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Abstract

The influence of amplitude and frequency of die vibration
during solidification on microstructural evolution of Al–
7Si–0.2Mg (356, LM-25) alloy was studied. The amplitude
of die vibration was varied from 0.0 to 1.05 mm at 50 Hz
frequency, and the frequency was changed from 30 to
50 Hz at a amplitude of 0.75 mm. Structural examination
and quality of the casting were evaluated in terms of
porosity at various processing conditions. Vibration mod-
ified and refined structure during gravity die casting of the
alloy. Macrostructure of casting prepared in vibrating die
consisted of fine equiaxed grains. In contrast,
macrostructure of casting produced in stationary die typ-
ically consisted of columnar grains at the periphery and
equiaxed grains at the center. Die vibration resulted in
microstructure of mixed type comprising of globular and
dendritic primary a-Al with interdendritic eutectic Si par-
ticles. On the contrary, microstructure of casting produced

in stationary die consisted of dendritic a-Al structure and
eutectic Si particles. In addition, die vibration reduced
secondary dendritic arms spacing (SDAS) to 18.98 lm
from 34.38 lm obtained without vibration. Since SDAS is a
measure of cooling rate, its reduction due to die vibration
implies an increase in cooling rate of casting. This is
attributed to the forced convection effect generated by die
vibration. Consequently, the higher cooling rate owing to
the die vibration reduced microsegregation of Si and Mg in
the casting. Further, structural modification and refinement
due to die vibration improved the quality of casting sig-
nificantly in terms of porosity.

Keywords: Al–Si–Mg alloy, vibration, gravity die casting,
microstructure, shrinkage porosity

Introduction

The Al–Si–Mg cast alloy is widely considered as the

workhorse in automotive industries owing to its high

specific strength, high thermal conductivity, and relatively

low cost as compared to cast iron.1 Since last couple of

decades, there is an increasing trend to switchover from

ferrous components to cast Al alloys for improving fuel

efficiency and performance of automobiles.2 Various

applications of Al–Si–Mg alloy in automotive industries

are engine block, cylinder head, compressor housing,

steering knuckle, etc. The performance of Al casting

depends on the quality of melt, processing method, and

design of mold. All these factors are carefully controlled

and optimized for producing casting of superior quality.

Quality of the casting is improved by minimizing defects in

the casting such as inclusions, porosity, and hot tears.

Among various defects, porosity is considered as an

important quality factor responsible for high rejection rate

of castings used for critical applications. There are two

types of porosity present in Al casting, namely shrinkage

porosity and gas porosity. Reduction in shrinkage porosity

in casting is achieved by using Al alloys with high fluidity,

optimizing gating and riser design, grain refinement,

imposing vibration during solidification, and controlling

heat transfer rates.3 The other type of porosity in Al cast-

ing, namely gas porosity, is caused by hydrogen absorption

in molten Al above liquidus temperature owing to its high

solubility at higher temperature and entrapment of air in

the mold during casting. Gas porosity is conventionally
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reduced in Al casting by using chemical agent such as

hexachloroethane (C2Cl6)4 or rotary degasser.5 Both

shrinkage and gas pores in casting significantly reduce

strength and ductility of casting. It has been reported that

porosity and inclusions adversely affect the thermome-

chanical fatigue life of cylinder heads made from cast Al

alloy.6 Therefore, it is of paramount importance to manu-

facturer to reduce porosity and inclusions in Al casting.

Among various cast Al–Si alloys, Al–Si–Mg alloy presents

a good combination of yield strength and ductility. How-

ever, their strength decreases rapidly at temperatures above

473 K (200 �C). Therefore, they are limited to relatively

low-temperature applications such as steering knuckle and

compressor housing. In addition, Al–Si–Mg alloy pos-

sesses relatively good castability, which helps in producing

casting with complex geometry. Good castability of Al–Si–

Mg alloy is attributed to the presence of Si as alloying

element in the alloy.7 The presence of Si in Al alloy widens

the solidification range and increases fluidity, which are

prerequisite conditions for improving castability. In addi-

tion, Si reduces density and coefficient of thermal expan-

sion of Al–Si alloys.8 Low density improves fuel

efficiency, and low coefficient of thermal expansion

improves thermomechanical fatigue life of casting.

It is well known that mechanical properties such as yield

strength, ultimate tensile strength, elongation, and fatigue

life of Al castings are increased by reducing grain size,

minimizing segregation, and eliminating porosity. Tradi-

tionally, grain size of Al casting is reduced using suit-

able grain refiner such as Al–Ti, Al–Ti–B, Al–Ti–C master

alloys. It has been observed that grain refinement reduces

volume fraction and size of porosity in Al–9Si–3Cu9 alloy

and A35610 alloy. However, the use of grain refining agent

has shortcomings such as fluctuating price and lack of

continuous supply in the emerging market. Therefore, there

is huge impetus to develop an alternate method for refining

grain, altering grain morphology, and reducing casting

defects without using any chemical agents. Microstructural

refinement and modification are possible using a modified

casting process, which involves creating disturbances in

melt during solidification. Disturbances in melt during

solidification are produced by various methods such as

ultrasonic vibration,11,12 electromagnetic vibration,13,14

and mechanical vibration.15,16 Each of these vibration

methods has shown promising results in terms of grain

refinement and improvement in mechanical properties.

Among various methods, microstructural modification by

mechanical vibration of mold during solidification of melt

is emerging as an effective and efficient method in refining

microstructure, modifying grain morphology, increasing

castability, and reducing porosity due to its simplicity in

process design and relatively low cost. Further, it helps in

reducing the size and morphology of eutectic phase(s) in Al

alloys, which plays an important role in improving

mechanical properties of casting.16

In case of Al–Si alloys, the morphology of eutectic Si

phase is commonly modified by adding chemical elements

including Sr, Na, etc. Addition of these modifiers in Al–Si

alloys is known to change the morphology of Si phase to

fibrous type in hypoeutectic Al–Si alloy. The modified Si

morphology in Al–Si alloys improves their tensile strength

and ductility and reduces the solution heat treatment time.

However, modifiers such as Na and Sr increase gas

porosity in Al casting. Casting of Al–Si alloys in

mechanically vibrating mold has the potential to modify

the morphology of eutectic Si and reduce its size. There-

fore, an effort is made in this study to optimize a cost-

effective process to refine grain without adding any grain

refining agents, reduce the size of eutectic Si, reduce

porosity (shrinkage and gas), and improve its castability

through mechanical die vibration. Refined microstructure,

altered grain structure, reduced porosity, and improved

mechanical properties of Al casting produced in vibrating

metallic mold have been reported elsewhere.17

In this study, castings were produced in vibrating die.

Amplitude and frequency of die vibration were varied to

optimize the processing condition. For comparative pur-

poses, castings were also produced in stationary die. The

influence of die vibration during solidification of alloy on

structure, porosity, and density of Al–Si–Mg (356 Al) alloy

is studied. Material characterizations include structural

examination, image analysis, energy-dispersive of X-ray

(EDS) analysis for assessing microsegregation, and density

measurement.

Experimental Methods

Chemical Analysis

The 356 (Al–Si–Mg cast alloy) aluminum alloy (equivalent

to LM-25 alloy as tested) was procured from a local ven-

dor, and its chemical composition was determined by

optical emission spectroscopic (OES) method. The com-

position of alloy and the standard specification of 356 Al

alloy are shown in Table 1. The alloy composition con-

formed to the 356 Al alloy specification. The alloy was

devoid of any grain refiner. Trace amount of Ti was present

in the alloy as impurity element, and it is considered as

insignificant to act as grain refiner. In addition, Si modifiers

(such as Sr, Na etc.) were not added in the alloy. The 356

Al alloy is commonly poured in sand mold and permanent

mold for application such as steering knuckles.18

Casting Method

In this study, castings were produced using the gravity die

casting technique. Top and bottom gating dies were used to

cast the alloy. Die designs are discussed elsewhere.19 Two

types of die were used in this investigation for assessing the

effect of gating design on quality (in terms of porosity) of
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the casting. A set of experiments was designed with top

gating design to study the effect of frequency and ampli-

tude on casting quality. However, on evaluation, it was felt

that further improvement in casting quality (i.e., less

porosity) is required for critical applications. Therefore,

selective experiments were performed with bottom gating

die to produce casting of superior quality. It is well known

that bottom gating design produces superior-quality casting

as compared to top gating design owing to the reduced melt

flow velocity and less air entrapment in the die cavity.20

Each die was thoroughly cleaned prior to casting Al–Si–

Mg alloy. The inner surface of each die was coated with

boron nitride paste to prevent interfacial reaction between

the die and molten metal as a result of die soldering. Both

dies were preheated before pouring molten alloy. The

temperatures of top and bottom gating dies prior to pouring

were 250 �C and 100 �C, respectively. Dies were preheated

in a temperature-controlled resistance furnace. The resis-

tance furnace was attached with a programmable temper-

ature controller and a K-type thermocouple for temperature

measurement. Preheating of dies is an essential step to

ensure adequate melt flowability and prevent from pre-

mature solidification in the die. Preheated dies were sub-

sequently fixed on a vibrating table using metallic

fasteners. The schematic of experimental setup is shown in

Figure 1. It consists of a vibrating table with controller for

varying amplitude and frequency of vibration. The 356 Al

alloy was melted in an induction furnace. No degassing

agent or rotary degasser was used to study the effectiveness

of die vibration in removing dissolved hydrogen from the

melt. The molten metal was poured in the die, which was

vibrated at various amplitudes and frequencies. The pro-

cess variables followed in this study are shown in Table 2.

The primary objective of this study was to optimize process

parameters (amplitude and frequency) for producing cast-

ing of superior quality (i.e., less porosity). Therefore, the

amplitude was varied over a wide range, starting from

0 mm (i.e., stationary state) to 1.05 mm. Above 1.05 mm

of vibration amplitude, molten metal splashed out of die.

Therefore, the upper limit of amplitude was imposed by the

limitation of the process. Similarly, to study the effect of

frequency on casting quality, the frequency was varied to

30, 40, and 50 Hz at constant amplitude. In India, the

frequency of electric power supply is 50 Hz, so it is the

preferred choice to domestic manufacturers. The intensity

of vibration is calculated using Eqn. 121:

g ¼ 4:024 � D� f 2 Eqn: 1

where g is intensity of vibration and is calculated in the

unit of gravity (1 unit of g = 9.81 m/s2), D is the

displacement in meter (i.e., D = twice the amplitude of

vibration), and f is the frequency of vibration in Hertz. In

this study, the intensity of vibration was varied from 0 (i.e.,

stationary die) to 21.13 g and its value at each processing

condition is shown in Table 2.

The temperature of molten metal was 800 �C prior to

pouring in the die. Since the preheated die temperature

Table 1. Chemical Composition of the Alloy

Material Chemical composition (wt%)

Si Mg Ti Fe Mn Cu Zn Al

Al–Si–Mg alloy 6.5 0.2 0.05 0.052 0.003 0.1 0.014 Balance

As per ASTM 356 alloy specification 6.5–7.5 0.20–0.45 B 0.25 B 0.60 B 0.35 B 0.25 B 0.35 Balance

As per BS 1490 LM-25 standard
specification

6.5–7.5 0.2–0.6 B 0.2 B 0.5 0.2 Max. 0.2 Max 0.1 Max. Balance

Figure 1. Schematic of the vibrating die assembly used
in this study.

Table 2. Process Parameters

Sample
ID

Gating design Amplitude
(mm)

Frequency
(Hz)

Intensity of
vibration

B1A Top gating 0.0 50 0

B1C Top gating 0.5 50 10.06 g

B1E Top gating 0.75 50 15.09 g

B1F Top gating 1.05 50 21.13 g

B2A Bottom gating 0.0 50 0

B2C Bottom gating 0.5 50 10.06 g

B2E Bottom gating 0.75 50 15.09 g

B2F Bottom gating 1.05 50 21.13 g

B5B Top gating 0.75 30 5.43 g

B6B Top gating 0.75 40 9.66 g
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prior to pouring was relatively low, high melt temperature

was used for complete filling of molten metal in the die.

The die was vibrated till the completion of solidification. It

took about 1 min to solidify molten alloy in the die. The

die was air-cooled to room temperature, and the casting

was removed from the die. The weight of casting produced

in top gating die was 285 grams, and its dimensions were

0.18 m (length) 9 0.028 m (diameter). The weight of

casting produced in bottom gating die was 320 grams, and

its dimensions were 0.12 m (length) 9 0.043 m

(height) 9 0.035 m (width). The schematic of castings is

shown in Figure 2a and b. For each processing condition,

four specimens were produced using top gating die and two

specimens were produced using bottom gating die. An

overview of processing method in detail for gravity die

casting of Al alloy is presented elsewhere.19

Materials Characterization

Each casting was sectioned, and samples were prepared for

macrostructural and microstructural characterization as per

ASTM E3 standard specification.22 Microscopic examina-

tion was conducted across the cross section of the casting.

For macrostructural examination, each sample was etched

with 2% HF solution as etchant. Macrostructure was

examined and grain size was measured. Samples for

microstructural examination were etched using Keller’s

reagent comprising of 95 mL water, 2.5 mL HNO3,

1.5 mL HCl, and 1.0 mL HF. Microscopic examination

was performed using optical microscope. Quantitative

analysis was performed using an image analyzer attached

to the optical microscope for measuring shape factor of a-

Al phase, size of eutectic Si phase, and secondary dendritic

arms spacing (SDAS). Microstructure of selected samples

was examined under scanning electron microscope (SEM).

The energy-dispersive X-ray spectroscopic (EDS) analysis

was performed to assess the degree of microsegregation of

solutes (i.e., Si and Mg) in primary a-Al region. Density of

as-cast samples was measured using Archimedes principle,

and the amount of porosity present in the casting was

calculated.

Results and Discussion

Macrostructural Characterization

Macrostructures of specimen produced by gravity die

casting (top gating) using stationary die (Sample B1A) and

vibrating die (Sample B1F) are shown in Figure 3a and b,

respectively. The die was vibrated at frequency of 50 Hz

and amplitude of 1.05 mm. In the case of casting produced

in stationary die, the macrostructure typically consists of

columnar grains (shown by arrow in Figure 3a) at the

periphery and equiaxed grains (shown by dotted arrow in

Figure 3a) in the center of the sample. Further, the grain

size of casting produced without vibration varied widely

from the surface to the center. The maximum grain size

observed in casting (without vibration) is 3.5 mm. In

contrast, casting produced in vibrating die shows progres-

sive decrease in columnar grain size and increase in vol-

ume fraction of equiaxed grains with the increase in

amplitude of vibration. In addition, the grain size decreased

progressively with the increase in amplitude of the die

vibration. The maximum grain size observed in Sample

B1F is 1.5 mm, which is significantly less than those

observed in casting produced in stationary die. The

decrease in the grain size in casting produced with vibra-

tion is attributed to the increase in cooling rate owing to the

forced convection effect during solidification in die. The

cooling rate is calculated from secondary dendritic arms

spacing value and is discussed in ‘‘Influence of Die

Vibration on SDAS’’ section. It is well known that high

cooling rate increases undercooling of melt and conse-

quently increases the nucleation rate. In addition, high

cooling rate restricts the grain growth. Both increase in

nucleation rates and restriction of grain growth result in

grain refinement. Variation in maximum and average grain

size with the increase in amplitude of vibration is shown in

Table 3. Each datum in Table 3 is an average of four

Figure 2. Schematic of casting produced using (a) top
gating die and (b) bottom gating die.

Figure 3. Macrostructure 356 Al alloy produced in top
gating die (a) without vibration (Sample B1A) and (b) with
vibration (Sample B1F). Columnar grains and equiaxed
grains are shown by solid arrow and dotted arrow,
respectively, on macrographs.
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readings. Therefore, it is clear that grain size is signifi-

cantly reduced by vibrating die without the addition of any

grain refiner. It is reported that mold vibration during

casting of Al–7Si alloy promotes heterogeneous nucleation

just under liquidus temperature, which consequently pro-

duces refined grains.23,24 Grain refinement of pure Al was

also observed using ultrasonic vibration.25 Further, in

Sample B1F, there is no evidence of columnar grains at the

periphery of the casting. Columnar grains have greater size

and aspect ratio and are known to have relatively low

tensile and yield strength as compared to fine equiaxed

grains with low aspect ratio.26

Influence of Amplitude of Die Vibration on Aspect Ratio
of Grains in Casting

The variation in aspect ratio of grain with amplitude of

vibration is shown in Table 4. Aspect ratio is a measure of

grain morphology. Equiaxed grains have aspect ratio close

to 1, and columnar grains have aspect ratio greater than 1.

It is observed that the aspect ratio of grains produced in

casting without vibration is greater than those produced

with vibration. Further, it is noted that the aspect ratio of

grains decreases with the increase in amplitude of vibra-

tion. The lowest grain aspect ratio of 1.13 was measured in

the sample cast in bottom gating die under vibrating fre-

quency of 50 Hz and amplitude of 1.05 mm. The low

aspect ratio of grains in casting produced with die vibration

is attributed to the formation of predominantly equiaxed

grains in the alloy. In contrast, the highest grain aspect ratio

of 1.58 was measured in sampled produced in stationary

die.

Microstructural Characterization

Influence of Die Vibration on Microstructure

Microstructure of 356 Al alloy cast in stationary die con-

sists of primary a-Al dendritic and interdendritic eutectic

(Al ? Si) region (see Figure 4a). However, microstructure

of the alloy cast in vibrating die is of mixed type and it

comprises globular and dendritic structure of primary a-Al

(see Figure 4b). Both specimens were cast using a top

gating die. Further, the relative volume fraction of globular

primary a-Al structure cast during vibration is greater than

those cast in stationary die. Shape factors of primary a-Al

phase in alloy cast in vibrating die (Sample B1F) and

stationary die (Sample B1A) are 0.72 ± 0.19 and

0.56 ± 0.23, respectively. The shape factor is a measure of

globularity of phase. Shape factor value of 1 signifies

globular shape. Higher volume fraction of globular a-Al

structure of alloy produced in vibrating die is attributed to

the shearing effect of molten metal during solidification

resulting in fragmentation of dendrites. In addition, forced

circulation of melt due to vibration may decrease Si con-

centration ahead of dendrite tip, which consequently

reduces constitutional supercooling.27

Influence of Die Vibration on SDAS

Secondary dendritic arms spacing (SDAS) values of cast-

ing produced in various conditions are shown in Table 5.

The SDAS value of alloy cast in stationary die is greater

vis-à-vis those cast in vibrating die. The significance of

SDAS value is that it is a measure of average cooling rate

during solidification. In general, a low SDAS value signi-

fies high average cooling rate during solidification. The

cooling rate is calculated as per Eqn. 228:

Log Rð Þ ¼ �2:5Log SDASð Þ þ 4:5 Eqn: 2

where cooling rate (R) is in �C/s and SDAS is in lm.

The calculated value of cooling rate is shown in Table 5. In

general, cooling rates of alloy cast in vibrating die are

greater than those produced in stationary die irrespective of

gating design. As expected, alloy cast in top gating die with

less thermal mass has lower cooling rate vis-à-vis casting

produced in bottom gating die with greater thermal mass.

Further, it is observed that cooling rate depends on the state

of die. The die vibration results in higher cooling rate than

those produced in stationary state. This is due to the forced

convection effect induced by die vibration, which increased

the heat transfer coefficient. It is reported that the heat

transfer coefficient of casting A360-SiCp composites in

stationary die was in the range of 1000–2700 W/m2 K and

Table 3. Macrograin Size of Samples Produced in Bot-
tom Gating Die (With and Without Vibration) at 50 Hz

Sample
ID

Amplitude of
vibration (mm)

Maximum
grain size
(mm)

Grain size (mm)

Average SD

B1A 0 3.5 2.6 1.1

B1C 0.5 2.5 – –

B1E 0.75 2.0 – –

B1F 1.05 1.5 0.9 0.4

Table 4. Aspect Ratio of Grains in Sample Cast in Top
and Bottom Gating Dies (With and Without Vibration) at

50 Hz

Batch name Amplitude of
vibration (mm)

Aspect ratio

Average SD

B1 A (top gating) 0.0 1.58 0.33

B1 F (top gating) 1.05 1.28 0.15

B2 A (bottom gating) 0.0 1.26 0.11

B2 F (bottom gating) 1.05 1.13 0.08
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that with intensity of die vibration of 29 g was in the range

of 1000–10,000 W/m2 K.29 It is well known that higher

heat transfer coefficient during solidification increases

undercooling, which consequently refines microstructure

and reduces microsegregation of solutes in a-Al phase.

Influence of Die Vibration on Size of Si Particles

Micrographs of casting prepared in stationary and vibrating

die are shown in Figure 5a and b (Sample B1A) and Fig-

ure 6a and b (Sample B1F), respectively. Die vibration had

a minor effect on the size of eutectic Si particles. The

average size of Si particle in Sample B1A (cast in sta-

tionary die) is 14.03 ± 2.56 lm, and that in Sample B1F

(cast in vibrating die) is 13.44 ± 2.69 lm. The size of Si

particles in casting is marginally reduced due to die

vibration. This is attributed to the increase in cooling rate

as discussed in ‘‘Influence of Die Vibration on Size of Si

Particles’’ section. The influence of die vibration on shape

of Si particles was insignificant.

Influence of Die Vibration on Microsegregation of Si
and Mg in a-Al Phase

Microsegregation of solutes in cast Al alloys is due to the

coring effect, where the concentration of solute is greater at

the periphery as compared to the center of the primary a-Al

dendrites in as-cast condition. Coring is observed in alloy

with marked difference between liquidus and solidus

temperatures during nonequilibrium solidification,30 where

atoms do not get sufficient time to diffuse for their uniform

distribution in the matrix. It causes the center of grains to

retain more of higher melting temperature elements

because center of the grains solidifies at later stage. The

influence of die vibration on Si and Mg microsegregation

in cast Al–Si–Mg alloy was studied by EDS analysis. The

EDS analysis performed across the dendrite in Sample B1A

(i.e., cast without vibration) is shown in Figure 7a, and

corresponding concentration profiles of Mg, and Si are

shown in Figure 7b and c, respectively. The influence of

die vibration on microsegregation of Si and Mg in a-Al

phase in Sample B1F is shown in Figure 8a–c. Solute

concentration profiles were obtained along the line shown

in Figures 7a and 8a, respectively. In Sample B1A (i.e.,

cast in stationary die), concentrations of both Mg and Si are

less at the center and high at the periphery of the dendrite.

The degree of microsegregation of Mg and Si in die cast

alloy (without vibration) is shown in Figure 7b and c,

respectively. This is an expected result as per the Al–Si–

Mg phase diagram. However, anomalous microsegregation

of Si in cast Al–Si–Mg alloy has been reported in Refer-

ence 31 where it was observed that the concentration of Si

at the center of the dendrite was greater than at the

periphery. This anomalous behavior of Si microsegregation

in Al casting was attributed to the growth of eutectic Si at

the periphery of the dendrite after the completion of

solidification. The cooling rate of the casting subsequent to

solidification plays an important role in microsegregation

behavior of Si in Al castings. If the cooling rate is rela-

tively high, then it would restrict the growth of eutectic Si

and thereby prevent anomalous behavior of Si in Al–Si

Figure 4. Microstructure of 356 Al casting produced in (a) stationary die (Sample B1A) and
(b) vibrating die (Sample B1F).

Table 5. SDAS Values and Calculated Cooling Rates of
Casting Produced in Die (With and Without Vibration) at

50 Hz

Sample ID Amplitude of
vibration
(mm)

SDAS (lm) Cooling
rate (�C/
s)Average SD

B1A (top gating) 0.0 34.38 4.98 4.56

B1F (top gating) 1.05 18.98 0.66 20.15

B2A (bottom
gating)

0.0 42.71 6.32 2.65

B2F (bottom
gating)

1.05 33.79 4.33 4.76
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alloy. Since the thermal mass of Al casting in this study

was relatively small, the cooling rate after solidification

was high. High cooling rate after solidification restricted

the growth of eutectic Si. Hence, anomalous microsegre-

gation behavior of Si is not observed in this study. In

contrast, microsegregation of Mg and Si in casting B1F

(i.e., produced in vibrating die) is minimal. Thus, it is

evident that die vibration during solidification reduced

microsegregation of Mg and Si in a-Al phase. The reduc-

tion in the degree of microsegregation of Mg and Si in the

alloy cast in vibrating die is because of its high cooling rate

during solidification. In general, higher cooling rates dur-

ing solidification even in stationary die reduce solute

microsegregation in Al casting.32

Influence of Vibration on Density and Porosity
of Die Cast Al–Si–Mg Alloy

Variation in density of as-cast alloy with amplitude of die

vibration is shown in Table 6. In all these cases, the fre-

quency of vibration was kept constant at 50 Hz. In general,

density of casting increases as the amplitude of die vibra-

tion is increased. Maximum densities of 2.62 g/cm3 and

2.64 g/cm3 are achieved in Sample B1F (cast in top gating

die) and B2F (cast in bottom gating die), respectively.

These density values are significantly higher than those

cast in die without vibration. The amplitude and frequency

of vibration for Sample B1F and Sample B2F were

1.05 mm, and 50 Hz, respectively.

The amount of porosity in the casting was calculated from

bulk density (i.e., measured) and theoretical density (i.e.,

calculated) using the following equation:

Porosity %ð Þ ¼ 1� Bulk density

Theoretical density

� �� �
� 100

Eqn: 3

Further, theoretical density was calculated using the

following equation:

Theoretical density ¼
X

wi � qi Eqn: 4

Figure 5. SEM micrograph showing distribution of Si particles in interdendritic eutectic region at
(a) 250 3 and (b) 500 3 in Sample B1A.

Figure 6. SEM micrograph showing distribution of Si particles in interdendritic eutectic region at
(a) 250 3 and (b) 500 3 in Sample B1F.
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where wi is the weight fraction of ith element determined

from chemical analysis and qi is the theoretical density of

ith element. Theoretical density of 356 Al alloy (calculated

as per Eqn. 4) is 2.68 g/cm3. The calculated value of

porosity in casting produced at various conditions is shown

in Table 6. For casting produced in top gating die, the

maximum and minimum amounts of porosity are 8.97%,

and 2.25%. The minimum amount of porosity in the alloy

cast in bottom gating die is 1.51%. In general, the bottom

gating die produced less porosity than top gating die at any

given amplitude. This infers that the bottom gating design

is superior as compared to the top gating design in terms of

porosity. Further, top gating design is relatively more

vulnerable to entrapment of inclusions and dross film. This

is attributed to relatively greater turbulent flow of melt in

top gating die as compared to the bottom gating die. The

damaging effect of molten metal flowing under gravity

(i.e., top gating) on quality of casting has been attributed to

two factors: (1) metal velocity and (2) air entrapment.20 It

has been established that the critical velocity limit for

liquid metal entering a mold is approximately 0.5 m/s,

which is achieved when the metal falls to 10 mm under

gravity. It is very difficult to design a top gating die with

metal flowing under gravity to less than 10 mm. Casting

defects are produced when the melt flow velocity in the die

cavity is greater than the critical limit (i.e., 0.5 m/s). In

bottom gating design, the melt flow velocity in the die

cavity is reduced owing to the counter-gravity effect,

thereby limiting the damage usually caused by turbulent

flow. Similarly, the chance of air and/or oxide film or

inclusion entrapment in casting is increased during casting

in top gating die. This happens because during casting in

the top gating die, mixture of air (* 50%) and melt enters

the sprue. The air gets trapped and oxidizes the void

surface. Both oxide bifilms and air enter the die cavity and

are trapped inside the casting. This is avoided in bottom

gating design by reducing the metal flow velocity in the die

cavity and thus allowing air bubbles to escape through the

sprue. Therefore, density data (Table 6) are in agreement

with the established rule in die casting design.

Few selected experiments were performed to understand

the influence of frequency of die vibration on density,

porosity, and shrinkage of the casting. At amplitude of

0.75 mm, the frequency of die vibration was varied from

30 to 50 Hz. The effect of frequency of die vibration on

density and shrinkage of casting produced in the top gating

die is shown in Table 7. The highest density in casting is

observed at a vibration frequency of 50 Hz. At lower fre-

quencies (i.e., 30 Hz and 40 Hz), the density of casting was

less relative to those produced at 50 Hz frequency. This

Figure 7. (a) SEM micrograph showing the line along
which EDS analysis was performed in Sample B1A
(without die vibration), and corresponding concentration
profile of (b) Mg and (c) Si.

Figure 8. (a) SEM micrograph showing the line along
which EDS analysis was performed in Sample B1F (with
die vibration), and corresponding concentration profile
of (b) Mg and (c) Si.
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concludes that higher vibration frequency is more effective

in producing casting of high density. This is because higher

frequency increases the intensity of vibration and conse-

quently the amount of shear force produced in the melt

during solidification is greater vis-à-vis those at lower

frequency. High shear force increases the melt flowability

in the die, which reduces shrinkage porosity in the casting

and increases its density.

Microscopic examination showed a significant amount of

shrinkage porosity (in terms of size and size distribution) in

Sample B1A produced in stationary die (see Figure 9a and

b). On the contrary, amount of shrinkage porosity is scant

in casting produced in vibrating die (see Figure 10a and b).

This is because shear forces generated by die vibration

fragmented dendrites and consequently improved melt

flowability. It is well known that shrinkage porosity in

casting is reduced by enhancing melt flowability. Further,

the amount of porosity at periphery was relatively less as

compared to those at the center of the casting. Sample B1A

and Sample B1F are devoid of any gas porosity, which is

inferred from the absence of spherical pore in the casting.

Gravity die casting of Al alloys often experiences shrink-

age defects resulting in premature failure of components.

The shrinkage defect is produced in the casting owing to

the inadequate flowability of alloy at the later stage of

solidification. In addition, nonuniform shrinkage may result

in hot tear in castings and thus increases their rejection rate.

This study demonstrates that solidification in vibrating die

is an efficient and relatively simple method to improve

quality of the casting. Relation between process variables

and density of the casting was established by regression

analysis.

Regression Analysis for Top Gating Process

Linear multiple regression analysis was performed with

density as the dependent variable and amplitude and fre-

quency being independent variables using Microsoft�
Excel software. The regression equation is shown below:

Density ¼ 2:3053 þ 0:1734 � amplitude þ 0:0027

� frequency

Eqn: 5

Definition and equations used to calculate various

statistical parameters such as R-square, coefficient of

independent variables, significance F, and p value are

discussed elsewhere.33 The R-square value is a collective

measure of variance of various independent variables on

dependent variable. The R-square value of the regression

analysis is 0.9428. This means that amplitude and

frequency of vibration contribute to 94.28% of the

density value. Further, the analysis of variance (ANOVA)

data show that the significance F value of 0.0137 is much

lower than 0.05, which implies that significant regression

relation exists between dependent and independent

variables. The predictive values (i.e., p value) for

intercept, amplitude, and frequency are less than 0.05. In

statistical terms, p valueB 0.05 is considered as a very

good prediction. In other words, density depends

significantly on both amplitude and frequency. This

Table 6. Variation in Density and Calculated Porosity of Casting (With and Without Die Vibration) at 50 Hz

Batch name Amplitude of vibration (mm) Density (gm/cm3) Porosity (%)

Average SD

B1A (top gating) 0 2.44 0.008 8.97

B1C (top gating) 0.5 2.53 0.018 5.61

B1E (top gating) 0.75 2.59 0.029 3.37

B1F (top gating) 1.05 2.62 0.024 2.25

B2A (bottom gating) 0 2.44 0.018 8.97

B2C (bottom gating) 0.5 2.56 0.024 4.49

B2E (bottom gating) 0.75 2.60 0.018 3.00

B2F (bottom gating) 1.05 2.64 0.014 1.51

Table 7. Effect of Vibration Frequency of Die on Density and Calculated Porosity of Casting

Sample ID Amplitude of vibration (mm) Frequency (Hz) Density (g/cm3) Porosity (%)

Average SD

B5B 0.75 30 2.53 0.01 5.61

B6B 40 2.52 0.02 5.99

B1E 50 2.59 0.01 3.37
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concludes that Eqn. 5 establishes an acceptable correlation

between dependent variable (i.e., density) and independent

variables (i.e., amplitude and frequency). The F statistic

(significance F value) is a measure of significance of

independent variables to predict dependent variable, and

p value is the probability of getting a result. The

significance F value is used in combination with p value

to decide whether the contribution of all independent

variables in calculating dependent variable is significant. In

addition, the positive coefficients of amplitude and

frequency show that density is positively dependent on

both amplitude and frequency (i.e., density increases with

the increase in amplitude and/or frequency). Since the

coefficient of amplitude (0.1734) is significantly greater

than the coefficient of frequency (0.0027), it is concluded

that amplitude is the more dominant factor contributing to

density of casting as compared to the frequency of die

vibration.

Regression Analysis for Bottom Gating Process

Linear regression analysis was performed with density as

dependent variable and amplitude being independent

variable using Microsoft� Excel software.33 The regres-

sion equation is shown below:

Density ¼ 2:4494 þ 0:1924 � amplitude Eqn: 6

The R-square value is very high (0.9792), which implies

that 97.92% of density is contributed by amplitude. The

ANOVA data show that the significance F value of 0.0105,

which is the same as p value for amplitude, is significantly

less than 0.05. This proves that strong regression relation

exists between density and amplitude of vibration.

Therefore, it is concluded that Eqn. 6 establishes an

acceptable correlation between dependent variable (i.e.,

density) and independent variable (i.e., amplitude) at

constant frequency of 50 Hz. In addition, the coefficient

of amplitude (0.1924) is greater than zero. This implies that

density is positively dependent on amplitude. In other

Figure 9. Microstructure of Sample B1A (produced without die vibration) showing major amount of
shrinkage porosity at (a) center (magnification = 50 3) and at (b) periphery (magnification = 50 3) of
the casting.

Figure 10. Microstructure of Sample B1F (produced with die vibration) showing minor amount of
shrinkage porosity at (a) center (magnification = 100 3) and (b) periphery (magnification = 100 3) of
the casting.
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words, density of casting increases with the increase in

amplitude of die vibration.

Effect of Die Vibration on Shrinkage of Casting

The principle of shrinkage measurement is discussed

elsewhere.19 A ‘‘U’’-shaped valley is produced on the top

of the casting due to contraction of molten metal during

solidification. Shrinkage is measured as the difference

between the upper and lower points of the valley in the

casting. The level of shrinkage in casting prepared in die

(with and without vibration) is shown in Table 8. It is

observed that at higher amplitude of vibration, the degree

of shrinkage is less and vice versa. As expected, maximum

shrinkage is observed in casting produced without die

vibration. Minimum shrinkage values of 0.3 cm and

1.4 cm are observed in top and bottom gating dies,

respectively, when the amplitude of die vibration was

increased to 1.05 mm. The effect of frequency of vibration

at amplitude of 0.75 mm on shrinkage of casting is mini-

mal. The reduction in shrinkage due to die vibration is

attributed to the improvement in feeding ability of melt.34

Conclusions

The 356 (LM-25) aluminum alloy was cast in die at dif-

ferent vibrating conditions. Based on the experimental

result, the following conclusions are drawn:

1. Mechanical vibration of die produced fine

equiaxed grains. However, casting produced in

stationary die consisted of coarse columnar and

equiaxed grains. Grain size is reduced by 65% as

a result of die vibration.

2. Optical microscopic examination showed that the

volume fraction of globular primary a-Al grains

increased with the increase in amplitude of die

vibration. This is inferred from the change in

shape factor of a-Al phase from 0.56 in alloy cast

in stationary state to 0.72 in casting prepared in

vibrating die. The increase in shape factor is due

to the fragmentation of primary a-Al dendrite by

shear force resulting from die vibration during

solidification. The shear force ahead of solid–

liquid interface was adequate in breaking den-

drites, which were relatively weak between

liquidus and solidus temperatures.

3. Die vibration increased cooling rates during

solidification of casting by 81% and 28% for

top and bottom gating designs. Consequently,

higher cooling rate caused by vibration reduced

SDAS, grain size, and degree of microsegregation

of Si and Mg in a-Al phase.

4. Mechanical vibration of die increased the density

of castings by 10% and 8%, respectively, for top

and bottom gating casting owing to the reduction

in shrinkage porosity. This is attributed to the

increase in flowability resulting from the frag-

mentation of a-Al dendrites and formation of

partly globular grains. It is well known that a-Al

dendrite formed during solidification restricts

melt flowability and consequently the inadequate

supply of melt ahead of solid–liquid interface

produces shrinkage porosity. Further, density of

casting was relatively low at lower frequency as

compared to those achieved at high frequency of

die vibration. Regression analysis showed strong

correlation between dependent variable (i.e.,

density) and independent variables (i.e., ampli-

tude and frequency).

5. The degree of shrinkage of the casting was

relatively low at higher amplitude of die vibra-

tion. The effect of frequency of die vibration on

shrinkage of casting was minimal.

Table 8. Effect of Vibration on Shrinkage of Casting Produced in Top and Bottom Gating Dies

Batch name Amplitude of vibration (mm) Frequency (Hz) Shrinkage (cm)

Average SD

B1A (top gating) 0 50 2.1 0.1

B1C (top gating) 0.5 50 0.9 0.0

B1E (top gating) 0.75 50 0.5 0.1

B1F (top gating) 1.05 50 0.3 0.1

B2A (bottom gating) 0 50 3.7 0.3

B2C (bottom gating) 0.5 50 2.6 0.3

B2E (bottom gating) 0.75 50 2.2 0.1

B2F (bottom gating) 1.05 50 1.4 0.1

B5B (top gating) 0.75 40 0.5 0.0

B6B (top gating) 0.75 30 0.6 0.0
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