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Abstract 20 
This work presents a non-destructive methodology to estimate the residual porosity and mechanical 21 

properties of titanium foams produced via Hot Isostatic Pressing (HIP) followed by Solid-State 22 
Foaming (SSF). Pulsed laser spot thermography was employed to measure thermal diffusivity in 23 
compact and foamed Ti6Al4V-ELI samples derived from powders of different granulometries. A 24 
power-law correlation between thermal diffusivity and porosity was used to estimate post- 25 
foaming porosity, which was then used to predict elastic modulus, yield strength, and ultimate 26 
tensile strength. Results highlight the potential of thermal diffusivity as a reliable indicator of 27 
structural performance, offering a rapid and fully non-destructive route for evaluating metallic 28 
foams in biomedical and aerospace applications. 29 

Keywords: Thermal diffusivity; titanium foams; pulsed laser thermography; non-destructive 30 
evaluation (NDE); mechanical characterization; mechanical properties 31 
 32 

1. Introduction 33 
Titanium alloys, particularly Ti6Al4V-ELI, are key materials in biomedical and 34 

aerospace engineering due to their superior mechanical performance and 35 
biocompatibility [1]. In implant design, engineered porosity is often introduced to reduce 36 
stiffness mismatch with bone and improve osseointegration. A promising route to obtain 37 
controlled porosity is the combination of HIP and SSF, enabling fully dense starting 38 
components to be selectively foamed through thermal treatment [2,3]. 39 

Assessing porosity and mechanical properties is crucial, but conventional are 40 
destructive and time-consuming. Non-destructive methods such as ultrasonic testing are 41 
more suitable but are limited by surface accessibility and spatial resolution. 42 

IR Thermography offers full-field, contactless, and fast analysis capabilities, 43 
especially with laser excitation. Although widely applied to detect damage or defects in 44 
polymers and composites, its application to quantify porosity and predict mechanical 45 
performance in metallic foams remains underexplored. This study proposes a 46 
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thermographic-based framework for estimating porosity and deriving key mechanical 1 
properties from thermal diffusivity measurements in foamed titanium alloys. 2 

2. Materials and Methods 3 
This work analyzed two different specimens produced through Hot Isostatic 4 

Pressing (HIP) process [2,3]. As shown in previous studies [3], starting from Ti powders 5 
with different average size, it is possible to obtain blanks with low and comparable 6 
residual porosity after HIP consolidation. However, as later discussed by Guglielmi et al. 7 
[2], starting from HIP-processed blanks, additional heat treatment can be applied to 8 
induce a controlled increase in porosity (in terms of both percentage and average size). 9 
This is commonly referred to as solid-state foaming (SSF) altering its thermal and 10 
mechanical properties. 11 

 12 
Figure 1. Analyzed specimens after SSF 13 

Therefore, the two base specimens were subjected to an isothermal SSF at 1020°C for 14 
120 minutes, as detailed in [2]. Following this treatment, significant deformation was 15 
observed in the blanks (Figure 1). In addition, the surface condition changed markedly, 16 
presenting localized alterations that resulted in non-uniform emissivity across the surface, 17 
particularly critical for thermographic analysis. 18 

A thin layer of graphite spray was applied to the selected surface region prior to 19 
thermographic testing. Pulsed laser spot thermography technique was used in a reflection 20 
setup to measure thermal diffusivity [4,5]. This method is based on the solution of the heat 21 
conduction equation for a localized laser heating event. The model assumes a laser spot 22 
of radius R, a Dirac-type thermal pulse, and a homogeneous body of finite thickness L 23 
under adiabatic boundary conditions. In this study, only in-depth thermal diffusivity was 24 
considered since the goal was to assess internal porosity, which primarily affects heat 25 
propagation along the thickness direction. Measurement is feasible because a regression 26 
fit through the physical model of the resulting curve yields the dimensionless parameter 27 
α/L², from which the through-thickness thermal diffusivity can be directly obtained, given 28 
the known thickness of the sample. 29 

Experiments were carried out in reflection mode using a CW 1064 nm laser with a 30 
spot diameter of ~5 mm to heat the specimen surface for 500 µs. Surface temperature 31 
evolution was recorded using a FLIR X6981 SLS LW infrared camera, calibrated between 32 
–20 °C and 150 °C, with a frame rate of 3600 Hz over a total acquisition time of 1.25 s. Each 33 
test was repeated three times on the same ROI for each specimen. The measurements were 34 
analyzed following the procedure cited earlier.  35 

The porosity P of the SSFed specimens was indirectly estimated from the volumetric 36 
expansion ratios reported in [2] based on geometric measurements and metallographic 37 
image analysis. These porosity values served as the basis for the subsequent mechanical 38 
property estimations. Starting from the compact-state, the mechanical properties of the 39 
foamed materials were estimated using empirical power-law models as functions of 40 
porosity. Specifically, the elastic modulus after foaming was estimated using the relation 41 
𝐸 = 𝐸଴(1 − 𝑃)௡ where E₀ is the elastic modulus of the compact material, and the exponent 42 
n was calculated directly from previously published experimental values of E and P for 43 
each specimen [3]. A reverse logarithmic interpolation was performed, and the final 44 
exponent was taken as the average of the two individual values. 45 

Yield strength and ultimate tensile strength were estimated to be using: 46 
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σ௬ = σ௬଴(1 − 𝑃)௠భ  and UTS = UTS଴(1 − 𝑃)௠మ  1 
where σᵧ₀ and UTS₀ are the properties in the compact state. The exponents m₁ and m₂ were 2 
selected based on the technical literature for porous titanium alloys: m₁ = 2.2, in line with 3 
studies on sintered and cellular Ti6Al4V, and m₂ = 2.5, a value commonly adopted to 4 
reflect the more significant reduction in ultimate strength compared to yield strength in 5 
porous structures. The consistency between porosity and thermal diffusivity was evalu- 6 
ated using the model α = α଴(1 − 𝑃)௦ where α₀ is the average value measured on the com- 7 
pact specimens. The exponent s was assumed to be 1.5, in analogy with simplified forms 8 
of the Maxwell–Eucken model for porous metals with homogeneous pore distributions 9 
[6]. 10 

3. Results and discussion 11 
Thermal diffusivity (α) measurements were carried out on both specimens in the 12 

compact state and after the SSF. The average diffusivity in the compact state was approx- 13 
imately 3.0×10⁻⁶ m²/s for both samples. Figure 2 shows representative curves for the two 14 
different SSFed conditions evaluated RIN004 (characterized by an initial Ti powder size 15 
of 50 µm) and RIN008 (100 µm), from which α/l² ratios were extracted and used to com- 16 
pute through-thickness thermal diffusivity. 17 

 18 
Figure 2. Results of experimental curves fitted by model for in-depth α measurements.  19 

After the SSF, a decrease in α was observed, consistent with the forming of a distrib- 20 
uted porous structure within the metallic matrix. Specifically, for sample RIN004, a post- 21 
foaming value of 2.2×10⁻⁶ m²/s was measured, while RIN008 showed a further 15% reduc- 22 
tion, with a value of approximately 1.87×10⁻⁶ m²/s. The larger reduction observed in 23 
RIN008 suggests a more effective foaming process, which aligns with metallographic ob- 24 
servations and previously reported volumetric expansion data [2,3] 25 

Using the relation α = α₀ (1 - P)s with s = 1.5, the porosity of the post-foamed samples 26 
was estimated to be 18% for RIN004 and 27% for RIN008. These values are consistent with 27 
previous studies and confirm that the thermal treatment is more effective in generating 28 
porosity in specimens derived from coarser powders (RIN008). 29 

Mechanical properties in the foamed state were estimated from those in the compact 30 
state (E₀ = 111.6 GPa, σy₀ = 696.6 MPa, UTS₀ = 779.8 MPa) using power-law models based 31 
on porosity. The results are summarized in the table below: 32 

Table 1. Estimated mechanical properties based on thermal diffusivity measurements 33 

Specimen  α (m²/s) Porosity (%) E (GPa) σy (MPa) UTS (MPa) 
RIN004 2.20×10⁻⁶ 18 91.5 462 476 
RIN008 1.87×10⁻⁶ 27 69.8 382 361 

 34 
These results show that foaming reduces mechanical performance, which may be ac- 35 

ceptable when weighed against the topological and biological benefits. The more pro- 36 
nounced reduction in UTS compared to σy, and both relative to E, is expected and reflects 37 
the increasingly brittle behavior associated with distributed porosity. 38 
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Notably, these estimates were obtained non-destructively, solely from thermal diffu- 1 
sivity measurements. This supports the potential for an entirely NDT procedure to assess 2 
mechanical performance in components manufactured via HIP + SSF. The following direct 3 
estimation models are proposed, where α_r = α / α₀ is the normalized post-foaming ther- 4 
mal diffusivity: 5 

𝑃 = 1 − 𝛼௥
ଵ/ଵ.ହ

,  𝐸 = 𝐸଴ ⋅ 𝛼௥
ଵ.ଶହ/ଵ.ହ

,  𝜎௬ = 𝜎௬଴ ⋅ 𝛼௥
ଶ.ଶ/ଵ.ହ

,  𝑈𝑇𝑆 = 𝑈𝑇𝑆଴ ⋅ 𝛼௥
ଶ.ହ/ଵ.ହ 6 

These expressions enable the quantitative prediction of residual mechanical proper- 7 
ties based solely on post-foaming thermal diffusivity. This approach offers immediate ap- 8 
plicability for quality control in porous metallic components for biomedical and advanced 9 
structural applications and represents a clear innovation over conventional sectioning and 10 
destructive testing techniques. 11 

4. Conclusions 12 
This study demonstrated the feasibility of non-destructively estimating porosity and 13 

key mechanical properties (E, σy, UTS) in foamed titanium alloys, using only thermal dif- 14 
fusivity measurements obtained through pulsed laser spot thermography. The proposed 15 
correlations, based on literature models and adjusted using prior experimental data, 16 
showed good internal consistency and effectively captured the influence of foaming in 17 
samples produced from different powder granulometries. 18 

Future developments will include: (i) direct validation of porosity through metallo- 19 
graphic and macrographic analyses, (ii) the use of contact ultrasonic testing to experimen- 20 
tally estimate the elastic modulus on analyzed specimens and (iii) implementation of mul- 21 
tivariate models to improve the accuracy of mechanical property predictions. 22 
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