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Abstract

This paper investigates the use of pulsed laser spot thermography as a non-destructive technique to evaluate mechanical
properties and crystallographic texture changes in AZ31 magnesium alloys after thermal treatment. Eight AZ31 specimens
wete studied in two metallurgical conditions: three as-received (H24 tempered) and five annealed at 450 °C for 10,000 seconds.
Thermal diffusivity was measured non-destructively using laser spot thermography, while standard destructive methods
provided hardness and grain size values for reference. Results highlighted an unexpected reduction in thermal diffusivity
(around 18%) after annealing, despite a notable increase in grain size (approximately 75%) and a corresponding decrease in
hardness (13%). Statistical analysis showed a clear negative correlation between grain size and thermal diffusivity (R = -0.907,
p < 0.01), along with a moderate positive correlation between hardness and diffusivity (R = 0.745, p < 0.05). Unlike in steels,
where increased grain size usually corresponds to higher thermal conductivity, the observed diffusivity decrease in AZ31 is
likely due to microstructural complexities such as textute evolution, lattice distortions, and secondary phases. The study
demonstrates—for the first time—that pulsed laser thermography effectively captures microstructural changes related to
mechanical behaviour and crystallographic orientation in magnesium alloys, offering a rapid, non-destructive, and reliable
alternative to traditional characterization methods.

Keywords: Pulsed laser thermography, thermal diffusivity, crystallographic texture, non-destructive testing
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1. Introduction

Magnesium (Mg) is the lightest structural metal, thus Mg alloys are highly desirable for engineering applications
that require minimal weight, while ensuring high strength. One of the primary sectors benefiting from Mg alloys
is the transportation industry, where lightweight materials contribute significantly to improve fuel efficiency and
reducing carbon dioxide (CO3) emissions [1]. Additionally, thanks to the Mg biocompatibility and biodegradability
in human body fluids, the use of these alloys extends to biomedical applications|2] for producing bioresorbable
implants, that offer the significant advantage of eliminating the need for a second surgical procedure for removal

[3,4].

The AZ31 alloy, that is the most common magnesium alloy used in industry [5], exhibits high formability at elevated
temperatures, making it suitable for fabricating geometrically complex components using advanced metal forming
technologies, such as hot gas forming [6] that is a flexible manufacturing process that uses gas pressure as a forming
tool, acting on a heated metal sheet, forcing it to expand and copy the geometry of a die.

The advantage of low-cost equipment [7] compared to the conventional stamping is counterbalanced by the
resulting large thickness variations along the profile of the geometry that can affect the performance of the
component [8]. To overcome this drawback, some of the authors proposed a methodology for improving the
thickness uniformity of AZ31 components produced by hot gas forming using a Mg alloy (AZ31) blank laser heat
treated in a predefined area prior to forming. Thanks to the local heat treatment, the initial grain size distribution
of the blank was very locally changed, thus tailoring the mechanical properties and the plastic deformation
behaviour of the blank during the forming operation [9].

A central challenge remains the assessment of microstructural and mechanical properties after heat treatments
such as annealing. This requires destructive testing techniques such as hardness measurements or metallographic
analysis. However, grain size and hardness alone are insufficient to fully characterize mechanical behaviour in
magnesium alloys with a hexagonal close-packed (hcp) structure. Due to their anisotropic crystal structure,
magnesium alloys exhibit mechanical responses strongly influenced by texture—namely, the orientation of the hcp



planes [10,11]. Moreover, the presence of secondary phases and solute atoms in a solid solution introduces lattice
distortions that also affect mechanical performance [12,13].

High-resolution characterization techniques such as scanning electron microscopy (SEM), electron backscattering
diffraction (EBSD), energy dispetsive x-ray spectroscopy (EDS) and x-ray diffraction (XRD) are typically required
to evaluate these microstructural aspects properly [12,13]. These methods are both time- and cost-intensive and,
being destructive, they can only be applied to sampled specimens. This is a significant limitation in biomedical
applications, where components are often custom-made and produced as unique parts, making destructive testing
impractical. Additionally, these techniques provide only local information, making it difficult to assess the
properties of the entire component, especially in case of local heat treatment.

Non-destructive testing (NDT) techniques offer a promising alternative. While commonly used NDT methods
such as tomography, ultrasound, and eddy current testing are widespread in inspection for this purpose [13-16],
they still present limitations such as long inspection times, physical contact and difficulties in automation. Infrared
thermography emerges as a particularly attractive solution due to its non-contact, full-field capabilities and faster
acquisition and analysis times than conventional NDT methods for several applications: detection and quantitative
analysis of defects [17-24], process monitoring [25-27] and material characterisation [28-31].

Several studies have shown that changes in microstructure and mechanical properties in steels are associated with
variations in thermophysical properties, particularly thermal diffusivity. For instance, Mandelis et al. [32] identified
an inverse correlation between hardness and thermal diffusivity. Other authors have exploited this principle to
derive through-thickness hardness profiles and to explore the sensitivity of thermal effusivity [33] to similar
variations. However, this behaviour cannot be generalized to all metallic materials. The mechanisms that alter
mechanical properties following thermal treatment vary and do not always involve grain growth alone; they may
instead stem from crystal lattice distortion, particularly in magnesium alloys.

Generally, grain growth reduces grain boundary density and facilitates heat conduction by limiting phonon
scattering. However, in hep magnesium alloys, lattice distortions—such as those induced by dislocations, solute
atoms, and precipitates—can significantly affect thermal transport's electronic and phononic components|[34]. A
primary objective of this study is to assess whether thermal diffusivity in magnesium alloys correlates with grain
size and hardness, as observed in steels, or whether lattice distortions have a counteracting effect.

This work selected pulsed laser spot thermography as a non-destructive method to measure thermal diffusivity in
different states of the Mg AZ31 alloy[29,35-37]. A simple and time-efficient experimental protocol was developed
to meet the requirements of industrial process integration. This study represents the first step of a broader research
effort aimed at developing a thermographic NDT procedure capable of estimating mechanical properties—and
even texture characteristics—of magnesium alloys through thermophysical measurements alone as also explored
in recent approaches combining thermography and Al-based interpretation for anisotropic composite
materials[38].

Eight Mg AZ31 specimens with a nominal thickness of approximately 1 mm were examined. Three were kept in
the as-received H24 tempered condition, while the remaining five were annealed at 450 °C for 10000 s to promote
static grain growth. Grain growth kinetics were expected to follow the equation proposed by Carpenter et al. [39],

1
expressed as dg = (dév + Ct) N, where ds and do are the final and initial grain sizes, respectively, t is the annealing
time and C and N are material-dependent constants. Two distinct material states—H24 tempered and annealed—
were thus investigated.

All specimens were tested using pulsed laser spot thermography to extract through-thickness thermal diffusivity
values. Metallographic and mechanical tests were performed on the same samples to measure grain size and
hardness. The correlation between thermal diffusivity, grain size, and hardness was subsequently analysed.

To the best of our knowledge, this is the first work proposing a non-destructive laser thermography-based
procedure for quantitatively evaluating not only the mechanical properties but also the average grain size in Mg
alloys. Moreover, this study demonstrates—for the first time—the sensitivity of thermal diffusivity to
crystallographic texture variations in magnesium alloys through a fully non-destructive approach.

2. Theory
2.1 Pulsed laser spot method



The well-established pulsed laser spot thermography technique [29,35-37] was adopted among the various
thermographic methods for measuring thermal diffusivity in reflection configuration [40—45]. This approach relies
on analysing the time evolution of the surface temperature of a body of thickness L, subjected to an impulsive
heating event generated by a laser spot of radius R with a spatial distribution typically Gaussian or top-hat. The
method enables the estimation of thermal diffusivity in the in-plane () and through-thickness («,) directions
[35,36,46]. The present study focuses on the latter, whose aim is to correlate the thermal diffusivity with the
mechanical and microstructural properties along the thickness direction, as previously explored for boron steel in
eatlier works by some of the authors [28,29].

In this context, the method proves particulatly robust, as the spatial non-uniformity of the laser beam does not
affect the accuracy of the diffusivity measurement in the direction normal to the surface, as also confirmed in
studies integrating numerical simulation and experimental thermography with advanced pre/post-processing
techniques[47]. This aspect was explicitly addressed by Bison et al. [48], who demonstrated that, in a homogeneous
and isotropic medium, the spatially integrated surface thermal response—that is, the integral of the surface
temperature over the area affected by the heating—is independent of the specific shape of the spatial distribution
of the input pulse. More specifically, in the domain of integral transforms, the zero spatial frequency component
(k=0) of the Fourier—Bessel transform of the surface temperature corresponds to the spatial integral of the
temperature in the space domain. Under these conditions, the system response is formally equivalent to that
obtained with spatially uniform heating and matches the classical one-dimensional solution for a slab medium as
shown in equation 1 in which ¢ is the thermal effusivity, Oy the amount of energy [46], z is the coordinate along
the slab thickness and z=0 represents the plane of the heated surface.
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Therefore, provided that the integration area is sufficiently large to cover the entire heated region, a simplified 1D
model is fully justified. In particular, to determine the diffusivity in the through-thickness direction, it is sufficient
to compute the average surface temperature over the heated area and perform a fitting using the analytical solution
for a homogeneous medium, from which the parameter o,/12 is detived. Once the thickness is known, the thermal
diffusivity can be accurately estimated.

While equation (1) describes the case of a homogeneous slab with adiabatic boundaries, in this study, data fitting
was carried out using the following analytical solution for the front-surface temperature evolution of a two-layer
system under instantaneous surface heating [48]:

- n?12
1+2 Z I'™ exp (— )
at
n=1

where o is the thermal diffusivity, L is the thickness of the first layer and I" is the interfacial reflection coefficient
defined as:
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with ¢; and ¢, being the thermal effusivities of the specimen and the backing medium, respectively [48]. The entire
pre-factor Qy/ (e17) is absorbed into a fitting parameter 4, so that the model allows simultaneous estimation of A4,
a and I without requiring prior knowledge of heat input or effusivity.

The inclusion of the interface effect at the rear surface reflects the physical modeling required to account for non-
ideal insulation at the back, even though the sample was not in contact with any substrate. In the experimental
setup, the specimen was freely suspended and thermally isolated as much as possible, but slight deviations from
adiabaticity may still occur at the rear surface. Conversely, heat losses at the front surface can be reasonably
neglected due to the short observation time, the absence of forced convection, and the high thermal conductivity
of the AZ31 magnesium alloy.



Although the reflection coefficient I' is formally defined to describe conductive mismatch at the rear interface
between the specimen and a backing medium, this work uses it as an effective fitting parameter to account for any
minor deviation from the ideal adiabatic boundary condition. This includes possible residual losses from both the
rear and front surfaces, even though the front side is considered adiabatic due to the short observation window,
high thermal conductivity of the material, and low Biot number (Bi < 0.02). This assumption, for metals under
short-time photothermal excitation, was further validated through a dedicated sensitivity analysis. Specifically,
using the lowest fitted value of I" = 0.98 instead of I" = 7.00 caused a variation in the estimated thermal diffusivity
a of less than 0.6%, confirming that any deviation from ideal adiabatic conditions at the rear has a negligible effect
on the extracted a.

Therefore, due to the consistently high values of I" obtained in this work (always > 0.98), the simplified
homogeneous model presented in Eq. (1) and the full bi-layer model in Eq. (2) yield virtually indistinguishable
results for diffusivity estimation, validating the physical consistency of both approaches in the current experimental
conditions.

2.2 Microstructure in MgAZ31 alloy

Magnesium has a hexagonal close-packed (hcp) crystal structure characterised by pronounced mechanical and
thermal anisotropy. This mechanical anisotropy, which becomes more evident following plastic deformation
processes such as rolling, is primarily due to the preferential orientation of the crystal structure—specifically, the
alighment of basal and non-basal planes, the latter being further classified as prismatic and pyramidal. In thin sheet
configurations, thermal treatments such as annealing promote the exposure of non-basal planes in the through-
thickness direction, along with a reduction in basal plane exposure and a concurrent increase in grain size [10,11].
As a result, annealing affects not only mechanical properties such as hardness but also the intrinsic anisotropy of
the alloy.

As well described in recent research by Lv et al. [34], this anisotropy leads to a strong dependence of thermal
conductivity on the crystallographic grain orientation, with a reported difference of approximately 30% between
conductivity along basal planes and that along non-basal planes, where it is lower. Consequently, when the
orientation of the crystal structure changes, thermal conductivity also changes significantly due to the shift in the
preferred pathways for heat transport by electrons and phonons. In magnesium, even slight variations in alloy
composition or the presence of atoms in a solid solution can introduce significant lattice distortions, reducing the
mean free path of electrons and phonons and thereby impacting thermal conductivity. Secondary phases—
especially those coherent or semi-coherent with the matrix—introduce local distortions and stress fields that
significantly influence the thermal conductivity of magnesium and its alloys. Therefore, changes in the distribution
and size of these phases can lead to substantial variations in thermal diffusivity.

Unlike steels, where free electrons predominantly govern heat conduction, the phonon contribution becomes
significant in metals with strong lattice distortions, such as magnesium. As a result, even minor distortions or
microstructural variations can influence the phononic component of thermal diffusivity since free electrons are
less sensitive to minor microstructural changes than phonons.

3. Materials and methods

This section describes the specimens used in the experimental phase, including the heat treatment methods
employed to modify their mechanical properties. Furthermore, the thermographic setup used for pulsed laser spot
thermography tests will be described, followed by an account of the metallographic analyses and subsequent
mechanical testing.

3.1 Specimens

A total of eight Mg AZ31-H24 specimens with a nominal thickness of 1 mm and approximate dimensions of 70
mm X 70 mm were considered in this study (Figure 7), as summarized in Table 7. Three specimens were left in
the as-received condition and labeled with the letter A, while the remaining five were thermally treated at 450 °C
for 10000 seconds and labeled with the letter C. The thermal treatment was intended to obtain a uniform
microstructure throughout the volume and a predicted average grain size, which, according to the equation
proposed by Carpenter et al. [39], is expected to reach approximately 12.38 um.



Figure 1. Analysed specimens with graphite coating, A as received state and C annealed.

Table 1. Summary table of the investigated specimens

ID Material State Nom. Thickness | Meas. Thickness
A 01/02/03 Mg Az 31 — H24 | As received 1 mm 0.96 + 0.30 mm
C01/02/03/04/05 | Mg Az 31 —H24 | Annealed 1 mm 0.94 + 0.40 mm

The division into three untreated and five treated samples was chosen based on the uniformity of the as-received
material condition, which was ensured during the supply phase. Therefore, more replicates were assigned to the
annealed group to gather a more extensive dataset on the variability introduced by the heat treatment process.

Based on the theoretical considerations discussed in the previous section, the annealing treatment is expected to
promote grain growth and reduce grain boundaries and phonon scattering, thus increasing thermal conductivity in
all directions.

Due to the high reflectivity of the surface, the inspected face of each specimen was coated with a thin layer of
graphite spray to enhance and homogenize emissivity and improve energy absorption.

3.2 Experimental setup

The annealing treatment was performed under atmospheric conditions using a furnace (Nabertherm N 61/H)
equipped with three-sided heating and lightweight refractory bricks.

The thermographic setup used for thermal diffusivity measurements was configured in reflection mode, as
anticipated in the theoretical section. Specifically, each specimen’s graphite-coated surface was heated for 160 us
using a pulsed laser at 1064 nm, with a top-hat distribution and a nominal spot diameter of 10 mm, delivering an
energy of approximately 1.5 J. The laser beam was incident at an angle of approximately 15° concerning the surface
normal, as illustrated in the setup diagram (Figure 2). Such an inclination has a negligible influence on the low-
angle diffusivity measurement.
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Figure 2 . a) Schematic representation of the experimental set-up adopted. b) Photograph of the experimental set-up adopted. c)
Inspection area and laser spot size.

A front-facing FLIR X6981 LW (7.5-9.5 um) cooled infrared camera was positioned perpendicular to the specimen
surface to avoid perspective distortions (Figure 2). The camera was equipped with a 50 mm lens, resulting in a
spatial resolution of 0.25 mm/pixel. Data acquisition was carried out at 7990 Hz, recording the heating and cooling
phases for a total acquisition time of about 1 second. This high acquisition frequency was achieved by reducing
the acquisition window to 65X125 pixels and selecting a calibration temperature range of —20 °C to 150 °C

For hardness analysis and metallographic measurements, a fully automatic microhardness tester (Qness Q10A+,
Salzburg, Austria) and a light microscope (Inverted Microscope Nikon MA200) were used, respectively.

3.3 Methods

Each specimen was tested using pulsed laser spot thermography to measure its thermal diffusivity, repeating the
test five times. As discussed in the theoretical section, this method allows for evaluating both in-plane and through-
thickness thermal diffusivity. Nonetheless, the present work focused on through-thickness measurements alone,
even though magnesium exhibits a certain degree of anisotropy due to its crystallographic structure, as described
in the related theory section. This choice is justified by previous studies [34], which confirmed the uniformity of
the microstructure along the thickness after the applied thermal treatment. Therefore, it is reasonable to assume
that the microstructure, grain size, and thermal diffusivity are homogeneous throughout the specimen thickness.

For the analysis of each test, a consistent area of 15x15 mm? was selected, centred on the laser spot for all
acquisitions. As the theoretical section outlines, once a surface region is defined, the temperature signal is spatially
integrated over that area. This produces a response equivalent to the one-dimensional (1D) case [48]. This approach
offers significant advantages: the integrated signal remains unaffected by the non-uniformity even if the initial
temperature distribution is not perfectly uniform—such as a Gaussian profile. Consequently, the thermal
diffusivity can be reliably estimated using the 1D model, regardless of minor inhomogeneities in the laser spot.

For each analysis, a fixed temporal window of 0.0365 seconds was used. This time window was selected based on
the shape of the thermal response on a log-log scale. Precisely, it needed to be long enough to reach the plateau
typical of finite-thickness behaviour but short enough to avoid the onset of heat losses. The exact time window
was applied consistently across all tests. Figure 3 shows a representative temperature-time curve obtained
experimentally, highlighting the selected analysis window.
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Figure 3. Region of interest (15 X 15 mm?) used for data integration and curve fitting, overlaid on the thermogram acquired at t = 0.125
ms after the peak temperature. The selected area fully encompasses the thermally affected zone during the time window used for
diffusivity estimation. Experimental temperature-time curve (black dots) obtained by averaging over the selected area, and corresponding
fit (red curve) based on the analytical model used to extract the o/1? parameter.

Subsequently, hardness tests were performed on the specimens to verify the effectiveness of the thermal treatment,
along with metallographic analyses aimed at measuring the average grain size of each sample and comparing it to
the predicted value according to the equation proposed by Carpenter et al. [39].

Before the analyses, each sample was cut, hot mounted, ground, polished and etched by immersion for 5 s in
acetic-picral solution (5 ml acetic acid, 6 g picric acid, 10 ml water, 100 ml ethanol).

Then, the microstructure of each sample was observed through its thickness. According to the ASTM E112-13
(2021) standard, the Heyn Lineal Intercept procedure was applied to measure the average size of the grains.
Vickers microhardness tests were then performed on the same samples in accordance with the EN ISO 6507-
1:2023 standard. The Vickers microhardness (load=100 gf, holding time=5 s) was measured along a five-points
path located at half of the sample’s thickness.

The specimen thickness was also determined through optical microscopy. This step was necessary since the pulsed
laser spot method is susceptible to thickness variations, making precise thickness measurements critical for accurate
diffusivity calculation. To ensure the reliability of the calculated thermal diffusivity, multiple local thickness
measurements were performed on each sample cross-section. The specimens were prepared with careful polishing
to allow clear identification of boundary interfaces under optical microscopy. The methodology thus assumes that
thickness is known with sufficient accuracy, which can be achieved under controlled laboratory conditions but may
be more difficult in real-world applications with unmachined surfaces or strong geometrical variability. The
measured thickness values were then used to calculate thermal diffusivity for each sample.

The same procedure was applied to the untreated (as-received) specimens. First, the thermal diffusivity values were
compared with the corresponding hardness values to investigate the correlation between the two properties. Then,
the average grain size of each specimen was measured. A statistical approach was adopted to assess the relationship
between hardness, grain size, and thermal diffusivity.

In Figure 4 is summarised the proposed procedure adopted.
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Figure 4. Summary diagram of the proposed procedure.

4. Results and discussion

Figure 5 shows two representative experimental curves obtained from two groups of specimens. Each curve
corresponds to a sample group, highlighting a different thermal behaviour between the two microstructures.
Although the nominal thickness of all analysed specimens was the same, microscopic measurements revealed slight
differences. For this reason, even if the two thermal response curves do not differ significantly in shape, each
sample's specific thickness must be considered.

Temperature

L I

107 1072 107
time

Figure 5. Two experimental curves obtained from the thermographic tests: in red, the curve corresponding to the specimens in the as-
received state, and in blue, the curve corresponding to the annealed state.



As previously discussed, the parameter that can be extracted from the thermographic analysis is the ratio o/12,
where « is the through-thickness thermal diffusivity and L is the specimen thickness. Table 2 reports the values of
this parameter obtained for each measurement, including the associated uncertainties.

Table 2 Summary table of thermographic results with the «/1.2 parameter obtained for each specimen.

. /12

ID State Repetitions [1/s]
A 01 | As received 5 56.48 £ 1.74
A 02 | As received 5 55.86 £ 0.55
A 03 | As received 5 55.67 £ 1.33
CO01 | Annealed 5 50.79 + 1.27
C02 | Annealed 5 49.05 £ 1.76
C03 | Annealed 5 52.71 £ 2.56
C04 | Annealed 5 49.79 £ 0.71
CO05 | Annealed 5 51.78 £ 1.27

Figure 6 shows two representative micrographs of the specimens from the as received and annealed groups. The
annealing treatment increased the average grain size, with the values summarized in Table 3. Additionally, the
thicknesses of each specimen were extracted from the same microscopy analysis.

e

a) b)

Figure 6 Representative micrographs of the specimens from the a) as received and b) annealed groups; scale bar: 10 um

Figure 7 displays a few examples of the hardness indentations used to obtain the values summarized in Table 3.
From the measured grain sizes and hardness values, it is possible to confirm the effectiveness of the annealing
treatment, as the final grain size is consistent with the estimate based on the equation proposed by Carpenter et

al.[39].



b)
Figure 7 Representative images of the indentation after hardness tests of the specimens from the a) as received and b) annealed groups;
scale bar: 10 pm

The average grain size in the as-received MgAZ31-H24 specimens was 7.14 = 0.92 pm, while after annealing, it
increased to 12.59 * 1.34 um, corresponding to an approximate 75% increase. The mechanical properties also
evolved as expected, with hardness decreasing from 81.16 * 1.68 HVO0.2 to 67.54 + 2.35 HVO0.2, a reduction of
approximately 13%.

Using the thickness values measured for each specimen, it was then possible to calculate the thermal diffusivity in
the through-thickness direction based on the previously obtained a/I2 ratios. The results are summarized in Table
3. As shown in Figure 8 and reported in Table 3, the specimens that underwent annealing (group C) exhibited a
reduction in through-thickness thermal diffusivity compared to the as-received MgAZ31-H24 group. Specifically,

a reduction of about 18% was observed.
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Figure 8 Histogram of average thermal diffusivity measurements for the as-received (A) and annealed (C) specimens.

Table 3. Summary table of experimental results for hardness, grain size, and thermal diffusivity for each specimen.

D State Repetition Hardness Grain size Thermal diffusivity
a P S| [Hvoz [um] [x 105 m?/s]
J’_
A 01 | As received 5 80.56 585+ 0.24 5.21 £ 0.16

A 02 | As received 5 81.44 7.79 £ 0.69 5.26 £ 0.05




A 03 | As received 5 84.48 7.79 £0.75 513 £0.12
CO01 | Annealed 5 66.70 1412 £ 1.11 439 £ 0.11
C02 | Annealed 5 71.22 11.30 £ 0.88 4.15 £ 0.15
CO03 | Annealed 5 62.22 11.19 £ 0.76 4.66 +0.12
C04 | Annealed 5 64.88 14.25 £ 2.36 4.40 = 0.06
CO05| Annealed 5 65.70 1211 £ 1.24 4.58 + 0.11

The statistical analysis revealed a significant negative correlation between grain size and thermal diffusivity, as
indicated by Pearson's correlation coefficient (R = -0.907, p < 0.01), suggesting that smaller grain sizes correspond
to higher thermal diffusivity. Additionally, a relevant positive correlation was observed between HV 02 hardness
and thermal diffusivity (R = 0.745, p < 0.05), indicating that samples with higher hardness exhibit greater thermal
diffusivity, thus highlighting a positive correlation.
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Figure 9. Plot of thermal diffusivity vs. grain size for each specimen, with examples of grain size for the as-received (red square) and
annealed (blue square) states.

Despite the increase in grain size —which typically leads to a reduction in grain boundary scattering and, therefore,
higher thermal diffusivity—the observed diffusivity decreased, indicating that the expected inverse correlation
between hardness and diffusivity observed in steels does not apply here, as it is clearly visible in Figure 9 and Figure
70 and resumed in the graphic in Figure 77. Several concurrent phenomena induced by annealing must be
considered in magnesium alloys, making the interpretation of thermal diffusivity variations less straightforward.

One key factor is the crystallographic texture. As discussed in the theoretical section, magnesium has a hexagonal
close-packed (hcp) structure, which inherently leads to mechanical and thermal anisotropy. Thermal conductivity
along basal planes is at least 30% higher than along non-basal planes [34], meaning that the grain orientation
concerning the direction of heat flow plays a significant role in determining thermal transport properties. In the
as-received MgAZ31-H24 condition, basal planes are expected to be predominantly aligned parallel to the surface.
In contrast, through the thickness, prismatic and pyramidal planes and mixed orientations are present. Annealing
induces grain reorientation—partly due to twinning and the reduction of internal energy—Ileading to greater
exposure of non-basal planes in the through-thickness direction and a weakening of the initial basal texture [34].
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Figure 10. Plot of thermal diffusivity vs. hardness HV02 for each specimen, with examples of indenter imprint for the as-received (red
square) and annealed (blue square) states.

Another plausible explanation for the observed decrease in thermal diffusivity after annealing is the formation or
growth of precipitates. These secondary phases, primarily if coherent or semi-coherent with the matrix, act as
scattering centres for phonons and electrons, impeding heat flow. Solid solution atoms and dislocations can also
play a role: the former mainly disturb electronic conduction, while the latter act as barriers to phononic and
electronic transport [34].

Altogether, these microstructural phenomena contribute to the reduction of thermal diffusivity in magnesium
alloys, counteracting the effect of grain growth that would otherwise increase it. Since these mechanisms have
opposing effects, the experimental results suggest that the so-called "secondary" mechanisms—texture evolution,
precipitation, solid solution formation, and dislocation density—significantly impact heat transport properties
more than grain size alone. This indicates that thermal diffusivity in the magnesium alloy studied is particularly
sensitive to such microstructural features, making it a suitable indicator for assessing the presence and evolution
of these effects.
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Figure 11. Plot of thermal diffusivity vs. grain size and hardness vs. grain size.

5. Conclusions



In this work, the effectiveness of pulsed laser spot thermography in evaluating the impact of annealing treatment
on MgAZ31-H24 was investigated, focusing on detecting microstructural variations through through-thickness
thermal diffusivity measurements.

Eight MgAZ31-H24 specimens were analysed: three in the as-received condition and five subjected to annealing
at 450 °C for 10000 s. Each specimen was tested to measure thermal diffusivity and assess its correlation with the
microstructural changes induced by the heat treatment. Mechanical hardness testing and grain size measurements
were then conducted to verify the success of the annealing process using conventional methods. These tests
confirmed a reduction in hardness of approximately 13% and an increase in average grain size of about 75%.
However, thermal diffusivity decreased by approximately 18% after annealing.

This result challenges the commonly observed inverse correlation between hardness and thermal diffusivity in
metals like steel. In the case of the magnesium alloy investigated, the effect of grain growth—typically associated
with reduced phonon scattering and increased thermal transport—appears to be outweighed by other
microstructural factors. In particular, crystallographic texture evolution, the formation of secondary phases,
dislocations, and solute atoms in solid solutions will likely play a dominant role in limiting heat diffusion.

Although these phenomena were not directly observed in the present study, prior literature on hcp metals and the
known effects of annealing support this interpretation. Specifically, after annealing, the exposure of prismatic and
pyramidal planes in the through-thickness direction increases. At the same time, intermediate orientations are
reduced, weakening the basal texture that characterizes the as-received condition. Since basal planes in hcp
magnesium exhibit higher thermal conductivity than non-basal ones, this texture evolution likely contributes to
the observed reduction in diffusivity. Additional scattering mechanisms, such as those induced by precipitates,
dislocations and solid solution atoms, further reduce thermal transport.

These findings demonstrate that thermal diffusivity in magnesium alloys is highly sensitive to complex
microstructural features beyond grain size alone. Therefore, thermal diffusivity—measured via non-destructive
thermographic methods—can serve as an effective indicator for assessing such features. It is important to note
that the present method requires a known and reasonably uniform specimen thickness. While this assumption
holds in the current experimental conditions, its applicability to components with variable thickness may be more
difficult. Future developments should therefore consider the integration of auxiliary thickness mapping or the use
of inversion approaches robust to geometric uncertainty.

To expand the applicability of the proposed method, further investigations are required to explore the sensitivity
of thermographic measurements to variations in texture, precipitation, and solid solution. In particular, the
following future steps are proposed:

e Perform a comprehensive characterization of specimens subjected to different annealing durations to
identify the point at which grain growth effects on conductivity become negligible compared to other
microstructural factors.

e Conduct detailed analyses using SEM, EBSD, EDS, and XRD to determine the dominant mechanisms
responsible for conductivity reduction after annealing. Based on these findings, develop a predictive model
that accounts for such effects to estimate mechanical properties from thermal diffusivity data obtained via
thermography.

These developments would pave the way for using thermal diffusivity as a reliable, non-destructive indicator of
microstructural state and mechanical performance in magnesium alloys.
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