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Abstract: An A356 alloy is a classic casting light alloy, which is able to be processed into complex
geometrical shapes with tailored static and dynamic mechanical properties. As a promising material
to reduce fuel and energy consumption in future vehicle designs, there is an interest in understanding
the impact of heat treatments on the damping capacity of this alloy. The Granato–Lücke theory is
used to detail the forced vibration response in gravity cast A356. It is shown that a solution treatment
enhances damping capacity in lower stress states (i.e., strain-independent regime) due to the increase
in weak pinning length. However, in high-stress states (i.e., strain-dependent regime), peak-aged (T6)
samples display higher damping capacity. This is proposed to be originated by releasing dislocations
from weak pinning points, which start bowing in the precipitates that act as strong pinning points.
Based on these results, it is shown for the first time that the selection of heat treatments to optimize
damping in forced vibration is highly dependent on the expected stress–strain state and must be
considered in the design of cast components.

Keywords: damping capacity; A356; heat treatment; metal casting; dislocations

1. Introduction

Current environmental concerns require the design and manufacturing of lightweight
vehicles with high specific mechanical properties, such as strength-to-weight ratio and
damping capacity. While load-bearing capacity is essential to produce light mechanical
components to reduce fuel and energy consumption, enhancing damping capacity decreases
fatigue-related issues and addresses life cycle concerns.

The A356 is a classic hypoeutectic casting aluminum alloy, being extensively used in
the automotive, railway and aeronautic industries. Given its ability to be heat treated [1], it
may have its static and dynamic mechanical properties tailored to be optimized to specific
applications [2]. Additionally, it is characterized by good castability [3], resistance to
corrosion [4] and its ability to be processed into thin-walled and complex geometries [5,6].

While numerous researchers have focused on the impact of light-alloy processing on
yield and ultimate tensile strengths [7], there is recent concern about their damping capacity.
These are frequently concerned with correlating microstructural changes to dissipate energy
due to internal friction.

Y. Zhang et al. [8,9] showed that α-Al refinement in A356 alloys enhances the damping
capacity at low strain amplitudes. M.N. Mazlee et al. [10] showed that the combination of
α-Al and eutectic Si refinement by superheating an A357 alloy increases grain boundary
damping. J.I. Rojas et al. [11] analyzed the damping increase in A356 by adding ceramic-
based reinforcements, detailing the changes in thermoelastic relaxation peaks. Recently,
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we also showed that a solution heat treatment enhances free-vibration damping capacity,
while the dislocation pinning promoted in artificial aging reduces this property [2,12]. The
interaction between the elastic modulus and damping capacity in post-solutionized and
early artificial aging states also seems to be beneficial in reducing resonant stress in cast
components and contributes to extending their life [13].

Dynamic loading is frequently characterized as forced vibration, meaning that the
imposed strain is considered a variable [14]. Considering that Granato and Lücke [15] have
long shown that forced vibration response is significantly dependent on strain amplitude,
it is important to analyze the damping capacity of light alloys in this regime. This study
reports the changes in the damping of A356 alloys as the strain is increased and considers
different heat treatment stages. Experimental results show that the enhanced damping
capacity may be achieved by selecting a solution treatment or artificial aging in the design
phase, depending on the expected stress–strain states.

2. Materials and Methods
2.1. Melt Processing and Casting

An A356 alloy primary fusion ingot (composition in Table 1) was sectioned in 1kg
lots, being afterward degreased, cleaned and dried to prevent melt contamination. Two
1 kg lots (i.e., 2 kg in total) were inserted in a Silicon Carbide (SiC) crucible placed within
a resistance furnace. Both crucible and furnace were previously pre-heated to 680 ± 5 ◦C
(5 h) to remove moisture and melt contamination with hydrogen.

Table 1. A356 chemical composition.

Element Si Mg Fe Ti Cu Mn Zn Res. Al

% wt 7.44 0.30 0.13 0.11 0.07 0.07 0.05 0.12 Bal.

When melting was observed, a type-K thermocouple was inserted in the melt to mea-
sure the temperature and after it reached 720 ◦C it was allowed to homogenize for 15 min.
After the homogenization period, the pre-heated SiAlON sonotrode (diameter, 60 mm) was
inserted in the melt and ultrasonic vibration (600 W electric power, 20.2 ± 0.4 kHz) was
applied for 2 min for degassing and refinement purposes. The melt was then poured into
a steel die (pre-heated—250 ◦C) to produce 4 cylindrical samples (diameter and length,
respectively, 14 mm and 150 mm).

Cylindrical samples were subjected to a T6 heat treatment by initially performing
a solution treatment (T4) at 540 ◦C for 8 h followed by a quench in mild water. The
solutionized samples were then artificially aged at 160 ◦C for 6 h and were then quenched
in mild water. Samples were kept and cooled for storage in their as-cast, solution-treated
(T4) and artificially aged (T6) state.

2.2. Microstructural Characterization

The cylindrical cast samples were sectioned to analyze the microstructure. These
samples were initially ground with SiC papers down to 11 granulometry and, finally,
polished with a 1 µm diamond solution. An optical microscope (Leica DM2500M) was used
to observe the size and aspect ratio of the α-Al and eutectic Si. Data for this characterization
were collected according to ASTM E112 in 50 measurements per optical field (100×) in
5 different fields, while the secondary dendrite arm spacing (SDAS) was determined
as reported by interception method reported by E. Vanderluis and C. Ravind [16]. The
microstructures of the samples were detailed by scanning electron microscopy with energy
dispersive spectroscopy (SEM-EDS, Hitachi SU-70 with Bruker QUANTAX 400).

Hardness testing (Vickers) was carried out by Shimadzu HMV-2 equipment, by mark-
ing indentations on polished samples with a diamond square-based pyramid with a
0.1 Kgf load (15 s). These average hardness values and standard deviation were deter-
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mined by 10 indentations in 5 samples for testing conditions (i.e., as-cast, solution-treated
and peak-aged).

Thermal analysis was used to analyze the samples’ melting temperature profiles and
energies. Differential thermal analysis (DTA, TA instruments SDT 2960) was used to moni-
tor the melting of the eutectic and secondary phases by performing a temperature ramp to
700 ◦C in the as-cast samples. Differential scanning calorimetry (DSC, TA instruments Q20)
was also used to monitor precipitate melting in the solution-treated (T4) and artificially
aged (T6) samples, by performing a temperature ramp to 400 ◦C. DTA and DSC routines
were executed using a 10 ◦C/min heating rate with inert (Argon) atmosphere.

2.3. Dynamic Mechanical Analysis (DMA)

Rectangular specimens were extracted from the as-cast samples before being heat
treated. These specimens were cut with a diamond disk and coolant to prevent precipitation
due to local heating, with 35 × 5 × 2 mm3 dimensions (0.1 mm tolerance). Specimens
were subjected to the T4/T6 heat treatments and clamped to the equipment in a can-
tilever configuration to test their isothermal (room temperature, 25 ◦C) damping capacity
over a wide range of strain amplitudes (1 × 10−3 to 3 × 10−2) at 1 Hz. Prior to testing,
heat-treated samples in their as-quenched state were immediately placed in a freezer to
prevent precipitation.

3. Results and Discussion
Microstructural Analysis

Figure 1 displays the microstructures of the cast samples, in which the shape/
tmorphology and size of the α-Al and eutectic Si may be analyzed. The lower magni-
fications (10×) in Figure 1 show the shape of the α-Al, respectively, in the as-cast (Figure 1a)
and solution-treated (Figure 1c) samples. It may be observed that they are characterized by
the globular and rosette morphologies in both cases. As expected, there is no significant
difference between both samples, as solution-treated samples derive from the original
as-cast state, which should not significantly modify the morphology of the α-Al.
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Grain refinement is more efficient near liquidus temperature [17,18], due to the reduc-
tion in nuclei survival time at high temperatures [19]. Given the lower melt viscosity and
higher hydrogen diffusion at higher temperatures [20], the melt was successfully degassed
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by the ultrasonic melt treatment, as no porosity may be found (Figure 1b). As presented in
Table 2, it was determined that the solution-treated (T4) samples had a slight increase in
SDAS due to accommodation of the solutionized eutectic Si [2].

Table 2. Geometrical characterization of α-Al and eutectic Si.

Microstructural Characterization As-Cast Solution-Treated (T4)

α-Al SDAS (µm) 38 ± 14 39 ± 14

Eutectic Si
Area (µm2) 4.7 ± 2.9 13.9 ± 4.6

Aspect ratio ( - ) 3.0 ± 1.6 1.7 ± 0.7

Figure 1 and Table 2 also show that the solution treatment changed the eutectic Si
area and aspect ratio. The increase in eutectic Si area (4.7 ± 2.9 to 13.9 ± 4.6) implies Si
agglomeration due to Si self-diffusion and Si–Al interdiffusion [21]. The decrease in the
aspect ratio (3.0 ± 1.6 to 1.7 ± 0.7) of the eutectic Si proves that the solution treatment
thermally activated the Si and promoted spheroidization [22,23]. Both Si agglomeration and
spheroidization are evidence of the successful solution treatment (Figure 1d), highlighted
in the SEM micrograph and EDS mapping in Figure 2. Given that α-Al and eutectic Si
are not significantly changed during artificial aging [2], peak-aged (i.e., T6) samples were
not characterized by optical microscopy. Figure 2d–f also show that Fe-rich intermetallic
compounds were also observed in the forms of thin-needles β-phases (β-AlFeSi) and
polyhedral α-AlSiMgFe, as is usual in Al–Si–Mg alloys with ultrasonically treated melts.
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Figure 2. Detail of solution-treated (T4) sample with (a) micrograph and EDS mapping on (b) Al
matrix and (c) eutectic Si; Higher magnification (d) micrograph with EDS mapping to detail (e) Fe-rich
intermetallic compounds and (f) spheroid eutectic Si.

The dissolution of Mg2Si and the diffusion of its Mg and Si atoms into the α-Al matrix
are fundamental aspects of allowing precipitation hardening after the solution (T4) heat
treatment. Figure 3 shows that the cast samples precipitated Mg2Si in the grain boundaries,
which may be diffused into the α-Al matrix. Figure 3 further proves the presence of Mg2Si
by the peak highlighted (Mg2Si peak, 553 ◦C), while the eutectic Si and α-Al peaks were
observed at 574 ◦C and 605 ◦C, respectively. The liquidus temperature for the A356 alloy
with ultrasonically treated melt was observed to occur at 611 ◦C. The reported temperatures
are well within the range of accepted temperatures for this alloy [24].
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Indeed, the dissolution of the Mg2Si and the diffusion of the Si and Mg atoms are
fundamental aspects of the solution treatment. After quenching, these solute atoms are able
to assemble into vacancy-rich clusters (VRCs) [25] and follow the typical artificial aging
precipitation sequence (Equation (1)) [26].

αSS → VRC → GPzones → β′′ → β′ → β(Mg2Si) (1)

Figure 4 and Table 3 detail the precipitate dissolution in the solution-treated (T4) and
artificially aged samples (T6). VRCs were only detected in the solution-treated (T4) sample,
meaning that there is a solution able to precipitate. The presence of precipitates in this
sample suggests residual precipitation (β” to β) entrapped in the matrix after quenching,
as reported by Kim et al. [27]. Artificially aged (T6) samples display no significant presence
of VRCs, meaning that the solution was diffused and precipitated.

Figure 4. DSC analysis (heating) of solution-treated (T4) and artificially aged (T6) samples detailing
the dissolution of the precipitates.
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Table 3. Detail of precipitate dissolution temperature and energy in solution-treated (T4) and
artificially aged (T6) samples.

Precipitate

Sample

Solution-Treated (T4) Artificially Aged (T6)

Peak
Temperature (◦C)

Energy
(J/g)

Peak Temperature
(◦C)

Energy
(J/g)

VRC 77 0.6

GP zones 140 0.4 148 0.2

β” 229 4.9 223 0.8

β′ 278 6.5 294 10.9

β (Mg2Si) 325 1.1 357 0.1

In addition to the VRCs, the dissolution energies in Table 3 attest that the solution-
treated (T4) sample has a higher volume fraction of metastable GP zones with small radii β”
precipitates. The artificially aged (T6) samples reveal that the peak-aged state is composed
of β” and β′ precipitates. Indeed, it is accepted that peak aging is formed by the higher
volume fraction of precipitates with a size smaller than the critical radius, as precipitation
strengthening (σPPT) in this condition is given by Equation (2) [28]. It is accepted that β”
and β′ peak-aged samples are composed of a small volume fraction of coarse β” and a high
volume fraction of fine β′ (i.e., r < rcrit), as supported by the dissolution energies presented
in Table 3. The increase in the volume fraction (fr) with radii in the vicinity of the critical
value implies a significant increase in precipitation strengthening (σPPT).

σPPT = c1 fr
1
2 < r >

1
2 → < r >< rcrit (2)

Considering that the strengthening of an A356 alloy (σy, Equation (3)) [25] is composed
of components of the pure aluminum strength (σi), solid solution strengthening (σSS) and
precipitation strengthening (σPPT), the results from hardness testing (Figure 5) seem to
corroborate the thermal analysis data, as shown by an increase in the precipitates fraction
in Figure 4 and Table 3.

σy = σi + σSS + σPPT (3)
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Considering that the initial pure aluminum strength (σi) is constant, the solution
treatment that increases the solid solution strengthening (σSS) is dependent (Equation (4))
on the intrinsic solid solution strengthening (σ0SS), the proportion of solution release (α)
and volume fraction of the precipitates (fr) [29]. It is proposed that there is an elevation
in the intrinsic solution strengthening due to the dissolution of the Mg2Si in the as-cast
state (Figure 3) solution clustering into the VRCs that is shown in the solution-treated (T4)
states in Figure 4 and Table 3. Given that there is a residual precipitation volume fraction
(fr) during the solution treatment (GP zones to β—Table 3) that is entrapped by quenching,
there is an overall increase in 9 HVs, as presented in Figure 5. After the artificial aging (T6),
mainly β′ is entrapped by quenching (Table 3), resulting in an additional 22 Hv increase in
hardness by the mechanisms discussed in Equation (2).

σSS = σ0SS(1− α fr)
2
3 (4)

Figure 6 displays the loss factor for the different tested samples under increasing
strain amplitude, showing that both the solution treatment and the artificial aging induce
significant changes in their damping response. The strain amplitude damping plots in
Figure 6a show the typical behavior predicted by the Granato–Lücke theory [15,30], where
there is a strain-independent damping (δ0) behavior at lower values of strain amplitude,
followed by a significant increase in internal friction in a strain-dependent damping domain
(δH) [31].
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The strain-independent damping capacity (δ0) is proportional to the dislocation density
(ρ) and weak pinning point length (Ld), according to Equation (5) [32]. Considering the
internal friction (δ = π tan(δ)) results, it is shown that the strain-independent damping
capacity of the as-cast, solution-treated (T4) and artificial aging (T6) samples is 8.5 × 10−3,
10.4 × 10−3 and 9.2 × 10−3, respectively. The strain-dependent damping capacity reveals
that there is an inversion in the damping capacity of the samples in this regime, in which
the solution-treated (T4) samples display lower strain-independent damping than the
artificially aged (T6) and as-cast samples.

Considering that at lower stress states (i.e., low strain amplitudes) there is no signifi-
cant activation of mobile dislocations, the dislocation density (ρ) remains relatively constant
and the changes in damping must be related to the changes in weak pinning length (Ld).

δ0 ∼ ρLd
4 (5)
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Figure 7 shows the Granato–Lücke plots (Equation (6)) that were extracted from the
strain-dependent damping capacity [29] for the samples in different states, supporting that
the heat treatments are able to change the damping mechanisms in the matrix. This is
particularly visible in the slopes and interceptions from which it is possible to extract the
values of C1 and C2 (Table 4), respectively, in which the variables are directly related to the
dislocation binding force (Fb), Bürger’s vector (b), Young’s modulus (E), dislocation density
(ρ), weak pinning length (Ld) and strong pinning length (LN) by Equations (7) and (8) [33].

δH =
C1

ε
e−

C2
ε (6)

C1 =
ρFbLN

3

6bELc
(7)

C2 =
Fb

bELc
(8)

Metals 2022, 12, x FOR PEER REVIEW 8 of 11 
 

to the dislocation binding force (Fb), Bürger's vector (b), Young’s modulus (E), dislocation 
density (ρ), weak pinning length (Ld) and strong pinning length (LN) by Equations (7) and 
(8) [33]. 𝛿 = 𝐶𝜀 𝑒  (6) 

𝐶 = 𝜌𝐹 𝐿6𝑏𝐸𝐿  (7) 

𝐶 = 𝐹𝑏𝐸𝐿  (8) 

 
Figure 7. Granato–Lücke plots for as-cast, solution-treated (T4) and artificially aged (T6) samples. 

Table 4. Detail of C1 and C2 variables extracted from the Granato–Lücke plots for as-cast, solution-
treated (T4) and artificially aged (T6) samples. 

Sample C1 C2 
As-cast 0.0023 0.035 
Solution-treated (T4) 0.0014 0.032 
Artificially aged (T6) 0.0028 0.045 

Considering that an inverse proportionality characterizes C1 and C2 to the weak 
pinning length (Ld), it may be concluded that after the solution treatment (i.e., T4 state) 
there is an increase in weak pinning length (Ld). This is supported by the dissolution of 
the Mg2Si secondary phase monitored in Figure 3 and the spheroidization of the eutectic 
Si, which reduces weak pinning in the boundary pinning. Such transformation is 
supported by Shoeck’s theory (Equation (9)) [34,35], which predicts an elevation in 
damping (Q−1 = tan(δ)) by the increase in the radii (ai, see Eutectic Si in Table 2) of the 
eutectic Si that acts as inclusion in a matrix with a volume (V) and Poisson’s ratio (ν), due 
to shear stress (p13) in a given shear component (𝑝 ). 𝑄 = 1𝑝 8 1 − 𝜈3𝜋 2 − 𝜈 1𝑉 𝑎 𝑝  (9) 

Precipitation strengthening due to artificial aging inherently reduces damping in 
low-stress levels. However, Figure 6 shows an inversion of this behavior at high strain 
amplitudes. This means that the samples in their T4 state display lower damping at high-
stress levels. Considering that in this regime, the changes in damping capacity are 
regulated by their strain-dependent component (δH, Equation (6)) and, consequently, by 
the value of C1 and C2. The progressive precipitation and coarsening of metastable VRC, 

Figure 7. Granato–Lücke plots for as-cast, solution-treated (T4) and artificially aged (T6) samples.

Table 4. Detail of C1 and C2 variables extracted from the Granato–Lücke plots for as-cast, solution-
treated (T4) and artificially aged (T6) samples.

Sample C1 C2

As-cast 0.0023 0.035

Solution-treated (T4) 0.0014 0.032

Artificially aged (T6) 0.0028 0.045

Considering that an inverse proportionality characterizes C1 and C2 to the weak
pinning length (Ld), it may be concluded that after the solution treatment (i.e., T4 state)
there is an increase in weak pinning length (Ld). This is supported by the dissolution of
the Mg2Si secondary phase monitored in Figure 3 and the spheroidization of the eutectic
Si, which reduces weak pinning in the boundary pinning. Such transformation is sup-
ported by Shoeck’s theory (Equation (9)) [34,35], which predicts an elevation in damping
(Q−1 = tan(δ)) by the increase in the radii (ai, see Eutectic Si in Table 2) of the eutectic Si that
acts as inclusion in a matrix with a volume (V) and Poisson’s ratio (ν), due to shear stress
(p13) in a given shear component (p13).

Q−1 =
1

p13
2

8(1− ν)

3π(2− ν)

1
V ∑ ai

3
(

p13
2
)

i
(9)
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Precipitation strengthening due to artificial aging inherently reduces damping in
low-stress levels. However, Figure 6 shows an inversion of this behavior at high strain
amplitudes. This means that the samples in their T4 state display lower damping at high-
stress levels. Considering that in this regime, the changes in damping capacity are regulated
by their strain-dependent component (δH, Equation (6)) and, consequently, by the value of
C1 and C2. The progressive precipitation and coarsening of metastable VRC, GP zones and
β” that are later quenched and entrapped as β′ in the T6 state (as demonstrated in Figure 4
and Table 3), significantly reduce the weak (Ld) and strong (LH) pinning length. Thus, the
increase in C1 and C2 (Table 4) effectively increases the rate at which the strain-dependent
component (δH) increases with the strain amplitude, as shown in the experimental results
presented in Figure 6.

4. Conclusions

Dynamic mechanical analysis was used to study the influence of solution treatment
(T4) and artificial aging (T6) on the damping capacity of cast A356 samples. Microstruc-
tural analysis has shown that the melt treatment successfully promoted moderate grain
refinement, eutectic Si modification and degassing, allowing the damping capacity changes
to focus on the spheroidization of the eutectic Si and precipitation strengthening. The
experimental results have shown that:

(i) In the strain-independent regime (δ0), solution-treated samples increased the damp-
ing capacity (10.4 × 10−3), relative to artificially aged (9.2 × 10−3) and as-cast (8.5 × 10−3)
samples. The spheroidization of the eutectic Si in the as-cast→T4 transition increased the
pinning length and, thus, the damping capacity. However, the nucleation and growth of
the precipitates (mainly β′) in the T4→T6 transition decreased the weak pinning length
and, consequently, the damping capacity.

(ii) The damping capacity in the strain-dependent regime (δH) revealed that the
solution-treated (T4) samples tend to display lower damping capacity than the as-cast
and artificially aged (T6) samples. The activation of bowing in strong pinning points is
decreased in the as-cast→T4 transition and, consequently, the same occurs to the strain-
independent damping capacity. However, the nucleation of precipitates increased the
locations that allow bowing, acting as strong pinning points. Therefore, the T4→T6 transi-
tion increased the strain-dependent damping capacity.

(iii) Damping capacity was significantly influenced by heat treatments, however,
contrary to common assumptions, peak-aged samples may eventually display higher
damping capacity when subjected to elevated strain amplitudes. This is especially relevant
for optimizing the design of mechanical components with enhanced vibration damping
under high-stress states.
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