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Abstract

Additive manufacturing (AM) technologies are widely used in the fabrication of topologically complex components with thin-
walled features, such as lattice structures. In this context, Laser Powder Bed Fusion (L-PBF) is one of the most commonly used
AM technologies for producing such components. In order to further expand and justify the application of these components in
operation and to model their mechanical behavior, it is necessary to know the mechanical properties of the matrix material from
which they are formed. Therefore, there is currently a high interest in studying the behavior of these materials when subjected
to monotonic or cyclic loading. However, determining the mechanical properties of the matrix material of thin-walled structures
using tensile tests is challenging on the required subsize specimens. As a micro- or even nano-scale technology, nanoindentation
can be used to probe a small volume of specimen, thus allowing the mechanical properties such as Young modulus, of thin-walled
structures to be determined. In this work, Young’s modulus of L-PBF Ti6Al4V alloy produced using different laser power and
scanning speed combinations, has been determined on nano and macro scale. By comparing obtained results at both scales, it is
evident that Young’s modulus values determined at nano scale are higher and more scattered when compared to results determined
at macro scale. Furthermore, this study implies that a wider range or a higher number of L-PBF process parameters should be
considered to model it’s influence on Young’s modulus with higher accuracy.
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1. Introduction

Laser powder bed fusion (L-PBF) proved to be effective technology for producing thin-walled and topologically
complex products out of metallic materials such as: Ti6Al4V, AlSi10Mg, CoCr, 316L and Inconel 625 as shown by
Lvov et al. (2023); Arjunan et al. (2020); Limmahakhun et al. (2017); Platek et al. (2020); Leary et al. (2018). These
products have potential applications in the medical sector, as demonstrated by Heinl et al. (2007), as well as in the
automotive and aeronautical industries, as highlighted by Tabatabaei and Atluri (2017). In order to confidently and
reliably use these products in various applications, it is crucial to know how they behave when monotonic or cyclic
load is applied. In such complex and low volume components, the reliable determination of mechanical properties of
matrix material is challenging. If standardized specimens were used, the question is how reliable they represent the
real component, given that they are often much thicker than the component itself while their shape may be different.
Roach et al. (2020) have demonstrated that the mechanical properties of additively manufactured components can
be influenced by both their size and shape, introducing additional complexity to the analysis. Razavi et al. (2020)
proved that thickness influence mechanical properties under quasistatic and fatigue loading conditions. In addition,
Moura et al. (2020) have reported that specimen’s width and thickness have influence on fracture mode and associated
micromechanisms of fracture. As stated by Razavi et al. (2020), the geometry and material characteristics of additively
manufactured parts are related, meaning that any adjustment made to the part’s geometry will trigger corresponding
modifications in the underlying manufacturing process. In addition, if subsize or thin specimens are used to match
the real component, it is challenging to perform tensile tests and reliably determine mechanical properties due to high
deviations between measurements.

By using nanoindentation, the determination of mechanical properties of small volume specimens is possible. This
opens up the possibility to perform tests on the low volume and topologically complex structures without producing
subsize specimens for tensile tests. Using this method, it may become possible to avoid the difficulties associated
with conducting reliable tensile tests on subsize specimens. However, nanoindentation is a sensitive method, and its
results can be influenced by local microstructural heterogeneities as shown by Chang et al. (2021), thereby prevent-
ing a direct connection with the macroscopic behavior of components. Local heterogeneities are common for most
metallic materials produced using PBF technologies, as demonstrated by Hosseini and Popovich (2019); Donik et al.
(2020); Dong et al. (2020). On the other hand, microstructural features of additively manufactured Ti6Al4V alloy are
significantly smaller than the Berkovich tip itself as demonstrated by Liović et al. (2023). In addition, Dareh Baghi
et al. (2019) stated that nanoindentation method is suitable for the mechanical characterization of L-PBF Ti6Al4V
alloy in the as-built state given that its microstrucutre is composed of single-phase grains.

The above mentioned findings opened up a possibility to use a nanoindentaiton method on L-PBF Ti6Al4V alloy
and generalize measured results. In this way it may be possible to connect mechanical properties determined on nano
scale to mechanical properties determined on macro scale. As stated by Ter Haar and Becker (2018), the annealing
heat treatments when performed below critical temperature on L-PBF Ti6Al4V alloy cause formation of the α and
β laths in the microstructure. In this way, by applying annealing heat treatment, the certain heterogeneity level is
induced in the microstrucure. However, Cepeda-Jiménez et al. (2020) have shown that the microstructure in that
case is highly textured as well. In that case too, the microstructural features are still significantly smaller than the
Berkovich tip itself, as discussed by Liović et al. (2023). Furthermore, Cepeda-Jiménez et al. (2020) have shown that
application of different energy densities in L-PBF process through different process parameter combinations influence
the microstructure. Using nanoindentation, it is possible to directly determine Young’s modulus and hardness by
analysing displacement and load data. Mechanical properties such as flow stress, indentation yield strength and creep
resistance can be determined from nanoindentation load-unload curves, by applying already developed modeling
techniques as shown by Tuninetti et al. (2021); Weaver and Kalidindi (2016); Xu et al. (2019b).

In this study, both tensile and nanoindentation tests were performed on Ti6Al4V specimens that had been produced
using different L-PBF process parameters. Despite encountering numerous challenges while working with subsize
specimens of the L-PBF Ti6Al4V alloy, the tensile tests were successfully conducted. Obtained results in terms of
Young’s modulus have been derived, compared and discussed both for tensile and nanoindentation tests. Furthermore,
nonlinear regression models have been developed to relate Young’s modulus values determined using tensile tests
with laser power and scanning speed. In this way, the influence of the laser power and scanning speed on the Young’s
modulus has been analysed.
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2. Materials and methods

A total of 27 tensile test and 9 cubic specimens were experimentally tested. The specimens were produced using
Concept Laser M2 machine using three laser power levels (200, 225 and 250 W) combined with three scanning
speed levels (1000, 1250 and 1500 mm/s). The laser power and scanning speed combinations were set according
to face centered central composite design. The powder layer thickness, hatch distance and laser spot diameter were
set to 0.025 mm, 0.09 mm and 0.1 mm, respectively. Both tensile and cubic specimens were manufactured using
bi-directional single pass scanning strategy with 90° rotation of scan vector between layers. After manufacturing,
the specimens were subjected to annealing heat treatment. The L-PBF and annealing heat treatment were conducted
under argon atmosphere. During annealing heat treatment, specimens were held at the temperature of 840°C for 120
minutes, followed by cooling in furnace under argon atmosphere until the temperature of 150°C has been reached.

Tensile testing was conducted using an INSTRON 1255 – 8500 plus universal servo-hydraulic machine. This testing
apparatus was equipped with two load cells, one with a capacity of 20 kN and the other with a capacity of 250 kN. The
crosshead speed was consistently set to 0.01 mm/s throughout the entire elastic and plastic phases of the material’s
behavior. During the tensile tests, the strain fields were monitored using a GOM ARAMIS adjustable 2D/3D 12M
system. The subsize tensile test specimen dimensions are shown in Fig. 1b. Given the high ultimate tensile strength
of the L-PBF Ti6Al4V alloy, along with surface-bonded particles and a limited gripping area, conducting tensile
tests became challenging due to the tendency of specimens to slipping. Additionally, when working with such small
specimens, ensuring their precise alignment within the grips is crucial. To address these concerns, specially designed
self-aligning grips were employed, effectively preventing specimen slippage and ensuring proper alignment.

Prior to nanoindentation, proper specimen preparation is essential to ensure the accuracy and reliability of mea-
surements. To achieve this, cubic specimens (Fig. 1a) were embedded in resin, subjected to grinding using SiC papers,
followed by a polishing process involving polycrystalline diamond paste. The final step in the preparation involved
etching the specimens with Kroll’s reagent (composed of 92% distilled water, 6% HNO3, and 2% HF) for 20 seconds,
followed by thorough rinsing with warm water.

All nanoindentation experiments were carried out using a Nano Indenter G200. These experiments were conducted
at room temperature, using a three-sided Berkovich diamond indenter. To ensure precise and accurate measurements,
great care was taken to maintain the drift during testing below 0.05 nm/s. This strict control over drift minimized the
potential adverse effects of temperature variations on the measurement results. While calculating Young’s modulus
value, a Poisson’s ratio of 0.33 has been used, which corresponds to the material properties of Ti6Al4V alloy, as stated
by Xu et al. (2019a). The nanoidentation measurements have been performed using continuous stiffness measurement
method. Before performing Young’s modulus measurements, an analysis was conducted to assess location depen-
dence. Additionally, the indentation depth interval for the evaluation of Young’s modulus was adopted from Liović
et al. (2023).

Fig. 1. (a) Dimensions of cubic specimens used for nanoindentation tests; (b) Dimensions of tensile test specimens.
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The coefficients of full quadratic model have been found using Ordinary Least Square (OLS) method. Then, the
second proposed regression model has been constructed by eliminating the nonsignificant model parameters while
ensuring there is no statistically significant difference in model’s fitting performance by using ANOVA procedure.
Furthermore, the validity of the utilized OLS method has been checked using Non-constant Variance Score (NCV)
and Shapiro-Wilk (S-W) tests. The NCV test has been applied to test whether the error variance changes with the level
of the utilized predictors, while S-W test has been used to test normality of studentized residuals. The 95% confidence
intervals for Young’s modulus, the prediction variable in this case, have been determined using the following equation:

µy|x0 = ŷ(x0) ± tα/2,d f (error)

√
σ̂2 · x′0(X′X)−1x0, (1)

where ŷ(x0) represents the estimated mean response at the grid point, x0 is a vector containing grid points, X is a model
matrix formed by expanding the levels of the independent variables into their modeling form, σ̂2 is the estimated error
variance, and tα/2,d f (error) denotes the t− value associated with the desired confidence level and the degrees of freedom
of the residuals.

3. Results and discussion

As shown in Tab. 1, the mean Young’s modulus values obtained using nanoindentation tests (Enano) exceed those ob-
tained through tensile testing (Etensile). Young’s modulus results determined using nanoindentation method are adapted
from Liović et al. (2023). Notably, the coefficients of variations (CoV) for Young’s modulus values derived from
nanoindentation tests are consistently higher than those corresponding to tensile tests. This observation confirms that
the nanoindentation method exhibits greater sensitivity to localized heterogeneities, resulting in increased data scatter.
In the case of nanoindentation and tensile tests, the most significant differences between specimen groups in mean
Young’s modulus values are 16 GPa and 6.1 GPa, respectively. Thus, alternation of laser power and scanning speed in
specified ranges, appears to be impractical to achieve a substantial change in Young’s modulus that would be relevant
for engineering applications.

Table 1. Young’s modulus values determined using tensile and nanoindentation tests on different specimen groups.

P, W v, mm/s Ed, J/mm3 ID Enano, GPa CoV, % Etensile, GPa CoV, % Rel. diff., %

1000 88.9 A 126 (8) 6.3 109 (2) 1.8 15.6
200 1250 71.1 B 129 (4) 3.3 108.9 (0.9) 0.8 18.5

1500 59.3 C 129 (9) 6.7 109 (3) 2.8 18.3
1000 100 D 121 (8) 7.0 111.3 (0.6) 0.5 8.7

225 1250 80 E 129 (6) 4.6 111 (1) 0.9 16.2
1500 66.7 F 134 (1) 1.0 115 (1) 0.9 16.5
1000 111.1 G 137 (3) 2.0 109 (2) 1.8 25.7

250 1250 88.9 H 131 (3) 1.9 113 (1) 0.9 15.9
1500 74.1 I 128 (2) 1.3 110.3 (0.9) 0.8 16

Notes: All values are reported as: mean (standard deviation). Enano results are adapted from Liović et al. (2023). Rel. diff. stands for relative difference.

It is worth noting that the highest difference in mean Young’s modulus values determined by nanoindentation and
tensile tests was observed within the G group of specimens (25.7%), which were produced using the highest energy
density. As Cepeda-Jiménez et al. (2020) have stated, higher energy densities result in a more textured microstructure
of L-PBF Ti6Al4V alloy. It seems that this more pronounced texture has a more pronounced influence on the Young’s
modulus values determined through the nanoindentation method compared to those obtained through tensile testing.

Young’s modulus values of the Ti6Al4V alloy manufactured using different AM technologies and heat treatments
are widely reported by Tevet et al. (2022); Szafrańska et al. (2019); Vrancken et al. (2012). However, the regression
models which describe the influence of P and v on the Young’s modulus of L-PBF Ti6Al4V alloy with high accuracy
are thus far rarely reported. Within this framework, two regression models (M1 and M2) have been developed, sta-
tistically tested, compared to each other, and then analysed regarding their performance and complexity. By testing
the models reported in Tab. 2 using ANOVA procedure, it was found that the model M1 does not have a significantly
better fit than the model M2 (p − value = 0.223). More specifically, P is a more dominant predictor than v when
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modelling of Etensile is required. Both models have homoscedastic variance of error term tested using NCV test and
normally distributed studentized residuals tested by S-W test (p − value > 0.05 in all cases).

Table 2. Regression models for the Young’s modulus and their statistical properties.

Model Etensile R2 Adj. R2
p − value
(NCV)

p − value
(S-W)

M1 E = −4.2604P2 − 0.0055v2 + 1856.7874P + 1.0876v + 0.071Pv − 1.02 × 105 0.453 0.322 0.793 0.212
M2 E = 0.0585P2 + 1.078 × 105 0.291 0.262 0.817 0.690

As can be seen in the Fig. 2, P has more dominant influence on the Young’s modulus, as the curvature of the
response surface is more pronounced along P axis. This is confirmed through the results shown in Tab. 3, where the
p-values for each model term were reported. As can be seen, only P2 and intercept were significant model terms.
However, the model has low R2 value indicating that there might be other variables that should be considered when
modeling the influence of L-PBF process parameter on Etensile. Another approach to increase the R2 might be to use
higher number of laser power and scanning speed combinations chosen at wider parameter ranges. However, this
could trigger different melting modes during L-PBF process led by different governing physical processes which in
turn might be hard to describe using single regression model, as shown by Vaglio et al. (2023).

Fig. 2. Response surface with added 95% confidence intervals representing the influence of P and v on the Etensile.

In this case, the regression models were reported only for Etensile given that models developed for Enano didn’t meet
the requirement for homoscedastic variance of error term. In addition, developed models for Enano had low R2 and
adj. R2 values. The main reason for that is relatively large difference in data scatter for specific groups of specimens
which can be seen in Tab. 1. For example, specimen F has standard deviation of 1 GPa, while specimen C has standard
deviation of 9 GPa.

Table 3. Significance of full quadratic model parameters.

Source p-value Remark

Intercept < 0.001 significant
P 0.14 not significant
v 0.10 not significant
P2 0.003 significant
v2 0.67 not significant
Pv 0.44 not significant
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For a different applied heat treatments, Vrancken et al. (2012) reported Young’s modulus values ranging from
112 ± 3.4 GPa to 115.5 ± 2.4 GPa. Hence, not even the applied heat treatments affect the Young’s modulus values.
The Young’s modulus values reported in this study for annealed L-PBF Ti6Al4V alloy, produced using nine different
combinations of P and v, closely align with those documented by Vrancken et al. (2012). Furthermore, by controlling
P and v within the selected range in this study, it is evident that it’s impact on Young’s modulus values at both macro
and nano scales is relatively low. Hence, if specific Young’s modulus values for the L-PBF components are required,
then an integration of the unit cells with targeted sizes and types should be considered in the early product design
phase.

4. Conclusions

The Young’s modulus of the Ti6Al4V alloy produced using L-PBF was experimentally determined for nine dif-
ferent combinations of laser power and scanning speed, both on the nano and macro scales. Furthermore, this study
considered the influence of laser power and scanning speed on Young’s modulus values at both scales. These findings
are applicable to L-PBF Ti6Al4V alloy manufacturing processes employing laser power settings ranging from 200 W
to 250 W and scanning speeds ranging from 1000 mm/s to 1500 mm/s. The Young’s modulus values obtained through
nanoindentation were found to be higher, along with their coefficients of variations, in comparison to those obtained
through tensile tests. The highest difference between mean Young’s modulus values determined using two methods
were observed in specimens produced using the highest energy density value. However, it is worth noting that the
differences in measured Young’s modulus values, especially at macro scale, are of minor magnitude to be considered
significant for engineering applications. A relatively low R2 value of 0.453 imply that a wider range of parameters with
more combinations should be considered, or additional variables relevant to the L-PBF process should be included as
predictors.

In future work, elastoplastic material properties will be calibrated using the experimentally acquired load-
displacement curve. This calibration process will rely on computational modeling procedures, wherein the necessary
model parameters will be obtained either through the finite element method or extracted from the experimentally
recorded load-displacement curves.
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