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Abstract

A356 Al alloy melt solidified partially while flowing down a bottom cooled tilted plate. Columnar dendrites were formed on the
plate wall. Because of forced convection, the dendrites were sheared off into equiaxed/fragmented grains and washed away by
producing semisolid slurry at plate exit. Plate vibration enabled necessary shear for generating slurry which got solidified in metal
mold to produce semisolid-cast billets of desired microstructure. Semisolid-cast billets were also heat treated to improve surface
quality. The present investigation illustrates effect of plate vibration on solidification and microstructural and mechanical
properties of semisolid-cast and heat-treated billets produced using tilted plate. This study involves five different plate vibrations
(0, 15, 30, 40, and 50 Hz). Plate vibration of 30 Hz gave the finest and globular microstructure with superior mechanical
properties. Because, little lower plate vibration slowed down dendrite fragmentation and grain refinement owing to inadequate
shearing causing increase in grain size and decrease in shape factor, primary «-phase fraction, and grain density. Whereas, little
higher plate vibration caused coarsening (which opposes grain refinement) due to coalescence/agglomeration and Ostwald
ripening also resulting the same. Such variation in grain size with plate vibration caused variations in mechanical properties
because of Hall-Petch effect. The results obtained are along the expected lines and in very good agreement with the results
available in the literature.
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1 Introduction However, the application of usual high-strength steel, hot

press, and TWB technology will never serve the purpose. As a

Owing to the stringent environmental regulations worldwide,
particularly in the automotive sectors, the attention is intensi-
fying more for producing eco-friendly materials with
superior strength, reduced weight, higher performance
efficiency, and better safety. Because of such require-
ments, the light weighting is not the choice but is the
compulsion. Furthermore, the deployment of biotechnol-
ogy, natural fuels, and hybrid/electric/fuel cell vehicles
puts up a burden of additional 100- to 300-kg weight.
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result, for the prospect growth of automotive sectors, materials
lighter than steel with superior/excellent strength are very
much essential [1]. Accordingly, aluminum alloys are also
being used extensively as future generation materials for mak-
ing automotive parts [2]. However, the components produced
with the conventional casting (where metal is directly cast at
the liquid state) of aluminum alloy have inferior strength due
to dendritic microstructure [3]. The present research work re-
lates to a cutting-edge technology namely semisolid metal
(SSM) processing where metal is cast at semisolid state to
produce SSF components of superior mechanical and micro-
structural properties because of globular or thixotropic micro-
structure [4-6].

Application of vibrational energy is one of the methods in
material processing to produce thixotropic microstructures of
cast components. Based on vibration sources, there are three
types of vibrational energy: mechanical, electromagnetic, and
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ultrasonic [5—12]. Amidst, only electromagnetic vibration is
used to produce thixotropic microstructures at an industrial
scale. But, high costs and ultra-sophistications are the usual
drawbacks of this technology. Recently, use of ultrasonic vi-
brations to produce thixotropic microstructures is increased
[10—12]. However, high costs and low durability of transduc-
ers are the drawbacks of this technology. Simplicity and low
costs are advantages of mechanical vibration over others.
Reports on use of mechanical vibration to produce thixotropic
microstructures are relatively less [13—19]. Numerical studies
along with the scaling analysis of solidification and
macrosegregation of liquid aluminum alloy flowing on a
cooling slope have also been reported in literature [20, 21].
The studies on the production of thixotropic microstructures
by using tilted plates are also reported [22-25]. The vibration
creates the forced convections in the melt and causes detach-
ment of dendrite arms due to the viscous drag forces. The
investigations on the vibration-induced flow exerting external
forces on dendrite arms are also presented [26]. The studies on
the coarsening resulting from the coalescence and agglomer-
ation of neighboring dendrite arms and Ostwald ripening are
reported as well [27]. Because of the increasing diffusion flux
from high to low roundness interfaces, the smaller solid par-
ticles are dissolved in the liquid due to Ostwald ripening [9,
28]. The particle density decreases because of coarsening
causing the agglomeration of these solid particles. The coars-
ening is controlled by the diffusion. Hence, creating the forced
convection by vibration accelerates diffusion in the liquid and
causes coarsening. Additionally, the investigations on me-
chanically or ultrasonically assisted mold vibrations are also
reported in the recent literature [29-34].

Most of the mechanical vibration-related studies reported
in literature are limited to mold vibrations during solidifica-
tion. In addition, their investigations are confined mostly to
microstructure morphology except very few researches on mi-
crostructure characterization even restricted to grain size and
shape factor. There is no such comprehensive experimental
study pertaining to the influence of tilted plate vibration on
mechanical properties of semisolid-cast and heat-treated bil-
lets produced using tilted plate. With this standpoint, the pres-
ent work illustrates the experimental studies on the effects of
tilted plate vibration on solid fraction of semisolid slurry col-
lected at the plate exit along with grain size, shape factor,
primary o-phase fraction, and grain density in addition to
ultimate tensile strength, yield strength, hardness, and elonga-
tion of semisolid-cast and heat-treated billets of A356 Al alloy
(meant for producing thixotropic microstructure with superior
mechanical properties). The present investigations in-
volve isothermal holding of semisolid-cast billets so as
to produce heat-treated billets with superior surface
quality. Microstructures of semisolid-cast and heat-
treated billets are evaluated and compared using optical
microscopy and image analysis technique. Whereas, the
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mechanical properties of the same are determined by
means of different material testing machines.

2 Experimental

The vibrating tilted plate apparatus consists of a stainless steel
tilted plate fixed on a steel frame. The assembly is mounted on
a steel plate which can vibrate at different frequencies by a
mechanical vibrator/sieve shaker attached to the plate from
underneath. The vibration source is a device equipped with a
magnetic coil that generates different frequencies of mechan-
ical vibration by varying supplied voltage ranging from 0 to
110 V relating to the AC power source/supply. Figure 1 de-
scribes a photograph of the experimental facility involving
tundish, tilted plate (of 250-mm length and 60° inclination),
metal mold, and water channel underneath the plate for
performing the experiments. Details about the apparatus
can also be seen in references [16—19]. The mechanical
vibrator is turned on and A356 Al alloy melt is poured
into stainless steel metal mold via vibrating tilted plate.
In actual practice, only the tilted plate is vibrated verti-
cally at different undermentioned frequencies by the me-
chanical vibrator attached to the tilted plate from under-
neath, whereas, the stainless steel metal mold remains
stationary. Experiments are conducted with 0-, 15-, 30-,
40-, and 50-Hz vibration frequencies.

2.1 Materials

A356 Al alloy ingots of liquidus temperature 618 °C, solidus
temperature 578 °C, and composition [19] as described in
Table 1 are deployed in the current experimental study.

2.2 Melt preparation and treatment

Nerly 20 kg of A356 Al alloy ingot is taken in a mica
glazed silicon carbide crucible. Then, it is melted in a
tilting electric resistance furnace at about 720 °C. The
melt is kept at that temperature for almost 45 min to
gain temperature uniformity and for complete dissolu-
tion of alloying elements. Then, the predetermined
quantities of Al-Sr master alloy (amounting to 0.25%
of the total melt weight of the alloy) as grain modifier
and Ti-B tablet (amounting to 0.125% of the total melt
weight of the alloy) as grain refiner are added. The melt
is allowed to soak for nearly 15 min for uniform mixing
of grain modifier and grain refiner. While performing
the experiments, a 40-50 °C drop in temperature of
melt is usually noticed (depending on the amount of
melt and degree of superheat) during transfer from the
heating furnace. This establishes the inevitability of



Int J Adv Manuf Technol (2018) 97:1617-1626

1619

maintaining such high temperature in the electric resis-
tance furnace.

2.3 Slurry production and temperature
measurements

Approximately 1.5 kg of melt is transferred from the heating
furnace into a tundish for performing each experimental study.
The melt temperature in the tundish is regularly measured
with K-type mineral-insulated (MI) twisted-pair thermocou-
ples made by UK based TC Ltd. The melt at a temperature of
625 °C is gently poured into the metal mold via the bottom
cooled vibrating tilted plate of length 250 mm and inclination
60°. The temperature of A356 Al alloy semisolid slurry col-
lected at the plate exit is also measured time and again.

2.4 Semisolid billet casting and induction reheating

The semisolid-cast billets of length 250 mm and diameter
60 mm are obtained by quenching A356 Al alloy semisolid
slurry in the said metal mold. For improving the microstruc-
tures, some of the semisolid-cast billets are reheated in an
induction furnace as well, up to slightly above solidus temper-
ature. And also, the present induction reheating involves iso-
thermal holding of semisolid-cast billets at a temperature of
580+2 °C to get the desired heat-treated billets.

The induction reheating is performed by applying a 25-kW
power with a three-step heating cycle. In order to achieve the
target of reheated billets of globular microstructure morphol-
ogy with the uniform distribution of eutectic throughout, the
temperature is appropriately selected and the heating cycle is
tuned and trials are conducted with the semisolid-cast
billets produced by using the vibrating cooling slope.
The temperature of about 580+2 °C is attained during
the induction reheating by following the steps

Fig. 1 Photograph of the experimental facility

Table 1 Composition of A356 alloy (as presented in [19])

Alloy element Si Mg Fe Mn Cu Ti Al

Percentage by weight 7.32 0.31 0.086 Max Max 0.157 Balance
0.1 02

mentioned in Table 2, which describes in detail about
the heating cycle with power of 25 kW.

2.5 Specimen preparation

Small sections are cut from both semisolid-cast and heat-
treated billets to obtain 15-mm-thick disks. The emery papers
of different grades are used to polish all the disk-shaped sam-
ples. Then, SiC powder polishing followed by diamond paste
polishing of the stated samples is also done. Thereafter, all the
polished specimens prepared by the stated procedure are
etched at the ambient temperature using Keller’s reagent
(1 ml HF, 1.5 ml HCI, 2.5 ml HNOj3, and 100 ml H,O) to
make it ready for the metallographic analysis.

2.6 Microstructure morphology and characterization

The optical microscopy is deployed to know microstructure
morphology and image analysis software is utilized to esti-
mate and quantify the heterogeneity in microstructure. The
micrograph images of samples are snapped using a Leitz op-
tical microscope to know microstructure morphology. Sigma
Scan Pro image (version. 4.0) analysis software is used for
microstructure characterization and quantitative metallo-
graphic analysis (for instance, to measure the perimeter and
area of primary «-phase particles). The microstructure char-
acterizations of the snapped images are done to calculate the
following parameters:

a) Fraction of primary -phase (%): It is calculated accord-
ing to the area ratio of primary a-phase and eutectic Si
phase.

b) Grain size: It is measured by using the intercept method.

c) Shape factor: It is the degree or extent of globularity of the
primary x-phase. It is calculated by using the formula S =
47tA/P2, where “A” and “P” are the area and the perimeter
of the primary o-phase, respectively. For an ideal circle,
the value is 1, and for a dendrite, the formula gives a value
approaching to zero. For a rosetted structure, subjected to
the degree or extent of irregularity, it gives a value be-
tween 0 and 1.

d) Particle density: It is otherwise called as grain density. It is
the number of primary o-phase particles per unit area.
The bigger is this number, the superior is the degree or
extent of dendrite multiplication and breakdown.
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Table 2 Three-step heating cycle

Step no. Cycle Power maintained (kW) Time (min) Temperature (°C)
1 Heating 25 6 350

2 Stabilizing 6.5 1 350+5

3 Heating 25 8 575

4 Stabilizing 6.5 2 575+2

5 Heating 25 1 580

6 Stabilizing 6.5 2 580+2

2.7 Mechanical properties

The tensile specimens were machined from the semisolid-cast
and heat-treated billets. The tensile testing of the said tensile
specimens were done using a material testing machine. For the
smooth bar tensile tests at room temperature with tensile test-
ing machine, the round tensile test specimens (as machined
from the semisolid-cast and heat-treated billets) of 20-mm-
gauge length and 4-mm diameter were used. In addition, the
hardness test sections were also prepared from the stated
semisolid-cast and heat-treated billets. The machined, ground-
ed, and polished specimens of semisolid-cast and heat-treated
billets (as prepared for the microstructure observations) with
60-mm diameter and 15-mm thickness were used for the hard-
ness measurements. The Vickers hardness was measured
across the stated specimens with an automatic digital micro-
hardness tester using a diamond indenter of 1.96-N indenting
load and 20 s of dwell time. In this way, the tensile and
hardness tests were carried out to investigate the ulti-
mate tensile strength, yield strength, percentage of elon-
gation, and hardness of the semisolid-cast and heat-
treated billets of A356 Al alloy.

3 Results and discussion

Experiments are performed at five different plate vibration
frequencies (0, 15, 30, 40, and 50 Hz) for investigating the
influence of plate vibration on solidification and microstruc-
ture of semisolid-cast and heat-treated billets. As higher tilted
plate vibration frequency accelerates the melt flow and in-
volves less residence time (or solidification time) of the melt

flowing down on the tilted plate, the semisolid slurry temper-
ature at the plate exit increases with the plate vibration fre-
quency. Ultimately, it results in lower solid fraction at higher
plate vibration frequency. Table 3 summarizes the temperature
and solid fraction data of A356 Al alloy semisolid slurry col-
lected at the plate exit at five different plate vibration frequen-
cies. Additionally, Fig. 2 illustrates a plot representing the
variation of solid fraction of semisolid slurry collected at the
tilted plate exit with the plate vibration frequency. The solid
fraction of semisolid slurry with the tilted plate vibration (at
moderate frequency of 30 Hz) is found to be 17 = 1.5% where-
as that of without the tilted plate vibration (corresponding to
the melt pouring temperature of 625 °C, tilted plate length of
250 mm, and the plate inclination of 60°) is reported as 24 +
1.5% in the literature [18-21]. The results are also along ex-
pected lines and agree very well with the reports depicted in
the literature [25-30]. However, the direct comparison with
the results of other researchers is not possible due to non-
availability of such works (pertaining to the vibration of tilted
plate on solidification for preparing desired quality of semi-
solid slurry) in the literature.

3.1 Microstructure morphology of semisolid-cast
billets

Five different semisolid-cast billets are obtained at five differ-
ent tilted plate vibration frequencies. Samples are made to take
micrographs for quantitative and metallographic analysis.
Figure 3 demonstrates the variations in microstructural mor-
phology of the semisolid-cast billets produced at different
plate vibration frequencies.

Table 3 Temperature and solid

fraction data of A356 Al alloy Vibration frequency (Hz) Toxit (°C) Solid fraction from Scheil equation (%)
semisolid slurry collected at the
plate exit at five different plate 0 607 24
vibration frequencies 15 609 20
30 611 17
40 613 12
50 615 8
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Fig. 2 Solid fraction of A356 alloy semisolid slurry versus tilted plate
vibration frequency

3.2 Microstructure characterization of semisolid-cast
billets

Figure 4 illustrates the microstructural characteristics obtained
from quantitative and metallographic analysis of micrographs.
It is observed that the grain size decreases with increase in
tilted plate vibration frequency up to 30 Hz. And, the shape
factor, primary «-phase fraction, and grain density increase
with the same. However, with the further increase in tilted
plate vibration frequency, the grain size increases, whereas,
shape factor, primary o-phase fraction, and grain density de-
crease. The finest and globular microstructure is obtain-
ed at 30-Hz vibration with average grain size of 30 pm,
shape factor of 0.85, primary «-phase fraction of 0.9,
and grain density of 350.

The vibration affects the final microstructure in two ways:
generating periodic tension—pressure and forced convection
[4, 5]. Both of them influence the nucleation and growth be-
havior. The vibration creates waves in the melt by generating
periodic tension—pressure forces. In the half cycle of tension,
the nucleation of cavities occurs. The surface temperature of
growing cavities decreases with the nucleation of fresh solid
particles. In the adverse situation of cavities growth or during
propagation of waves in the half cycle of pressure, the cavities
collapse, thus producing shock waves causing high tension—
pressure forces and nucleation in the melt. Campbell [5] ob-
served that the cavitation takes place at very high frequency
like in ultrasonic vibrations. Therefore, in the present research,
the cavitation is not the cause of observed grain variation.

Conversely, the vibration also causes the forced convec-
tions in the melt. The vibration-induced flow exerts external
forces on dendrite arms [20]. These viscous drag forces cause
dendrite arm detachment. The detached arms encounter with
the adjacent arms causing more detachment. The detached
arms mix with the liquid and become new sources of nucle-
ation [2—12]. The mechanisms of dendrites detachment and
grain refinement by forced convection are bending of dendrite
arms and detachment, shearing of dendrite arms and

Fig. 3 Microstructures of A356 Al alloy semisolid-cast billets at
vibration frequencies 0 Hz (a), 30 Hz (b), and 50 Hz (c)
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Fig. 4 Microstructure
characterization of A356 Al alloy
semisolid-cast billets grain
size/shape factor (a) and x-phase
fraction/grain density (count/sq.
mm) (b)
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detachment and partial remelting in root of dendrite arms,
bending and recrystallization in root of dendrite arms and
detachment and showering of dendrites [4-9]. The intensity
of flow around the dendrites increase with the vibration fre-
quency. Thus, the viscous drag forces on dendrites increase by
causing more dendrites fragmentations. Hence, the nucleation
rate increases and the further grain refinement occurs. The
periodic bending of the dendrites continue with the vibration.
Consequently, the number of fragmented dendrites increase
by causing more grain refinement for vibration frequency up
to 30 Hz (Fig. 4).

The forced convection has also a coarsening effect. The
coarsening opposes grain refinement (Fig. 4), for 30-50 Hz
of tilted plate vibration frequency. The decreasing surface en-
ergy is the driving force for coarsening [7-9]. The coarsening
results from the coalescence and agglomeration of neighbor-
ing dendrite arms [21] and Ostwald ripening. In Ostwald rip-
ening, the smaller solid particles are dissolved in the liquid
because of the increasing diffusion flux from high to low
roundness interfaces [9, 22]. The coarsening occurs by ag-
glomeration of these solid particles causing the decrease in
particle density. The diffusion controls the coarsening. Thus,
creating the forced convection by tilted plate vibration accel-
erates diffusion in the liquid and causes coarsening.

The grain size, shape factor, primary o-phase frac-
tion, and grain density of semisolid-cast billets with
the tilted plate vibration (at moderate frequency of
30 Hz) are observed to be 30, 0.85, 0.9, and 350 pm,
respectively. Whereas those of without the tilted plate
vibration (corresponding to the melt pouring temperature
of 625 °C, tilted plate length of 250 mm, and the plate
inclination of 60°) are 65, 0.7, 0.7, and 200 pum, respec-
tively, as described in the literature [18, 19]. And also,
the results are along expected lines and in very good
agreement with the reports illustrated in the literature
[25-30]. But, the direct comparison with other re-
searchers’ results is not possible due to unavailability
of the stated works (involving the vibration of tilted
plate on microstructural properties of semisolid-cast bil-
lets) in the literature. It shows that the tilted plate
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vibration certainly affects the final microstructure which
ultimately influences the grain size, shape factor, frac-
tion of «-phase, and grain density.

3.3 Microstructure morphology of heat-treated billets

To improve the surface quality, semisolid-cast billets are heat
treated up to slightly above the solidus temperature of 580 °C.
The samples are made from the reheated billets. The micro-
graphs are taken for quantitative and metallographic analysis.
Figure 5 illustrates the representative microstructures of the
reheated billets so obtained. More or less uniform and globular
microstructure is noticed from each reheated billet. It is due to
the temperature uniformity in billets during induction
reheating for about 20 min. But, the trends of variations with
the tilted plate vibration frequency remain the same. The pri-
mary «-phase particles are observed to be relatively bigger.

3.4 Microstructure characterization of heat-treated
billets

The observations from the measurement of grain sizes, shape
factors, eutectic fractions, and grain densities of semisolid-cast
and reheated billets are demonstrated in Fig. 6. The grain size,
shape factor, primary o-phase fraction, and grain density are
observed to be more or less uniform across each reheated
billet. Additionally, the trends of variations in the grain size,
shape factor, primary «-phase fraction, and grain density with
the tilted plate vibration frequency are the same for both the
stated billets. Furthermore, it is noticed that the grain size,
shape factor, and primary o-phase fraction increase with the
heat treatment, while, the grain density decreases with the
same. It is because of the particle coalescence during the iso-
thermal holding. The liquid entrapment in primary x-phase is
also noticed in few cases.

Because of the heat treatment of the semisolid-cast
billets, the average grain size increases from 65 to
90 wm at 0-Hz vibration frequency, and 50 to 70 pum
at 50-Hz vibration frequency through 30 to 55 pum at
30-Hz vibration frequency (Fig. 6a). Correspondingly,
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Fig. 5 Microstructures of A356 Al alloy heat-treated billets at vibration
frequencies 0 Hz (a), 30 Hz (b), and 50 Hz (c)

the shape factor increases from 0.7 to 0.8 at 0-Hz vi-
bration frequency, and 0.6 to 0.7 at 50-Hz vibration
frequency through 0.85 to 0.9 at 30-Hz vibration fre-
quency (Fig. 6b). And also, the primary o-phase frac-
tion increases from 0.7 to 0.8 at 0-Hz vibration frequen-
cy, and 0.6 to 0.77 at 50-Hz vibration frequency
through 0.9 to 0.93 at 30-Hz vibration frequency (Fig.
6¢). Similarly, the grain or particle density decreases
from 200 to 145 at 0-Hz vibration frequency, and 150
to 105 at 50-Hz vibration frequency through 350 to
200 at 30-Hz vibration frequency (Fig. 6d).

The grain size, shape factor, primary o-phase fraction, and
grain density of heat-treated billets with the tilted plate vibra-
tion (at moderate frequency of 30 Hz) are observed to be 55,
0.9, 0.93, and 200 pm, respectively. Whereas those of without
the tilted plate vibration (corresponding to the melt pouring
temperature of 625 °C, tilted plate length of 250 mm, and the
plate inclination of 60°) are 90, 0.8, 0.8, and 145 pm, respec-
tively, as reported in the literature [18, 19]. The results are also
along expected lines and agree very well with the reports
described in the literature [25-30]. Despite that, the direct
comparison with the results of other researchers is not possible
due to non-availability of such kind of works (relating to the
vibration of cooling slope on microstructural properties of
heat-treated billets) in the literature. This shows that the in-
duction reheating definitely influences the final microstruc-
ture. Ultimately, it affects the grain size, shape factor, fraction
of a-phase, and grain density.

3.5 Mechanical properties of semisolid-cast billets

Figure 7 illustrates the mechanical properties of semisolid-cast
billets of A356 Al alloy obtained at different tilted plate vibra-
tion frequencies. It is observed that the ultimate tensile
strength, yield strength, percentage of elongation, and hard-
ness increase with the tilted plate vibration frequency up to
30 Hz. However, with the further increase in tilted plate vibra-
tion frequency, the stated mechanical properties decrease. The
superior mechanical properties are obtained at 30-Hz vibra-
tion. And, the ultimate tensile strength, yield strength, percent-
age of elongation, and hardness of semisolid-cast billets with
the tilted plate vibration (at moderate frequency of 30 Hz) are
observed to be 296 MPa, 231 MPa, 13%, and 110 HV, respec-
tively. Whereas those of without the tilted plate vibration (cor-
responding to the melt pouring temperature of 625 °C, tilted
plate length of 250 mm, and plate inclination of 60°) are
251 MPa, 194 MPa, 8%, and 82 HYV, respectively, as demon-
strated in the literature [18, 19]. The results are also along
expected lines of reports available in the literature [25-30].
Nevertheless, the direct comparison with the published results
of other researchers is impossible due to unavailability of the
said works (concerning the vibration of tilted plate on me-
chanical properties of semisolid-cast billets) in the literature.

@ Springer



1624 Int J Adv Manuf Technol (2018) 97:1617-1626
; ; 100 12
Fig. 6 Microstructure = With isothermal holding = With isothermal holding
characterization of A356 Al alloy B Without isothermal holding 1 H Without isothermal holding
heat-treated billets grain size (a), £ 8 =
shape factor (b), «-phase fraction 2o %o.s
(¢), and grain density (count/sq. & Eo6
mm) (d) c 40 &
‘s Soa
o wv
20 02
0 0
15 30 40 50 15 30 40 50
Vibration frequency (Hz) Vibration frequency (Hz)
(@ (b)
12 — - 500 — -
c B With isothermal holding B With isothermal holding
-g 1 B Without isothermal holding 200 H Without isothermal holding
5 L
© >
08 £
& £300
% 0.6 °
. Ju
E LD100
£0.2
‘=
a
0 0
.15 30 40 50 .15 30 40 50
Vibration frequency (Hz) Vibration frequency (Hz)
© (d)

Such variations in strength, hardness, and elongation can be
due to two main reasons: one is porosity and the other one is
microstructural refinement together with homogeneity [9].
In general, the porosity decreases strength, hardness, and
ductility; the last one is particularly noteworthy. However,
the porosity has got a lesser effect comparable to the micro-
structural refinement on the mechanical properties of
semisolid-cast billets produced through the tilted plate route.
The effect of microstructural refinement on mechanical
properties can be well understood from the concerned Hall—
Petch-type equations [9]. It is observed from the stated equa-
tions that strength, hardness, and ductility increase with de-
crease in grain size and vice versa. This can be owing to grain
boundary strengthening or Hall-Petch strengthening.
Specifically, the higher strength may be attributed to the
smaller grain size; whereas, the higher ductility may be attributed
to the higher shape factor together with the homogeneity in
grain morphology.

350

3.6 Mechanical properties of heat-treated billets

The observations from the measurement of the ultimate tensile
strength, yield strength, percentage of elongation, and hard-
ness of semisolid-cast and reheated billets are demonstrated in
Fig. 8. It is noticed that the said mechanical properties im-
prove with the heat treatment. In other words, the reheated
billets have superior strength, hardness, and ductility as com-
pared to that of the semisolid-cast billets. It may be due to the
reduced or even eliminated porosity and the improved disso-
lution of the constituent particles (i.e., increased concentration
of elements dissolved in the matrix) along with the increased
chemical homogeneity because of particle coalescence during
the isothermal holding. In addition, the stated mechanical
properties are observed to be more or less uniform across each
reheated billet. However, the trends of variations in the said
mechanical properties with the tilted plate vibration frequency
are the same for both the stated billets.

Fig. 7 Mechanical properties of
A356 Al alloy semisolid-cast
billets tensile strength/yield
strength (a) and elongation/
hardness (b)
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Because of the heat treatment of the semisolid-cast billets,
the average tensile strength increases from 251 to 270 MPa at
0-Hz vibration frequency, and 246 to 266 MPa at 50-Hz vi-
bration frequency through 296 to 332 MPa at 30-Hz vibration
frequency (Fig. 8a). Correspondingly, the average yield
strength increases from 194 to 210 MPa at 0-Hz vibration
frequency, and 191 to 208 MPa at 50-Hz vibration frequency
through 231 to 263 MPa at 30-Hz vibration frequency (Fig.
8b). And also, the elongation increases from 8 to 11% at 0-Hz
vibration frequency, and 7 to 10% at 50-Hz vibration frequen-
cy through 13 to 18% at 30-Hz vibration frequency (Fig. 8c).
Similarly, the average value of hardness increases from 82 to
98 HV at 0-Hz vibration frequency, and 80 to 96 HV at 50-Hz
vibration frequency through 110 to 142 HV at 30-Hz vibration
frequency (Fig. 8d).

The ultimate tensile strength, yield strength, percentage
of elongation, and hardness of heat-treated billets with the
tilted plate vibration (at moderate frequency of 30 Hz)
are observed to be 332 MPa, 263 MPa, 18%, and 142 HV,
respectively. Whereas those of without the tilted plate vi-
bration (corresponding to the melt pouring temperature of
625 °C, tilted plate length of 250 mm, and plate inclination
of 60°) are 270 MPa, 210 MPa, 11%, and 98 HV, respec-
tively, as reported in the literature [18, 19]. The results are
also along expected lines of reports demonstrated in the
literature [25-30]. Nonetheless, the direct comparison with
other researchers’ results is not possible due to non-
availability of such kind of works (pertaining to the vibra-
tion of tilted plate on mechanical properties of heat-treated
billets) in the literature.

4 Conclusions

For semisolid-cast billets, the grain size decreased with increase
in tilted plate vibration frequency up to 30 Hz. Correspondingly,
the shape factor, primary o-phase fraction, and grain density
increased with the same. However, with the further increase in
tilted plate vibration frequency, the grain size increased, where-
as, the shape factor, primary o-phase fraction, and grain density
decreased. The finest and globular microstructure was obtained
at 30-Hz vibration frequency with the average grain size of
30 pm, shape factor of 0.85, primary «-phase fraction of 0.9,
and grain density of 350. As, little lower vibration frequency
decelerated dendrite fragmentation and grain refinement due to
insufficient shearing resulting in increase in grain size and de-
crease in shape factor, primary «-phase fraction, and grain den-
sity. While, little higher plate vibration caused coarsening owing
to coalescence/agglomeration and Ostwald ripening resulting
the same as well. In addition, strength, hardness, and elongation
increased with the tilted plate vibration frequency up to 30 Hz.
However, with the further increase in tilted plate vibration fre-
quency, the stated mechanical properties decreased. The supe-
rior mechanical properties were obtained at 30-Hz vibration
with the average tensile strength of 296 MPa, yield strength of
231 MPa, elongation of 13%, and hardness of 110 HV. Such
variations in strength, hardness, and elongation could be mainly
due to microstructural grain refinement involving grain bound-
ary strengthening or Hall-Petch strengthening. Precisely, the
higher strength may be due to the smaller grain size, whereas,
the higher ductility may be owing to the higher shape factor
alongside the homogeneity in grain morphology. Furthermore,
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it was observed that the grain size, shape factor, and primary -
phase fraction increased with the heat treatment, whereas, the
grain density decreases with the same. It may be due to particle
coalescence which also caused liquid entrapment in primary o-
phase as observed in few cases. It was noticed that the said
mechanical properties also improved with the heat treatment
due to the reduced/eliminated porosity, improved dissolution
of the constituent particles in the matrix and the increased chem-
ical homogeneity. The trends of variations in microstructural/
mechanical properties with plate vibration frequency remained
the same for both semisolid-cast and heat-treated billets. The
results were also along expected lines and agree very well with
the reports described in the literature. However, the direct com-
parison with the results of other researchers was not possible
due to unavailability of such kind of works (pertaining to the
vibration of cooling slope on solidification and microstructural
and mechanical properties of semisolid-cast and heat-treated
billets) in the literature.
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