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A356 is a common industrial alloy due to its relatively good mechanical properties, reduced weight and cap-
ability be casted into complex structures. However, in order to display good static mechanical properties (e.g.
elevated yield strength) it must be heat treated (usually T6), therefore, compromising its dynamic properties
(e.g. damping ratio). This study analyses the role of such heat treatments in the overall microstructure of A356
poured in ceramic block, associating the morphology transformations with the internal mechanisms that en-
hance yield strength and reduce damping. It is suggested that these variables display an inverse proportionality

and a linear model is determined for the design of alloys with tailored yield/damping by the use of different

artificial ageing times.

1. Introduction

Al-7Si-0.3Mg, typically referred as A356, is a classic gravity casting
hypoeutectic aluminum alloy. It is usually employed in transportation
industries [1] (e.g. automotive, railway and aerospace) for its capability
to be heat treated, casted in ceramic block to produce thin walled/
complex geometries [2] and overall specific mechanical properties.
However, in its as-cast condition, this alloy is characterized by poor
mechanical properties (e.g. low yield/UTS strength and extension) and,
therefore, must be heat treated [3] (generally by T6, i.e. solution and
quenching followed by artificial ageing).

As this alloy comprises a good part of the overall casted products
using bulk [3-7] or composite [8-11] forms, there is a continuous re-
search dedicated to its development and characterization. There has
been significant research concerning the A356 a-Al primary dendrites
[1,2,12,13], eutectic Si [14-17], main secondary phases (B-AlsFe,Si,
and m-AlgFeMgsSig) [18-21] and heat treatments, such as solution
[17,22,23] and ageing [24-28]. Additionally, there are numerous stu-
dies concerning the effects of melt treatment by chemical or physical
processes at a microstructural level. Most chemical processes are based
on common grain refinement using TiB and modification with Sr
[29-31] master alloys, or more expensive combined treatment by Sc
[32,33]. Recently, physical processes based on ultrasonic vibration
have been employed to promote the referred refinement and mod-
ification of the matrix morphology [4,34,35].

Several studies have also been published to characterize the

influence of the referred processing parameters in the overall me-
chanical properties of this alloy [36-38]. Fundamentally, there is a
strong emphasis on its load bearing capability under quasi-static-
loading, either by simple hardness testing [33,39,40] of the casted al-
loys and/or posterior tensile testing [41-43]. Recent studies show a
concern on the damping properties (mainly using DMA) of this alloy
[1,44]. Given the importance of this characteristic in the reduction of
noise/vibration and its implication in practical problems, such as high
resonance response, vibration fatigue and comfort issues on the in-
dustrial application of A356 alloys, there seems to still be a lack on data
on this matter.

Even though, it is also known that there is a general inverse pro-
portionality between static and dynamic (e.g. vibration damping) me-
chanical properties [1,44] this correlation has not been directly studied
in this alloy. From a technological designer point-of-view, this study
intends to relate the dependence of static and damping properties of
ceramic block poured A356 alloys and use the ageing heat treatment as
a route to tailor specific damping ratios and/or yield strengths for
specific applications.

2. Methodology
2.1. Alloy casting, heat treatment and sample production

A356 alloy study was received in the form of 12.5 kg ingots with the
chemical composition shown in Table 1. Melting of 0.3 kg of alloy was
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Table 1
Aluminum alloy chemical composition.

Alloy Chemical composition (%wt)

Si Mg Fe Ti Cu Mn Zn Res. Al

A356 7.44 0.30 0.13 0.11 0.07 0.07 0.05 0.12 Bal

carried out in an electrical resistance furnace and maintained in a SiC
crucible at 720 °C during 30 min for homogenization. Master alloys of
grain refiner (0.3%wt - AITiB) and eutectic Si modifier (0.02%wt -
Al;(Sr) were added and the melt was kept isothermic for 20 min, being
stirred every 5 min to prevent particle sedimentation (a total of 5 stir-
ring routines). It is known that the addition of eutectic Si modifier
generates an increase in porosity due to the decrease in superficial
tension [45,46]. Thus, the regular degassing process was inverted being
performed after the addition of the master alloy in the melt. The alloy
cooled down being degassed for 5min at 710 = 5 °C with Argon, until
a pouring temperature of 702 * 3°C was reached. The melt was
poured into pre-heated (230 = 2°C) ceramic blocks with six rectan-
gular openings with the dimensions of 25 X 4 X 140 mm, corre-
sponding to the primitive samples to be tested. A total of ten castings
were performed to obtain total of sixty samples for optical microscopy,
hardness characterization, vibration analysis and tensile testing.

From the referred samples, ten were kept as as-cast reference with
the objective of determining the properties of the casted alloy. The
remaining specimens were subjected to a solution heat treatment
(540 °C for 480 min) and quenched in mild water, in which ten solution
treated samples where kept to determine solution sample properties.
Finally, forty solution treated samples were subjected to artificial
ageing, being maintained at 160 °C for 8, 64, 256 and 512 min. The
final artificial ageing time was defined as the peak-age, given that a
time of 480-600 [min] is recommended to avoid over-ageing effect on
the mechanical properties [23,47]. From the tip of each sample, a 5 mm
thick specimen was extracted for microstructural analysis and hardness
testing. Samples where afterwards machined to the dimension and
shape that is defined for cantilever vibration analysis. Finally, the
samples were machined by wire erosion into a dogbone shape for ten-
sile testing.

2.2. Microstructural characterization and hardness testing

Optical microscopy (Leica DM2500M) was used to evaluate the
microstructural characteristics and morphology of the samples. Image-
ProPlus software was used to quantify the average size (D — Eq. (1)) and
roundness (R, — Eq. (2)) of the a-Al grain and eutectic Si particles, based
on their area (A) and perimeter (P). Measurements were carried out
according to ASTM E112 Standard and 50 measurements per optical
field (100 x) were performed on 5 different fields.

D =2JA/n (@]
R, = 47mA/P? 2)

Vickers hardness tests were performed using a Shimadzu HMV-2.
The indentations were performed on polished specimens with a dia-
mond square-based pyramid under a load of 1 Kgf for 15s. The mea-
surements were repeated 10 times from which the mean value and
standard deviation were calculated.

2.3. Vibration analysis — determination of damping ratios

Machined rectangular samples (23 = 0.05 x3 = 0.05 X140 mm -
Fig. 1(a)) were fixed on a cantilever configuration using a vise, main-
taining and overall cantilever length of 120 = 0.05mm. An impact
hammer (PCB 086) was assembled on a rig composed by a rigid
structure that allows the rotation while a pre-tensioned ribbon assures
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Fig. 1. Vibration analysis: (a) experimental apparatus; (b) schematic re-
presentation and (c) half-power bandwidth method for damping ratio de-
termination.

that only one impact (8.5 + 0.15N) is performed (Fig. 1(b)). A LMS
Scadas Mobile spectral analyzer was used to correlate the input ex-
citation data with the velocities captured by the laser (Polytec OFV-512
Fiber Vibrometer). The corresponding frequency response function
(FRF) (Fig. 1(c)) was calculated, from which the damping ratios were
determined by the half-power bandwidth method from first eigen-
frequency response using Eq. (3).

Wy — W

= 3)

2.4. Tensile testing — determination of yield strength

Specimens previously subjected to vibration analysis, had the lateral
walls wire eroded to assume a dogbone shape (Fig. 2(a) — Type Bl
specimen). Tensile testing was then performed recurring to an IN-
STRON 8874 universal testing equipment (Fig. 2(b)) according to ISO
6892-1. The samples were tensioned in deformation control with a
strain rate of 0.025/min and the test was stopped when an instant load
decrease of 60% was monitored, meaning that the samples have frac-
tured (Fig. 2(c)). Instant values of load and strain (recurring to a me-
chanical strain-gauge — Fig. 2(b)) were monitored to determine the
yield strength by 0.2% permanent strain method.

Fig. 2. Tensile testing: (a) initial; (b) during test and (c) fractured samples.
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Fig. 3. Microstructural optical microscopies of the (a) as-cast, (b) solution and (c) 8 min, (d) 64 min, (e) 256 min and (f) 512 min artificially aged samples.

3. Results and discussion
3.1. Microstructural characterization and hardness testing

Fig. 3 presents the microstructures of the produced as-cast
(Fig. 3(a)), solution treated (Fig. 3(b)) and artificially aged for 8 min
(Fig. 3(c)), 64min (Fig. 3(d)), 256 min (Fig. 3(e)) and 512min
(Fig. 3(f)) samples.

The samples in Fig. 3 show a characteristic refinement of the a-Al
grain resultant from the promoted nucleation by AlITiB master alloys.
Furthermore, the results in Fig. 4 display an average a-Al grain dia-
meter of 80 um that, as expected, does not change significantly with the
subsequent solution and ageing treatments. According to these results,
although some dendrites may be observed, the high and constant re-
lative roundness of the samples further validate the effectiveness of the
performed chemical refinement.

Observing Fig. 3(a), it may be stated that the addition of Al,,Sr was
able to modify the eutectic Si, as it presents a fibrous/coral-shape [31]
and no flake-like morphologies may be found. Even though this mod-
ification may promote eutectic undercooling [48] and increases the
probability of hydrogen entrapment (especially for low cooling rates in
ceramic block castings), it is apparent that the inversion of Argon de-
gassing is able to contradict this tendency as no significant porosity is
observed in all samples (Fig. 3).

Fig. 5 shows the eutectic Si diameter and roundness evolution in as-
cast and heat treated samples. As-cast samples (Fig. 3(a)) show smaller
modified eutectic Si diameters (2.8 pm), however, these particles are
more angular and show lower roundness (0.4). It is shown that the
solution treatment is able to successfully agglomerate the eutectic Si
particles due to Si self-diffusion and inter-diffusion at the Si-Al interface
according to an Ostwald mechanism [22]. This promotes an elevation
in the overall Si diameter (from 3.9 to 4.4 um) that is maintained during
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Fig. 4. Average a-Al grain diameter and roundness for different heat treat-
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Fig. 5. Average eutetic Si diameter and roundness for different heat treatments.

the ageing treatment. Additionally, there is an increase in particle
roundness due to thermally activated Si spheroidization (from 0.4 to
0.8) [12,14], that are similar to the values reported in [22]. Overall, it
may be also observed that the solution treatment time/temperature is
appropriate due to the absence of undissolved Mg,Si in the heat treated
samples.

According to Figs. 3 and 6 it may be observed that the main sec-
ondary phases are needle/platelet-shaped f-AlsFe,Si and script-shaped
ni-AlgFeMg3Sie. The precipitation of the latter is further promoted by to
the low solid solubility of Fe [18] in as-cast samples and the presence of
Mg. Although the subsequent heat treatments do not significantly
change the basic Fe intermetallic compounds [18], the solution treat-
ment is able to promote a 5i-f transformation during solution [49,50]
(Fig. 6). This transformation and the dissolution of Mg,Si (Fig. 6)
generates a migration of Mg and Si atoms to the a-Al. Such process
allows the solution hardening that is observed in the experimental so-
lution treated results from Fig. 7.

During the ageing treatment, the supersaturated a-Al (agg) has its
solute Mg and Si atoms clustered and precipitated (Eq. (4)) in Guinier-
Preston (GP — Mg,SisAlg) zones along the < 100 > direction. These
primordial precipitates decompose into nano-sized coherent Widman-
statten needle-shaped fB” (MgsSis) and semi-coherent rod-like f’
(Mg, sSi) metastable strengthening phases [47]. Such precipitates are
nucleated in the < 100 > direction, preferably in dislocation loca-
tions. Finally, a dissolved rod/plate-shape equilibrium B(Mg,Si) FCC
phase is precipitated due to minor atomic rearrangement in the matrix
[28].
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By the clustering of solute atoms in GP zones and the precipitation
of B” the overall initial precipitates are shearable and their growth
promotes an elevation in hardness [25]. When peak-age is reached, the
nucleation and growth of 3” is superseded by the precipitation and
coarsening of non-shearable 8’ and B(Mg,Si) [51]. The dislocation
mechanism is changed to an Orowan mechanism and further ageing
will imply a reduction in hardness.

The increasing hardness in Fig. 7 suggests that the methodology was
able to avoid a dislocation mechanism transition. Experimental results
propose that before dislocation transition, the relation between hard-
ness (H) and ageing time (A, follows the linear regression (Fig. 7)
described in Eq. (5). Additionally, it may be observed that the experi-
mental hardness values are highly relatable with other studies
[33,39,40], suggesting a successful processing of the samples.

H =722 + 0.044; 5)

3.2. Vibration analysis — determination of damping ratios

Fig. 8 shows the damping ratios (¢) that were determined during the
vibration testing. It is apparent that the solution treatment and the
initial phase of artificial ageing are able to enhance the damping ca-
pacity of the A356 alloy relatively to its as-cast state. However, as the
ageing treatment progresses, there is a decrease in damping capacity.
The experimental results suggest that there is a linear function that
describes the lowering of the damping ratio ({) as the ageing time (A,)
progresses, according to Eq. (6).

¢ =0.0042 — 3x107%4, (6)

Damping is the ability of a material to dissipate energy under cyclic
loading, being closely related with the microstructural internal friction
and changed by the material processing. The damping mechanisms are
known to be originated by thermoelastic, magnetic, viscous and defect
effects. However, due to the presented particular processing char-
acteristics and isothermal (room temperature) testing, only the latter is
relevant as an internal friction mechanism. The defect damping is clo-
sely related to point (vacancies), line (dislocations), surface (grain
boundaries) and bulk (micropores and inclusions) defects [1,52].
Nevertheless, it is known that the internal friction in this particular
alloy is regulated by a static hysteresis damping [53] due to dislocation
and grain boundary damping [1,52]. Hence, it is suggested that the
particular origin of the predominant damping mechanisms are related
with the dislocation and pinning in (Figs. 9 and 10): (i) grain bound-
aries between a-Al/a-Al, a-Al/eutectic Si, a-Al/fB-AlsFe,Si and a-Al/x-
AlgFeMgsSig pairs; (ii) interactions between dissolved Mg, Si and a-Al
in pre-aged states (solution hardening) and a-Al/{3”, ’, B(Mg.Si)} in
aged states (precipitation hardening).

Fig. 9 represents a schematic evolution of the microstructure during
solution treatment. Initially, the fundamental constituents of the mi-
crostructure are a-Al grains (with small quantities of dissolved Mg and
Si), eutectic Si and secondary phases (needle-shaped f-AlsFe,Si, Mg,Si
and script-shaped n-AlgFeMgsSig — Fig. 6). During the solution treat-
ment, the eutectic Si is transformed to a spheroidized morphology,
migrating and changing the interface balance. It is know that Si mi-
gration from the dendrite arms results in the formation of particle-free
zones [47] and changes the eutectic Si shape/size. This implies a de-
crease in the grain boundary pinning effect and an elevation in internal
friction due to boundary sliding [44,52]. Schoek [54,55] showed that a
spheroid inclusion with a radius (a;) in a matrix of volume (V) with a
determined Poisson's ratio (v), generates an inverse quality factor (Q ™ B
by interface relaxation and anelastic strain when a shear stress (p,;) in
its respective component (p;,) is applied (Eq. (7)). Thus, it is suggested
that an overall increase in eutectic Si diameter (Fig. 5) generates an
increase in the interface damping.
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supersaturation of a-Al enhances pinning and reduces the overall dis-
locations by solution hardening [51], as it may be observed by the
hardness increase in Fig. 7. However, due to the scattered dispersions of

)

During solution, however, there is also dissolution of Mg,Si in the
form of Mg and Si elements in the a-Al. Additionally, there is further
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the atoms, there is no significant reducing in the overall solution treated
system damping. Consequently, it may be determined that after solu-
tion treatment the maximum value of damping is reached and the most
relevant damping mechanism is proportioned by the interface interac-
tion.

Fig. 10 represents the overall microstructural deformation in A356
alloys during ageing treatment. As the intermetallic compounds, eu-
tectic Si and grain boundaries remain stable due to the relatively low
artificial ageing temperatures, it is suggested that the damping is
changed due to precipitation hardening. Alloy hardening until peak-age
promotes the inhibition of dislocations, being this shown by the in-
crease of hardness values in Fig. 7.

Phase I in Fig. 10 represents an initial stage of ageing treatment,
where the overall energy levels are not enough to cluster Mg and Si
atoms and form GP zones. Studies suggest that GP zones are initially
formed after 40 min of ageing treatment [57]. This hypotheses is in
accordance with the experimental values of hardness (Fig. 7) and
damping ratio (Fig. 8) for low ageing times. As the ageing treatment
progresses, clusters of Si and Mg atoms cluster into GP zones, initiating
phase II (Fig. 10), where the metastable coherent $” nucleate and grow
in the dislocation lines with a < 100 > direction. There is an increase
in pinning points and a reduction of the overall distance between them,
being the dislocation mechanism governed by shearing [58]. According
to the Granato-Liicke theory [59], the strain independent internal
friction (&) is proportional to the dislocation density (p) and the mean
length between weak pinning points (Lq) (Eq. (8)) [60]. The in-
dependent strain amplitude approach is applied in this study due to low
stresses (Opax~30 MPa, by classic Timoshenko beam theory) generated
by the hammer impact.

So~pLa* ®

Therefore, it is suggested that the precipitation of 3’ metastable
phases is able to lower the damping by the obstruction of dislocation.
This hypotheses is supported by the progressive hardness increase
during the ageing treatment (Fig. 7). As the nucleation and growth of
metastable ” increases its volume fraction the precipitation hardness
tends to peak-age [26]. However, some semi-coherent 8’ and equili-
brium B(Mg,Si) may simultaneously precipitate from f3” (phase III -
Fig. 10). The nucleation processes between metastable precipitates are
not exclusive and, thus, there is concurrent growth between the meta-
and stable-phases [27]. Due to this effect the experimental damping
values tend to a minimum, being lower than as-cast-samples (Fig. 8).

3.3. Tensile testing — determination of yield strength

Fig. 11 shows the yield strength (oy) of as-cast, solution treated and
different artificial aged samples. It may be observed that the solution
treatment was able to fairly elevate the alloy yield strength, while the
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Fig. 11. Yield strength for different heat treatments.
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artificial ageing treatment has a very pronounced effect in the en-
hancement of this variable. According to the experimental results, it is
suggested that the dependence between yield strength and ageing time
for A356 alloy poured in ceramic block follows the linear function
described by Eq. (9). Additionally, it may be noticed that this data is
fairly correlated and follows the tendency of other published experi-
mental results on the same alloy [41-43].

oy = 97.72 + 0.194; ©

The yield strength (oy) of Al-Si-Mg (e.g. A356) alloys may be ex-
pressed as an addition of solid solution (0ss) and precipitation (0ppr)
strengthening components to an initial pure aluminum strength (0;), as
shown in Eq. (10) [61].

Oy = 0; + Oss + Oppr (10)

The solution strengthening term (oss) is dependent on the alloy
intrinsic solid solution strength (0pss), proportion of solute released (a)
and relative volume fraction of precipitates (f.) (Eq. (11)) [61]. The dpss
term includes the influence of eutectic Si and intermetallics, thus, the
overall solution strengthening (oss) is increased by solution treatment
since: (i) Si spheroidization increases yield strength [14,22]; (ii) m-f
transformation is beneficial to reduce microstructural stress con-
centration [50]; and (iii) precipitation is residual (f,~0) during solution
treatment [51]. This increase in yield strength by solution strength-
ening is observed in the experimental results of Fig. 11.

Oss = Ooss (1—“];)% an

According to the same relation (Eq. (11)), due to the nucleation and
growth of precipitates during artificial ageing and no variation in opss,
the solution strengthening may decrease. However, this effect has a
relatively small role when compared with the increase in aged samples
precipitation strengthening [61] as shown by the experimental results.

Precipitation strengthening (oppr — Eq. (12)) before peak-age is
fundamentally dependent on the volume fraction of precipitates (f,) and
mean precipitate radius (r), for r smaller than the transition radius
(reans)- The constant c; is related to the Taylor factor, Burgers vector,
precipitate shear modulus and interfacial energy [61].

1 1
Oppr = cu‘}i(r}i - <F> < Tirans (12)

As the ageing time progresses, GP zones (r < 2nm [25,61]) fol-
lowed by B” (2 <r < 7nm [61]) precipitates, are nucleated and
grown (Fig. 10 — phase I to II). This increases the mean precipitate
radius (r) and the overall yield strength (oy) (Eq. (12)). Some p’
(7 <r < 15nm [24,61]) and B(Mg,Si) (15 <r < 500nm [61,62])
with r larger than ry,,s may also nucleate (i.e. lowering oppr by Orowan
dislocation — phase II in Fig. 10). However, their presence is residual
before peak-age and does not contribute significantly to the mean ra-
dius (< r > ) value. Overall, the experimental results (Fig. 11) show
the described transformations and, consequently, an enhancement of
yield strength by precipitation strengthening.

3.4. Tailoring of yield/damping mechanical properties in A356 alloys

The microstructural changes in A356 alloys during ageing treatment
(Section 3.1) generate the inverse proportionality between the experi-
mental damping ratio (Section 3.2) and yield strength (Section 3.3)
shown in Fig. 12. Under-aged samples (8-64 min ageing times) present
similar damping ratios and yield strengths. However, as the ageing time
increases, the damping ratios tend to decrease as the yield strength
increases on a linear function relation. It is suggested, from a me-
chanical design point-of-view, that these variables may be dependently
tailored by ageing treatment, employing the relation established in Eq.
(13).

gy = 367.2 — 64.2x10% (13)
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4. Conclusion

The present study explores the influence of the ageing treatment in
the overall microstructural morphology and its transformation in the
damping ratio and yield strength of A356 alloy poured in ceramic
block. According to the results, a dependence between yield strength
(static behavior) and damping (dynamic behavior) is analyzed, and the
following conclusions are drawn:

(i) Solution treatment is able to enhance both yield strength and
damping ratio. Damping is raised to a maximum value due to the
increase in grain boundary dislocation promoted by eutectic Si
spheroidization. The increase in yield strength is stimulated by
eutectic Si spheroidization/agglomeration, lowering of stress con-
centration by m-f intermetallic transformation and solution
strengthening due to Mg and Si dissolution in the a-Al

(ii) Artificial ageing generates a decrease in damping, however, it is
able to significantly elevate the yield strength until peak-age.
Precipitation hardening, by the nucleation of GP zones and later by
the precipitation and increase in volume fraction of 3”, reduces the
lengths between pinning points and dislocations as ageing time
progresses. This dislocation reduction is able to successfully ele-
vate the yield strength.

(iii) During artificial ageing, the elevation in yield strength is inversely
proportional to the decrease in the damping ratio. It is suggested
that this relation follows a linear tendency. The formulated func-
tion is a useful tool in the structural/mechanical design when both
static and dynamic characteristics must be evaluated.
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