study, after veri
fying through previous experiments that the material can be considered 
isotropic, we solely evaluated the thermal diffusivity along the thick
ness. This approach was primarily adopted due to the limited available 
area on the specimen, which will be discussed in the next sections, 
aiming to avoid the influence of edges on the measurement of in-plane 
thermal diffusivity. 

3. Material and methods 

3.1. Specimens 

In order to obtain samples with a different percentage of bainitic and 
martensitic microstructural phases, the methodology described by Pal
mieri et al. [49] was adopted. Below is a summary of this methodology. 

First, using an automotive B-Pillar as a case study, the press hard
ening process with the tailored tool tempering approach was numeri
cally simulated. This process differentiates tool temperatures, 
specifically a portion of the tools is heated, and another portion is cooled 
[50]. As a result, during the quenching phase, the blank in contact with 
the hot tools cools slowly, leading to a bainitic microstructure, while the 

blank in contact with the cold tools cools rapidly, creating a martensitic 
microstructure. With this approach, a transition zone is formed between 
the two different regions, exhibiting a gradual variation in microstruc
ture from fully bainitic to fully martensitic. 

The numerical model enabled the estimation of thermal cycles and 
corresponding percentages of microstructural phases at five points 
within the transition zone. Fig. 1 illustrates the thermal cycles at these 
points, and Table 1 presents the corresponding percentages of 
martensitic and bainitic phases. 

The thermal cycles acquired in these five points were finally repro
duced on samples in 22MnB5 (USIBOR®1500P). These experimental 
tests were conducted using the Gleeble®3180 physical simulator, which 
is a system capable of reproducing thermal and/or thermo-mechanical 
manufacturing processes on a laboratory scale. 

For each condition, three physical simulation tests were conducted 
with the aim of ensuring statistical significance. The geometry of the 
samples adopted for this study is shown in Fig. 2a. The thickness of the 
samples is 1.1 ± 0.08 mm. 

To replicate the thermal cycles, the Gleeble physical simulator em
ploys the Joule effect. The specimen is held between two copper grips, 
allowing for the passage of current. These grips are then placed inside 
two jaws cooled by means of a water-glycol solution. The experimental 
setup is shown in Fig. 2 b. 

A K-type thermocouple was welded onto the specimen centre 
(Fig. 2a.), serving as a pilot thermocouple. Inside the system, there is a 
PID controller which modulates the current density to ensure that the 
temperature at the control point matches the set temperature. During a 
physical simulation test, a thermal gradient is produced along the 
specimen, with the set temperature at the centre and decreasing as it 
approaches the cold grips. 

The geometry of the sample ensures a thermal gradient during the 
test of about 8 K/mm, guaranteeing that within 5 mm from the centre of 
the sample, the microstructure estimated by the numerical model is 
obtained for each considered thermal cycle. The total width in which 
there is uniformity of microstructure is approximately 10 mm. 

The microstructure’s uniformity throughout the specimen volume in 
the central area of the specimens was thoroughly verified, making us 
consider it isotropic within the region of interest. For example, Fig. 3 
shows the microstructures obtained at the centre of the sample subjected 
to the thermal cycle of point A (Fig. 3a) and the thermal cycle of point C 
(Fig. 3b). As expected, a predominantly bainitic microstructure is ob
tained during the thermal cycle at point A, while a predominantly 

Fig. 1. Thermal cycles acquired from numerical model in the five points along 
the transition zone. 
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martensitic microstructure is obtained during the thermal cycle at point 
C. 

The thickness measurements obtained for each specimen are pre
sented in Table 2. The measurements were performed using a micro
metre; each repeated five times on each specimen. This approach is 
essential because the proposed method’s thermal diffusivity measure
ment is susceptible to accurately determining the specimen’s thickness. 
Therefore, the thickness needs to be precisely known and carefully 
measured. The Usibor® 1500 sheets under investigation arrive with a 
coating, about 50 μm thick, comprising a ternary alloy layer at the steel- 
coating interface and a binary Al–Si alloy layer. Following the quench
ing process, the Al–Si coating undergoes transformations in the furnace, 
involving interdiffusion and solidification reactions, resulting in several 
protective intermetallic layers composed of Al–Fe–Si alloy. This coating 
is pivotal in measuring thermal diffusivity, mainly when conducting 
measurements along the material’s thickness. Given the distinct ther
mophysical properties of the coating relative to the underlying steel, it 
can significantly influence the absolute determination of thermal 
diffusivity. Therefore, to mitigate this effect, we adopted a prudent 
approach where, for each specimen, the coating layer was mechanically 
removed from one of the two lateral surfaces using abrasive paper. 

This approach enables us to conduct measurements on both sides of 
each specimen, with the only variable being the presence or absence of 

the Al–Si coating. By doing so, we can effectively isolate and assess the 
impact of the coating layer on the thermal diffusivity measurements, 
thereby ensuring a more precise and accurate evaluation of the mate
rial’s properties. 

3.2. Experimental setup 

The central part of the specimen described before was heated using a 
1064 nm NdYag laser source with a circular spot and a top-hat distri
bution for a time of 300 μs with a nominal energy of 3.75 J. The laser 
operates continuously (CW) during the 300 μs period of pump lamp 
ignition, which can be approximated as a pulse for the specific model 
under consideration. This approximation has no significant impact on 
the measurement. As mentioned, the nominal microstructure occurs 
only in the central area of the specimens. Thus, it is crucial that the laser 

Table 1 
Percentage of martensitic and bainitic microstructural phases in the five points.  

Points Martensitic phase [%] Bainitic phase [%] 

A 0 100 
B 56 44 
C 100 0 
D 15 85 
E 82 18  

Fig. 2(a). Specimen used for physical simulation tests and (b) Set-up adopted for the physical simulation tests.  

Fig. 3. (a) Bainitic microstructure at the centre of the samples subjected to the thermal cycle of point A and (b) Martensitic microstructure at the centre of the 
samples subjected to the thermal cycle of point C. 

Table 2 
Geometrical dimensions and characteristics of investigated specimens.  

ID Martensite [%] Bainite [%] Thickness 

A 01 0 100 1.15 ± 0.01 mm 
A 02 0 100 1.12 ± 0.01 mm 
A 01 0 100 1.10 ± 0.02 mm 
B 01 56 44 1.07 ± 0.01 mm 
B 02 56 44 1.06 ± 0.01 mm 
B 03 56 44 1.05 ± 0.01 mm 
C 01 100 0 1.04 ± 0.01 mm 
C 02 100 0 1.05 ± 0.01 mm 
C 03 100 0 1.04 ± 0.01 mm 
D 01 15 85 1.04 ± 0.01 mm 
D 02 15 85 1.04 ± 0.01 mm 
D 03 15 85 1.05 ± 0.01 mm 
E 01 82 18 1.07 ± 0.01 mm 
E 02 82 18 1.06 ± 0.01 mm 
E 03 82 18 1.08 ± 0.01 mm  
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spot, therefore the inspected area, is entirely within the area highlighted 
in Fig. 4. To reduce the spot size to the desired dimension, a lens was 
employed coaxially with the laser beam, resulting in a spot diameter of 
d~6.6 mm. The heating and cooling phases have been recorded by a 
cooled IR detector FLIR series 6000 in a one-side setup, as shown in 
Fig. 5 and schematized in Fig. 5 b. For each test, a thermal sequence with 
a duration of 2.5s has been recorded with an acquisition frequency of 1 
kHz, a spatial resolution of 0.278 mm/pixel and a calibration interval -10 
C to 55◦C. In Fig. 5 c-d the details of inspected surfaces are shown to 
highlight the difference between the coated surface and the non-coated 
ones. 

To avoid distortions, the specimens were positioned with a surface 
inclined at an angle of 15◦ relative to the laser beam (Fig. 5b) and facing 
the thermal camera after verifying that the slight beam inclination did 
not affect the diffusivity measurement [47]. 

After these tests for thermal diffusivity analysis, the samples were 
subjected to tensile tests to assess their mechanical properties in terms of 
Ultimate Tensile Strength (UTS). 

The tensile tests were performed using the INSTRON 4485 universal 
testing machine controlled by Zwick-Roell software, with a crosshead 
speed set at 10 mm/min. The experimental setup is shown in Fig. 6a. 

Before the tensile tests, the specimens were machined to achieve the 
geometry shown in Fig. 6 b. A notch was created at the centre of the 
specimen to localize the deformation at this specific point, which was 
subjected to the thermal cycle set during the physical simulation test. 
Moving far from the specimen centre, the thermal cycles vary due to the 
thermal gradient generated during the physical simulation test, as 
described in section 3.1. Therefore, the notch was essential to charac
terize the mechanical properties corresponding to the microstructure 
obtained under the specific thermal cycle. 

3.3. Methods 

In order to validate the accuracy of the thermographic method for 
measuring thermal diffusivity, preliminary tests were carried out on 
specimens with a 100 % martensitic structure. Before conducting the 
thermographic measurements, these specimens underwent testing using 
the well-established Transient Plane Source method [51]. By conducting 
these tests, the capability of the thermographic method to provide 
consistent results with standard methods was confirmed. 

As described in the preceding section, the initial sheet material is 

coated with a thin Al–Si layer, which is a protective coating during post- 
production processes. However, due to the contrasting thermophysical 
properties of Al–Si compared to boron steel, this layer has the potential 
to affect the measurement of thermal diffusivity. Although the layer’s 
thickness is negligible in relation to the overall sheet thickness, it is 
necessary to consider its influence. 

To account for this factor and assess its impact on thermal diffusivity 
measurements, manual removal of the Al–Si layer was performed on one 
of the specimen’s faces before the thermographic analysis. This 
approach ensured that tests could be conducted on both surfaces within 
the same localized region. Each specimen underwent five repetitions of 
thermal diffusivity measurements on each side, resulting in a compre
hensive total of ten measurements per specimen across the entirety of 
the fifteen specimens, Consequently, this yielded seventy-five mea
surements for the coated side and an equivalent seventy-five measure
ments for the uncoated side. 

For each thermographic test, an inspection area of 36 x 36 pixels was 
analysed, with the centre coinciding with the laser spot and the centre of 
the specimen itself (Fig. 7). Therefore, the signal corresponding to the 
area of interest was detected and analysed for each test over a total 
duration of 0.270 s. Subsequently, a fitting operation was performed 
using the previously mentioned relationship, resulting in the value α/L2 

where α is the thermal diffusivity through the thickness and L the 
thickness of the metal plate considered (Fig. 7c). By multiplying this 
value with the squared thickness of the specimen used in the test, the 
thermal diffusivity along the thickness within the inspected region was 
determined. This procedure was applied to each specimen, both for the 
surface covered by the protective coating and the surface where it was 
removed. As a result, two average thermal diffusivity values were ob
tained for each specimen, one corresponding to the side with the coating 
and the other to the side without it. 

Following the thermographic analysis, uniaxial tensile tests were 
performed on the identical specimens to determine their ultimate tensile 
strength. 

The results of the thermographic tests were compared with the data 
obtained from the tensile tests to establish a correlation between ther
mal diffusivity and ultimate tensile strength. This correlation was 
evaluated for both cases: with and without the presence of the Al–Si 
layer, to assess its impact on the relationship. Each step of the proposed 
procedure is summarized in Fig. 8. 

Based on the observed data, empirical relationships were derived in 

Fig. 4. Above are the inspected specimens. The IDs correspond to the properties summarized in the table below. The magnification highlights the area of interest of 
the specimen where the structure matches the nominal one. 
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Fig. 5. The experimental thermographic setup was adopted for thermal diffusivity measurements using the pulsed laser spot method. a) An overview of the setup 
with the instrumentation used. b) An explanatory diagram of the setup in reflection mode. c-d) Details of the inspected area during the tests: (c) without the 
protective coating, and (d) with the coating from the opposite side of the same specimen. 

Fig. 6. (a) Experimental setup for the tensile tests and (b) Geometry of the specimen used for the tensile tests (notched sample).  
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Fig. 7. a) Detail of one of the analysed specimens with the inspected area highlighted. b) Exemplary thermogram showing the laser spot imprint and the area 
considered for applying the method for thermal diffusivity measurement. c)Experimental data from the test shown, depicting the temperature evolution over the 
experimental time (black dots), along with the regression curve obtained by applying the model (red line). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 8. A graphical summary of the procedure used in the current research work.  
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both scenarios to estimate the material’s ultimate tensile strength, given 
the known thermal diffusivity. These empirical relationships provide a 
practical way to predict the ultimate tensile strength using the measured 
thermal diffusivity as a parameter. 

4. Results 

Table 3 displays the thermal diffusivity values obtained from the 
thermographic tests, both with and without the coating. The diffusivity 
values for each specimen were determined by averaging the results of 
five repetitions. Subsequently, the mean value for each nominal phase 
percentage was calculated by averaging the results from three replicates, 
along with their respective 95 % confidence intervals. 

The thermal diffusivity value obtained for the 100 % martensitic 
microstructure aligns with the results from the TPS tests, indicating a 
difference between the two measurements is approximately 8 %. It is 
important to note that the thermal diffusivity value obtained in the 
presence of the coating was used as a reference, as the TPS tests were 
conducted without removing the layer. Hence, the presence of the 
coating should be taken into consideration when comparing the results. 

Fig. 9 depicts the thermal diffusivity values plotted against the 
nominal microstructure percentages for each phase composition, along 
with their corresponding uncertainty bands which is considered across 
the fifteen measurements: five repetitions of the measurement for each 
of the three specimen replications. Additionally, the results obtained 
without the Al–Si coating are highlighted in blue. 

In Fig. 10, the graphs illustrating the thermal diffusivity values and 
ultimate tensile strength (UTS) are plotted against the nominal micro
structural phase percentages. 

In Fig. 11, we have plotted the ultimate tensile strength (UTS) 
against thermal diffusivity for both coated and uncoated cases. Each 
colour corresponds to a distinct microstructure, representing different 
percentages of bainite and martensite, whereas the black data points 
indicate the average values for each specimen. The red curve represents 
the model used for estimating UTS based on thermal diffusivity. 

5. Discussion 

The comparison between the thermal diffusivity measurements ob
tained through the thermographic technique and TPS reveals an 
exceedingly small difference around 8 %. This finding unequivocally 
confirms the accuracy of the thermographic method for assessing ther
mal diffusivity. 

It is noteworthy that, for each nominal phase percentage, the average 
values from the three replicated tests exhibit a certain level of disper
sion. This dispersion contributes to the widening of the confidence in
terval associated with the measurement of the diffusivity obtained from 
the three specimens with the same nominal phase percentage. 

The results depicted in Fig. 9 demonstrate a consistent trend: all the 
diffusivity values obtained from the tests conducted without the Al–Si 
coating are higher compared to those measured in the presence of the 
coating. This behaviour can be attributed to the distinctive thermo
physical properties inherent to the Al–Si coating. Plausibly, the coating 
possesses a lower thermal diffusivity value than the steel substrate. 
Consequently, its presence influences the overall measured diffusivity 
within the material’s thickness, resulting in an intermediate diffusivity 
value between the diffusivity of the coating and that of the steel sub
strate. This phenomenon highlights the significance of considering 
coatings’ thermal properties when assessing layered materials’ thermal 
diffusivity. The evaluation also considers that the differences between 
the thermal diffusivity values obtained with and without coating may 
exhibit minor variations and are not constant. This variation in behav
iour can be attributed to the manual coating removal process, which 
introduces potential inconsistencies in the amount of coating removed 
from each specimen. As it was manually done using sandpaper, the 
complete coating removal might not be uniform across all specimens 
yet. Consequently, the presence of any residual coating layer could lead 
to variations in its thickness among the specimens. These differences 
were not initially present in the supplied state but emerged during the 
manual removal. On the contrary, concerning the results obtained from 
the coated specimens, although the presence of the coating undoubtedly 
exerts a more substantial influence on the absolute measurement of 
diffusivity, the coating layer can be considered identical for all speci
mens since it remains the same as the one provided with the sheet metal. 

Moreover, it is worth noting the considerable extent of the uncer
tainty intervals for each nominal phase percentage. However, upon 
closer examination of Fig. 10, it becomes apparent that the individual 
specimen uncertainties are relatively small with an average standard 
deviation value of 2 %. The widening of the overall uncertainty interval 
primarily stems from replicating tests across multiple specimens. This 
suggests that the variation in diffusivity values among the specimens 
primarily reflects microstructural non-uniformity induced by the adop
ted heat treatment process rather than inherent measurement 
uncertainty. 

Conversely, this underscores the remarkable sensitivity of diffusivity 
to microstructural variations, surpassing that of ultimate tensile strength 
(UTS) measurements. These results were expected since UTS provides 
macro information about the microstructure with respect to the local 
analysis provided by the proposed approach. Moreover, these findings 
emphasize the paramount importance of diffusivity as a critical 
parameter for characterizing material behaviour, as even minor changes 
in microstructure can significantly impact diffusivity values. 

By conducting a Spearman correlation analysis to investigate the 
relationship between thermal diffusivity and ultimate tensile strength 
(UTS), we obtained a strong anti-correlation with a coefficient of 
approximately − 0.98 for both coated and uncoated samples. This means 

Table 3 
Summary table of the results obtained for each specimen concerning thermal diffusivity with and without coating and ultimate tensile strength.  

ID Martensite [%] Repetitions Thermal diffusivity (Coated) [mm2/s] Thermal diffusivity (Uncoated) [mm2/s] Ultimate tensile strength [MPa] 

A 01 0 5 13.06 ± 0.04 13.33 ± 0.03 838 
A 02 0 5 11.84 ± 0.03 12.00 ± 0.03 935 
A 01 0 5 11.33 ± 0.01 11.48 ± 0.02 866 
B 01 56 5 10.28 ± 0.02 10.83 ± 0.02 1104 
B 02 56 5 10.05 ± 0.01 10.44 ± 0.02 1125 
B 03 56 5 9.86 ± 0.04 10.19 ± 0.02 1177 
C 01 100 5 9.18 ± 0.03 9.60 ± 0.03 1596 
C 02 100 5 9.36 ± 0.02 19.71 ± 0.03 1529 
C 03 100 5 9.23 ± 0.03 9.33 ± 0.02 1540 
D 01 15 5 10.78 ± 0.03 10.59 ± 0.03 940 
D 02 15 5 10.41 ± 0.03 10.91 ± 0.02 949 
D 03 15 5 10.44 ± 0.02 10.98 ± 0.02 947 
E 01 82 5 9.65 ± 0.02 10.07 ± 0.02 1468 
E 02 82 5 9.50 ± 0.04 9.80 ± 0.01 1471 
E 03 82 5 9.65 ± 0.04 10.03 ± 0.01 1447  
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a clear connection between these material properties is present. We 
employed a power-law regression model to establish the relationship 
quantitatively, which demonstrated a commendable fit with R2 values of 
about 0.82 for coated samples and 0.84 for uncoated ones. 

Upon examining Fig. 11, illustrating the correlation between UTS 
and thermal diffusivity for both coated and uncoated scenarios, we 
noticed some critical aspects concerning the proposed model intended 

for UTS estimation. Specifically, the region within the 10–10.5 mm2/s 
range of diffusivity values revealed notable discrepancies. Different UTS 
data points within this range were observed for comparable thermal 
diffusivity values in the experimental data, while the model would 
provide an average value. Several factors contribute to this observation. 

Firstly, inherent uncertainties in the utilised method, encompassing 
test and analysis parameters, introduce an uncertainty of around 2.5 %. 

Fig. 9. The average thermal diffusivity values were obtained for each investigated phase percentage. In green are the values obtained from measurements carried out 
on the coated side, while in blue are those obtained from the side where the coating was removed. Error bars represent the standard deviation across the fifteen 
measurements: five repetitions of the measurement for each of the three specimen replications. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 10. The blue dots are values of thermal diffusivity The red points represent each specimen’s Ultimate Tensile Strength (UTS) values. The thermal diffusivity 
values for each specimen obtained (a) without coating and (b) with coating. Error bars represent the standard deviation among the five repetitions for each specimen. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Secondly, considering the geometric attributes of the specimens and the 
fabrication process, even slight deviations in laser spot alignment with 
the region of uniform microstructure treatment could impact the mea
surements. This is because the method takes measurements throughout 
the thickness of the affected volume. 

Furthermore, it is crucial to recognise that the maximum difference 
between the two extreme conditions, 100 % bainite and 100 % 
martensite, is approximately 23 % when considering average values. 
This highlights the significance of the technique’s resolution in accu
rately portraying the trend. Additionally, inherent variability in UTS 
measurements, which leads to relatively higher uncertainty levels, must 
be considered, despite the repeatability of results across different 
specimens. 

Moreover, we observed considerable variability in the specimens 
labelled as A that generate an outlier data point, that if removed, 
potentially drives the R2 value beyond 0.88. 

The derived relationships provide a reliable means to estimate the 
phase percentage in the Usibor® 1500 component, enabling the verifi
cation of surface heat treatments and non-destructive estimation of its 
mechanical strength. Significantly, these relationships can be adapted to 
account for the presence of Al–Si coatings commonly encountered in the 
supplied state. An estimation of mechanical properties, in case of spec
imens without coating, can be achieved by incorporating a correction 
that shifts the curve to the right, reflecting higher thermal diffusivity 
values. This enhanced methodology holds promise for practical appli
cations in assessing component quality, optimizing manufacturing pro
cesses and estimate mechanical properties of component in a non- 
destructive way. 

6. Conclusions 

This research presents a non-destructive procedure based on pulsed 

laser thermography for estimating the mechanical properties of high- 
strength boron steel, explicitly focusing on the Usibor®1500 grade. 
The procedure relies on establishing correlations between thermophys
ical properties, microstructural characteristics, and mechanical 
behaviour. 

Through the analysis of thermal diffusivity measurements obtained 
using thermographic pulsed laser method, experimental tests were car
ried out on fifteen meticulously prepared specimens using the Gleeble 
physical simulator. These specimens encompassed a range of five 
distinct nominal phase percentages; each replicated three times. Tests 
were performed both with the Al–Si protective coating typically found 
on the supplied steel sheets and after its removal, enabling the explo
ration of the relationship between thermal diffusivity, martensite/ 
bainite phase percentages, and ultimate tensile strength. Intriguingly, an 
inverse correlation between thermal diffusivity and ultimate tensile 
strength was observed and confirmed by a Spearman correlation index 
of − 0.98. 

The results highlight a degree of uncertainty in the measurements for 
each investigated phase percentage which is about 5 %. However, this 
uncertainty stems mainly from the measurement technique, the ultimate 
tensile strength measurements, and the slight difference in thermal 
diffusivity between the extreme conditions. 

Based on these outcomes, an empirical power-law relationship was 
established to link the measured thermal diffusivity values obtained via 
laser-pulsed thermography with the ultimate tensile strength of Usibor® 
1500 and a power-law regression model has been considered with R2 

values of 0.82 and 0.84, respectively for coated and uncoated specimens. 
This facilitates the indirect estimation of the material’s mechanical 
properties through the developed non-destructive procedure. Notably, 
this estimation can be performed regardless of the presence of the Al–Si 
coating, as typically encountered in the supplied state or after its 
removal. These findings bear significant implications for assessing 

Fig. 11. The Ultimate Tensile Strength (UTS) values for each measurement plotted against the corresponding thermal diffusivity values obtained (a) with coating and 
(b) without coating. Each colour represents an investigated phase percentage. The red data points indicate the power-law regression obtained and displayed in the red 
inset. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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material integrity and optimizing manufacturing processes. 
Future planned developments regarding the presented research ac

tivity undoubtedly will involve the application of the method to real hot- 
stamped components to verify the test procedure’s applicability in an 
industrial context. Furthermore, since one of the aspects to be further 
investigated is the accuracy of the technique, it will be necessary to 
evaluate other thermographic methodologies for measuring thermal 
diffusivity to determine if their sensitivity is suitable for the application 
under consideration. 
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