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Abstract

Composite structures obtained by superimposing layers of different materials 
find application in various technological fields. The number of layers and the 
characteristics of the constituent materials are chosen based on different needs, 
e.g. for thermal protection of metal components or to preserve high mechanical 
strength by reducing the overall weight of the structure. For reasons related 
to production methods, some layers are not available separately from others 
and the study of their thermal properties cannot be achieved using methods 
conceived for homogeneous samples. For the evaluation of the properties of 
these non-free-standing layers, some modifications of the traditional laser-flash 
method are necessary, especially regarding measurements post-processing. 
In the present work, the measurements on three-layer samples were carried out 
using the classic laser-flash technique, but the analysis of the thermal response 
of the sample was carried out with a significantly different approach compared 
to that proposed by Parker and for which the method introduced by Cowan 
allows heat losses to be considered. The non-normalized thermal response 
that is measured on the rear surface of the sample was analyzed with a 1D heat 
diffusion analytical solution, considering both the heat losses on the front and 
rear surfaces of the sample and the finite pulse effect. 
The tested samples are three layers of the same material (Ti6Al4V) but with 
a different structure. In fact, the two external layers are compact, while the 
intermediate one is made up of sintered powder of various porosities, which 
is deposited through additive manufacturing. Since the thermal properties of 
the internal porous layer are of great interest (in particular its apparent thermal 
conductivity), the article describes the procedure adopted to estimate them and 
discusses their identifiability. Furthermore, using the thermal conductivity data 
available in the literature, a first validation of the adapted laser-flash method is 
also provided. 

1. Introduction

The laser flash method, since its invention about 60 years ago [1-3], has been widely used 

for the determination of thermal diffusivity.

There are several advantages that have made this technique very popular, to name just 

a few the speed with which measurements can be carried out, the very small size of the 

samples and the multiplicity of materials that can be measured. 

The original method, as is well known, consists in sending a flash of energy, produced for 

mailto:elena.campagnoli%40polito.it?subject=
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example by a laser, onto the base surface of a sample of cylindrical shape, recording on 

the opposite face the increase in temperature over time via a sensor (thermocouple or 

detector IR). In its original version, proposed by Parker [1], the thermal diffusivity can be 

calculated starting from the thermal transient recorded as: 

where: 

α is the thermal diffusivity [m²/s] 

L is the thickness of the sample [m]

t1/2=t50% is the time required to reach half the maximum temperature rise [s].

The method proposed by Parker allows the thermal diffusivity to be accurately 

determined only if the hypotheses underlying the model are respected when carrying 

out the measurement. Among these of special relevance are both the hypothesis that 

the thermal transient that follows the absorption of the energy released by the flash in a 

thin layer of the sample is adiabatic and the hypothesis that the pulsed energy is released 

instantaneously. 

An adiabatic measurement, as assumed by Parker, cannot be obtained experimentally, 

even when operating in high vacuum conditions. The presence of radiative losses 

causes the experiment to deviate from this hypothesis more evidently the higher the 

measurement temperature and the thicker the sample. 

For this reason, at the end of the transient, the maximum temperature reached is lower 

than that obtainable for the same energy pulse in the adiabatic case. Consequently, 

the t50% term in Eq. (1) is underestimated and the thermal diffusivity overestimated. 

In addition, the thermogram does not present a stable plateau over time once the 

maximum increase in temperature has been reached, but the temperature decreases 

over time in a more marked manner the higher the temperature of the sample.  

Under these conditions the previous Eq. (1) is no longer accurate and therefore to use 

the laser flash method in the years following its invention, various models have been 

developed to take radiation losses into account [4–10].

Regarding the effect of the finite time of the pulse, the “non-instantaneous" energy 
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release results in a slower temperature increase with a consequent increase in the 

t50% term in Eq. (1) which leads to an underestimation of the thermal diffusivity value. 

This effect, which is particularly relevant with highly diffusive materials and very thin 

samples, has also been widely studied and corrective methods have been proposed in 

the literature [7, 11–13]. 

Aware of these problems, in the present work the measurements were performed using 

the laser-flash technique in its classic version, but the analysis of the thermal transient 

was carried out in significantly different way. 

First of all, the thermal transient recorded on the rear surface of the sample was not 

normalized using the maximum recorded temperature whose value, as previously 

mentioned, is influenced by heat losses. The thermal response to the energy pulse, 

as described below, was then analyzed using a 1D heat diffusion analytical solution 

considering both heat losses from the front and rear surface of the sample and the effect 

of the finite time of the pulse. 

The samples used to test the model are three-layer samples of Ti6Al4V in which the two 

external layers are massive while the intermediate one is made up of sintered powder 

deposited through additive manufacturing. 

The thermal properties of the intermediate layer, which cannot be obtained as a free-

standing sample, are of particular interest. The article describes the procedure adopted 

to estimate these properties and discusses their identifiability. 

2. Methodology

Over the course of several decades, the flash technique has consolidated itself as an 

important method for the estimation of thermal diffusion properties of metals and alloys. 

In this period, in addition to the improvements of the experimental apparatus consistent 

with the technical evolution of the hardware components, significant modifications of 

the methods for determining the thermal properties of interest have been proposed. In 

fact, compared to the Parker method mentioned in the previous section, in which only a 

few experimental data were used to determine the thermal diffusivity, nowadays, thanks 

to the greater capacity for in silico data reduction, more complex estimation algorithms, 

which typically involve the entire thermogram recorded, are gaining ground. 
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Figure 1. Geometric scheme of the sample and arrangement of the layers.

In the case studied, due to the configuration of the samples, the original Parker method 

cannot be used, and the estimation of the thermal diffusion properties necessarily 

requires a non-linear procedure. In fact, the material under test is made up of a porous 

intermediate layer characterized by a dispersed solid matrix (sintered powder), 

surrounded by two layers with the same chemical composition but with a compact 

structure. 

The geometric scheme in Fig. 1 shows how the external layers have the same nominal 

thickness L_0, the extent of which can be compared with the thickness L of the porous 

layer. 

The property estimation method that was used is based on two different models, 

which will be called direct and inverse in the following. Based on the assigned boundary 

conditions, the direct model provides, starting from the provisional values assigned to 

the properties to be estimated, the temperature distribution as a function of time within 

the sample volume. The inverse model is instead arranged on a recursive algorithm, 

based in our case on least squares, which proposes at each iteration a new set of values 
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of the thermal properties of the material under test. Once convergence is achieved, the 

property values obtained are those that minimize the difference between the measured 

temperature values and those calculated by the direct model for the entire observed 

transient. 

From a general point of view, theoretical treatments and applications of the direct 

model are reported in the literature cited in the introduction, while the complete theory 

for the inverse model can be found, for example, in [14]. As regards the direct model, 

the 1D analytical solution for a three-layer sample is reported in [15, 16], and is obtained 

using the Laplace transform and its inverse, considering the heat losses by radiation, the 

contact thermal resistance between the layers and the finite duration of the thermal 

pulse.

Although this solution can be applied directly to the case in question, it is however 

possible to formulate some simplifying assumptions and hypotheses as follows:

•	 according to the 1D model, the heat losses are imposed only at the front and 
rear surfaces (x=x₁ and x=x₃ in Fig. 1). The radiative exchanges involving these 
surfaces were linearized [9] and calculated at the initial temperature T_0 of 
the sample (equivalent film coefficient), assuming the same emissivity ε₀ (T₀) 
for both surfaces: 

	       where σ is the Stefan – Boltzmann constant, 
•	 the contact resistances between the intermediate layer and the surrounding 

ones were not considered because the powder sintering process aims to 
create a porous structure mechanically connected to the interfaces with 
the compact layers (x=0 and x=x₂ in Fig. 1). The presence of defects on 
these interfaces (typically bubbles) could be considered in the model as 
thermal contact resistances, but the estimated values of the properties of 
the porous layer could not however be purified from this effect. Therefore, 
perfect thermal contact between the layers was assumed and therefore the 
temperature at the interface between two layers (Fig. 1) is the same:
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•	 Regarding the finite duration of the heat pulse, its effect on the thermal 
response of the non-pulsed surface was determined a priori. The response 
versus time q(t) of the laser system used was approximated by the normalized 
distribution H(t) suggested by Larson and Koyama [11], such that:

where Q_0 represents all the energy per unit surface area uniformly absorbed 
in a very thin sublayer of the front surface of the sample and t_p is the instant 
of time at which the peak energy release occurs which for the laser device 
used (Nd:YAG laser) is close to 0.2 ms. By adopting the theoretical values 
available in the literature for the thermal properties of the sintered powder 
[17-19], some comparisons were carried out considering or neglecting the 
finite duration of the thermal pulse. Both due to the relatively high thickness 
of the specimen and the total energy release time, greater than 99.9% in 2 
ms, the effect of the finite-pulse time was found to be negligible compared 
to the case in which the pulse is approximated by the Dirac function δ(0). 
Consequently, the finite duration of energy pulse was not considered  

(tp -->0), so

Based on these assumptions and considering both the set temperature T0 of the vacuum 

chamber and the initial condition j (x,t)=Tj (x,t)-T0=0 for each layer and assuming as 

boundary conditions

the increase in temperature on the non-pulsed rear surface reported in [16] can be 

written as
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where C₀=(ρc)₀ , λ₀, and L₀ are respectively the volumetric heat capacity, the thermal 

conductivity and the thickness of the surrounding layers, while the quantity Q₀ represents 

the energy absorbed per unit area of the pulsed surface. The dimensionless term Dk in 

the sum of Eq. (8) can be expressed as

in which

where the quantities to be estimated κ=λ⁄λ₀  and η=C⁄C₀ =((ρc))⁄(ρc)₀  represent the thermal 

conductivity and volumetric heat capacity of the sintered powder, both dimensionless 

using the similar properties of the adjacent layers.

The terms μk in the Eq. (9) are the k-th eigenvalue obtained from the solution of the 

following equation:

The maximum temperature increase detectable on the rear surface corresponds to the 

asymptotic value ∞ achieved in the case of an adiabatic sample, defined as
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Through this asymptotic value, the thermal response given by Eq. (8) can be normalized, 

becoming independent of the amount of the absorbed heat Q₀

Since the expected duration of the transient is well above one second, the sample cannot 

be assumed adiabatic and heat losses involving the surrounding layers make it arduous 

to experimentally determine ∞. In fact, compared to the asymptotic value of Eq. (14), 

the maximum temperature increase detectable on the non-pulsed surface is smaller the 

greater the heat losses. Moreover, the peculiar arrangement of the material under test 

inside the specimen makes it impossible to perform an a posteriori correction for the 

effect of thermal losses on the estimated properties [9-10].

For this reason, it was decided not to normalize the response recorded on the rear surface 

of the sample and among the quantities to be estimated, in addition to the dimensionless 

parameters κ and η previously introduced, the quantity of heat Q₀ absorbed on the pulsed 

surface of the sample was added. The estimate of this last quantity is not of particular 

interest but is necessary due to the configuration of the sample being studied. 

As regards the inverse model, the theory for an equivalent case is detailed in [20], 

and therefore only some aspects concerning the identifiability of the parameters to 

be estimated are recalled here. Fundamental help is given by the so-called sensitivity 

coefficients, defined through first partial derivatives of the dependent variable with 

respect to the parameters to be estimated. In this case the dependent variable is the 

temperature increase given by Eq. (8) and its derivatives with respect to the parameters 

κ, η and Q₀ were calculated numerically at each time step and for each iteration.

The sensitivity coefficients provide important information in the estimation problem. The 

sensitivity coefficient matrix is composed of as many rows as the time intervals observed 

and in this case of three columns (as many as the parameters to be estimated) and allows 

us to highlight the possible linear dependence between the parameters to be estimated. 

In fact, for the simultaneous identification of the parameters the product between 

the sensitivity matrix and its transpose gives a square matrix whose determinant must 

always be different from zero, as happens in the proposed case. Furthermore, for the 
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parameters to be estimated, the magnitude of these coefficients allows their estimation 

uncertainty to be established, the higher the magnitude of the coefficient, the lower the 

estimation uncertainty.

3. First results and discussion 

The described method was applied to several samples with layers arranged according 

to the geometry shown in Fig. 1, but with different thicknesses of the sintered powder 

layer [20]. Since the method requires the estimation of the energy input that induces 

the thermal transient, some preliminary results are reported below to investigate this 

aspect. The samples tested are two, characterized by the same overall thickness and by 

some differences in the thickness of the layers, as reported in Tab. 1.

Table 1. Layer thicknesess

Sample Thickness L₀ of the 
surrounding layers (mm)

Thickness L of the sintered 
powder (mm)

#1 0.61 1.81

#2 0.50 2.03

For the second sample, which has a greater thickness of sintered powder than the 

first, the tests were conducted by modifying the input energy assigned to the laser and 

increasing it by approximately 25%. The aim was both to verify that the estimated values 

of the properties of the sintered powder were independent of the flash energy and to 

verify that the estimated values for the absorbed energy Q₀ were consistent with the 

energy used for the pulse. 

Both samples were studied from room temperature to 800 °C by taking measurements 

approximately every 200 °C within this range. In this temperature range the values of 

the thermal diffusion properties of the compact Ti6Al4V were taken from the literature 

[19] as well as those relating to the sintered powder with the same composition. In the 

literature the latter are only available starting from a temperature of 200 °C and are 

obtained based on the properties of the compact material assuming three-dimensional 

aggregation schemes for the sintered powder [17-18].

Regarding the radiative heat losses approximated by Eq. (2), the emissivity ε₀ (T₀ ) of the 

compact Ti6Al4V surfaces (both the front and rear ones) was here assumed independent 
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of the temperature and considered equal to 0.3.

The estimated values of thermal conductivity and volumetric heat capacity of the sintered 

powder are shown in Figs. 3-4 using the rhomboid and circular markers respectively for 

samples #1 and #2. The error bars in the figure refer to the estimated standard deviation 

for the bilateral t-distribution for a confidence level of 95%. In both figures the solid lines 

represent the trend obtained considering the estimated values for both samples while 

the dashed lines refer to what was found in the literature for the sintered powder and 

the dotted lines to the properties of the compact material.

The comparison between the values obtained from the measurements and those 

available in the literature shows good agreement. It is also interesting to note that the 

properties of the compact material are as expected higher, by approximately seven times 

for thermal conductivity and two times for volumetric heat capacity in a temperature-

independent manner.

Figure 2. Trend of the estimated thermal conductivity as a function of temperature and 
comparison with literature data for the compact material and for the sintered powder. 
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Figure 3. Estimated volumetric heat capacity versus test temperature for the sintered powder 
and comparison with literature data and compact material.

Figure 4 shows the estimated values of the energy Q_0 that is absorbed per unit surface 

area of the samples. Since for sample #2 the energy pulse used is higher, the trend of 

the estimated values of the absorbed energy in Fig. 4 seems to confirm the validity of 

the calculations. In fact, as can be seen in Fig. 4, the ratio between the estimated values 

of the energy Q_0 for the two samples is almost constant at all test temperatures T_0.

Examining the results obtained it is possible to verify that the energy absorbed by sample 

#2 is approximately 15% higher compared to an increase in flash energy of approximately 

25%. This difference can reasonably be explained by considering both the efficiency of the 

laser system and the fact that the flash energy value is not a measured quantity. What is 

considered most important here is that these ratios are approximately independent of 

the test temperature. 
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Figure 4. Estimation of the energy absorbed on the front surface of the samples as a function of 
the test temperature. 

As regards the identifiability of this parameter, it is less simple to explain the trend as a 

function of temperature with a negative slope found in the two cases examined. Among 

the extreme temperature values investigated, the relative variation of Q_0 is about 15% 

for both samples. We can list three possible reasons: the inverse model, the assumptions 

about quantities influencing the heat losses, in particular the temperature-independent 

emissivity, and the behavior of the measuring equipment when the temperature varies. 

The good agreement between the expected and estimated values for the thermal 

properties of the sintered powder allows us to exclude at the moment the first two 

reasons listed as both would affect these results. As regards the apparatus, the optical 

path of the laser beam is mainly external to the measurement chamber. Lenses and 

mirrors are kept at room temperature, except for the optical window on the measuring 

chamber which allows the passage of the laser beam. The temperature dependence of 

the optical properties of this window could explain the reduction in laser beam intensity, 

but this has yet to be demonstrated. 
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