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ABSTRACT

The AISi10Mg alloy produced by casting (AC) and additive manufacturing (AM) technology of laser powder
bed fusion (1-PBF) has been investigated through mechanical spectroscopy (MS). In addition to the grain
boundary peak Pgg the Q' curves of both materials exhibit two other relaxation peaks, P1 (H =
0.8 + 0.05eV; 1o =10"1"*1 s) and P2 (H = 1.0 # 0.05 eV; 7o = 1073*1 5), depending on the interaction of
dislocations with solute elements (Si and Mg). Relaxation strengths of P1, P2 and Pgp of AM alloy are greater
than those of the AC one owing to the finer structure of Al cells and the higher amount of Si and Mg in
supersaturated solid solution induced by the rapid solidification typical of the 1-PBF process. After suc-
cessive MS test runs relaxation strengths of P1 and P2 peaks in both the examined materials decrease due to
the precipitation of Si atoms and dislocation density recovery. Such decrease is more pronounced in AM
alloy where change of cell shape and increase of cell size is observed. Dynamic modulus of AM alloy exhibits
an anomalous trend in the first test run that is no more present in successive runs. The irreversible process

XRD giving rise to such anomalous behavior is the closure of pores of nanometric size.

Electron microscopy

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

The microstructure of AlSi10Mg alloy produced by laser powder
bed fusion (1-PBF) technology has been widely investigated in recent
years [1,2]. The rapid solidification (up to 107 K/s [3]) typical of this
process leads to the formation of an extra-fine structure, consisting
of Al-matrix cells surrounded by a network of Si particles. The Al-
matrix is a supersaturated solid solution containing Si atoms above
the equilibrium concentration [4]. Furthermore, networks of en-
tangled dislocations were also observed in the Al matrix, which
formed as a result of the fast solidification [5]. Moreover, Mg,Si
precipitates and Si dispersoids can be observed whenever the re-
heating of the material during subsequent melting of successive
layers is sufficient to enhance diffusion and precipitation phe-
nomena [4-6]. This is often referred to as intrinsic heat treatment
due to the repeated thermal cycles.

The layer-by-layer growing of the bulk parts is responsible for a
hierarchical structure [7-9], as widely observed in various alloy
manufactured by L-PBF technologies [10,11]. In fact, besides the
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abovementioned micro or submicrometric features, a fine grain
structure can be identified [8]. Moving to a higher level, melt pools
(or scan tracks) associated to the progressive melting and solidifi-
cation of small volume of material under the effect of the laser (or
other energy source) are observed [12].

All these features contribute to the high strength of this material
in as-built condition owing to different strengthening contributions
from solid solution, dislocations, grain boundaries and Orowan
mechanism due to the presence of fine precipitates [4,13].

The main drawbacks related to the rapid solidification are the
high residual stresses [14], that can cause distortion or cracking of
the component, and the anisotropic mechanical response related to
the layer over layer structure [15]. Therefore, heat treatment is often
necessary to mitigate these detrimental manufacturing effects
[16,17]. T6 heat treatment is reported to remove residual stresses
and significantly reduce material anisotropy [18], although it gen-
erally reduces mechanical strength due to the coarsening of micro-
structure [18,19]. In addition, gas porosities present in the as-built
material can grow during solution treatment leading to a remarkable
decrease in the part density [16,20].

Recently, direct aging or low temperature annealing (in the range
373-523 K) have been proposed to recover residual stresses and
reduce dislocation density without a significant alteration of the fine
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cellular structure of the alloy and porosity level [21,22]. This is
crucial since the disruption of the Si network and the coarsening of
the microstructure after heat treatment above 573 K is responsible
for a marked decrease in strength. For this reason, a deep in-
vestigation of microstructural evolution during exposure to this
temperature range (373-523 K) is crucial to identify and then to set
the proper heat treatment parameters. Beside this, applications that
involve exposure of the components to this temperature range
cannot be excluded, given that AlSi10Mg alloy is often used in the
automotive and aerospace industry. Therefore, the microstructural
characterization as a function of temperature can also offer a pre-
cious support to enhance the use of this alloy for high-temperature
applications.

The effect of different heat-treatment conditions on the impact
behavior of an additive manufactured AlSi10Mg alloy has been stu-
died by some of the present authors [23]. High-temperature me-
chanical behavior of AlSi10Mg alloy was investigated by Uzan et al.
[24] up to 673 K. The material was tested after stress relief treatment
and the mechanical response changed above 473 K since the plastic
behavior became dominant. However, the stress relief treatment is
known to affect the as-built microstructure and therefore also the
mechanical response is expected to be different under as-built
condition. Similarly, Cao et al. [13] performed in-situ SEM and EBDS
analysis to investigate the microstructural evolution up to 673 K of
selective laser melted AISi10Mg. Little changes in the main micro-
structural features were identified up to 473 K. On the contrary,
when the temperature reached 573 K and above, the coarsening and
precipitation of Si particles was instead identified in Al matrix. The Si
particle formation was responsible for a decrease of solid solution
strengthening during high-temperature tensile testing.

Another study [25] focused on the characterization of samples
exposed to temperatures in the range of 393-453 K and then cooled
down to be tested at room temperature. It was found that Si particles
precipitate in the Al matrix during holding at 433 K. This is caused by
the high content of Si retained in the supersaturated solid solution
after production. On the other hand, the network of coarser Si par-
ticles remains unaffected at this temperature. This consists basically
in an aging treatment, which results in an increase in strength and a
limited ductility when the alloy is subsequently tested at room
temperature. In general, good thermal stability of the alloy when
exposed to 433 K for several hours was assessed. In addition, in-situ
analysis showed the breaking up of the Si network and formation of
Si precipitates already above 433 K, together with the evolution of Si
clusters and nanoparticles, mainly changing their coherency with
the matrix [26]. This appears in contrast with previous studies
where no significant changes in the microstructure were detected
below 473 K [13,21,24].

In this work mechanical spectroscopy (MS) has been used to get
additional information regarding the anelastic behavior of the alloy.
MS is a dynamic technique for the characterization of material
properties and provides information that can not be obtained
otherwise. The formal theory of anelasticity can be found in the book
of Nowick and Berry [27] while an exhaustive collection of data
taken from literature is reported in that of Blanter et al. [28]. Dy-
namic modulus and internal friction have been measured up to
790 K and the results correlated to microstructural changes in-
vestigated by light microscopy (LM), X-ray diffraction (XRD), trans-
mission (TEM) and scanning (SEM) electron microscopy. The same
experiments and analyses were carried out also on samples with the
same chemical composition but produced by gravity casting. As
shown in a preliminary study [29], the comparison is useful to better
understand the correlation between manufacturing process, micro-
structure and properties.
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Table 1

Composition (wt%) of the investigated alloy.
Composition (wt%) Si Mg Fe Mn Al
AlSi10Mg 9.38 0.31 0.42 0.23 balance

2. Experimental

The AlISi10Mg alloy has been investigated in two different con-
ditions: as-cast (AC) and prepared by additive manufacturing in as-
built condition (AM). The alloy composition is reported in Table 1.

The AM material was manufactured in form of plates (x = 30 mm,
y =2 mm, z = 70 mm) by using an EOS M290 machine and EOS
AlSi10Mg powders with particles size is in the range 25-70 pm were
used. The build direction was the z direction. The powder bed with
layer thickness of 30 pm was selectively melted under Argon at-
mosphere using laser power of 370 W and scanning speed of
1300 mm/s. The platform was preheated at 80 °C.

The AC samples were obtained from by gravity casting in a steel
permanent mold.

The density of AM material, determined by weight and volume
measurements, is 2.39 + 0.03 g/cm> namely about 90% of that of the
AC bulk alloy (2.65 + 0.03 g/cm?).

Both types of samples (AC and AM) have been tested without
preliminary heat treatments.

MS tests were made in the temperature range 300-790 K with a
constant heating rate of 1.5 K/min by using an automated vibrating
reed analyzer (VRA 1604, CANTIL s.r.l.) [30] and operating in re-
sonance conditions with frequency f in the range 150-2000 Hz. The
samples in form of reeds (60.7 mm length, 6.9 mm width, 2 mm
thickness) were mounted in free-clamped mode and put in re-
sonance by an electrostatic excitation with strain amplitude of
5 x 107>, Experiments were performed in a vacuum chamber under a
107% mbar pressure.

The damping parameter Q"' was determined from the loga-
rithmic decay of the flexural vibrations after turning off the exciting
signal:

L1 (A
= ]n(A,Hk) (1)

where A, and A+, are the amplitudes of the n-th and n +k-th os-
cillation. Dynamic modulus E and resonance frequency f are related
by the equation:

487%pL*
E= 2
pereae (2)

L and h are the length and thickness of the sample, respectively,
m =1.875 is a constant and p is the material density.

XRD measurements were carried out on both materials in the
original condition and after MS test runs by using the Cu-Ka radia-
tion (A =0.15408 nm). Diffraction patterns were collected in the 20
angular range 18-118° with 20 steps of 0.05° and counting time of
10 s per step.

The amount of Si phase was determined by the integrated peak
intensity of the Al and Si phases in diffraction pattern according to
the direct comparison method [31].

To determine the dislocation density in Al phase, high precision
peak profiles of the most intense reflections were recorded with 20
steps of 0.005° and counting time of 20s per step and analyzed
through the Warren-Averbach procedure [32]. Once determined the
main contributions to peak broadening, namely micro-strains e re-
lated to dislocation structures and size of coherently diffracting
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(a)

wt. % Al Si Mn Fe

1 79.44 7.15 587  7.54
2 65.08 9.05 9.35 16.52
3 72.37 11.41 7.67  8.55
4 70.70 10.42 7.65 11.23

(c)
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20 pm

(b)

(d)

Fig. 1. As-cast (AC) alloy: LM micrograph in (a) shows the Al dendritic structure surrounded by a fine Al-Si eutectic and particles with elongated shape. The chinese script
morphology of these particles is displayed at higher magnification in the SEM image in (b). Some of them, indicated in (b), have been analyzed by EDS and the compositions are
reported in (c). TEM micrograph in (d) displays the cell structure formed by dislocations in the Al matrix.

domains, the dislocation density ¢ was calculated through the Wil-
liamson-Smallman relationship [33]:

=e?
Fb? 3)

being = =16.1 a constant, F =1 a factor depending on the interaction
of dislocations and b =0.2856 nm the modulus of Burgers vector.

Moreover, from the precision XRD peak positions the lattice
parameter a was determined by using the cos?0 method [31].

The original structure of the samples was investigated by light
microscopy (LM) and scanning electron microscopy (SEM) with en-
ergy dispersive spectroscopy (EDS). A Zeiss™ Supra-40° field-emis-
sion gun scanning electron microscope (FEG-SEM) was used for the
porosity inspections in AM alloy, in both as-build condition and after
MS tests. FEG-SEM surface samples were prepared by etching with a
Keller reagent at room temperature for 20-30s.

Transmission electron microscopy (TEM) was used to describe
the characteristics and the evolution of lattice defects before and
after MS test runs. TEM specimens were mechanically polished
down to 0.25um by means of diamond paste, dimpled, and then
prepared using a precise ion polishing device (PIPS, GATAN™)
working at 12V and by setting the Ar" beam at decreasing incident
angles from 8° to 4° respect to the thin foil surface. All TEM in-
spections were carried out by using a Philips™ CM-200°® microscope
equipped with a double-tilt specimen holder with liquid nitrogen
cooling stage.

g:

3. Results
3.1. As-cast alloy

AlSi10Mg manufactured by foundry processes has been largely
used in several industrial applications, thus the AC alloy is con-
sidered here the reference material. As shown by the LM micrograph
in Fig. 1(a), AC alloy exhibits a rough Al dendritic structure sur-
rounded by a fine modified eutectic. Particles with elongated shape
(chinese script) and size below 10 pm are also observed. The che-
mical composition of these particles, whose morphology is displayed
at higher magnification by the SEM image in (b), has been examined
by EDS. They resulted to contain variable amounts of Al (65-80 wt%),
Si (7-12 wt%), Fe (7-17 wt%) and Mn (5-10 wt%). For example, the
EDS analysis carried out on some particles indicated in Fig. 1(b) are
reported in (c). It is noteworthy that they are rich in Fe and Mn while
Mg is not present. The chinese script morphology is typical of pre-
cipitates like Al;s5(Fe,Mn);Si, often observed in Al-Si-Fe-Mn alloys
[34]. Inside the Al matrix dislocations tend to arrange forming cells
with mean size of about 1um, as indicated by TEM observation
(Fig. 1d).

Fig. 2 shows the Q! and dynamic modulus E curves obtained by
testing the same AC sample in three successive MS test runs. Each
test run consisted of a heating-cooling cycle from room temperature
to 790 K. Dynamic modulus curves are normalized to the initial value
at room temperature E,.
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Fig. 2. As-cast (AC) alloy: Q! and dynamic modulus E vs. temperature measured in
three successive test runs. Dynamic modulus values are normalized to the initial value
Eo (at room temperature, before the 1st run). The initial resonance frequency at room
temperature is 670 Hz.

Q! curves exhibit a peak at 753 K that is the grain boundary peak
Pgg, firstly observed by Ké in bulk Al [35] and then in many other Al
alloys (e.g. see the review in [28]). By subtracting to experimental
data the exponential background and P¢g peak, the presence of two
other peaks of lower intensity at 540 and 640K is evident, herein-
after termed P1 and P2, respectively.

Q' curves vs. temperature measured in each test run are sub-
stantially the same during heating and cooling and dynamic mod-
ulus curves show a slope change in correspondence of the peaks.
Moreover, as shown by the example reported in Fig. 3, the central
position of the peaks changes in tests carried out at different re-
sonance frequencies thus P1 and P2 are relaxation peaks.

As shown by Fig. 4, the values of Q" are a little lower in the test
runs successive to the first one, but the shape of the curve does not
change.

To fit the experimental Q! data the peaks P1, P2 and Pgg have
been treated as Debye peaks while the background has been con-
sidered as an exponential function of temperature. On these grounds
the fitting curve results to be the sum of four contributions:

o= gl (3] 3 -3

Acp (HCB)(l 1 )] "
+ Bsech| | =2 || = — — | | + aeb/kT

where Qple =a exp(-b/kT) is the background, k is the Boltzmann
constant, A the relaxation strength (A/2 is the maximum peak in-
tensity), H;, H» and Hgg the activation energies of the peaks P1, P2

Journal of Alloys and Compounds 914 (2022) 165361

Fig. 3. As-cast (AC) alloy: the Q™' curves vs. temperature (open circles) recorded with
different resonance frequencies (236, 670 and 950 Hz) have been fitted by the sum of
four contributions, namely the background (blue points), the peaks P1 (olive points),
P2 (orange points) and Pgp (green points). The fitting curve is indicated by red points.
The central positions of P1, P2 and Pgp peaks, reported in each graph, change with the
frequency.

and Pgpg, T;, T> and Tgp their central positions. Since a relaxation peak
takes place if the following condition is satisfied:

wt = wrpeMT =1 (5)

being o = 2mf, r the relaxation time and 7, its pre-exponential factor,
the activation energies H;, H, and Hgg have been determined by
means of Eq. (5) from the shift of peak temperature in MS tests with
different resonance frequencies. The values of activation energy H
and pre-exponential factor 1 of the peaks are reported in Table 2.
The relaxation strengths of P1, P2 and Pgg, and the parameters a
and b of background curve have been adjusted to get the best fitting
of the experimental curves. Fig. 4 displays the fitting of Q"' curves
measured in three successive test runs made on the same sample.
Table 3 reports the maximum intensity (Qi/ax = A/2) of the peaks P1,
P2 and Pgp, and the values of the parameters a and b of the
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Fig. 4. As-cast (AC) alloy: the Q! curves vs. temperature recorded in 1st, 2nd and 3rd
runs (open circles) have been fitted by the sum of four contributions, namely the
background (blue points), the peaks P1 (olive points), P2 (orange points) and Pgp
(green points). The fitting curve is indicated by red points. The resonance frequency is
670Hz.

Table 2

Activation energy H and pre-exponential factor z, of the peaks P1, P2 and Pgp.
Q! peaks Activation energy H (eV) 70 ()
P1 0.8 £ 0.05 10711#!
P2 1.0 £ 0.05 107131
Pes 1.3 £ 0.05 107131

exponential background which have been used to get the best fit of
experimental data. Even if Qhiax variations in successive test runs are
small, not much larger than the experimental error, the intensity of
peaks P1, P2 and Pgp tends to decrease while the background sub-
stantially does not change.

Journal of Alloys and Compounds 914 (2022) 165361

Table 3

As-cast (AC) alloy: peak intensity (Qiiax) of the peaks P1, P2 and Pgp, and the para-
meters a and b of the exponential background used to fit of the experimental Q!
curves. Errors of Qi/ax have been estimated to be + 0.001 for P1 and P2, and + 0.002 for
Pcp, respectively.

ACalloy  Quax=4/2 Background

Peak P1 P2 Pcp a b

1st run 754x10  924x107  389x102  4.0x10* 9.9x107!
2ndrun  510x10>  710x1073  3.40x102  3.8x10* 9.9x107"
3rdrun 480x1073  710x107  3.32x102  3.3x10* 9.9x107"

3.2. Additive manufactured alloy

The microstructure of AM alloy is quite different, and Fig. 5(a-c)
shows at different magnification its typical features. In the hor-
izontal section (a) it is possible to observe the pattern of laser scan
tracks while the vertical section (b) displays the semi-circular shape
of melt pools (average width ~130 um and depth ~70 pm). As shown
in a previous work on the same material [23], the Al grains (5-10 pm
wide and several tens of um long) inside the melt pool are elongated
in the building direction whereas near its boundary finer equiaxed
grains of ~10um are observed. At higher magnification each grain
exhibits a finer sub-structure of cells decorated by eutectic Si (c). The
average size of the cells is ~ 400 nm, i.e., about one order of mag-
nitude lower than that of grains. TEM micrographs in Fig. 6(a-b)
show Si particles of very small size (100-150 nm) and irregular
shape. Moreover, the material exhibits a certain degree of porosity
(~10%) that consists of two types of pores: pores of ~ 10 um with
irregular shape (Fig. 7a) and a lot of spherical pores of nanometric
size (Fig. 7b).

The Q! curves of the AM alloy measured in three successive test
runs are similar to those of the AC one and have been fitted in the
same way. The results are shown in Fig. 8 and data used for the best
fittings are reported in Table 4. The intensities of the peaks P1, P2
and Pgp are always higher in the AM alloys than in the AC one and
also in this case a slight decrease is observed in successive test runs,
in particular after the 3rd run.

The different original structure of the two materials and suc-
cessive evolution is also evidenced by XRD.

Fig. 9a compares the XRD patterns of AC and AM alloys: it is
evident that the Si reflections are more intense in AC than in AM
alloy. In the angular range 37-46° the pattern of AC alloy shows a
couple of peaks of very low intensity, at the limit of detectability.
Fig. 9b displays this part of the XRD pattern recorded with higher
angular resolution (26 steps of 0.005° instead of 0.05°) and longer
counting time per step (20 s instead of 2 s) to evidence these peaks
which, according to the JCPDS-ICDD X-ray database [36], have been
identified as the {300} and {301} |/ {212} reflections of the
AljgFeg g4Mn; 16Si compound (File 42-1206) with hexagonal struc-
ture (a = 0.75198 nm and ¢ = 0.77688 nm). In fact, the detected peak
positions are very close to those of other compounds of Al and Fe
(Aly3Feq and AlygFeps) or Al and Mn (AlgMn), which have been
observed by Mikhaylovskaya et al. [37] and Li et al. [38] in Al-Mg
alloys. In present case the EDS microanalysis (Fig. 1c) indicated that
the particles contain always all the elements (Al, Si, Fe and Mn) in
variable amounts. Therefore, from XRD it is reasonable to conclude
that the particles with elongated shape shown in Fig. 1(b) are quite
similar to AligFegg4Mn; 16Si with some deviations depending on the
variable composition.

Table 5 reports the Si volume fraction, the lattice parameter of Al
phase and its dislocation density ¢ determined through XRD in dif-
ferent samples.
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Fig. 5. Additive manufactured (AM) alloy: LM micrographs of horizontal and vertical sections are shown in (a) and (b), respectively. The SEM image at higher magnification in (c)

shows the Al cellular structure surrounded by a network of Si particles.

3.3. Modulus anomaly of additive manufactured alloy

A relevant phenomenon has been observed in the 1st test run of
AM alloy, it consists in the anomalous trend of dynamic modulus. As
temperature increases, the modulus is expected to monotonically
decrease owing to anharmonicity effect, however in this case at ~
445K it starts to increase, exhibits a maximum at ~ 485K, then
decreases again. This behavior, which is typical of all the examined
AM samples independently on the specific resonance frequency, is
no more observed in the successive test runs. Fig. 10 shows the
curves of dynamic modulus normalized to the value measured at
room temperature in the 1st test run. After the 1st run the modulus
results to be increased of about 7% and is not further modified by the
successive test runs.

To clarify the origin of such phenomenon, the density of the
material has been measured after the 1st test run and it resulted
increased from 2.39 g/cm?® (as-built material) to 2.52 g/cm>. In the
successive test runs the density substantially does not change.

Other structural changes are highlighted by XRD and TEM in-
spections. XRD patterns of as-built AM alloy, before and after the 1st
test run, are reported in Fig. 11. The XRD pattern comparison displays
an intensity increase of Si peaks after the 1st run corresponding to a
variation of Si volume fraction from 9.1% to 9.7% (Table 5). This in-
dicates that the sample heating during the test favors the pre-
cipitation of Si that is in oversaturation in the Al phase of as-built

alloy. Moreover, TEM micrographs in Fig. 12 show that the elongated
cells of the original structure have been replaced by near equiaxed
cells (a) of larger size (~ 1 pm); in concomitance the pores of smaller
size disappear and only those of larger size survive (b). Fig. 12(c)
shows an array of kinked dislocations that is a typical feature ob-
served also in both types of samples before and after MS test runs.

4. Discussion
4.1. The relaxation peaks

The Q" curves of both alloys, AC and AM, exhibit three relaxation
peaks (P1, P2 and Pgg) and an exponential background.

The relaxation strength of grain boundary peak Pgp is higher in
the AM alloy than in the AC one because AM alloy exhibits a finer
and more complex structure of grains and cells (Figs. 1 and 5). Q!
depends on the total grain boundary area:

_ 14w
T2t W (6)

being W the maximum stored energy and AW the energy loss in a
single vibration cycle per unit volume. Q! is directly proportional to
the term Agg | V, i.e. the total area of grain boundaries Agp per unit
volume, where the term “grain boundary” includes low and high
angle grain boundaries, and cell boundaries.

Q—l
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Fig. 6. Additive manufactured (AM) alloy: TEM micrograph in (a) shows elongated
cells of ~ 400 nm while rounded and irregular shaped precipitates of very small size
(100-150 nm) can be observed in (b). Insets in (a) and (b) show SAEDPs taken from
the rounded red area of the micrographs. Both SAEDPs reveal the presence of Si
particles. In (b) the Al-matrix zone axis is Al [-112].[- 112].

Tables 3 and 4 show that the relaxation strength of peak P¢p of
both alloys diminishes after MS test runs and the major decrease is
observed in AM alloy. The result is in agreement with TEM ob-
servations (Figs. 6(a) and 12(a)) showing a change of cell shape and
an increase of cell size after the 1st test run. As expected, the AM
alloy undergoes greater changes owing to the specific conditions of
the preparation process leading to an unstable microstructure.

Apart from the grain boundary peak Pgp the other peaks (P1 and
P2) are not observed in pure Al thus they seem connected to physical
mechanisms involving alloying elements, either in solid solution or

Journal of Alloys and Compounds 914 (2022) 165361

Fig. 7. Additive manufactured (AM) alloy: pores of great (SEM micrograph in a) and
small size (TEM micrograph in b) are evidenced by red circles.

in form of compounds. Moreover, activation energy and relaxation
time of P1 (H = 0.8 £0.05eV; 7o = 107"*! s) and P2 (H =
1.0 + 0.05eV; 1o = 10713*1 5) are typical of dislocation mechanisms.
These considerations suggest that the peaks P1 and P2 are due to
relaxation processes involving interaction of alloying elements with
dislocation structures.

Specific MS data of the AISi10Mg alloy are not reported in lit-
erature, however the binary systems Al-Si and Al-Mg have been
extensively investigated [28].

Pichler et al. [39,40]| studied the system Al-Si and found a re-
laxation peak with activation energy H = 1.14 eV and relaxation time
79=2.4%x10""s, i.e. values very close to those of peak P2 observed in
present experiments. They explained the peak as an effect of the
increased transversal diffusivity of solute atoms in proximity of
dislocation core and developed a model reported in [39]. A relaxa-
tion peak with similar characteristics (H = 1.1eV, 75 = 4.0x107 s)
was reported by Atodiresei et al. [41] for the Al-4 at% Mg alloy and
was discussed in terms of a solute-dislocation interaction model.
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Fig. 8. Additive manufactured (AM) alloy: the Q" curves vs. temperature recorded in
1st, 2nd and 3rd runs (open circles) have been fitted by the sum of four contributions,
namely the background (blue points), the peaks P1 (olive points), P2 (orange points)
and P¢p (green points). The fitting curve is indicated by red points. The resonance
frequency is 670 Hz.

Table 4

Additive manufactured (AM) alloy: peak intensity (Qyax) of the peaks P1, P2 and Pgp,
and the parameters a and b of the exponential background used to fit of the experi-
mental Q' curves. Errors of Qy/ax have been estimated to be + 0.001 for P1 and P2,
and £ 0.002 for Pgp, respectively.

AM alloy Qiviax =4/2 Background

Peak P1 P2 Pcp a b
1st run 1.05x 1072 152x102  9.47x1072 9.95x10*  1.04
2nd run 110x 1072 1.53x1072 845x1072  995x10*  1.04
3rd run 8.54x1073 1.22x1072 7.94 %1072 9.95x10* 1.04

Benyahia et al. [42] attributed to a Zener relaxation mechanism a
peak with H=1.09eV, r,=2.0 x 107 s observed in the Al-12 wt% Mg
alloy. Golovin et al. [43-46] investigated anelastic processes occur-
ring in Al-Mg alloys in an extended range of Mg concentrations (up

Journal of Alloys and Compounds 914 (2022) 165361

5000 - = ——AC alloy
< —— AM alloy
o o
4000 S N
= z =
®© - —
> 3000F <= ] - ENIN S
I S N L - B
= (7]
i 2000 E l A_JULL A 1 A A
g
x
1000 -
R 1 R D P
20 40 60 80 100 120
20 (deg)
(a)
500 ~
— o o
= N &
— o = —
< S S <
-~ 5 =
s °e %
= & o
2 = =
I3 3 3
£ o o
> o )
© L e
2 > [s))
< < <
0 1 n 1 n 1 n 1 n
38 40 42 44 46
20 (deg)
(b)

Fig. 9. XRD patterns of as-cast (AC) and additive manufactured (AM) alloys (a) re-
corded with 20 steps of 0.05° and counting time per step of 2 s. Figure (b) displays a
part of the XRD pattern of as-cast (AC) alloy recorded with higher resolution (26 steps
of 0.005°) and longer counting time (20 s) to evidence two weak peaks which result to
correspond to the AlgFeq g4 Mnj 16Si compound.

to 12 wt%) and under different heat treatment conditions. They de-
tected a peak, whose intensity is higher after quenching than after
annealing, with characteristic values of H and 7, a little changing
with treatment conditions but always close to those of the P2 peak
measured by us and concluded that it is stipulated by a thermally
activated process.

To understand the origin of P2 peak the information about atoms
in solid solution and dislocation density provided by XRD has been
considered. It is noteworthy to remind that alloying elements in
solid solution change the lattice parameter of the Al phase, specifi-
cally it is increased by Mg and decreased by Si, Mn and Fe [47]. The
variations are substantially proportional to the relative difference of
atomic radii of solute and Al atoms. The lattice parameter of the
AlSi10Mg alloy in conditions of thermodynamic equilibrium
(0.40515 nm) [48] is larger than that of pure Al (0.40494 nm) and
such difference depends on Mg atoms in large part in solution in the
Al phase. In fact, apart from the Al solid solution the other phases are
the eutectic Si and the particles with elongated shape which contain
Al, Si, Mn and Fe but not Mg (see Fig. 1).

From present investigation (Table 5) the values of as-prepared AC
and AM alloys are 0.4050 nm and 0.4045 nm, respectively, namely
lower than that of the alloy in equilibrium. The result indicates that a
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gtgusme fraction, lattice parameter of Al phase and dislocation density ¢ of as-prepared as-cast (AC) and additive manufactured (AM) alloys and after MS test runs.
AC alloy AM alloy
Treatment As-prepared 1st test run 2nd test run 3rd test run As-built 1st test run 2nd test run 3rd test run
Si volume (%) 101 £ 0.3 11.6 £ 0.3 11.7 £ 0.3 11.7 £ 03 91+03 97 +03 99 +03 102 + 03

Lattice 0.4050 + 0.0001 0.4051 + 0.0001 0.4051 + 0.0001 0.4051 + 0.0001 0.4045 + 0.0001 0.4048 * 0.0001 0.4049 + 0.0001 0.4050 * 0.0001
parameter
(nm)
Dislocation (6.0 £ 1) (17+£1)x10°  (16+1) (16+1) (56+1)x10°° (33%1)x10° (13+1)x10° (11+1)x10"°
density ¢ x 1010 x 10° x 10°
(cm™)
108l Data in Table 5 indicate that the dislocation density ¢ of both as-
o 1strun prepared alloys diminishes after MS test runs. Therefore, the change
I e 2ndrun of P2 relaxation strength after MS test runs depends on both the
1,04 - + 3rd run decrease of dislocation density and concentration of atoms in solid
solution. XRD results suggest that the decrease of atoms in solid
solution is substantially due to the precipitation of Si atoms.
1,00 [ For dislocation models like that of Pichler et al. [40] the relaxa-
i tion strength A is given by:
A
0,96 A=2—
10 (7)
being ¢ the dislocation density and | the mean distance between
0,92 dislocation pinning points. By combining the values of relaxation
strength values (Tables 3 and 4) and dislocation density (Table 5) the
mean link length [ of dislocation segments for both the materials in
O 88 " 1 " 1 " 1 " 1 " 1 . 7.
300 350 400 450 500 550 different conditions results to be of the order of some tens of nan-

Temperature (K)

Fig. 10. Dynamic modulus E vs. temperature of an additive manufactured (AM)
sample measured in three successive test runs. The values of dynamic modulus are
normalized to the value E* measured at room temperature in the 1st test run.
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Fig. 11. XRD patterns of the additive manufactured (AM) alloy before and after the 1st
test run.

certain amount of Si remains in solution in the Al phase in both
alloys and is higher in the AM one owing to the fast cooling of liquid
metal typical of this manufacturing process. This is confirmed by the
intensity of Si reflections in XRD patterns, which are stronger in AC
alloy than in AM one (Fig. 9a). An excess of Si in AM alloy was
previously reported by other investigators [48]. During MS tests the
sample heating induces the precipitation of Si in both alloys and
after the 1st run the value of equilibrium is substantially reached in
the AC alloy but not in the AM one.

ometers, namely in good agreement with the mean distance of
precipitates observed by TEM. The formation of new precipitates of
Si following MS test runs contributes to reduce the relaxation
strength because the mean distance between dislocation pinning
points [ decreases.

An alternative explanation of peak P2 could be due to a Zener
mechanism. On the basis of relaxation parameters this can not be
excluded, however it is noteworthy that Zener peaks have been
observed in Al-Mg alloys with a quite larger Mg content than that of
our alloy [28]. For example, Benyahia et al. [42] investigated the Al-
12wt% Mg alloy and the peak was observed only after solution
treatment and quenching when a lot of Mg atoms are in super-
saturated solid solution. On these grounds we do not believe that the
origin of peak P2 can be ascribed to a Zener mechanism.

To explain peak P1 reference is done to a study on the system Al-
Mg due to K& and Tan [49] who reported a peak with H=0.7 = 0.1 eV
and 7y =1078 s in Al alloys with different Mg contents (0.02, 0.12,
0.55, 1.1, 6 wt%). Its origin was associated to the stress induced re-
orientation of Mg atom pairs in dumbbell configuration enhanced by
the stress field of mobile kinks in dislocations present in the Al
matrix. Such explanation is based on the activation energy of 0.8 eV,
unusually low for a pure Zener relaxation, and considers the role
played by the stress field of mobile dislocation kinks as those dis-
played in the TEM micrograph of Fig. 12c.

The slight decrease of P1 relaxation strength observed in both
materials after successive MS test runs is believed to be mainly due
to the decrease of dislocation density.

In conclusion both peaks P1 and P2 are due to the interaction of
dislocations with solute atoms (Mg or Si) and their relaxation
strengths depend on both the dislocation density and the con-
centration of alloying elements in solid solution. Thermal cycling
during MS tests favors the precipitation of alloying elements present
in solid solution in concentration higher than that of thermo-
dynamic equilibrium and the partial recovery of dislocation struc-
tures leading to a decrease of relaxation strengths of P1 and P2
peaks.
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Fig. 12. TEM images of additive manufactured (AM) alloy after the 1st test run. Elongated cells have been replaced by equiaxed cells of larger size (a). Pores of large size are

indicated by red arrows (b). In (c) an array of kinked dislocations is observed.

4.2. Dynamic modulus anomaly in AM alloy

An interesting phenomenon observed in our MS experiments is
the anomaly of dynamic modulus exhibited by AM alloy in the 1st
test run. The inversion in the decreasing trend occurs in the tem-
perature range 445-485K and results in a permanent variation of
~7% at the end of the complete heating-cooling cycle. The irrever-
sible phenomenon is not observed in the successive test runs and is
specific of the AM alloy since modulus of the AC alloy shows the
typical monotonous decreasing trend vs. temperature (Fig. 2).

To explain such phenomenon the microstructure inspections
have been focused on the possible densification due to the closure of
pores. In the as-built AM alloy TEM micrographs show arrays of
pores of nanometric size aligned along the built direction (Fig. 7b);
after the 1st test run, they totally disappear (Fig. 12 a and b) and the
density results increased from 2.39 + 0.03 g/cm® to 2.52 + 0.03 g/

10

cm?, namely a value a little smaller than that of the AC bulk alloy
(2.65 * 0.03 g/cm?). Fig. 12b shows some pores of large size which
are still present after the MS test run, thus it is not surprising that
the density is a little lower than that of bulk alloy. However, each MS
test run involves a cycle of heating up to 790K and successive
cooling to ambient temperature, hence TEM observations on sam-
ples after the 1st test run are not fully resolutive to associate the
modulus anomaly occurring between 445 and 485 K to the closure of
pores which could take place at higher temperature. Therefore, in
some experiments the 1st run was interrupted when the samples
reached the temperature of 485K, they were immediately cooled
down and then investigated by high-resolution FEG-SEM. The mi-
crographs in Fig. 13(a-c) taken at high magnification show relevant
differences of porosity before (a and b) and after (c) the heating up to
485 K. It resulted that the pores present in as-built condition
(Fig. 13a-b) disappear after heating (Fig. 13c). As a matter of fact, this
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Fig. 13. FEG-SEM micrographs of as-built additive manufactured (AM) alloy at in-
creasing magnification (a and b) and after an MS test run with heating up to 485 K (c).
Pores are indicated by red circles in (a) and (b).

result confirms that the modulus anomaly is connected to material
densification; the given explanation is also supported by con-
siderations regarding atom diffusion necessary for pore closure.
According to Eq. (2) the resonance frequency f is proportional to
(E/p)"? thus, assuming the relationship E « p° given by the Gibson-
Ashby model [50], the variations of resonance frequency measured
at room temperature before and after the 1st test run are always in
good agreement with the observed change of density. Since the pore

1
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closure is a phenomenon driven by the diffusion of atoms in the Al
matrix the random walk RW corresponding to the heating rate of
1.5 K/minute up to 500 K has been determined. For the temperature
T and time t, RW can be written as:

RW = (6Dt)1/2 (8)
where D is the coefficient of auto-diffusion of Al given by:
-Q
D =D —=
"exp( RT ) 9)

being R the gas constant (1.987 cal mol 'K™), Dy = 3.5 x 10™* mm?
s T and Q = 28750 cal mol ™.

In the case of present experiments temperature is not constant
but increases with a rate of 1.5 K/minute thus the total RW is the sum
of the RW of each step in the heating ramp. By integrating Eq. (8)
with time steps dt of 20s along the thermal path of the sample
during heating from room temperature to 445 K, the temperature at
which dynamic modulus starts to exhibit the anomalous behavior,
the total RW results to be ~ 76 nm. Of course, the integration steps
depend on the signal acquisition rate used in the experiments. The
obtained RW value represents the radius of pores suppressed by the
effect of sample heating and is close to that of smallest pores ob-
served in the as-built AM alloy (Fig. 7b).

In the case the integration is extended at 485 K, corresponding to
the upper limit of the temperature range where modulus anomaly
occurs, the resulting RW is ~ 360 nm. Pores with radii greater than
this value are still observed in the samples and are not suppressed by
heating to higher temperature, most likely owing to oxidation of
internal pore surfaces or presence of gas inside the pores.

5. Conclusions

The anelastic behavior of the AlSi10Mg alloy prepared by casting
(AC) and additive manufacturing (AM) has been investigated and
correlated to the specific microstructural features. The main results
can be summarized as follows.

(i) In addition to the grain boundary peak Pgg, the Q! curves of AC
and AM alloys exhibit two relaxation peaks, P1 (H =
0.8 £ 0.05eV; 1o = 107"'*1 s) and P2 (H = 1.0 * 0.05eV; tg =
1073*1 ), due to the interaction of solute atoms with disloca-
tions.
(ii) The origin of peak P1 has been associated to the stress induced
re-orientation of Mg atom pairs in dumbbell configuration en-
hanced by the stress field of mobile dislocation kinks while the
peak P2 is due to the effect of the increased transversal diffu-
sivity of solute atoms in proximity of dislocation core.
Relaxation strengths of P1, P2 and Pgp of AM alloy are greater
than those of the AC one owing to the finer structure of Al cells
and the higher amount of Si and Mg in supersaturated solid
solution induced by the rapid solidification typical of the pro-
duction process.
Relaxation strengths of Pgg, P1 and P2 in both the examined
materials decrease after successive MS test runs, due to pre-
cipitation of Si atoms and dislocation density recovery. The
decrease is more pronounced in AM alloy owing to its more
unstable microstructure that after the 1st test runs evolves with
change of cell shape and increase of cell size.
Dynamic modulus of AM alloy exhibits an anomalous trend in
the first test run that is no more present in successive runs. As
shown by FEG-SEM observations and density measurements,
the irreversible process giving rise to such an anomalous be-
havior is the closure of pores of nanometric size.

(iii)

(iv

—
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