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ABSTRACT. In the present study, the impact behavior of gravity casting AlSil0Mg
alloy was evaluated with an instrumented Charpy pendulum. The effect of hot
isostatic pressing, also followed by a T6 treatment, was analyzed in comparison with
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INTRODUCTION

luminum alloys are widely used metallic materials, thanks to their high strenght-to-mass ratio, especially for the

lightweighting in the automotive industry, where the reduction of both energy consumption and CO; emissions is

a continuously increasing demand. At the same time, these alloys have been introduced in the production of
commercial vehicles and trucks also to allow additional transportation load as a result of a weight reduction of the vehicle
itself.
Moreover, it is known that aluminum alloys can be continuously recycled, further representing an optimal choice to reduce
the carbon footprint of the automotive sector. In fact, the life cycle assessment of a vehicle considers not only the fuel (or
electric energy) consumption for the movement, but also the total emissions related to the production of each component,
from the raw material to the assembling line.
Among the families of aluminum alloys, the Al-Si-Mg ones represent the most used for the production of cast parts, such
as wheels, engines, brake calipers, pistons, gearboxes, etc. This is due to their excellent properties in terms of castability and
limited thermal expansion (thanks to the presence of silicon) and, at the same time, in terms of good mechanical properties.
The presence of Mg ensures the precipitation of Mg,Si compounds that are able to guarantee a significant increase in
mechanical properties after precipitation hardening heat treatment. For this reason, Al-Si-Mg alloys are widely used to
produce automotive structural components by gravity casting.
Another treatment that can be catried out on this material to reduce residual stresses related to the manufacturing process
is the annealing.
Unfortunately, foundry processes, such as gravity casting, usually leave some porosities in the casting that can affect
mechanical properties. In fact, casting defects as shrinkage pores and oxide films are known to be the initiation sites for
fracture [1], resulting in a reduction of the mechanical properties of the alloy.
With the aim of reducing the internal pores (gas pores and interdendritic shrinkage), hot isostatic pressing (HIP) is nowadays
conventionally used for additive manufacturing products [2-4], and its use has also been proposed on castings [5-7]. The
HIP consists in a heat treatment under high pressure during which the porosities are progressively closed and sealed,
ensuring metallurgical integrity. HIP is usually followed by the conventional T6 treatment to reach the required mechanical
properties.
Several studies have documented the effective densification of castings after HIP and the consequent effect on the
performance of Al-Si alloys. Ceschini et al. [8], for example, analyzed the effect of HIP on an AlSi10Cu2 with different Fe
contect finding that the HIP only induced a slight increase on the fatigue resistance due to the presence of 3-Al5FeSi
intermetallics compared to the alloy without Fe. Ran et al. [9] found that HIP reduced the porosity volume fraction and
pore size of an A356 alloy, improving its ductility, but it was not able to produce a significative improvement in tensile
strength because of the brittle unmodified microstructure. Lee et al. [10], analyzing the fatigue resistance of an A356 alloy,
showed that hot isostatic pressing was able to increase fatigue strength as a consequence of the reduction of porosity volume
fraction, with an initiation of the cracks at eutectic Si particles rather than at pores close to the surface as for the not hipped
samples.
Lately, a different route has been tested, combining HIP and T6 in a single treatment carried out under pressure in the same
HIP vessel. In this case, the HIP is used as a solution treatment, then the castings are quenched using pressurized cold gas,
and subsequently the temperature is increased to the aging temperature, still applying a relevant pressure and without
removing the castings from the vessel. In this way, it is possible to achieve the densification ensured by the HIP treatment
and the hardening due to the formation of strengthening precipitates during the aging treatment in a time-effective way.
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Hafenstein et al. [11] studied this treatment for sand AlSi7Mg castings and found that a quenching rate of 6.9 °C/s inside
the pressurized vessel, in the temperature range between 540 °C and 200 °C, is enough to achieve a suitable oversaturated
solid solution and, therefore, the aging can be directly carried out after hot isostatic pressing. This means that no other step
of solution treatment is necessary, reducing the treatment duration and costs. The key role of the quenching under pressure
is demonstrated by another work by Hefenstein et al. [12], where they performed tensile tests and Rumul high frequency
fatigue tests on AlSi7Mg0.3 alloy undergoing conventional hot isostatic pressing, followed by aging at ambient pressure. In
this case, HIP replaced the solution treatment. The fatigue resistance and the elongation were found to be increased by the
traditional HIP (i.e. without subsequent solution annealing but followed by aging), while hardness and ultimate tensile
strength were lower than those of the as-cast alloys. The authors attributed this result to the slow cooling rate (0.2 °C/s) of
the conventional HIP, which brings stable and coarse precipitates of Si and Mg at elevated temperatures. For this reason,
not enough Si and Mg atoms in solid solution can form needle-like 37 precipitates during aging, leading to an insufficient
strengthening of the alloy. The high pressure T6, allowing higher cooling rates, overcome this issue. In fact, the effectiveness
of the high pressure T6 heat treatment was studied on AlSi7Mg alloy produced by casting or on the AlSi10Mg alloy produced
by additive manufacturing [13-14].

At the same time, the effect of this treatment on gravity casting AlSi10Mg alloys is not likewise analyzed, especially
considering the influence of the heat treatment on impact behavior. However, it could represent an appropriate choice for
enhancing material performance and, therefore, promoting the lightweighting of components.

In the present study, the impact behavior of the AlSi10Mg alloy, also known as EN AC 43200, manufactured by gravity
casting is investigated after various heat treatment routes. In detail, the effect of hot isostatic pressing without any other
treatment (HIP), hot isostatic pressing followed by the traditional T6 (HIP+T6) and the high pressure T6 treatment (HPT6),
was evaluated. In parallel, the analysis was performed on the alloy in the as-cast condition, after the conventional annealing
and after the traditional T6 treatment.

EXPERIMENTAL PROCEDURE

gravity casting in a steel permanent mold. The alloy was previously melted in a gas furnace and degassed with
nitrogen. Na was added for Si modification and Ti-B for grain refinement.
The chemical composition of the alloy was measured by means of an optical emission spectrometer, and it is reported in

Tab. 1.

T he AISi10Mg samples for the impact test were taken from an automotive structural component produced through

Si Mg Fe Mn Cu Ti Na Al

9.89£0.30 0.376 £ 0.037 0.508 £0.021 0.403 + 0.019 0.207 £ 0.011 0.091 £ 0.006  0.066 £ 0.002 balance

Table 1: Chemical composition (wt. %) of the gravity cast AlSi10Mg alloy.

At first, cylinders with a diameter of approximately 20 mm and a length of approximately 60 mm were machined from areas
of the casting with the same thickness to ensure similar microstructure due to similar cooling rates and solidification
conditions.

The samples were subjected to three different combinations of hot isostatic pressing and heat treatments:

- Hotisostatic pressing at 520 °C for 2 hours without any other additional treatment (HIP).

- Hot isostatic pressing at 520 °C for 2 hours followed by a traditional T6 heat treatment (T6) not under pressure
(HIP+T6). The T6 treatment consisted of solution treatment at 520 °C for 2 hours, quenching in water at 65 °C,
and aging at 180 °C for 4 hours at atmospheric pressure.

- Hotisostatic pressing at 520 °C for 2 hours followed by quenching and aging at 180 °C for 4 hours under pressure.
This is the innovative under pressure T6 heat treatment (HPTG).

For each combination of hot isostatic pressing and heat treatment (HIP, HIP+T6, HPT6), whose temperature scheme is
reported in Fig. 1, two different values of pressure were selected: 50 MPa, and 150 MPa. The subscripts 50 and 150
hereinafter refer to 50 MPa and 150 MPa, respectively.

Normally, during hot isostatic pressing, the vessel is filled with an inert gas (e.g., At), which acts as an intermediate medium
to apply pressure to the components. The use of gas ensures the application of an isostatic pressure since the gas can reach
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all the surfaces of the components, regardless of shape, and the applied pressure is the same for every surface and it acts
along the direction normal to the sutface.

To evaluate the effectiveness of the hot isostatic pressing, the characterization was performed for comparison on samples
in as-cast (AC), annealed (AN) and traditional T6 conditions (T6).

The annealing heat treatment was performed at 300 °C for 2 hours at atmosphetic pressure and it was followed by air
cooling. Instead, the traditional T6 heat treatment was conducted with a solution at 520 °C for 2 h, quenching in water at
65 °C, and aging at 180 °C for 4 hours at atmospheric pressute.

The density was calculated through Eqn. (1) (Msampie in air is the mass of the sample in ait, Msgmpie in water 15 the mass
of the sample in water, and pyyqter is the water density equal to 1.0 g/cm?) using a Mettler AE240 weight scale and measuring
the mass of at least two specimens for each test condition in both air and distilled water, according to the Archimedes
hydrostatic weighing method.

Vi L
_ sample in air
P sample P, water (1)

sample in air 7 sample in water

The results obtained by the hydrostatic method were compared with those from microstructural image analysis for each
tested condition.
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Figure 1: Temperature-time correlation for the 3 different types of treatment: (a) hot isostatic pressing (HIP); (b) hot isostatic pressing
and TG6 heat treatment at atmospheric pressure (HIP+TG6); (c) innovative under pressure T6 heat treatment (HPTG).

After the treatments (for the as-cast condition without performing any heat treatment), the Charpy impact specimens (55
mm x 10 mm x 10 mm) with a U-notch were machined according to ASTM E23 standard from the cylinders.

The microstructural analysis was performed using a Leica DMi8A (Leica, Wetzlar, Germany) optical microscope. A section
of the specimens perpendicular to the impact direction was observed. In detail, the samples were cut with metallographic
cutting machine with a SiC cut-off wheel, mounted in epoxy resin, and manually grinded on SiC abrasive papers (mesh of
P320, P600, P800, and P1200) using tap water as lubricant. Subsequently, the samples were manually polished up to mirror-
like finishing on polishing clothes, using water-based lubricant in combination with 3 um and, subsequently, 1 um diamond
suspensions and, finally, using oxide polishing with OP-S 0.25 um. The polishing duration was at least 1 minute for each of
abrasive paper and at least 5 minutes for each (3 um and 1 pm) diamond suspension. The metallographic analysis was
performed without any chemical etching.

The results obtained by the hydrostatic method were compared with those from microstructural image analysis. This analysis
was carried out by means of the Image] software, coupled to the Leica DMi8A (Leica, Wetzlar, Germany) optical
microscope, on 25 micrographs collected from the as-polished samples for each test condition. Image analysis was
performed on each binarized image and porosity was computed as the ratio of pores area to the total area of the image. The
analysis was carried out for as-cast, annealed and T6-treated samples to evaluate the effect of low- and high-temperature
treatment at atmospheric pressure on both the size and distribution of Si particles. The image analysis was not carried out
on the samples treated under pressure since it has been already demonstrated that for an AlSi10Mg alloy produced by laser
powder bed fusion a pressure of 150 MPa is not able to significantly affect the size and distribution of Si particles, while the
time and temperature have a major influence on diffusion phenomena than this range of pressure [13]. Therefore, it can be
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assumed that T6, HIP and HPT6 treatments have the same effect on the size and distribution of Si particles since the time
and temperatute of the solution/HIP step are the same.

The mirror-like polished surface of AlSi10Mg samples in as-cast condition was also analysed by energy dispersive X-ray
spectroscopy (EDX) to investigate Fe-intermetallic compounds.

The hardness was measured on the polished samples using the Brinell method according to ASTM E10 standard with a
LTF Galileo Ergotest Comp25 apparatus applying a load of 613 N for a dwell time of 15 s and using a tungsten carbide ball
of 2.5 mm in diameter as indenter.

The Charpy impact tests were performed at room temperature with a Ceast instrumented pendulum with 50 | of available
energy. The data were acquired with a Das 64k analyzer and elaborated with Matlab® code according to the ISO 14556:2015
standard about force-displacement curves. At least three repetitions were carried out for each condition.

After the impact tests, the observation of fracture surfaces was carried out using a Zeiss Evo MA 15 (Zeiss, Oberkochen,
Germany) scanning electron microscope, while the observation of fracture profiles was performed by the Leica DMi8A
optical microscope on resin mounted samples polished to mirror-like finishing.

RESULTS AND DISCUSSION

Microstructure, density, and hardness

T he microstructure of the AlSi10Mg alloy (Fig. 2) is composed of the a-Al dendrites, the eutectic phase and the Fe-
intermetallics. In the as-cast (Fig. 2.a), annealed (Fig. 2.b) and T6 (Fig. 2.c) conditions, a significant presence of
porosity can be detected, while the only HIP (Fig. 2.d,g) ensures a strong reduction in porosity. As an example, a-

Al dentrites, eutectic phase and porosity are clearly indicated in Fig. 2.a.

The other treatments that involve the application of pressure, as HIP+T6 (Fig. 2.e,h) and HPTG (Fig. 2.£,i), appear to

maintain the low porosity level observed for the only HIP condition.

O N e W

W, €L D
e RS RO,
XY

AAVY

ﬁ.-’.‘;"}- :. '

X > :’i-.ﬁ
&,’-A’s&&
T A ey ¥ &
R I EHE
s T PSS ! g o
e S ICAS R S s Sk e 15 L ;T
o, ﬁ" o R g Py e 8 e LI 4
e e ey
/) W, Iy 1 o 1 £
o N % e L e e it
,q’-,,,» el T SPRRTTRCO B T3 Aol N o
*55-_ S S %1 .-&:‘:&i.;'rﬁ - & e e A o’:t";
AP b NIty Reus R et UTEY T Pl
et scoum | | W BERE RN Ean
Figure 2: Microstructure of gravity cast samples in (a) as-cast, (b) annealed, (c) T6, (d) HIPso, (¢) H

HIP150+T6, (i) HPT6150 conditions.
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On the as-cast polished specimens, the energy dispersive X-ray (SEM-EDX) analysis shows the presence of various
morphologies of Fe-bearing intermetallics, such as a-Fe, 3-Fe, n-Fe, and Q-phases, as reported in Fig. 3. This is due to the
presence of relevant content of Fe, together with other alloying elements as Mn and Cu, that are known to easily combine
with Fe and form complex intermetallic particles. In particular, 8-Fe (Fig. 3.c, 3.h) is the most common intermetallic
compound in foundry alloys and it is characterized by a plate-like morphology. Therefore, it appears as needle-like when
observing a cross-section under a microscope. The a-Fe (Fig. 3.a-b, 3.g) is characterized by a blocky morphology, associated
to the presence of Mn, while n-Fe (Fig. 3.¢, 3.i), containing Mg, exhibits a Chinese script one [15]. Intermetallic compounds
containing Cu were also detected (Fig. 3.f, 3.j). These particles are generally not significantly affected by heat treatments
such as those considered in the present study. It is well known that intermetallic particles are brittle compounds, which
therefore reduce the ductility and the toughness of the alloy according to their size and number. Finally, some Mg»Si
compounds are visible (Fig. 3.d).
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Figure 3: The intermetallic phases of the as-cast material observed through scanning electron microscopy with the energy dispersive X-
ray analysis. The arrows indicate the intermetallics subjected to analysis.

The image analysis performed after the heat treatments at atmospheric pressure shows that annealing (Fig. 4.b) and T6 (Fig.
4.c) treatments lead to fragmentation and spheroidization of the eutectic Si in comparison with the as-cast condition (Fig.
4.a), as expected [16].

After annealing, the Si particles appear slightly smaller in size as reported in the Probability Density Function (PDF) plot
for the Equivalent Diameter (Fig. 4.d), but still elongated, as indicated by the distribution in terms of aspect ratio (Fig. 4.¢).
After the T6 heat treatment (Fig. 4.c), the statistical distribution of the eutectic Si equivalent diameter values (Fig. 4.d) shows
an increase of the peak of approximately 20 % in compatison with the as-cast sample (Fig. 4.a), indicating a higher number
of particles with an equivalent diameter of 1-2 um than under the other conditions. This result suggests that the Si particles
are more homogeneous in size, while Fig. 4.e shows that these particles are also more rounded due to the spheroidization.
The relative density, calculated by both Archimedes' hydrostatic weighing method and image analysis, was presented in Fig.
5, assuming as 100 % the density of the specimen with the highest measured value.

The image analysis performed for the as-cast condition shows an average density of 98.5 % in perfect agreement with the
result obtained by the weighing method. On the other hand, a significant scattering of the results from image analysis is
evident, due to the variation of the size and distribution of the pores in the micrographs.

The annealing and the T6 heat treatment do not lead to a significant variation in density from the as-cast condition.

After hot isostatic pressing without further treatment (HIPso and HIP150), the relative density reaches approximately 100 %
according to both testing methods. After an additional heat treatment (HIPs0+T6 and HIP150+T6, HPT6s50 and HPT6150),
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the data obtained from image analysis confirm the full density of the samples, while those from weighing methods are
slightly lower (99.5 %), but still close to the full density as a possible consequence of an expansion of the alloy after ageing
[17]. In general, an increase of about 1 % compared to the as-cast condition is measured.
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Figure 4: Effect of heat treatment at atmospheric pressure on the eutectic Si: (a) as-cast condition, (b) annealed condition, (c) T6
conditions, (d) distribution of the values of particles’ equivalent diameter, (¢) distribution of the values of the patticles’ aspect ratio.
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Figure 5: Comparison chart between weighing method and image analysis about density measurements.

The hardness results are reported in Tab. 2.

After the annealing treatment, an increase in hardness of less than 10 % can be observed as a possible consequence of a
partial spheroidization of Si particles. After the T6 heat treatment, an average increase in hardness of about 60 % can be
measured as an effect of the spheroidization of Si particles and especially on the precipitation of Mg»Si compounds.

After HIP alone at both 50 and 150 MPa (HIPso and HIPjs0), an increase in hardness of about 37 % is obtained, as shown
in Tab. 2. The increase in hardness could be related to multiple factors. As a result of the soaking at high temperature for
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2 hours, the reduction of porosity, as a consequence of plastic deformation in the castings and collapse of the defect [5], is
definitely positive for the hardness of the material, together with the fragmentation and spheroidization of the Si particles.
The small size and rounded shape make Si particles more effective at withstanding the load and hindering displacement
movement [18-19]. Finally, after HIP the samples are hardened and the consequent hardening of the Al matrix due to the
strengthening of the solid solution and natural aging can further contribute to the increase in hardness compared to the as-
cast condition.

A further increase in hardness is achieved after HIP followed by T6 (HIPso+T6 and HIP150+T6) and after T6 treatments
under pressure (HPT650 and HPTG];’,()).

After the only HIP at both 50 and 150 MPa (HIPsy and HIPis0), an increase in hardness of about 37 % is obtained, as
indicated in Tab. 2. The increase in hardness could be correlated to multiple factors. As a result of the soaking at high
temperature for 2 hours, the reduction of porosity, as a consequence of plastic deformation in castings and the defect
collapsing [5], is surely positive for material hardness, together with the Si particles fragmentation and spheroidization. The
smaller size and the rounded shape make the Si particles more effective in bearing the load and hindering the dislocation
movement [18-19]. Finally, after HIP the samples are quenched and the consequent hardening of the Al matrix due to solid
solution strengthening and natural aging can further contribute to the increase in hardness as compared to the as-cast
condition.

A further increase in hardness is obtained after HIP followed by T6 (HIPs50+T6 and HIP150+T06) and after T6 treatments
under pressure (HPT6s0 and HPT6150).

The biggest increase is observed with the combination of HIP at 150 MPa and the T6 treatment under atmospheric pressure
(HIP150+T6), where the hardness rises the value of 112 HB (+ 78 % in comparison with the as-cast condition). Nevertheless,
the results obtained with other conditions (HIPso+T6, HPT6s0, HPT6150) are very similar.

AC AN T6 HIPsy  HIPsp+T6 HPTG6s0 HIPi50  HIPi50+T6  HPTO6150

Hardness (HBW) 315 g+ 10042 86+3 11042 108+2 87+2 11241 10743
Variation from

0 0 0 0 0 0 0 0
AC condition (%) + 8% +59% +37% +75% + 71 % + 38 % + 78 % + 70 %

Table 2: Results of Brinell hardness tests (HBW) for the tested conditions with the percentage variation compared to the as-cast
condition.

Considering density and hardness results, the innovative heat treatment under pressure (HPTG6) ensures similar results to
that obtained after HIP+T6 treatment, reaching almost full density and hardness values above 105 HB, but in a shorter
time. In fact, the HPTG route leads to a treatment time saving of about 4 hours. This reduction of the treatment duration
means a decrease of energy consumption and, therefore, of CO; emissions in the atmosphere, contributing to reducing the
carbon footprint of the heat treated AlSi10Mg gravity cast component.

At the same time, an increase in pressure treatment from 50 MPa to 150 MPa is not able to ensure better results in terms
of density and hardness for both HPT6 and HIP+T6 routes.

Impact tests

Regarding the response of the specimens to the Charpy impact test, a representative force-displacement curve is reported
in Fig. 6 as an example for each tested condition. The initiation energy, which corresponds to the energy absorbed by the
sample until the force reaches the highest value (peak force), is identified with blue color, while the propagation energy is
identified with green color. The peak displacement is the displacement corresponding to the peak force, which is the highest
value of the force measured by the instrumented pendulum.

All the results from impact tests are reported in Tab. 3.

The as-cast AlSi10Mg sample (Fig. 6.a) shows a peak force of 2.9 * 0.2 kN with an initiation energy of 0.8 0.1 ] and a
propagation energy of 1.1 = 0.1 J (Tab. 3). This result could be associated with the presence of porosity (Fig. 2.a) and of
coarse and elongated particles of Si (Fig. 4.a).

After the annealing (Fig. 6.b), no appreciable variations can be observed with respect to the as-cast condition, leading to the
conclusion that, from the impact point of view, this treatment is not able to modify the behavior of the alloy even though
a first fragmentation and spheroidization of Si particles has occurred, as observed from microstructures (Fig. 2.b and Fig.
4.b).
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Figure 6: A single force-displacement curve for gravity cast specimen in (a) as-cast, (b) annealed, (c) T6, (d) HIPs, (¢) HIPso+T6, (f)
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AC AN T6 HIPs HIP5,+T6 HPT650 HIP150 HIP50+T6 HPT6150
Fp [kN] 2902 26x02 39%06 40x04 47%0.2 46%0.8 39101 43£02 4.6x0.1
Ei[]] 0.8 £0.1 09£01 06%+03 1.5+£05 09 £0.1 0.8*0.3 1.3+0.1 0.8 0.1 09 £0.1
Ep [J] 1.1£0.1 11£01 04£0.1 1.5+04 03+0.1 0.3+0.1 14£0.1 03+0.1 03+0.1

Table 3: Force-displacement results of all the tested specimens, where Fp is the peak force, E7 is the initiation energy, and Ep is the
propagation energy.

Instead, after the T6 heat treatment (Fig. 6.c), a very important reduction in propagation energy (from 1.1 + 0.1 kN to 0.4
1+ 0.1 J) can be observed and, at the same time, an increment in peak force (from 2.9 = 0.2 kN to 3.9 + 0.6 kN) can be
noticed (Tab. 3). This result could be due to the precipitation of Mg>Si compounds, which strengthen the Al matrix and
increases the yield strength of the material, leading to a higher peak force than the as-cast condition, and to the presence of
porosities (Fig. 2.c), which reduce the load bearing area and therefore are negative in terms of propagation energy. After T0,
the spheroidization of Si particles (Fig. 4.c), which should improve the toughness of the alloy [19], is likely not enough to
counteract the negative influence of the presence of porosities that increases from the as-cast condition as demonstrated by
a little decrement of the density measured by the weighing method (Fig. 4). The consequence is that the initiation energy is
very similar for both AC and T6 conditions. During impact tests, porosities, together with intermetallics and coarse Si
particles, easily play the role of stress concentrators, reducing the initiation energy for both AC and T6 samples.

The only HIP treatment performed at both 50 MPa (Fig. 6.d) and 150 MPa (Fig. 6.g) determines an increase of the peak
force, that reaches value of approx. 4 kN, while the values of initiation and propagation energy are 50 % higher than those
of as-cast condition (Tab. 3). This result could be correlated at first with the closure of the porosities, and the consequent
increase in load bearing area, but also with a spheroidization of Si particles after soaking at 520 °C for 2 hours, which
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provides a positive contribution in terms of energy propagation. On the other hand, since no aging was performed, the
ductility of the alloy is maintained, further contributing to a high energy absorption.

The T6 heat treatment carried out after hot isostatic pressing (HIP+T6) performed at both 50 MPa (Fig. 6.¢) and 150 MPa
(Fig. 6.h) leads to a further increment of the peak force (that reaches about 4.5 kN), but at the same time produces a decrease
of the initiation energy to values similar to those of as-cast and T6 conditions and a significant loss in the propagation energy
to 0.3 = 0.1 J (Tab. 3). As compared to the only HIP condition, the strengthening effect provided by the aging treatment
determines a lower energy absorption during the impact test and, on the other hand, a high peak force.

The innovative high-pressure T6 treatment (HPT6) at both 50 MPa (Fig. 6.f) and 150 MPa (Fig. 6.i) shows values close to
those measured after HIP+T6.

The reduction of both initiation and propagation energy and the increment in peak force after T6, HIP+T6, and HPTG6
could be due to the precipitation of MgySi particles [20].

The innovative HPTG6 ensures high impact properties and, at the same time, a high value of hardness and almost full density
with an important reduction of treatment duration in comparison with the combination of hot isostatic pressing and T6
(HIP+T6)

Considering that no appreciable variation of results can be noticed between the HPTG6 performed at 50 MPa and at 150
MPa, the treatment at low pressure (HPT6s0) represents the best choice of parameters from an energy consumption point
of view.

In conclusion, the innovative high pressure T6 (HPTG6) heat treatment represents an appropriate treatment for structural
components in AlSi10Mg alloy produced through gravity casting.

Fracture surfaces

To better understand the results from impact tests, a further analysis was carried out on the specimens in the as-cast (Fig.
7), T6 (Fig. 8), HIPs, (Fig. 9), HIPso+T6 (Fig. 10), and HPT650 (Fig. 11). In detail, the microstructure at high magnification
analysed by optical microscope is correlated with fracture surface observed under scanning electron microscope (SEM).

_ ShEe = g g . ——l g —
Figure 7: As-cast specimen: (a) microstructure at high magnification by optical microscopy; (b-c) fracture surface by scanning electron
microscopy.

The fracture surface (Fig. 7.b-c) of the as-cast specimen shows indications of a ductile behaviour due to the presence of
dimples (Fig. 7.c) and, at the same time, cleavage of Si particles.

The presence of porosities and coarse and elongated Si particles in the AC specimen (Fig. 7.a) directly influences the fracture
mechanism. In fact, porosities are clearly visible on the fracture surface (Fig. 7.b) of the as-cast specimen, while the presence
of flat surfaces likely indicates the cleavage of Si particles of rather coarse size. It can be assumed that the presence of
porosities not only reduces the peak force, since it diminishes the load bearing area, but represents an easy path for the
fracture to propagate.

Images at higher magnification (Fig. 7.c) also show the presence of dimples, which are signs of a ductile behaviour of the
Al matrix, together with tear ridges. These microstructural features indicate a plastic deformation of the matrix, confirmed
by the presence of plastic micro-deformation and parallel slip bands visible on the shear surface [21]. In fact, in the as-cast
condition, the matrix is not strengthened by precipitates and maintains its ductility. Cracked intermetallic particles are also
present (Fig. 7.b).

The T6 heat treated specimen, which is characterized by porosities and finer Si particles (Fig. 8.a), shows a fracture surface
(Fig. 8.b) where numerous pores are visible. As for the previous condition, the fracture is likely to propagate connecting
close porosities. Furthermore, the large flat surface above the central pore (Fig. 8.b) was revealed from back scattered
imaging to be a cracked intermetallic particle.
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The cleavage of Si particles (Fig. 8.c) is still present, but the corresponding cleavage areas are smaller in size (as compared
to as-cast condition) due to the finer dimensions of the Si particles after T6 treatment. In Fig. 8.c, several cracked Si particles
are also visible. It appears that, in this case, the fracture propagates mainly along the eutectic fine Si particles, besides
porosities and coarse intermetallics. This mechanism is prevalent in the ductile behaviour of the matrix, which is more brittle
in comparison with the as-cast condition because of the precipitation of Mg>Si compounds. This can explain the low energy
propagation measured for the T6 samples as compared to the as-cast ones. On the other hand, the increased strength of the
alloy is responsible for the higher peak energy.

Fine Sipartitics

Figure 8: T6 heat treated specimen: (a) microstructure at high magnification by optical microscopy; (b-c) fracture surface by scanning
electron microscopy.

Fine Si particles gy

v~ S 1 N o |
Figure 9: HIPs treated specimen: (a) microstructure at high magnification by optical microscopy; (b-c) fracture surface by scanning
electron microscopy.

The HIPsp treated specimen is characterized by near-zero porosity (Fig. 9.a) and fine eutectic Si particles that surround the
Al dendrites. The presence of intermetallics is not altered by the heat treatment. Consequently, the observation of the
corresponding fracture surface (Fig. 9.b) reveals the cleavage of fine Si particles, combined with the prevalent ductile
behaviour of the Al matrix that can be assessed due to the presence of dimples.

As mentioned for the as cast sample, tear ridges are visible (Fig. 9.b-c). In Fig. 9.b, it is possible to recognize the shape of
primary and secondary arms of a coarse dendrite, while Fig. 9.c shows the detail of a tear ridge. This indicates a plastic
deformation of the matrix, confirmed by the presence of plastic micro deformation and parallel slip bands visible on the
shear surface [21]. This is consistent with the fact that only HIP does not strengthen the matrix as much as after T6
treatment, which therefore still retains some of the initial ductility, and with the absorbed energy recorded during impact
tests.

The HIPso+T6 treated sample is characterized by near-full density and fine eutectic Si particles around the Al dendrites (Fig.
10.a), as for the only HIPsy condition (Fig. 9.a). The fracture propagation mainly follows the eutectic Si, revealing a surface
fracture with markings of cleavage and cracking of these brittle particles (Fig. 10.b), together with cracked or detached
intermetallic particles (Fig. 10.c in back scattered mode). These likely behave as stress concentrators, instead of porosities,
which are less abundant after HIP. This can explain the higher E; as compared to the T6 condition, together with the
hardening of the matrix because of the precipitation of MgxSi compounds after the T6 heat treatment. This can also be
correlated with the higher peak force (Fig. 6.¢) than those of only HIPsp treated sample (Fig. 6.d). Once the crack is formed,
it propagates easily along brittle particles and, in this case, the absence of porosities, is less significant leading to similar
propagation energies to the T6 condition.
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Figure 10: HIP50+T6 treated specimen: (a) microstructure at high magnification by optical microscopy;
electron microscopy.

Figure 11: HPT6so treated specimen: (a) microstructure at high magnification by optical microscopy; (b-c) fracture surface by scanning
electron microscopy.

The HPT0s treated specimen (Fig. 11.a) shows a low porosity and the same microstructural features already discussed for
HIPso (Fig. 9.2) and HIPso+T6 (Fig. 10.2) conditions. As for the HIPs50+T6 sample (Fig. 10.b), the fracture initiates and
propagates mainly along the Si particles and other brittle compounds (Fig. 11.b). The matrix has a ductile behavior as can
be seen by the presence of dimples (Fig. 11.c). The absence of porosities contributes to an increase in the initiation energy,
compared to the T6 condition. At the same time, the high peak force could be explained with the precipitation of Mg,Si
compounds during the under pressure T6 as for both the T6 and the HIP+T6 conditions.

CONCLUSIONS

his study investigated the impact behavior of a gravity cast AlSi10Mg alloy under multiple treatment conditions. In

detail, HIP, HIP+T6 and an innovative HPTG treatments were carried out. For these treatments, the pressure was

set at two different values (i.e. 50 and 150 MPa) to evaluate the influence of this parameter on the final performance.
As a comparison with traditional industrial routes, the investigation was also performed on the same alloy under as-cast,
annealed and T6 conditions.
The HPTG treatment resulted in an effective densification and strengthening of the alloy, which reached an almost full
density and hardness values above 105 HBW. This was documented also for HIP+T6 samples, but this route requires a
longer time. In fact, the HPT6 route led to a treatment time saving of about 4 hours. This reduction of the treatment
duration means a decrease in the energy consumption and, therefore, of CO; emissions in the atmosphere. This is a positive
contribution to the reduction of the carbon footprint for the manufacturing of heat-treated AlSi10Mg gravity cast
components. Furthermore, it was found that an increase in pressure treatment from 50 MPa to 150 MPa is not able to
ensure better results in terms of density and hardness for both HPT6 and HIP+T6 cycles.
Considering the impact behavior, the positive influence of densification via high-pressure treatments is particulatly evident
in terms of initiation energy. In fact, if as-cast and HIP samples are considered, after HIP the initiation energy is significantly
higher. This is mainly attributed to the low level of porosities, which easily play the role of stress concentration point and,
in addition, reduce the load-bearing area. This is further supported by the observation of the fracture surfaces of as-cast and
annealed samples, where several porosities were present. Moreover, a positive effect of densification on the peak force can
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be assessed. Nevertheless, the highest increase in peak force is achieved when, besides the densification, the Al matrix is
strengthened after aging treatments, increasing the yield strength of the alloy (HIP+T6 and HPTG6 conditions). In these
cases, the fracture initiates mainly due to the cracking or detachment of brittle particles, such as eutectic Si and intermetallic
particles. No significant influence of high-pressure treatments on the propagation energy was assessed, with the propagation
mainly governed by brittle particles.
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