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Abstract

An experimental study is reported on heat treating rapid solidified Al-12 wt.% Si alloy with 355-425
um powder size. Fast heat treatments at 813K revealed morphological shifts of eutectic Si from the as-
atomized condition to those after annealing. The Si network of the as-atomized samples showed a fine
dispersed coral fibrous architecture. This feature via rapid cooling brings the prospect of quickly
disintegrating and spheroidizing Si in a few minutes without chemical modification. By adopting
different exposure times, it was possible to investigate fragmentation and coarsening of the eutectic Si.
The integrity of the Si network is very sensitive to the Si spheroidization treatment transforming into a
network of round Si particles. It is also seen that the material softens in the earlier stages of heat
treatment, especially after 2 minutes of heat treatment. The breakdown in Si rods in a rapidly solidified
alloy is shown to take place with a mixed mechanism of interface or internal rod diffusion and
diffusion of supersaturated Si through the o primary phase to the Si rods in the eutectic. The
quantitative analysis of the microstructures coupled with an analytical strengthening model resulted in

good agreement between experimental and calculated data.
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1. Introduction

Control of the microstructure size and morphology of Si in Al-Si alloys is essential in order to
meet the progressively increasing demands for automotive and aerospace applications [1,2]. The
binary Al-Si system is a eutectic system whose eutectic point is about 12 wt% Si at 850K [3,4]. Two
strengthening mechanisms are mainly reported for this material [5,6]. The first is by the addition of
other elements such as Mg and Cu, followed by heat treatment. The second by using rapid
solidification techniques such as melt spinning, atomization, laser surface remelting, among others.
Both approaches lead to a refinement of the microstructure. Addition of eutectic modifiers (i.e., Na,
Sr, B, Ti) can either decrease the size of the eutectic grains at moderate cooling rates or alter the
eutectic Si morphology [7,8]. The addition of these elements requires much control in order for them
to be effective. This is due to possibility of vaporization and oxidation of these added elements, which
could result in their loss during operation [9,10].

An increase in cooling rate may refine the alloy microstructure. As a consequence, rapid
solidified Al-Si parts can exhibit improved mechanical properties. Processes such as Selective Laser
Melting (SLM) are characterized by very high cooling rates (103-10® K.s) due to the concentration of
laser heating in a very small volume of material together with short laser-material interaction time
[10]. Al-Si alloys are considered classic SLM materials [11]. The occurrence of subsequent thermal
cycles may lead to phase evolution, as for example, spheroidization of Si phases. This is an intrinsic
characteristic of this technique, in which thermal history is typified by alternating fast heating and
cooling rates. [11].

Traditional solution heat treatment and spheroidization treatment have already been evaluated
for various rapid solidified Al-Si based alloy components. Zhou et al. [12] observed that the Si content
in a(Al) exceeded the Si solubility expected in the equilibrium conditions. For the tested Al-10SiMg
SLM alloys, coarsening and spheroidization of the eutectic structure were observed after conventional
treatment. Liu et al. [13] stated that the high hardness of 130 HV may be achieved in Al-7%Si alloy if
an optimized microstructure is formed. In this case, the Al-Si alloys having nanoscale Si precipitates
were prepared through high pressure solution treatment (HPST) followed by low aging treatment. The
HPST method consisted of heating the samples to 700 °C under an isostatic pressing pressure of 6GPa.
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This condition is held for 1 h followed by water quenching to room temperature. This work compared
the contributions of solid solution hardening and precipitation hardening to the strength of the Al-
7%Si alloy. It was stated that the precipitation hardening appears to be the major strengthening
contribution after aging for 1800 s.

Prashanth et al. [6] fabricated Al-12wt%Si specimens by SLM. After characterizing an
extremely fine cellular microstructure which was decorated with elongated Si platelets in the cell
boundaries, it was demonstrated that annealing treatments could be pre-programmed in order to attain
a proper balance of strength and ductility in the Al-12wt%Si SLM samples. An increase in annealing
temperature (from 473K to 723K for 6 hours) resulted in a coarser microstructure. Si was observed to
be rejected from the supersaturated Al to constitute small Si precipitates.

Li et al. [10] produced ultrafine eutectic Al-12wt%Si alloy, which revealed excellent
mechanical properties by using SLM coupled with solution heat treatment. The as-fabricated
microstructure was composed of nano-sized Si enveloping a supersaturated o.(Al) matrix. According
to this work, the refined spherical morphology of Si gave reason for the excellent tensile properties.
During solution treatment at 773K for up to 4 hours Si precipitation and Si coalescence have been
observed simultaneously with decreasing Si content in the matrix. STEM-EDX maps of the Al and Si
elements in this Al-12wt%Si SLM alloy showed a decrease in the concentration of Si in Al from
7.2wt% to 2.2wt% after the solution treatment at 773K for 15 min.

Heat treatment of the alloy at 450-520°C for several hours is time-consuming and costly. In
this regard, novel approaches are required coupling adequate as-fabricated microstructure, i.e., control
of the eutectic Si morphology, size and distribution, with Si spheroidizing through short treatment
times. There are very few studies addressing fast silicon spheroidization treatment (SST) of Al-Si
based alloys. In addition, works dedicated to the fast SST of rapid solidified eutectic Al-12wt%Si
alloy have not been developed so far. Such lack of knowledge regarding rapid solidified Al-Si alloys is
quite unexpected considering that such alloys are very common materials in several component
applications in both automotive and aerospace industries. Furthermore, the mechanism associated with

Si spheroidization has not been delineated in the literature.



Existing research efforts reported in the literature are dedicated to fast SST in Al-Si alloys but
emphasize spheroidized Si and their growth in commercial compositions. One of these few works by
Haghdadi et al. [14] has shown that the high strains induced during accumulative back extrusion
(ABE) of A356 aluminum alloy accelerated the kinetics of silicon spheroidization at 813K. The
amount of 200ppm of titanium (Ti) was added in the alloy composition to promote refinement of the
microstructure. The heat treatment improved the elongation at the expense of the tensile strength. The
best compromise of tensile properties for the A356 alloy was achieved by coupling ABE+2min
spheroidizing at 813K. Before ABE processing, the Si fibers generated by thixo-casting exhibited a
mean diameter of about 0.5 um in cross section and a length in the range of about 1-5 um.

Ogris et al. [15] coupled strontium (Sr) modification of the A356 aluminum alloy with silicon
spheroidization through high temperature heat treatment. The direct result of the heat treatment was
the modification of the Si corals morphology into spheroids. The short heat treatment times were due
to the coral-like morphology of the modified eutectic silicon. The Si coral fibers were reported as
exhibiting a mean diameter of about 0.4 um. This morphology facilitates the disintegration of silicon
and further spheroidization because of a high density of crystal defects characterizing the formed
shape. Such defects are terminations, kinks, and striations which are potential points for fragmentation
during heat treatment. Highly controlled processes of chemical modification may be put in practice in
order to generate the aforementioned features.

In the current study, Al-12wt% Si powders of size 355-425um were generated by impulse
atomization (1A) under helium atmosphere. Firstly, the as-fabricated eutectic Si morphology and size
were investigated. Secondly, the analysis of the powders after different exposure times at 813K was
performed by measuring the Si size and solute content in a(Al). The integration of optical microscopy
(MO), hardness (HV), scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) as well as theoretical analysis of Si spheroidization will provide a framework to understand the
changes of Si network from coral fibrous to rounded architecture. In addition, the impact of solid

solution hardening and Si eutectic hardening on strength for various exposure times will be



considered. Such a study will form the basis for understanding the contributions of alloying elements

on Si spheroidization.

2. Experimental procedure

Rapidly solidified Al-12 wt% Si powders were prepared by impulse atomization (IA) under
helium atmosphere from 99.99 wt% pure Al and 99.99 wt% pure Si. The principles of IA and the
details of the facility are explained elsewhere [16,17]. The solidified powders were washed, dried and
separated into various size ranges. For the present work, the range of 355-425 um was investigated.
After 1A, portions of the as-atomized powders were subjected to a heat treatment at 813K for various
times of 1 min, 2 min, 4 min and 6 min. Subsequently, the heat treated specimens were immediately
guenched in room temperature water.

Microstructures and morphologies of the as-atomized and heat treated specimens were
observed using a BX61 Olympus optical microscope. The powders were conventionally prepared for
metallography and etched with Keller’s reagent for 10-20s. SEM analysis with both Secondary
Electrons (SE) and In-Lens detector modes were carried out on the etched samples (HCI during 3
minutes). The instrument used was a Zeiss Sigma Field Emission SEM equipped with a Bruker energy
dispersive X-ray spectroscopy (EDS).

The length-scale of the eutectic was determined by either measuring the Si spacing, A, or the
Si diameter, D. These measurements were made using the line intercept method [18,19] in both the as-
atomized and heat treated powders.

The Si content in solid solution in a(Al) was investigated using transmission electron
microscopy (TEM) and the scanning transmission electron microscope (STEM) mode. The instrument
used was a FEI TECNAI G2 F20 HRTEM. The samples were mapped using a high-angle annular dark-
field (HAADF) imaging in the STEM. Energy-dispersive spectroscopy (EDS) was used to evaluate the

Si content in oi(Al) of each sample.



In order to prepare the Al-Si powders for TEM analysis, Gatan G-1 epoxy (Gantan Inc., CA,
USA) was used. This epoxy was mixed individually with portions of as-atomized powders (0 min) and
some 6min heat treated samples. Three discs of 3 mm outer diameter for each condition were
prepared. And the discs were ground, dimpled, and ion milled to electron transparency, following the
standard procedures for preparing TEM samples from bulk materials [20]. A precision ion polishing
system or PIPS (Model 691, Gatan) was used. These Al-12wt%Si alloy samples demonstrated to be
stable during ion milling and when exposed to the electron beam in the TEM.

Vickers microhardness (HV) measurements were applied on the cross sections of the Al-
12wt%Si alloy specimens along 10 different powders per condition with a load of 50 gf for a dwell
time of 15 s. The hardness tester used was a Buhler VH 3100 microhardness machine.

Li et al. [21] stated that the strengths of Al-based alloys (o) are mainly contributed by the

following three mechanisms: precipitate strengthening (Acsi), solid solution strengthening (Acss), and

the aluminum matrix (Acal). Thus, the overall strength of an aluminum alloy yields:
o, =A0g +A0s + A0y, (1)

Considering that the Si particles in the present work are of relatively large size, the Orowan

bowing mechanism is valid, in which the following equations can be used for calculations:
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where M is Talor factor (3.06 [22]), G is shear modulus of Al matrix (30GPa [23]), b is Burgers vector
(0.286nm [22]), v is Poison ratio (0.347 [24]), A is interspacing of Si, r (D/2) is average radius of Si
and f is volume fraction of Si. These last three parameters (A, r and f) were determined from
experimental measurements on the microstructures of the Al-12wt%Si alloy.

Si solute in solid solution in oi(Al) can also promote solid solution strengthening (Aoss), which

can also be estimated from:
Aog =HC* (©)
where C is the Si content in wt%, which was measured by STEM and SEM in the microstructures

regarding each evaluated condition in the present work. H and o are constants [25].



For the strength of Al matrix, Aca=38 MPa considering the value for a commercial pure
AAL1100-0 alloy given in the literature [26].
3. Results and discussion

A. Characterization of microstructure

Optical images Deep-etched SEM images
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Fig. 1 shows the microstructural features of the Al-12 wt%Si alloy as-atomized and heat
treated powders using three different magnifications. Each one allows a different aspect of the
microstructure to be visualized. Two basic features of the microstructure are observed in Fig. 1: one is
composed of the fine a-Al matrix and the other is composed of the eutectic, a—Al+Si, enveloping the
a-Al phase.

Each row of images in Fig. 1 refers to a certain processing stage, which means as-atomized
condition and heat treated samples at 813K for different exposure times from the top to the bottom in
Fig. 1. Such a complete map of microstructures shows not only the morphological and size changes of
Si in etched and deep-etched samples by SEM but also the gradual destruction of the dendritic
structure until its complete absence for the 6 min treated sample as observed by OM (images at the left
in Fig. 1).

The integrity of either the dendritic arrangement or the Si network during heat treatment
depends upon the refinement of the microstructure. Fast processes such as IA are able to severely
refine the dendrite arms as can be seen in Fig. 1. As such, it makes sense to assume that the smaller the
dendrite branches, the faster diffusion process will proceed in the course of destruction of the dendritic
array, as can be observed in the samples treated for 4 min and 6 min, which show no more evidences
of dendrites.

The change in the Si morphology is of particular interest. This is because such particles can
only be partially dissolved in (Al) during long-term homogenization treatments. Furthermore, the
shape of Si is able to tailor the alloy mechanical properties [2, 27, 28].

The growth of Si in rods and progressive subdivision under cylinders is considered the ideal
shape for fragmentation at the start of heat treatment. In contrast, plate-like particles would not be
fragmented as easily during heat treatment because of their smooth planar surfaces [29]. Ogris et al.
[15] stated that the branches of the Sr-modified silicon corals could be simply seen as interconnected
cylinders. Such morphology can be seen in Fig. 1(c) for the deep etched samples. However, it has been
obtained without any chemical modification. This is very positive in the sense that the addition of
modifiers as sodium to Al-Si alloys has some drawbacks, such as fading rapidly due to evaporation;

difficulty in storing and handling; difficulty in controlling additions can lead to overmodification; and
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can increase porosity. The addition of strontium may result in an increase of hydrogen content and
can increase porosity and have a long incubation period [30, 31].

The processes of fragmentation, agglomeration and spheroidization of Si particles are directly
related to the diffusion of Si atoms. It appears that during heat treatment Si particles break-up into
multiple smaller crystals. Each of these may strive to attain a rounder shape during the time available.
Higher times of heat treatment appear to increase the degree of roundness of the Si particles.

The evolution of Si network for the various employed times shows different eutectic length-
scales as can be seen in the SEM images in Fig. 1(c). The Si particles generated by IA tended to

transition from the coral to round shape and coarsened with time.

1.2 1.2
B Al-12 wt.% Si - Si size
O Al-12 wt.% Si - Si spacing
1.0+ % 41.0
A 0.8 40.8 <
3 I3
0.6 %3 40.6
a) <
5 o
2 0.4- % 104 £
o I8
? 02 0.2
2 i ﬁ - O. U_)
0.0 T T T T T T T T T T T T T 0.0
0 1 2 3 4 5 6

Spheroidization treatment time, t (min)

Fig. 2. Variation in range of the Si spacing () and Si size (D) as a function of the annealing treatment
at 813K for various times, t, for the Al-12 wt%Si of size 355-425um generated by impulse
atomization under helium atmosphere.

Interparticle Si spacing, A, was measured for the powder samples generated by heat treatment
at 813K for various times as can be seen in Fig. 2. Also, as-atomized samples were examined (referred
as 0 min point in the graph). The size, D, of the Si particles after the different heat treatments is also
inserted in Fig. 2. Both plots show a variation of the average values along with their standard

deviations established for the Al-Si powder of size 355-425um.



According to Haghdadi et al. [14] the main driving force for coarsening of Si particles is a
reduction in surface energy. In this case, a small number of large precipitates contain less interface
area if compared to the Si network of small particles. According to Ho and Weatherly [32]
spheroidization in Al-Al,Cu eutectic may be affected by the continued migration of the triple point
junctions within the plate at the end of each sub-boundary. Also, these authors [33] demonstrated that
the Kkinetics of spheroidization is accelerated due to the high angle boundaries in the Al,Cu phase. This
mechanism was approached by Conlon et al. [34] after hot pressing rapid solidified Al-Cu powders at
70 MPa and 773 K for 2 hours in a closed graphite die. During long-term annealing at 803 K after hot
pressing, a substantial Al.Cu coarsening was observed. Weatherly [35] stated that parallel rods faceted
fibers are stable against perturbations during heat treatment. In this sense many rod eutectics show
shape stability (e.g., Al-AlzNi) but faults in the microstructure can highly accelerate the coarsening
rates.

It can be noted that the Si particles in the as-atomized condition have D and A values relatively
close to those determined for the as-treated samples for 1 min and 2 min, as can be seen in Fig. 2.
Based on the mentioned data, it is possible that both fragmentation and coarsening mechanisms
balance each other out under such time duration, resulting in similar values for D and A. The initial
fragmentation stage is particularly related to the average interparticle spacing, A. A fine dispersion of
particles, as that observed in the present rapid quenched powders (i.e., A=0.35 pum), could favor the
premature start of the coalescence process. The formation of short cylinders is barely observed in the
samples treated for 1 min. (see Fig. 1) whereas they can be clearly seen in the sample after 2 min. This
is because in reality the processes of fragmentation and spheroidization happened concurrently for
such a particular condition.

Weatherly [35] established a wavelength of 9ro in order to categorize the breakdown of rods
through the development of perturbations, where ro is the rod or fiber radius in the initial phase of the
heat treatment. Fibers having curvature at the interface can be seen in Fig. 1(c). Two groups of
eutectics were reported whose perturbations develop rapidly. These are Cu-Cu.S, Cu-Cu.0 and Fe;«S-

Fe; and those whose perturbations progress much more slowly, with a greater variation in the
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wavelengths considering the dominant fluctuations, that is, AlsNi-Al and NiAI-Cr. The wavelengths
around 9 ro’ characterize the first category, which should favor the breakdown of rods and accelerate
spheroidization. In contrast, two times higher values of about 17 ro are related to the eutectics of the
second category. In this case, the breakdown of rods is inhibited as a result of both external volume
diffusion and interfacial or internal volume diffusion.

In the present results, 25 measurements of the wavelength were made from SEM images. The
wavelength was found to be about 0.577 um with a standard deviation of 0.156 um. The wavelength
to radius (ro) ratio of the Si in the initial phase of heat treatment was around ’6.4° (i.e., 6.4 ro +1.7).
Even though this value is smaller than the expected value of ~9r, for interface and volume diffusion
through the rod (Si in this case), visual observations of the microstructures in Fig.1 indicate that the
wavelength of Si decreases with increasing heat treatment time. The present results confirm that
fragmentation started during the first 1 min of heat treatment (see Fig. 1(b), the bottom center of the
image with highest magnification). In addition, the presence of fibrous terminations having small radii
of curvature can also be seen in Fig. 1 (c). This feature is recognized by accelerating coarsening at
high temperature [36]. It is therefore likely that this mechanism played a role in the spherodization of

the Si, but there is clearly an additional mechanism to consider. This is further discussed below.
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Fig. 3. Plot showing comparison between the Si size with time in the present investigation (i.e., rapid
solidified powders) and those found in the literature for the A356 Al alloy generated under different

manufacturing routes. Solid and dash-dot lines are from ref. [14].
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In the case of the coral fibrous morphology of Si generated by adding modifiers in Al-Si alloys
[14,15], sizes of about 400 nm and 500 nm have been reported. In the present investigation, the Si
fibers generated by impulse atomization exhibited a mean diameter of about 180 nm in cross section,
which is 2.5 times lower than those reported so far.

Fig.3 shows that the value of D increases due to the coalescence of the particles. Significant
changes take place after the 2" minute of heat treatment. Before this point, the intensity of the process
is less expressive. The relationship of the Si size vs. the cubic root of the time expresses the changes in
D with increasing time as defined in Fig. 3. The processes of patterning and changes of Si shape have
been facilitated for very short times since the value of diffusion path at 813K is significantly higher
than the average interparticle spacing. According to Glazoff et al. [29] when T>773K, the value of the
diffusion path exceeds 1 pum.

For comparison purposes, additional growth kinetic relationships of the eutectic Si have been
included in Fig. 3. These lines from literature [14] are related to the behavior derived during heat
treatment of Sr-modified thixocast and severe plastic deformed, SPD, A356 alloy, which have been
also soaked at 813K for short duration times. Both evolutions refer to Si spheroidization treatments in
components produced under conditions other than rapid cooling techniques. Although Mg-content of
the commercial alloy makes a comparison difficult to be established, this kind of comparison appears
to be interesting in terms of the differences in the description of the Si size against time. The
relationship derived for the rapid quenched powders examined in the present investigation may not be
represented by a linear regression, as stated in the other two cases. This is because proportional
relation between D and t** may not be established with the present experimental scatter for the Al-
12wt %Si alloy as can be seen in Fig. 3. This explains an extra supply of Si atoms diffusing out of the
cores of dendrites. As a consequence, larger particles tend to grow and prevail, replacing the smaller
ones. It appears that the increase in the Kinetics of coarsening is a result of the high solute content
within the o-Al matrix achieved during IA. The proper evaluation of the Si content in solid solution as
a function of the different treatment durations of the Al-12wt %Si powders will provide more evidence

to understand the alloy microstructures and their strengths, as will be seen next.
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B. Advanced SEM and TEM analysis

Fig. 4a shows typical SEM micrographs of the investigated Al-12wt %Si samples. Within the
micrographs some representative microprobe points, at the center of the a-Al islands, are shown. The
points indicate where the EDS analyses were carried out. Fig.4b shows the variation of Si-content in
the a(Al) solid solution at different thermal histories (as-atomized powders (treatment time = 0 s) and
the heat treated samples at 813K for various durations of 1 min (60s), 2 min(120s), 4 min(240s) and 6
min (360s)) as obtained by the EDS analyses. It is worth noting that a considerable amount of Si is
found embedded in the solid solution aluminum matrix especially for much shorter times and non-
treated samples. It appears that during Si fragmentation stage for the shorter treatment times of 1 min
(60s) and 2 min (120s), there is still a high Si-content within the a(Al) solid solution. On the other
hand, for higher durations, corresponding to the Si coarsening stage, the Si-content in the a(Al) solid
solution tends towards the equilibrium maximum solubility value of 1.65wt % as predicted by the Al-
Si phase diagram at the eutectic temperature.

According to the Fick’s second law, higher treatment times at a given temperature allow the
diffusion to be reduced with the decrease of the concentration gradient. Assuming that the solute
atoms are distributed evenly, an increase in the diffusion time will have negligible effect on the
composition segregation, and the segregation extent will not have a further improving.

Fick’s second law [37-40] is used to describe the time for the supersaturated Si to diffuse out

of the cores of the o(Al) phase , with 3, the microsegregation index, given by equation (4).

5 = (chi=ch) _

4m?Dgt
_(C&-c&)_eXp(_ 22 ) )

where ¢m and ¢cm are the maximum and minimum Si contents. Zero (0) corresponds to the time the heat
treatment was begun; t is the diffusion time; Ds is the diffusion coefficient of Si in Al at 813K of 5 x
10 m2.st and A is the a(Al) spacing. The minimum Si content, cm, is the a-eutectic in equilibrium of

1.65 wt% Si.

13



6.0

551 (b) A A AFL2WE%SI ) n
504 || Diffusion distance e
S 45 251 1/2 distance a-spacing 7
£ g -
c 4.04 S N A ~ A e
o iy 8 L7
5 354 AN e 20+ P
S * ~ A 8 -
® 3.0 2 s~ 2 -
z 4 - = .
2 2.5 Tl £ 154 A -

~ (2] -

c < Al S -
— 2.04 " N = -
< S k=] e
[0] ~ -
2 1.5+ S~ %) A
3 . S Al 2 10
= 101 A A A-120t.%Si o

0.54 — Profile estimated by Fick’s 2" law

O-O T T T T T T T T 5 T T T T T T T

0 50 100 150 200 250 300 350 50 100 150 200 250 300 350
Treatment Time (s) Treatment Time (s)

Fig. 4. (a) SEM images through SE mode indicate the evaluated microprobe points emphasizing the
composition of the a-Al area within the microstructures. (b) Experimental variation of silicon content
in solid solution of the as-tested Al-12 wt% Si alloys samples corresponding to treatment at 813K for
various times (i.e., A - Omin; B - 1min; C - 4min and D - 6min). (¢) Variation of RMS diffusion

distance of Si in a(Al) with treatment time.

The solute profile predicted by the Fick’s second law is plotted in Fig.4b (dash line), as can be
seen, the experimental variation of Si-content in the a(Al) solid solution with treatment time is in very
good agreement with the diffusion model given by Fick’s second law after the first minute of heat
treatment. Thus, it is likely that in the early stages of heat treatment, the interface or volume diffusion
in the Si rod dominate the spheroidization process. At later stages, however, the diffusion of Si from

the primary o(Al) contributes to the Si spheroidization. The results shown in Fig. 4b suggest that the
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microstructure refinement (i.e. a fine cell spacing of the primary phase) can greatly shorten the
diffusion time. As a consequence, the percentage of 8 will tend to zero in a duration as short as 6 min.
This explains the rapid homogenization observed here. Thus, the breakdown in Si rods in a rapidly
solidified alloy will take place with a mixed mechanism of interface or internal rod diffusion and
diffusion of supersaturated Si through the o primary phase to the Si rods in the eutectic.

The results shown in Fig.4b are corroborated by the variation of the Root Mean Square (RMS)
diffusion distance of Si in the a(Al) solid solution at 813K for different treatment times. Indeed,
Fig.4c. shows that the variation of RMS diffusion distance of Si in a(Al), \/m , With treatment time
compares very well with the Si evolution in a(Al). In the early stages of heat treatment, the RMS
diffusion distance of Si in a(Al) is smaller than the half-distance of a(Al)-spacing (center-to-boundary
between two a(Al) phases). And, at later stages, the RMS diffusion distance of Si is shown to be larger
than the half-distance of a(Al)-spacing, suggesting that for the given treatment times, Si can very well
diffuse out of the a(Al) solid solution and contribute to the spheroidization at the boundaries.

A more reliable analysis of the microstructure was carried out through transmission electron
microscopy (TEM). Fig. 5 shows regions of the microstructures of the Al-12wt%Si alloy through
STEM high-angle annular dark-field (HAADF) and the X-ray (EDS) elemental points for Al and Si.
The Si particles can be seen in detail at higher magnifications for the samples after IA (i.e., 0 min) and
after 6 min of heat treatment at 813K. It can be seen that the smaller eutectic Si particles were
developed in the as-atomized sample.

The STEM-EDS analyses (inset tables in Fig. 5) indicate the presence of 4.49wt% and
1.29/1.62wt% Si in a-Al spots for the samples after 1A and after 6min respectively. 1A sample showed
a considerable amount of Si embedded within the o-Al matrix. These results confirm the experimental
points in Fig. 3. Liu et al. [13] solution treated the Al-7wt% Si alloy under high pressure and traced a
solubility evolution of Si for heat treated samples at 443K for various periods of time. High Si
solubility of about 7wt% Si was observed for the as-processed sample decreasing for values between

1wt% and 2wt% Si for higher aging times.
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Correction method: None

AL(K)
Si(K)

The quantification of Si solubility was performed in the as-fabricated powders and in those

subjected to heat treatment at 813K for modeling purposes as will be described in the next section.

=x*Quantification Results*** 1 ***Quantification Results*** 1
Correction method: None
Element Weight % Atomic % Element Weight X Atomic ¥
““““““““ AL(K) 98.64 98.70
B 95.50 Si(k) 1.35 1.29
4.66 4.49
& | ***Quantification Results*** 2
Correction method: None
Element Weight % Atomic %
AL(K) 98.30 98.37
Si(K) 1.69 1.62

Fig. 5. STEM-HAADF images and EDS elemental analysis showing the Al and Si concentrations in
o(Al) in the Al-12wt%Si specimens: (a) as-atomized condition (i.e., 0 min) and (b) after silicon

spheroidization treatment at 813K for 6min.

C. Increments predicting strength

The microstructures of the as-atomized and as-heat treated samples for 1 min in Fig. 1 are
associated with high strength based on the measured Vickers microhardnesses of 102 HV and 99 HV
respectively in the Al-12wt% Si powders of size 355-425 um, as can be seen in Fig. 6. In both cases,
the fine eutectic mixture increases the mechanical strength. Indeed, the mentioned microhardness
values are higher than the values reported by Haghdadi et al. [14], which examined thixocast A356
samples obtained at various periods at 540°C. In this case, the microhardness increased from 84 HV
for 1 min to 87 HV for 2 min. In contrast, the present profile is much lower than those also reported by
Haghdadi et al. [14] for severe plastic deformed (SPD) A356 samples, which reported 113 HV for 1
min to 102 HV for 2 min. Fig. 6 shows that after initial high hardness for 1 min, the alloy softens
significantly due to the Si particles becoming coarser.

It is well known that the variations in hardness with microstructural parameter translating size
can be given by H=Ho+a (d)®, where ‘a’ and ‘b’ are constants. The experimental exponent (-1/2) for

the hardness-Si size relationship governing the rounded and fibrous silicon eutectic morphology found
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in the present results was shown to be the same exponent as that adopted in other investigations on this

regard [2,41].
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Fig. 6. Powder Vickers hardness (HV0.05 scale) as a function of the eutectic Si size found in the as-
fabricated and annealed Al-12 wt% Si alloy samples.

The hardness tests were made over a sufficiently large area that encompassed all the phases
present in the alloy. The sizes of the Vickers indent diagonals varied from 30um to 42um. As such,
Vickers hardness may be utilized in increment method to estimate the yield strength

The strength increments approach is classified in three contributions, which are Acss, Acsi and
Aoy, as labelled inside Fig. 7. These values have been determined for each of the conditions examined
in the investigated alloy, i.e., 0 min (as-fabricated sample), 1 min, 2 min, 4 min and 6 min. The
contribution of each mechanism of strengthening can be properly evaluated for each microstructural
condition. The strengthening of the eutectic Si appears as the most relevant in order to boost the
strength, especially for the shorter treatment times. However, after longer heat treatments (i.e., 4 min
and 6 min), only limited strength improvement may be related to Acsi. The solid solution
strengthening of Si, Acss, can also help to improve the strength. However, after the heat treatments for
4 min and 6 min, only limited amount of Si is left in the o-Al matrix as demonstrated in Fig. 4, and

therefore, the strength input by Si solute in solution becomes limited.
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Fig. 7. Plot showing the contribution of each increment, that is, Acss, Acsi and Acai, composing the
total yield strength predicted to the as-atomized and heat treated powder samples at 813K for various

times.

The applicability of the increments methodology is further shown by comparing
experimentally estimated and predicted strengths for the conditions investigated here, as can be seen in

Fig. 8. The Vickers hardness, HV, measurements were utilized to estimate the yield strength by using
the oy=02 = %x(O.l)(m_z), where ‘m’ is the Meyer’s coefficient, which is 2.25 [42].

This model of increments predicts the strength of the IA heat treated Al-12wt %Si alloy
powders with least deviations. Even though the comparisons show overall good agreement, the
strength values can be considered slightly underpredicted for the samples treated for longer periods of
time, that is, 4 min and 6min.

Contrasting this work with that of Lados et al [43] is of interest. Their samples including the
Al-13Si-0.45 Mg with about 0.28Ti were cast. Heat treatments at 811K for 10 to 12 hours (T61
condition) were applied to the samples. The reported mechanical properties are shown not to degrade
with time but gain an improvement from 260 MPa to about 310 MPa. This is considered to be due to

the precipitation of Mg2Si precipitates. It follows then from our work that the combination of rapid
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solidification and alloying particularly with Mg, should yield improved and non-degraded mechanical

properties while utilizing fast heat treatment times. This is the subject of ongoing research.
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Fig. 8. Comparison between the experimentally estimated and the predicted yield strengths for the five
conditions evaluated in this work in powder Al-12 wt% Si alloy: after atomization, after annealing

treatments at 813K for 1 min, 2 min, 4 min and 6min.

4. Conclusions
The following outcomes can be outlined:

1. Fast treatments of the rapid solidified Al-12wt %Si powders at 813K for various short periods of
time resulted in significant changes in the microstructure. Firstly, a gradual destruction of the dendritic
pattern was observed after heat treatments until its complete absence for the 6 min sample. And
secondly, the eutectic Si particles tended to transition from the coral to round shape and coarsened for
exposure times from 1 min to 6 min. The heat treatment at 813K resulted in relative high hardness for
1 min, but for higher treatment time periods the material lost its strength significantly.

2. Eutectic Si network of the rapid solidified powders showed a fine dispersed coral fibrous

architecture. This feature is considered to be very beneficial in order to improve the fragmentation
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process during heat treatment of Al-Si alloys. The growth of Si in rods which branched into smaller
cylinders was obtained through IA technique without adding doping elements.

3. The results from the present work highlight the applicability of the model of increments to predict
strengths in Al-Si alloys. This is a useful approach needed to realize the full potential of rapid
solidified Al-Si and Al-Si based alloys after being exposed to heat treatment process.

4. Very fine dispersion of eutectic Si fibers was generated by rapid solidification of the Al-12wt.%Si
alloy. The mechanisms associated with the breakup of these fibers under heating were investigated
vis-a-vis those established for other eutectics. The wavelength relative to the radius (ro) of the Si fibers
in the initial phase of heat treatment was 6.4 ro +1.7, which favors the breakdown of rods and
accelerate spheroidization. The volume diffusion of Si supersaturated in a-Al was another mechanism

of spheroidization found in the present investigation.
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atomized and heat treated Al-12 wt% Si alloy specimens for different heat treatment times.

Fig. 2. Variation in range of the Si spacing (1) and Si size (D) as a function of the annealing treatment
at 813K for various times, t, for the Al-12 wt%Si of size 355-425um generated by impulse

atomization under helium atmosphere.

Fig. 3. Plot showing comparison between the Si size with time in the present investigation (i.e., rapid
solidified powders) and those found in the literature for the A356 Al alloy generated under different

manufacturing routes. Solid and dash-dot lines are from ref. [14].

Fig. 4. (a) SEM images through SE mode indicate the evaluated microprobe points emphasizing the
composition of the a-Al area within the microstructures. (b) Experimental variation of silicon content
in solid solution of the as-tested Al-12 wt% Si alloys samples corresponding to treatment at 813K for
various times (i.e., A - Omin; B - 1min; C - 4min and D - 6min). (c) Variation of RMS diffusion

distance of Si in a(Al) with treatment time.

Fig. 5. STEM-HAADF images and EDS elemental analysis showing the Al and Si concentrations in
a(Al) in the Al-12wt%Si specimens: (a) as-atomized condition (i.e., 0 min) and (b) after silicon

spheroidization treatment at 813K for 6min.

Fig. 6. Powder Vickers hardness (HV0.05 scale) as a function of the eutectic Si size found in the as-

fabricated and annealed Al-12 wt% Si alloy samples.

Fig. 7. Plot showing the contribution of each increment, that is, Acss, Acsi and Acal, composing the
total yield strength predicted to the as-atomized and heat treated powder samples at 813K for various

times.

24



Fig. 8. Comparison between the experimentally estimated and the predicted yield strengths for the five
conditions evaluated in this work in powder Al-12 wt% Si alloy: after atomization, after annealing
treatments at 813K for 1 min, 2 min, 4 min and 6min.
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