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Abstract

The AISi1l0Mg alloy is widely used to produce complex-shaped components by Laser-based Powder Bed
Fusion (L-PBF); these parts, characterized by light structures and high specific strength, are currently
employed in high-performance room temperature applications in the automotive and aerospace industries.
However, it is important to increase the data concerning the high-temperature mechanical properties of the L-
PBF AlISi10Mg alloy to spread its use. This study aims to fulfill the lack of knowledge by investigating the
mechanical behavior at 200 °C, a representative condition of the average temperature of engine heads, of the
L-PBF AISi10Mg alloy subjected to a T5 heat treatment (artificial aging at 160 °C for 4 h) and an innovative T6
heat treatment (solubilization at 510 °C for 10 min and artificial aging at 160 °C for 6 h). The influence of high
temperatures on the mechanical behavior of the L-PBF AISi1l0Mg alloy was assessed by tensile tests, while
microstructural and fractographic analyses were carried out to correlate the mechanical behavior of the alloy
to its microstructure, and consequently explain the failure mechanisms. The ultrafine cellular microstructure,
characterizing the T5 alloy, led to higher tensile strength than the homogeneous composite-like microstructure
of the T6 alloy, which makes it very interesting for future application in the automotive and aerospace
industries.
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1. INTRODUCTION

The Laser-based Powder Bed Fusion (L-PBF) technology is a sustainable solution to reduce the CO: footprint
in the energy and transportation sectors through the production of complex-shaped Al components
characterized by lightweight structures and high performance [1]. However, thin-walled and lattice structures
introduced to reduce weight in aerodynamic components and thermal systems must be able to withstand the
thermomechanical stresses caused by the severe operating conditions that occur in these applications [2].

The AISi10Mg alloy is currently the most common Al-based alloy used in the L-PBF process to produce
complex engineering parts, fitting both mechanical (high strength/weight ratio) and production requirements
(good fluidity and weldability). Despite the high room-temperature properties, the progressive loss of the
strengthening mechanisms in Al-Si-Mg alloys above 200 °C, due to their low thermal stability, has limited its
use in the production of components, directly or indirectly exposed to high temperatures [2,3].

It is widely known that the cellular microstructure of the L-PBF AISi10Mg alloy in the as-built (AB) condition,
which consists of supersaturated a-Al phase cells embedded in a fibrous eutectic-Si network, is metastable [4-
6]. Therefore, the diffusion-driven mechanisms activated by high-temperature exposure affect both the
dispersed (nano-sized Si precipitates and precursors of the Mg2Si equilibrium phase) and aggregated (eutectic
Si network) strengthening phases of the AB microstructure [4]. In particular, direct aging (DA), such as the T5
heat treatment, generally promotes only the formation and coalescence of nano-sized Si precipitates and
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Mg2Si precursors phases inside the cells of the Al matrix, while the stress-relieving (SR) and the T6 solution
treatment determine a complete microstructural rearrangement into a composite-like microstructure consisting
of globular Si particles incorporated into the a-Al matrix [5,6].

To the best of our knowledge, few studies are currently focused on the high-temperature mechanical behavior
of the L-PBF AlSi10Mg alloy. Tocci et al. [7] studied the mechanical response at 100 °C and 150 °C of the AB
and T5 (100 °C and 150 °C for 10 h) alloy, describing a good mechanical response characterized by a slight
decrease in tensile strength (UTS), no effect on yield strength (YS) and an increase in elongation to failure
(er). Uzan et al. [8] described a similar trend in the SR (300 °C for 2 h) alloy subjected to high-temperature
tensile tests between 25 °C and 400 °C. In particular, the material showed a significant decrease in strength
properties and an increase in the er values with increasing temperature, as well as a strain-hardening attitude
only below 200 °C.

Considering the limited data available, this work aims to fill the gap in knowledge concerning the effects of the
high-temperature exposure (200 °C) on microstructure and tensile properties of the L-PBF AISi10Mg alloy
subjected to an optimized T5 heat-treatment (hereafter T5) and a novel rapid T6 heat-treatment (hereafter
T6R) [9], thus correlating the microstructural evolution induced by the high temperatures with the mechanical
performance of the L-PBF alloy.

2. MATERIAL AND METHODS

The tensile samples were machined from bars (diameter of 9 mm and height of 77 mm) produced by a SLM
500 system in approximately 30 h using a heated platform (150 °C). A bidirectional stripes scan strategy of
67° rotation between subsequent layers and a re-melted contour zone strategy at the end of each scanning
was used. The process conditions and chemical composition of the samples are summarized in Table 1 and
Table 2, respectively.

Table 1 L-PBF process parameters

Heated Laser power | Scan speed Spot Layer Hatch
Atmosphere platform (\/\5)) (mm?s) diameter thickness distance
(%) (pm) (pm) (pm)
Argon, 02< 0.2 vol% 150 350 1150 80 50 170

Table 2 Heat treatment conditions for the L-PBF AlSi10Mg

T5 Heat Treatment T6R Heat Treatment

Artificial aging (AA) at 160 °C for 4h, air
cooling

Solution (SHT) at 510 °C for 10 min, water quenching,
artificial aging (AA) at 160 °C for 6 h, air cooling

Tensile tests were carried out, according to 1SO 6892-1 and 1SO 6892-2, at 200 + 5 °C and a strain rate of
3.3x1073 s1 on a screw testing machine equipped with a resistance furnace and a strain gauge for high
temperatures, Round-dog bone samples (gauge length Lo= 25 mm and gauge diameter do=5 mm) were used.
The soaking temperature in the furnace was verified during the tensile test by employing two type K
thermocouples placed close to the specimen, in the upper and lower parts of the gauge length. The test
temperature (200 °C) was reached via a heating ramp of 30 min and the sample was kept at 200 °C for further
30 minutes before starting the test, to homogenize the temperature in the bulk material. The test temperature
was maintained for the entire duration of the tensile test until the sample failure. The mechanical properties
(YS, UTS, and er) were evaluated as the average of at least four samples for each investigated condition. HV1
hardness tests were carried out on each high-temperature tensile sample after the test. The results of the high-
temperature mechanical characterization were compared with those obtained at room temperature, already
published by the authors in [9].
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The plastic behavior of the alloy in each tensile test condition was described by Hollomon’s equation (1) to
study the effects of the high temperatures on the strain-hardening ability:

o=Ke" (1)

where:

o is the true plastic stress (MPa), ¢ is the true plastic strain, K is the strength coefficient (MPa), and n is the
strain-hardening coefficient.

The strength coefficient K and the strain hardening coefficient n were evaluated according to ISO 10275:2020
standard, considering true stress-true strain data between 2% plastic strain and the percentage plastic strain
at maximum force.

3. RESULTS

3.1. Tensile tests and plastic behavior

The results of tensile tests and hardness measurements at room (T5-R and T6R-R condition) and high-
temperature (T5-200 and T6R-200 condition) are compared in the histograms of Figure 1. To gain insight into
the strain-hardening behavior, the true tensile stress-strain (ow-&tp) and the strain-hardening rate-true strain
curves (6-¢) are reported in Figure 2a, while the work-hardening indexes are reported in Figure 2b.

As expected, the high temperatures significantly affect the mechanical response of the T5 and T6R alloy. The
decrease in strength properties is important: the YS value is reduced by approximately 45% and 50% and the
UTS value is reduced by approximately 65% and 60% for the T5-200 and T6R-200 conditions, respectively.
The loss of efficiency at high temperatures of the strengthening mechanisms, such as those induced by
aggregated second phase and precipitation hardening for the T5 alloy and dispersed second phase and
precipitation hardening for the T6R alloy are the main causes of the decrease in strength properties. These
results are confirmed by the hardness drop of about 20% and 25% measured on the T5-200 and T6R-200
conditions, respectively. The softening of the Al matrix at 200 °C involves a decrease in the activation energy
for the dislocation motion, stimulating climbing and gliding relative to pile-up phenomena [4], and therefore
induces an increase in the e;. However, this condition is observed only on the T5-200 alloy (about 45%), while
the T6R-200 alloy shows an es value very similar to the T6R-R one. This condition can be attributable to an
inhomogeneous and localized plastic deformation of the a-Al matrix that, from a macroscopic point of view,
leads to a decrease in uniform deformation and a premature failure of the samples. It is more evident by
analyzing the true tensile stress-strain and the strain hardening rate curves of the different conditions reported
in Figure 2a.

The T5-R alloy fails during the strain-hardening phase and before necking. As described by Considére's
criterion, necking occurs when the identity between the true tensile stress (o) and the strain-hardening rate (6)
is reached. However, the T5-R alloy has a large gap between the 6 value at failure and the UTS value
(Figure 2a). This behavior of the T5-R alloy is probably due to the high dislocation density at the eutectic-Si
network/Al cells interface for pile-up phenomena [10]. Conversely, the T6R-R microstructure is less effective
in hindering the dislocation motion than the T5-R one and, therefore, the T6R-R alloy is more subject to necking
(Figure 2a) [10]. The Considére's criterion confirms the achievement of localized strain by the T6R-R alloy; in
fact, the condition 0=6 is satisfied at the theoretical necking point £,-¢ = 0.092, which is located between the
strain at the UTS value (euts) and the strain at failure (&) (Figure 2a). The peculiar strengthening mechanisms
of the T5-R and T6R-R alloys also lead to different elastoplastic behaviors and n-index values, equal to 0.26
and 0.10 respectively (Figure 2b). The eutectic-Si network within the T5-R microstructure has a high pinning
effect on the dislocation motion, which leads to a high dislocation density at the eutectic-Si network/a-Al cell
interface by the Orowan looping mechanism and a consequent high n-index value [10]. Conversely, the large
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Si particles embedded into the T6R-R microstructure are less effective in hindering the dislocation motion, thus
limiting their accumulation in small areas and, consequently, the n-index value that would be achievable.

Considering the high-temperature results, for tests carried out at 200 °C, the plastic behavior completely
changes. The T5-200 and the T6R-200 alloys show (i) lower n-index values than the T5-R and T6R-R ones of
about 80% (Figure 2b) and (ii) higher necking attitude, which is described by a theoretical necking point (&5=0),
equal to 0.044 and 0.024, respectively (Figure 2a). As reported in Figure 2a, the g,-¢ value of the T5-200 alloy
occurs close to the ¢ value (0.055), showing an important uniform deformation. Conversely, the T6R-200 alloy
has a larger gap between the g,-¢ value (0.024) and the & value (0.111), which highlights an important decrease
in uniform deformation. The easier dislocation motion at high temperatures and the extremely low strain-
hardening ability of the T6R-200 alloy influence the plastic deformation mechanisms of the alloy, increasing
the necking and decreasing the esvalue [10,11].
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Figure 1 Tensile properties ((a) YS, (b) UTS, and (c) e, and (d) hardness) of the T5 and T6 alloys tested at:
(i) room temperature (T5-R and T6R-R) and (ii) high temperature (T5-200 and T6R-200)
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Figure 2 (a) True tensile stress-strain (solid lines) (ot-€tp) and strain hardening rate (8) curves (dashed lines)
at room (T5-R and T6R-R) and high temperature (T5-200 and T6R-200). The table shows (i) €urs, strain at
UTS value, (ii) €1, strain at failure, and (iii) €s=e, strain at 0=6 condition (dots). (b) Work-hardening index
values

3.2. Microstructural and fractographic analysis

The T5-R and T6R-R alloys have microstructures very similar to those discussed in [9], which are constituted
respectively by an ultrafine sub-micrometric structure of supersatured a-Al cells surrounded by a eutectic-Si
network and a composite-like microstructure of Si-rich particles embedded into the a-Al matrix (Figure 3a
and 3c), respectively. As always discussed in [9], the microstructural differences affect the mechanical
response of the heat-treated alloys based on their respective strengthening mechanisms.

The change in mechanical response for the T5-200 is mainly due to the diffusion processes activated by the
high temperatures which led to (i) the reduction of Si atoms in solid solution, and (ii) the coarsening of the



JE e » -
MEILAL

2022 May 18 - 19, 2022, Brno, Czech Republic, EU

strengthening precipitates (nano-sized Si precipitates and precursors of the Mg2Si equilibrium phase). Each of
these changes in the strengthening mechanisms reduces the strength properties and increases the ductility,
as a consequence of the reduction of the pinning effects on the dislocation motion [4]. The effects of the high
temperatures on the microstructure are observable in a slight increase in Si particle size within the a-Al cells,
which confirms the diffusion of Si atoms from the Al lattice, while it doesn't seem to affect the eutectic-Si
network, which has a homogeneous and smooth structure, similar to the T5-R alloy (Figure 3a and 3b). The
high temperatures also have effects on the fracture mechanisms of the T5-200 alloy; the softening of the Al
matrix, the loss of efficiency of the strengthening mechanisms, and the lower cohesion between the Al
matrix/eutectic-Si network, in fact, promote higher plasticity and the formation of larger dimples at the eutectic-
Si network/Al matrix interface compared to the T5-R alloy (Figure 4a and 4b).

Similarly, the T6R-200 alloy undergoes a remarkable decrease in strength properties (YS and UTS), which is
promoted by the rapid coarsening of the B-Mg2Si reinforcing precipitates [4], while no-remarkable effects are
observable on the Si particle size, probably due to the high thermal energy required to activate a significant
Ostwald ripening phenomenon among the Si particles (Figure 3c and 3d). Therefore, the drop of the ef value
is probably attributable to an inhomogeneous and localized plastic deformation induced by the softening of the
Al matrix at high temperatures that leads to a decrease in the uniform deformation. This phenomenon is related
to the different elastoplastic behavior of the Si particles and the Al matrix that influences the crack growth rate
and the formation of dimples; in fact, the Al matrix undergoes local extensive plastic deformation around the
Si particles, that is not observed in the samples tested at room temperature. Therefore, the non-homogeneous
stress-state developed around the larger Si particles, which is due to the increase in local plastic flow, induces
the decohesion between the Al matrix and Si particles and the formation of large dimples due to the plastic
relieving of the Al matrix near the Si particles [12]. The formation of larger dimples in the T6R-200 sample
compared to the T6R-R one and the presence of Si particles located at the center of the dimples confirm this
interpretation (Figure 4c and Figure 4d).
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Figure 3 T5 and T6R alloy microstructures of (a,c) room temperature-tested samples (T5-R and T6R-R) and
(b,d) high-temperature-tested samples (T5-200 and T6R-200)

Figure 4 Fracture surfaces of T5 and T6R alloy tested at room temperature ((a) T5- R and (c) T6R-R) and at
high temperature ((b) T5-200 and (d) T6R-200)
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4, CONCLUSIONS

The research activity aimed at identifying the effects of high temperature (200 °C) on the microstructure and
tensile properties of the L-PBF AISilOMg alloy, which was subjected to two different heat treatments: T5
(artificial aging at 160 °C for 4 h) and T6R (rapid solution at 510 °C for 10 min followed by artificial aging at
160 °C for 6 h). The following conclusions can be drawn:

. The T5 and T6R alloy tested at 200 °C (T5-200 and T6R-200, respectively) showed a decrease in
strength properties, which was less evident in the T5-200 alloy than in the T6R-200 one. This behavior
was linked to the higher efficiency at high temperatures of the strengthening mechanisms of the sub-
micrometric cellular structure of the T5 alloy compared to the composite structure of the T6R one. The
ductility instead increased significantly in T5-200 alloy and slightly decreased for T6R-200 one. The non-
homogeneous stress state developed around the large Si particles of the T6R-200 samples led to
significant necking during the high-temperature tensile test.

. At high temperatures, the T5 and T6R alloys showed a higher attitude to necking and an evident
decrease in the strain-hardening ability. In particular, the T6R-200 alloy had the largest increase in
necking and the lowest n-index value.

In conclusion, the T5 heat treatment seems to be more suitable for L-PBF AISi10Mg alloy components used
for applications up to 200 °C compared to the T6R one. Further investigations will be dedicated to evaluating
the influence of the heat treatment also on the high-temperature fatigue behavior of the L-PBF AISi10Mg alloy.
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