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ABSTRACT
This work wants to propose an innovative nondestructive pulsed thermographic approach utilizing a nanosecond pulsed laser as 
a heat source for assessing the presence of nanoparticles aggregates in nanocomposites. Different degrees of dispersion levels of 
carbon nanotubes (CNTs) enriched epoxy resin nanocomposites were investigated with a cooled infrared camera equipped with 
a macro lens to improve the geometric resolution of the images (up to 6 μm). The technique successfully exploits the concentrated 
energy flux delivered by the laser in a short time, allowing for a significant improvement in energetic resolution. CNTs clusters 
with sizes as low as 6.8 μm were identified by image analysis algorithms as embedded in the matrix with well-defined contours. 
This research represents a significant advancement in image quality and time reduction for fast non-destructive evaluations 
(NDE) in the field of nanocomposites. In turn, the process is suitable for automated in-line quality control of manufactured parts 
that must meet desired specifications.

1   |   Introduction

Carbon-based polymeric nanocomposites (NCs) combine the 
low cost and ease of processability of polymeric matrices, either 
thermoplastic or thermosetting, with the high-performance 
properties of carbon nanostructures, such as carbon nano-
tubes, nanoplates, and graphene. Thanks to their exceptionally 
high specific surface area, even the addition of small amounts 
of nanofiller into the polymer can impart desirable functional 
and mechanical properties to the material. The enhancement of 
electrical and thermal conductivity [1, 2], as well as mechani-
cal properties, such as ultimate tensile strength, stiffness, hard-
ness, wear resistance, and fatigue life [3, 4] is nowadays well 
documented.

However, to fully exploit the valuables of carbon-based NCs, 
a good dispersion and homogeneity of the nanofillers in the 

polymer must be achieved. It is well known that nanoparticles 
(NPs) strongly tend to self-aggregate [5]. This could lead to large 
clusters within the matrix that strongly inhibit the potential 
performance enhancement of the nanostructured material [6]. 
Up to now, the prime methods for assessing the NPs dispersion 
level in NCs are transmission electron microscopy (TEM) and 
scanning electron microscopy (SEM). Both techniques can ac-
quire extremely high-resolution images but suffer from a very 
localized area of inspection, which hardly can give overall infor-
mation about large specimens, being time and cost demanding 
too [7, 8]. Also, special attention to sample preparation is needed 
before inspection (cut, clean etc.). On the contrary, industrial 
applications must involve a method for quality control that is 
statistically reliable and that does not damage the material. 
Therefore, a branch of the current research focuses on quick and 
easy non-destructive evaluation (NDE) techniques to assess the 
dispersion level of NPs into NCs. For instance, impulse acoustic 
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microscopy was successfully employed to evaluate the filler dis-
tribution in graphene NCs [9]. Also, acoustic microscopy has 
been employed coupled with synchrotron X-ray microtomogra-
phy for the study of the microstructure in carbon-based polymer 
composites [10]. In addition, rapid NP dispersion assessment in 
nanomaterials has been conducted with non-linear ultrasonic 
testing [11]. Dynamic scanning calorimetry (DSC) is another 
possible method that was used to estimate the carbon nano-
tubes homogeneity in the NC by analyzing the exothermic re-
action during the hardening cycle of the matrix [12]. Additional 
through-the-curing-process NPs dispersion assessment meth-
ods include rheological-based techniques [13, 14].

Among NDEs, infrared thermography (IRT) is standing out as a 
powerful technique being distinguished by fast, non-contact, and 
remote part inspections and characterization. In particular, the 
technique is based on the different thermal responses between 
the matrix and the filler after being subjected to a heat stimulus. 
Different thermal properties within the phases present in the ma-
terial's volume can affect the temperature fields in the material, 
with consequent changes and irregularities in the infrared emis-
sion at the material's surface. This can then be analyzed using a 
sequence of frame images recorded by an IR camera.

In active IRT, the type of heat source used to generate the ther-
mal front discriminates the technique. In pulsed thermography 
(PT), a flash lamp surface irradiation allows the generation of a 
packet of heat waves with different amplitudes and frequencies 
that propagate inside the medium in a transient mode.

In modulated frequency thermography, a halogen lamp is used 
instead of a flash, where the deposition of the heat is modulated 
by switching on and off a lamp at a fixed rate [15, 16].

However, the use of a halogen lamp as a heating source in the 
IR thermography technique has some drawbacks, such as in-
homogeneous heating along the sample surface and the need 
to protect the camera from the light source through shielding 
apparatus [17]. An alternative and more flexible heating source 
for pulsed thermography applications is the pulsed-laser source. 
Pulsed laser excitation has been employed in thermography 
techniques for non-destructive and thermophysical properties 
investigation in composites [18–20]. This setup allows for higher 
sensitivity and enhances thermal contrast, but the constrained 
spot of the focused laser beam limits the size of the investigated 
area achievable [21]. However, today the robotization of inspec-
tion techniques, which adopt the IR method combined with a 

robotized manipulator and a laser source as an end effector, 
would allow for rapid analysis of large and complex-shaped 
areas [22–25]. Robotic inspection has become commonplace due 
to research investments from the aerospace sector focused on 
the effectiveness of ultrasonic techniques for inspecting criti-
cal components. Additionally, automated geometry mapping 
has been demonstrated using robotically manipulated metrol-
ogy sensors [26]. Although a thermographic setup in reflection 
mode, featuring a laser heat excitation source and an IR camera 
positioned on the same side of the component under inspection, 
is not ideal for examining deep within the volume of a part, it 
offers the benefits of being contactless and full-field, meaning 
it provides information on the entire IR camera field of view 
(FOV) remotely all at once. The robotic manipulation of thermo-
graphic instrumentation enables industrial quality inspections 
of large components with intricate geometries by capturing mul-
tiple thermographic images at designated positions.

As previously highlighted, thermography NDE techniques have 
recently been successfully employed in NCs quality control. 
Specifically, infrared micro-thermography (IRMT) allowed for 
void and thermal diffusivity mapping of graphene-based NCs, 
from 1%wt to 10%wt, with a resolution of 200 μm/pxs and 100 μm/
pxs, respectively [27, 28]. The IRMT setup is also adopted for NPs 
dispersion assessment. For instance, lock-in thermography was 
used to detect and quantify small percentage of Au NPs embed-
ded in thin polymeric films [29]. Also, graphite and graphene-
based NCs manufactured by batch, planetary, and hand mixing, 
were compared in relation to the level of dispersion using micro-
IRT coupled with machine learning models with a resolution of 
20 μm/pxs [30, 31]. Again, the thermal response in IRT of multi-
wall CNTs NCs highlighted how samples with higher order of 
NPs distribution had a greater sensitivity to the heat wave, thus 
rising in temperature in a shorter time [32]. Finally, pulsed phase 
thermography (PPT) allowed for cluster detection with a resolu-
tion as low as 21 μm/pxs of both nano-Ag filled Polypropylene 
[33] and epoxy-CNTs NCs [34]. This work proposes a novel laser-
based micro-thermography technique for assessing NP disper-
sion in NCs. It aims to merge two existing techniques used in 
thermography analysis: laser-induced thermography and pulsed 
thermography, alongside micro-thermography. By combining 
these methods, we aim to take advantage of both approaches 
to enhance the energy and geometric resolution for evaluating 
the dispersion levels of NPs in NCs. The novel approach is here 
called pulsed laser micro-thermography (PLMT) and is tested 
on benchmark epoxy samples enriched with CNTs with differ-
ent grades of particle dispersion. The outcomes are beneficial 
for in situ inspection during the production of nanostructures, 
enabling rapid quality control of manufactured components and 
maximizing the full potential of the materials.

2   |   Materials and Methods

2.1   |   Sample Manufacturing

The benchmark NCs samples are manufactured by enriching 
epoxy resin (SX10 resin by Mike Compositi, Milan, Italy) with 
0.5%wt and 1%wt of carboxylated functionalized carbon nano-
tubes (COOH-CNTs procured by Cheap Tubes Inc., Grafton, 
VT, USA) see Table 1 for specifications.

Summary

•	 A non-destructive pulsed-laser excited thermography 
technique is proposed.

•	 The dispersion level of CNTs into epoxy nanocompos-
ites is evaluated.

•	 New upper limit for image resolution and time effi-
ciency in laser-induced thermography.

•	 The approach promises automated in-line quality con-
trol of filled nanocomposites.
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Two distinct processes were developed, optimized, and compared 
for effectively dispersing NPs into resin. Each process included one 
or more dispersion steps, which involved a combination of mag-
netic stirring at ambient temperature (350 rpm for 15 min) followed 
by bath sonication (150 W at 60°C for 60 min). The main difference 
between the two processes is the adoption of acetone as a diluting 
dispersing agent. These processes will be from now on referred to 
as Process A and Process B, respectively.

In Process A, NPs were first added to acetone and subjected to 
the dispersion step. Once the NPs were adequately dispersed, the 
resin was added to the solution at a ratio of 20%wt (solvent/resin) 
and processed again with the dispersion step. Hermetically 
sealed containers were used to prevent solvent evaporation. 
Finally, the acetone was removed by placing the solution under 
vacuum (5 kPa at 80°C for 90 min). In contrast, Process B in-
volved only one dispersion step and did not include acetone 
removal. This significant difference influenced both the pro-
cessing time and the dispersion quality of the NCs. In Figure 1, a 
process workflow schematization is provided for clarity.

The hardener was mixed into the enriched resin by hand using 
a rigid plastic stick. The resulting solution was then poured 
into flexible molds made of 3D-printed thermoplastic polyure-
thane, which had been previously coated with a 10%wt PolyVinyl 
Alcohol solution to act as a releasing agent. The specimens were 
cured for 8 h at 25°C, followed by a post-curing process at 60°C 
for 24 h, as recommended by the resin supplier. Subsequently, 
both surfaces of the samples were machined using a milling ma-
chine and then sanded with 200 and 400 grit sandpaper. Finally, 
the samples were cleaned with acetone. Additionally, a control 
sample of pure epoxy was manufactured using the same molds, 
hardening cycle, and post-processing steps as the NCs, resulting 
in a total of five samples sized 40 × 40 × 3 mm3 (See Figure 2).

The same sample was used in the degradation assessment to 
set the maximum pulsed injectable energy. Thermal parame-
ters for COOH-CNTs in bundles, cured epoxy resin, and air are 
reported in Table 2. It is well known in the literature that ideal 
dispersion and separation of NPs would lead to even higher 
thermal conductivity values [5, 31], but this is hard to obtain. 
Before conducting the thermographic inspection, SEM images 

TABLE 1    |    Specifications of the materials employed for 
nanocomposites manufacturing.

Epoxy

Product name SX 10 EVO

Type Bisphenol A modified Epoxy resin

Viscosity@ 25°C 1200 ± 250 mPas

Specific weight 1.1/1.15 g/cm3

Hardener

Product name SX 10 EVO

Type Modified cycloaliphatic polyamine

Viscosity@ 25°C 30 ± 10 mPas

Specific weight 0.95 ± 0.05 g/cm3

CNTs

Type COOH Functionalized MWCNTs

Outer diameter 30-50 nm

Length 10–20 m

Purity > 99.9%wt

True density 2.1 g/cm3

FIGURE 1    |    Schematic block diagram of the CNTs manufacturing 
process A and process B.

FIGURE 2    |    Pure epoxy resin sample (on the left) and, 0.5%wt CNTs-
epoxy nanocomposite sample (on the right).
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of NC samples were acquired to examine the dispersion lev-
els coming from processes A and B. In process A, which used 
acetone as a diluting agent along with prolonged stirring and 
sonication, as expected a higher level of NP dispersion was 
achieved. The aggregates of CNTs generally maintained the 
same dimensions, averaging between 10 and 20 μm. In con-
trast, the samples obtained through process B exhibited larger 
aggregates, with sizes ranging from 20 to 200 μm, leading to 
increased scattering (Figure 3). The samples coming from the 
process A and B are here on called Sample A and B respectively.

2.2   |   Pulsed Laser Micro-Thermography (PLMT) 
Experimental Setup

Non-destructive analyses were performed with an innovative 
PLMT technique in reflection mode. The experimental setup 
comprises a pulsed laser made by Quantel (Quantel laser, 
Lumibird group, Lannion, FRANCE), model Brilliant B, whose 

beam is focused on the sample surface utilizing optics for the 
beam path, spherical lens to focus on the sample surface, and 
an IR-camera to acquire the thermal footprint. The adopted 
IR-camera is a FLIR X6540sc (FLIR Systems, Wilsonville, OR, 
USA) with a cooled indium antimonide (InSb) sensor (640 × 512 
pxs), armed with a MW G1 F/3.0 macro lens of the same man-
ufacturer, eventually equipped with two extension rings with 
12 and 18 mm in spacing distance. The extension rings allow 
for increased spatial resolution and magnification (respectively 
from 15 to 6 μm/px) at the cost of a reduced stand-off distance 
(from 300 to 287 mm), and FOV (from 9600 to 3840 μm in hori-
zontal). A schematic representation of the PLMT setup is shown 
in Figure 4a, while the main experimental setup parameters are 
detailed in Table 3.

Figure 4b,c show the dimension comparison between the cam-
era FOV, the laser spot, and the sample size for the setup with 
and without the extension ring on the IR camera. The thermal 
field is generated by the nanosecond pulsed far-infrared laser 
operating at 1064 nm whose power can be tuned by adjusting 
the Q-switch. The spatial energy distribution and the size of 
the incident beam (stated by the manufacturer as Gaussian) 
were experimentally validated by measuring, without the 
extension ring, a representative thermogram of a pulse (see 
Figure 5).

It is worth noting that the pulse energy deployed by the laser 
is a nonlinear function of the Q-switch delay that can only be 
set in discrete steps. For this reason, a uniform energy spac-
ing cannot be achieved in all the desired power ranges. The 
irreversible damage caused in polymeric materials by the ex-
cessive localized heat enforced by high-energy sources such 
as lasers is a well-documented topic [38, 39]. For this reason, 
a preliminary assessment study was conducted on the refer-
ence pure epoxy sample to investigate the effects of laser en-
ergy pulses on material degradation. Due to the laser pulse 

TABLE 2    |    Thermal properties for epoxy resin [35], air [36], and 
bundled CNTs [37].

Property Epoxy resin Air Bundle CNTs

Thermal 
conductivity (l) 
[W/m K]

0.35 0.026 150

Specific Heat (cp) 
[J/Kg K]

0.3*103 1*103 0.75*103

Density (ρ) [g/
m3]

1.15*103 1.2 2.6*103

Thermal 
diffusivity (α) 
[m2/s]

0.1*10−5 2.2*10−5 7.7*10−5

FIGURE 3    |    SEM images of the manufactured CNTs-epoxy nanocomposites obtained by process A (on the left panel), and process B (on the right 
panel). Red circles highlight the presence of CNTs clusters.
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duration being in the nanoseconds range, special attention 
was given to synchronizing the infrared camera and the laser 
pulse to enhance the thermal contrast of the acquired thermo-
grams. In this regard, it was experimentally observed that a 
perfect synchronization between the laser shot and the ther-
mogram acquisition is not an optimal choice. This is likely 
due to the micro-vaporization of debris on the sample surface, 
generating a plume that shields the FOV of the IR camera and 
creates artifacts. To achieve accurate results, it is then essen-
tial to properly set the time delay of the infrared acquisition 
concerning the laser irradiation. Preliminary studies have de-
termined an optimal time delay of 10 μs. To gather the particle 
dispersion assessment with the proposed PLMT technique, a 
single laser shot for each scanned area is sufficient.

A Pulsed Thermography analysis in reflection mode was con-
ducted on the same NCs for comparison. In the PT setup, the 
adopted heat source is an Elinchrom Flash lamp, delivering a 
pulse of 4800 W*s, powered by two Elinchrom 2400 rx units in 

parallel configuration. The IR camera, equipped with extension 
rings, captures the temperature evolution at a 20 Hz framerate 
during the cooling transient after the flash pulse until the tem-
perature becomes uniform. A schematic  representation of the 
PT setup is shown in Figure  6, while the main experimental 
setup parameters are detailed in Table 4.

FIGURE 4    |    Schematic representation of the PLMT experimental set-up without extension rings (a); dimensions of camera FOV, Laser spot, and 
Sample size for the setup without (b) and with (c) extension ring.

TABLE 3    |    Pulsed laser micro-thermographic approach set-up 
parameters.

PLMT set up parameters

Laser pulse energy range (mJ) 850–60

Pulse duration (ns) 5–12

IR-camera to sample minimum distance (mm) 287

Diameter of the laser spot on sample surface 
(mm)

7.4

IR-camera horizontal field of view (mm) 3.84–9.6

Time delay between shot and acquisition (μs) 10

IR-camera Integration time (μs) 2500

FIGURE 5    |    Thermogram of a laser shot used for size and energy 
distribution calculation (a); temperature profile acquired along the shot 
diameter (b).

 15480569, 0, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pc.70008 by C

ochraneItalia, W
iley O

nline L
ibrary on [10/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



6 of 13 Polymer Composites, 2025

3   |   Results

3.1   |   Surface Degradation Study

It is well known that the polymeric matrix of NCs is prone to 
degrade at high temperatures. Since in the proposed technique 
a laser source is used to heat the specimen, an assessment of 
the energy density threshold beyond which the polymer would 
be permanently damaged is necessary and recommended. The 
thermal diffusivity of a material:

with λ the thermal conductivity, ρ the density, and cp the specific 
heat capacity, indicates how it would react to the heat pulse. In 
particular, the presence of CNTs in a polymer matrix, with or-
ders of magnitude higher thermal conductivity with respect to 
the resin (see Table 2) would promote heat dissipation, thus de-
creasing the risk of damage. To confirm the assumption, it was 
experimentally observed that the laser spot cooling transient on 

enriched samples is faster than in pure resin ones. In PLMT, a 
single shot is sufficient to gather information on the aggregates' 
dispersion; thus, it was deemed reasonable to apply a pass/fail 
criterion for the injected power to discriminate the surface deg-
radation. In particular, polymer degradation is assessed by de-
ploying progressively higher energy pulses (ranging from 112 to 
317 mJ) in sets of 20 to the pure epoxy sample surface (the more 
prone to degradation). The sets of 20 pulses are fired on the same 
spot with a frequency of 2 Hz (the minimum pulse repetition rate 
of the laser) at a selected energy level. It must be considered that 
the cooling transient of the material is slower than the period of 
the pulse repetition rate (see Figure 12). At the end of each set, 
the laser focus is moved to a new pristine area, and the test is 
repeated with another energy level. It was experimentally ob-
served that no damage occurred on the sample for pulsed energy 
below 150 mJ. Figure 7 shows the last thermographic images at 
the end of each set for a selected energy level. Figure 8a shows a 
picture of the sample fired with a set of 20 pulses below 150 mJ, 
while in Figure 8b the energy is above that threshold.

3.2   |   NPs Dispersion Assessment

NCs containing 0.5%wt and 1%wt COOH-CNTs embedded in 
epoxy resin are used as a benchmark for the proposed PLMT 
technique. Two specimens, at 0.5%wt and 1%wt for each type, A 
and B, with different dispersion levels have been tested. The ex-
periments were conducted at different magnifications adopting 
extension rings on the lens. Specifically, single frames were ac-
quired after the laser pulse with a fixed time delay set to 10 μs 
for 5 different regions of the sample. The laser pulse energy 
was kept constant at 112 mJ (445 μs Q-switch) to avoid degra-
dation, according to the previously mentioned surface degra-
dation study (see Section  3.1). The captured thermograms are 
post-processed with a non-linear image processing algorithm to 
enhance the contrast, thus revealing the features to the operator. 

a =

�

�cp

FIGURE 6    |    Schematic representation of the PT experimental set-up.

TABLE 4    |    PT setup parameters.

Pulsed thermography setup

Set-up mode Reflection

Sample-flash distance (mm) 200

Flash power (W*s) 4800

Flash duration (s) 1/180

IR camera integration time (μs) 2500

IR camera sample rate (Hz) 20

Truncation windows (s) 5
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In particular, the algorithm preserves the information captured 
on the boundary of the IR camera exposition time (see also inte-
gration time) due to the temperature dynamic of the laser pulse. 
Figure  9 shows the outcomes of the PLMT inspection applied 
to NCs coming from processes A and B with two magnification 
levels (Figure 9a,b without extension rings; Figure 9c,d with ex-
tension rings). The NPs aggregates are spotted in Figure 9b,d for 
sample B with a lower dispersion level. A better dispersion of 
NPs with fewer and smaller aggregates is shown in Figure 9a,c 
for sample A with enhanced dispersion, as expected. The average 

dimensions of the aggregates in sample B are consistent with 
those found in the SEM images of Figure 3 (of about 200 μm).

3.3   |   PT and PLMT Comparison

Pulsed thermography with a more conventional setup using a 
pulsed lamp has been applied to Sample B for a comparison. 
Similarly to the PLMT methodology, five different spots were 
examined. In Figure 10, a comparison of the thermogram cap-
tured at the same region of sample B with the two techniques is 
shown. Both images are post-processed with the same algorithm 
enhancing the image contrast.

3.4   |   Image Analysis

The acquired IR thermograms, sub-framed to a region of 
interest (ROI) of 2.7 mm × 2.7 mm, have been processed 
with ImageJ software (Open-source image processing pro-
gram developed at the National Institutes of Health and the 
Laboratory for Optical and Computational Instrumentation 
LOCI, University of Wisconsin), applying integrated algo-
rithms to determine the number of particles, together with 
related dimensions and positions in the images. The Sauvola 
auto-local-threshold method [40], specifically useful for 

FIGURE 7    |    PLMT damage assessment applied to pure epoxy resin sample.

FIGURE 8    |    Epoxy resin samples fired with a set of 20 pulses below 
150 mJ (a) and above 150 mJ (b) in discrete spots.
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images where the background is not uniform, was applied 
followed by a median filter to reduce noise by replacing each 
pixel value with the median of the neighboring pixels. An 
example of the processed IR thermogram for PT and PLMT 
is shown in Figure 11. Subsequently, the data were analyzed 
with a custom Python code to retrieve information on the av-
erage distance between particles, the minimum, maximum, 
and average particle diameter. Also, the signal-to-noise ratio 
(black pixels = 255; white pixels = 0) was evaluated by dividing 
the signal from the NPs by the mean gray value of the selected 
ROI. Further, the processing time was determined with the 
FLIR research IR software by calculating the time needed for 
the specimen to cool down to its thermal equilibrium after 
the thermal stimuli (Figure 12). Finally, the thermal penetra-
tion depth was evaluated according to the pulsed excitation 
solution of the heat diffusion equation for the two heat stim-
uli [41, 42]. The quantitative data obtained from the image 

analysis were then used to compare the PT and PLMT setups 
and reported in Table 5. A reliability and repeatability study 
on the PLMT technique is shown in Table 6, where five differ-
ent regions within the same sample B (reliability column) and 
five consecutive laser shots at 2 Hz on the same spot of sample 
B (repeatability column) are processed.

4   |   Discussion

The discrimination of carbon-based NPs within epoxy employ-
ing a thermographic approach is based on the different thermal 
properties between the two phases (as reported in Table  2). 
Specifically, in Figure 9, the black spots correspond to a phase 
at a higher temperature during the thermal excitation with re-
spect to the environment, such as in this case of CNTs and epoxy 
resin. Indeed, the ability of a material to rise in temperature is 

FIGURE 9    |    Thermogram obtained with the PLMT technique of CNTs nanocomposites with sample A (a, c) and B (b, d). The different magnifi-
cations in the images correspond to the PLMT setup with (a, b) and without (c, d) the extension rings.
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given by the coefficient of thermal diffusivity α, which is nearly 
two orders of magnitude higher for CNTs aggregates than 
epoxy. Therefore, CNTs bundles will tend to heat up faster and 
reach higher temperatures with respect to the surrounding ma-
terial. Also, since the interface between different phases could 
be a region of discontinuity, thus a thermal barrier for diffusion, 
the heat encapsulated by the aggregates will be confined and 
hardly diffused through the less conductive resin. Consequently, 
throughout the transient thermal phenomena (heating/cooling), 
the regions at higher thermal diffusivity will have a temperature 
spread compared to the surrounding regions with lower ther-
mal diffusivity. This was already demonstrated at a more mac-
roscopic level by analyzing the overall thermal response of NCs 

at different filling percentages of CNTs. Increasing the filling 
percentage of NPs, a higher NC thermal diffusivity is expected, 
leading to a higher mean temperature through the heating/cool-
ing transient [32]. In this work, thanks to the higher energetic 
and geometric resolution achieved with the proposed PLMT, the 
mechanism can be observed at the micro-scale.

Table  6 summarizes the main indices for evaluating the ro-
bustness of the proposed PLMT techniques. The relative stan-
dard deviation is generally low for all the calculated indices 
(< 7%) for the repeatability study, with the shots in the same 
region, except for the particle count and the signal-to-noise 
ratio reaching respectively 16.7% and 13.6%. Both deviations 

FIGURE 10    |    CNTs nanocomposite (sample B) analyzed with the flash-based (PT) (a) and laser-based (PLMT) (b) thermography technique for the 
NPs dispersion assessment. The images both refer to the same region of interest.

FIGURE 11    |    Processed PT (on the left) and PLMT (on the right) thermograms referred to the same ROI of sample B used for the quantitative 
evaluation.
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are a consequence of the sample heating during the laser's 
multiple shots. The phenomenon is due to the laser repeti-
tion rate (2 Hz) being quicker than the cooling transient of the 
sample (cooling transient > 0.5 s, see Figure 12). This leads to 
heat accumulation, thus sample heating, which reduces the 
temperature spread between the NPs and resin. It decreases 
the signal-to-noise ratio and, in turn, the ability to accurately 
discriminate the exact number of particles. On the contrary, 
for the reliability study, where the shots were acquired in 

different spots on the sample, the over-heating is not taking 
place. Indeed, the signal-to-noise ratio is higher, and the rela-
tive standard deviation is smaller (9%) than in the repeatabil-
ity study. However, in this case both the maximum diameter 
and number of particles indices show a standard deviation 
larger than 20%, which is attributed to inferential statistics 
of analyzing different areas of the sample. Finally, the PLMT 
robustness is further confirmed by the result with the maxi-
mum dimension of particles detected, which falls in the same 
range as that found in the SEM acquisition (around 200 μm, 
see Figure 3).

In Table 5, a quantitative comparison of the main indicators 
of performance of the PT and PLMT techniques is shown. 
Thanks to the high geometric resolution of the employed 
IR lenses equipped with extension rings (6 μm/px) and the 
applied image processing algorithms, it is shown that the 
minimum detectable diameter of CNT clusters for both tech-
niques is equal to 6.8 μm. Further, the considerable difference 
in energetic resolution for PT and PLMT, as seen from the 
signal-to-noise ratio being 1.3 and 2.7 respectively, is a direct 
consequence of the corresponding high spread in the thermal 

FIGURE 12    |    Cooling transient comparison for PT and PLMT tech-
niques for the Sample B.
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TABLE 5    |    Quantitative evaluation comparison for the PT and 
PLMT techniques.

PT PLMT

Mean

Relative 
std. dev. 

(%) Mean

Relative 
std. dev. 

(%)

Signal to 
noise ratio 
(/)

1.3 1 2.7 6

Processing 
time (s)

4.2 0 1.2 0

No. of 
particles (/)

286.5 12.6 186 5.3

Average 
distance 
(mm)

79 2.7 105.9 0.2

Average 
diameter 
(mm)

26.6 14.1 40.6 3.0

Min. 
diameter 
(mm)

6.8 0.0 6.8 0.0

Max. 
diameter 
(mm)

160.8 20.8 193.1 19.5

Thermal 
penetration 
depth (mm)

88 0 0.2 0

TABLE 6    |    Repeatability analyses for the PLMT techniques 
processing images obtained by pulsing 5 consecutive laser shots on 
the same spot; Statistical analyses for the PLMT techniques processing 
images obtained in 5 different regions of the same sample.

PLMT

Repeatability: 
shots on the 
same region

Reliability: 
shots on the 
same sample

Mean

Relative 
std. dev. 

(%) Mean

Relative 
std. dev. 

(%)

Signal to 
noise ratio 
(/)

2.4 13.6 2.7 9

Processing 
time (s)

1.2 0 1.2 0

N° of 
particles (/)

246.8 16.7 175.0 23.7

Average 
distance 
(μm)

91.7 6.4 107.8 9.1

Average 
diameter 
(μm)

34.8 1.4 38.8 8.5

Min. 
diameter 
(μm)

6.8 0 6.8 0

Max. 
diameter 
(μm)

197.3 1 217.3 24.6

Thermal 
penetration 
depth (μm)

0.2 0 0.2 0
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penetration depth. Indeed, the greater penetration depth of PT 
allows for the detection of a higher number of particles com-
pared to PLMT (287 vs. 186); however, this also negatively af-
fects the signal-to-noise ratio, as multiple layers of particles 
deeper within the material's volume are compressed into a 
two-dimensional image. The depth of analysis was estimated 
(~88 μm and ~200 nm for PT and PLMT respectively) by ap-
plying the equation for the thermal diffusion length in case of 
impulse excitation:

where τ is the time scale of the corresponding heat stimuli [42]. 
Specifically, the quicker pulse width of the laser compared to 
the flash lamp (~9 ns vs. ~6 ms, respectively) has a significant 
impact on the energetic resolution achieved in the acquired 
IR thermogram. This results in significantly better-contrasted 
and more uniform images for PLMT, making the phase con-
tours in the sample B inspection more evident (see Figure 10).

Another advantage of the short pulses for PLMT lies in the 
fact that the energy is delivered in a narrow time window, 
thus without inducing any permanent damage to the samples' 
surface. Clearly, as demonstrated in the surface degradation 
study (Section 3.1) on the pure epoxy sample, above a certain 
threshold of energy (150 mJ) the material starts to get dam-
aged anyway. The appearing spots at higher temperatures 
(black spots) in Figure 7 indicate the formation of a phase with 
a different thermal response from the intact material, namely 
at higher conductivity. Presumably, this is related to combus-
tion reactions at the micro-scale with the consequent forma-
tion of carbonaceous species (e.g., carbon black) at the surface 
and sub-surface of the material due to thermal degradation. 
Studying the type of damage that occurred is out of the scope 
of the present work.

Both PT and PLMT techniques are to be considered superficial 
analysis, as they are not able to operate in the bulk of the con-
sidered specimens, whose thickness is 3 mm. However, PLMT 
could be effectively employed as a complementary investiga-
tion to SEM, as they both operate in the same range of depth 
inspection, being in SEM 1–10 nm to 10–500 nm for secondary 
and backscattered electrons respectively. Consequently, PLMT 
could be employed to provide an overall indication of particle 
distribution across a larger area of the sample, offering a cost-
effective, fast, and straightforward approach, which can then be 
complemented by a more detailed investigation using the more 
resource-intensive SEM inspection.

In this manner, the current PLMT setup could be easily em-
ployed in industrial applications. This would be possible 
thanks to the relatively large stand-off distance (both with 
and without extension rings), which is enough to permit the 
reflection mode inspection. Indeed, both sides of the parts to 
be inspected are often not accessible for in-line quality con-
trol. Moreover, being the pulse shot time, the injected energy, 
and the laser spot relatively small (9 ns, 112 mJ, and 7.4 mm 
respectively), the cooling transient is limited to only 1.2 s (see 
Figure  12). Therefore, only a small portion of the surface is 
heated and framed in the IR camera FOV within the employed 

lenses (see Figure  4). This allows for multiple acquisitions 
along the surface without excessive heating of the specimen 
and consequent loss of thermal contrast. It provides an addi-
tional advantage regarding PT analysis, as a significant por-
tion of the energy from the flash lamp is dispersed across the 
entire sample surface, which is considerably larger than the 
IR camera's FOV (see Figure 6). This results in a greater tem-
perature rise and a longer thermalization time, thereby limit-
ing the possibility of multiple consecutive acquisitions. That 
is, in PLMT, the material to be investigated could be placed 
on a motorized support to raster scan the whole surface. This 
represents an interesting outlook for the industrial field. The 
acquired thermograms along the entire part could be post-
processed by means of optimized dedicated machine learn-
ing algorithms to reconstruct the overall particles dispersion 
pattern (e.g., photothermal super-resolution reconstruction 
and other post-processing techniques [43–45]). Following an 
initial investment for the IR camera and a 5-axis robot arm, 
curved parts would also be feasible for the inspection.

The new setup brought significant improvements to previous 
scientific works, where NPs dispersion levels of high filling 
content of graphene-based epoxy NCs, ranging from 2.5%wt 
to 40%wt, were analyzed by PT reaching a spatial resolution 
of 20 μm/pxs [30, 31]. Indeed, within the proposed technique 
a resolution as low as 6 μm/pxs was achieved, allowing for 
cluster determination in low-filling content (0.5%wt and 1%wt) 
NCs. However, it is seen that with the proposed PLMT tech-
nique, NPs dispersion assessment is effective only when there 
is a high difference in thermal diffusivity between filler and 
matrix. Therefore, new parameters should be considered to 
expand the range of possible characterizations materials. In 
particular, the effect of the pulse duration and the wavelength 
on the penetration depth and signal-to-noise ratio of the laser 
should be studied, as well as the application of the PLMT on 
different class of NCs.

5   |   Conclusion

The proposed innovative non-destructive pulsed laser micro 
thermography (PLMT) technique was successful in detect-
ing  and assessing the dispersion level of aggregates in epoxy 
resin filled with CNTs at 0.5%wt and 1%wt. Specifically, the use 
of a nanosecond laser-based pulsed source for active thermog-
raphy led to an improved energetic resolution of the acquired IR 
images compared to classical flash-based setups. This, by tak-
ing advantage of the different thermal responses between the 
carbon-based filler and the polymeric matrix, resulted in more 
defined and contrasted images at the contours of the different 
phases in the material, simplifying the discrimination of NP 
aggregates. Also, the equipment of the IR camera with a macro 
lens and extension rings in the experimental setup resulted in 
a geometric resolution of the IR frames of 6 μm/pixel. CNTs 
clusters with dimensions as low as 6.8 μm were identified with 
the proposed technique after images post-processing analysis. 
Further, the employed PLMT works in reflection mode, mean-
ing that only one side of the component needs to be accessible 
during the process. By integrating the inspection method with 
a robotized manipulator and by using AI image processing 

L =

√

���

 15480569, 0, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pc.70008 by C

ochraneItalia, W
iley O

nline L
ibrary on [10/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



12 of 13 Polymer Composites, 2025

software, this approach would enable fast, remote, and detailed 
in-line quality control of large NC parts.
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