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ABSTRACT

A1 356 alloy is extensively used for a wide variety of
casting applications.

The structure is composed of primary

dendrites and eutectic silicon formed during the eutectic
reaction.

It has long been recognized that the shape of the

eutectic silicon significantly affects the ductility of the
alloy.

Traditionally, the morphology of the silicon is

changed by certain chemical and/or thermal processes to
improve the ductility.

Mechanically deforming the castings

to "modify" the shape of silicon has been shown by this
research to be an effective alternative method to improve
the spheroidization rate of eutectic silicon during heat
treatment.

The best ductility is found when the amount of

deformation (or percent reduction) is between 40 and 80%.
If deformation equipment is available, this process could
greatly reduce the manufacturing time and result in a more
ductile product.
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I . INTRODUCTION

A group of aluminum alloys containing Si and Mg
represents a popular class of casting alloys.

Their typical

applications are machine tool parts, aircraft wheels, pump
parts, marine hardware, aerospace parts such as aileron
control sectors, rudder control supports, fuselage fittings
and fuel tank elbows, and automotive components, including
engine blocks and transmission cases.1

When properly

treated, the alloys provide a good combination of strength
and ductility.
One of the important alloys in the group is alloy 356;
its nominal composition is listed below:1
Si:

7%

Mg:

0.35%

Fe:

< 0.6%

Cu:

< 0.25%

Zn:

< 0.35%

A1 356 alloy has good castability caused by the silicon
addition and good heat treatability provided by the
combination of Si and Mg.

Generally, Mg will combine with

Si to form an intermetallic phase, Mg2Si, which precipitates
from the aluminum solid solution during cooling or heat
treatment. The remaining Si forms as a portion of the
eutectic structure during the solidification process.
solidification process can be followed with the aid of
Figure 1, a section through the Al-Si-Mg ternary phase

The

Temperature ( F )

7 Pet Si Section

Fi g u r e 1.

Phase d i a g r a m of 7% Si A l - S i - M g alloy;
A.

L i q + A l ; B. Liq+Al+Si;

D. A l + s i + M g 2Si.
Ref e r e n c e 12)

C. Al+Si;

(Reproduced from
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diagram at 7% Si.

Because the mutual solubility of A1 and

Si is very low at room temperature, the primary phase will
be almost pure aluminum and the eutectic silicon will be
close to 100% Si.

The Mg 2 Si which appears during cooling

has the Chinese script structure while the eutectic silicon
will form either a plate-like or fiber-like structure in the
as-cast condition, depending on the degree of modification
to be discussed in detail later. This alloy may also be
solution treated and aged to take advantage of the
precipitation hardening effect as coherent Mg2Si
precipitates form in the matrix.
Factors influencing the grain size, eutectic structure
and properties of Al-Si-Mg alloy have been investigated by
numerous workers.2-14

These factors include: 1) alloy

composition 2) solidification rate, and 3) heat treatment,
all have a pronounced and sometimes inter-related effect on
the final properties of the alloy3.
Alloy composition: The composition of the alloy
strongly influences the grain refinement and modification
processes. Grain refinement of the primary aluminum phase
can be achieved by adding titanium, boron and chromium3'11
into the liquid metal to promote sites for heterogeneous
nucleation.

The addition of boron may form A1B2 and

TiB2, which will adhere to the nuclei, increase the
roughness of the nuclei surface and reduce the dissolution
rate (increase the diffusion distance) of the nuclei in
aluminum.3

4

Modification is generally done by adding strontium
and/or sodium into the liquid metal to modify the nucleation
and growth mechanism of the eutectic silicon.3'6'9'11

The

reason that Sr and Na change the morphology of silicon
should be viewed from two aspects: nucleation and growth.
Phosphorus is always present in Al-Si alloys as an impurity
and forms aluminum phosphide (A1P), an effective nucleant
for Si.3'6 In the presence of A1P, silicon will form
colonies of large plates radiating from a single point.6 The
addition of Sr and/or Na will neutralize the effect of the
A1P phase and reduce the number of effective nucleants.3'6
The second phenomenon observed is the depression of the
eutectic temperature, which may be attributed to the change
in silicon growth kinetics. As a result of the presence of
the modifier, a larger undercooling is needed to force the
new atoms of silicon to be added to the solid crystal.
other words, the growth of silicon is retarded.6

In

The

poisoning of the A1P nuclei, together with the larger
undercooling, produce a finer and more fibrous eutectic
silicon.
Strontium and sodium produce equivalent modified
structures, but sodium levels are more difficult to control
because of its rapid oxidation loss, tendency for
vaporization, and low solubility in aluminum.

For the

above reasons, sodium has a relatively low recovery value.
On the other hand, strontium has a better recovery but needs
1 to 2 hours of incubation time for the reaction.

There is

always a possibility for over-modification; in such cases,
compounds like Al4Sr, SrSi2 and AlSiNa will appear and
nucleate silicon crystals, an opposite effect to
modification.6
Solidification rate:

A high cooling rate promotes

nucleation and retards grain growth, which in turn gives a
better grain refinement effect and provides better strength
and ductility.

In addition, rapid solidification rates will

refine the eutectic structure and, if rapid enough, may
suppress nucleation and provide a modification effect.
Heat treatment: The heat treatment of Al 356
includes solution treatment, quenching and aging.

The

primary roles of the solution treatment are:
a. Homogenization of the cast structure.13
b. Dissolution of certain intermetallic compounds,
like Mg2Si13.
c. Spheroidization of the eutectic silicon.4 '7 '9 '13'14
During quenching, an aluminum matrix supersaturated in
Si and Mg is produced.

Typically, the alloy is quenched

into hot water to minimize the development of residual
stresses.

Because the matrix is supersaturated, subsequent

heat treatment will cause a precipitate to form.
Aging , by holding the superstaturated matrix at
elevated temperature typically at 150 to 200°C, can increase
the strength by permitting the precipitation of Mg2Si; the
final strength depends on the aging time and
temperature.8'15 In Al 356, the heat treatment may increase

6

the strength from 26 ksi in the as-cast condition to 38 ksi
in the artificially aged condition (T6).
The effects of alloy composition, solidification rate
and heat treatment on the morphology and distribution of
eutectic silicon, and the strength of the alloy, are
particularly important.2'4'7'13 The factors which control
the characteristics of the silicon phase were investigated
in detail by Tuttle and MeLeilan.9
The ductility of the alloy also strongly depends on the
characteristics of the second phase particles, in this case,
the eutectic silicon.2'4'7'9'20-26 Two theories are used to
interpret the relationship between ductility and second
phase particles.

One states that the interparticle spacing

determines the ductility while the other states that the
total volume of the precipitate is the most important
variable.

Both of these theories were demonstrated as being

applicable to Al-Si-Mg alloys for different cooling rates.7
In unmodified alloys, the process of spheroidization
can be divided into two stages: dissolution separation of
the dendritic eutectic silicon and spheroidization of the
separated eutectic silicon segments.

It was also suggested

that the controlling step in the spheroidization process is
the first stage, namely dissolution separation.

Any process

that helps to promote separation of eutectic silicon will
reduce the required time for the following spheroidization
treatment.14
In the as-cast aluminum 356 modified alloy, the

7

eutectic silicon exhibits a fibrous texture and is found in
interdendritic spaces. The spheroidization of the eutectic
silicon strongly depends on the diffusion of silicon
atoms;4'6'14 thus one must take into account the effects of
solution treatment temperature, time, and length of
diffusion path.
The main mechanism in promoting morphological and size
changes in the eutectic silicon structures is the coarsening
process.4 In this process, the interfacial area between two
phases in the alloy decreases with holding time at elevated
temperature. The coarsening process involves two mechanisms
which occur either simultaneously or individually.

First,

atom transfer occurs when the atoms detach from small,
unstable particles, diffuse through the matrix, and finally
attach themselves to the surface of large, stable particles.
In other words, large particles grow at the expense of small
particles. Second, when dispersed silicon particles are
large enough and the system is at an elevated temperature,
sintering of particles in physical contact will thus occur;
this is termed coalescence.4'28

Both mechanisms give the

same effect, which is the reduction of surface area and
interfacial energy between the phases.
Modification of the eutectic microstructure by Na or Sr
additions is one method by which enhancement of the
dissolution separation and coarsening of the eutectic
silicon in the subsequent heat treatment is commonly
accomplished.

Thermal separation and coarsening occur also

8

during the age hardening heat treatment. Another method used
to achieve the same purpose involves breaking the brittle
eutectic silicon into finer particles by mechanical
deformation.

This possibility has been investigated by

Schrems17 and proven feasible in Al 356 alloy.

By using the

hot rolling step, it is possible to obtain 90% reduction in
the cross sectional area of a cast blank. Finer, more evenly
distributed silicon particles and higher mechanical
properties were obtained in the as-rolled structure.
However, Schrems did not investigate the effect of this
rolling process on the heat treatment times, or the
microstructure and

mechanical properties after heat

treatment. In this investigation, various steps in the heat
treatment were performed on hot rolled Al 356 blanks.

The

effects of the deformation temperature, rolling direction,
and amount of reduction on the final properties of the alloy
were studied.

Finally the effects of deformation on the

rate of spheroidization of the silicon and other changes in
microstructure were examined.
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II. EXPERIMENTAL PROCEDURE

The flow sheet in Figure 2 summarizes the experimental
procedure used in this investigation.

The procedure

includes casting, hot rolling, heat treatment and
characterization of the microstructure and properties.

A. CASTING
Molten Al 356 alloy, in the modified condition, was
cast into a permanent steel mold, Figure 3, to produce
castings of 9" long, 1.5" wide, and 0.5" thick.

The mold

was preheated to a temperature between 200°C and 300°C prior
to pouring each casting.

The pouring temperature was

approximately 700°C. Chromel-alumel thermocouples were used
to monitor both mold and molten aluminum temperatures.

B. ROLLING
Hot rolling was employed to take advantage of the good
workability of the aluminum alloy at high temperatures.
Samples were heated to either 350°C or 450"C to show the
effect of deformation temperature on properties.

Rolling

was performed in parallel and perpendicular directions, with
respect to the length of the as-cast sample, as shown in
Figure 4(a).

Figure 4(a) also shows the directions of

tensile bar sampling.

The amount of reduction in each pass

was 20%. After each pass, the sample was returned to the
oven next to the rolling mill to insure that the rolling

10

Figure 2.

Flow sheet of experimental procedure.
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(----—

Figure 3.

------- ■6 *

-------------- )

Construction of casting mold.
in inches)

(Units are

Perpend icuIar Rolling

CcO

L o n g i t u d in a I

s e a t So n

(to

Figure 4.

Definition of

a. Rolling direction and

b. S e c t i o n i n g direction.
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temperature for each pass remained the same.

The procedure

was repeated until samples with 20%, 40%, 60%, 80% and 90%
reduction were obtained.

For each percent reduction, three

tensile bars were obtained for subsequent testing.

C. HEAT TREATMENT
The rolled samples were solution treated at 540°C for a
period of time, lasting from 20 minutes to 12 hours, and then
quenched in 80"C water to insure a supersaturated matrix.
Following the quench, an aging treatment, in which the
specimens were held at 155"C for varying periods of time,
was used to strengthen the alloy.
During the hot working process, samples were elongated
in the rolling direction.

When samples were rolled parallel

to the length of the casting, the as-cast samples turned
into long plates with a width of approximately 1.5".

This

long plate was cut into 10"xl.5" sections of varying
thickness (depending on the %reduction). When samples were
rolled perpendicular to the length, the samples turned into
a plate that was still about 9" long but whose width
increased and thickness decreased as the %reduction
increased.

Samples 9" long x 0.6" wide of varying thickness

were cut from the plate for heat treatment.

Due to furnace

size limitations, samples with different rolling directions
were heat treated separately.

14

D. HARDNESS TESTING
Hardness values were measured at the two ends of the
tensile bars so the tensile properties of the samples would
not be influenced. The Rockwell F scale was used for all
hardness measurements.

E. TENSILE TESTING
Tensile bars were cut directly from both as-cast and
heat treated samples.
0.5".

The width of each tensile bar was

All tensile bars were tested on a Tinius Olsen

Universal Testing Machine equipped with an extensometer.
Ultimate tensile strength was read directly from the
display.

The yield strength and elastic modulus was derived

from the stress-strain diagram. Yield strength was obtained
using a 0.2% strain offset.

%Elongation was measured by

inscribing a 2" gage length on the tensile bars before
tensile testing and then remeasuring the gage length by
putting the specimen back after tensile testing to obtain
the amount of elongation.

F. METALLOGRAPHY
The samples prepared for optical metallography were
obtained from the tensile bars next to the necked area.
Samples were obtained in both the longitudinal and
transverse directions as illustrated in Figure 4 (b), and
then were hot mounted, ground, polished, and etched.
Grinding was done from 60 grit down to 600 grit using SiC

15

paper. Polishing was done on a polishing wheel with 1.0
micron alumina powder suspended in water and 0.05 micron
Leco finish-Pol liquid. The etchant was 0.5% HF1, the
etching time was 30 seconds.
Samples for the SEM investigation were also sectioned
from the broken tensile bars.

The same procedure for

grinding and polishing above was followed.

The etchant

composition is given below:
Etchant :

HCl(conc.)...............

2.50 ml

HN03 (conc.)..............

2.00 ml

HF(40%)..................

0.75 ml

Water.................... 40.0

ml

Samples were immersed in the etchant at room temperature
for 20 minutes. In some cases, the etching time was
prolonged to 60 minutes to more deeply etch the sample.
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III. RESULTS

A. HEAT TREATMENT EFFECT ON PROPERTIES

In order to evaluate the effect of the heat treatment
time on properties, an initial series of experiments was
performed.

This involved preparing specimens using

different solution treatment times (6, 9, 12 hours) and
aging times (2 to 6 hours) as recommended by the ASM Metals
Handbook.1

All samples were cast into 9"x 1.5"x0.5" bars

and rolled 80% down to 0.1" thick, solution treated at 540°C
for different periods of time, subsequently quenched in
water (80°C), and aged at 155°C for various times.
Tensile bars were cut directly from the samples.

Mechanical

properties of these samples are listed in Table 1.
The results of the mechanical testing are based on a
maximum of three samples for each condition. Often, the
casting defects reduced the number of effective tests and
these measurements were not included in the averages.
Consequently a statistical analysis of the mechanical
property results was not performed.

In clarity, the range

of the values each test is not included in the figures.

1.

Hardness

Figure 5 shows that the hardness values

for different heat treatment durations are almost identical
and fall between RF 87 and 90.
deformation is used is RF 84.18

The expected value when no

17

Table 1.
Solution
Treatment
Time (hr)

Mechanical properties of heat treated 356
alloy

Aging
Hardness Tensile Yield* %Elongation
Treatment
Strength Strength
(2")
(RF)
Time (hr)
(ksi)
(ksi)

Expected value***

84

38.0

27.0

5.0
*-k k

6
6
6
6
6

2
3
4
5
6

88
88
90
89
90

46.2
46.0
46.2
46.5
45.2

33.5
34.9
35.9
36.6

16.3
16.8
15.8
14.3
10.1

9
9
9
9
9

2
3
4
5
6

89
90
89
87
90

45.9
45.6
46.8
45.1
45.9

34.5
34.4
36.3
35.9
36.3

15.6
13.3
13.6
11.7
12.7

12
12
12
12
12

2
3
4
5
6

87
90
90
89
90

44.3
45.9
46.4
45.6
47.3

31.3
34.4
34.9
35.4
37.3

16.1
14.9
15.2
12.9
12.3

*
**
***

Yield strength is obtained from 0.2% strain offset.
Reference 18.
Tensile bar fracture prematurely due to retained cast
defects.

100

as

*

SO

cs

Co
E
TOCO
CO
SB

c
«3
n:

X3
c_

eo-

a

6 Hr. Solution Treataent

a

9 Hr. Solution Treataent

a 12 Hr. Solution Treataent
50

0

Figure 5.

\

5

5
T
£
Aging Tine (Hr. )

£

V

Hardn e s s vs. aging time, shows aging time
does not affect h a r d n e s s of samples.
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2. Yield strength

The values obtained for yield

strength are observed to be proportional to the aging time
as shown in Figure 6.

These values range from 32 to 37 ksi

and the expected value for undeformed samples is 27 ksi.
There is no significant effect of solution treating time on
yield strength.

3. Tensile strength

Not much variation in tensile

strength with heat treatment times was found.

The tensile

strength values vary within 3 ksi for samples with the same
solution treatment time.

Similar results are observed when

comparing samples with the same aging time, Figure 7.

Note

that these values all are higher than the expected value of
38 ksi, obtained from the 356 alloy which is not deformed.

4. Percent elongation

The ductility of the samples

is greatly improved after heat treatment.

Like the yield

strength, percent elongation depends on aging time.

It is

obvious that the ductility of the samples decreases as aging
time increases, Figure 8.

It is observed that there is no

significant effect of solution treating time.

Further,

%elongation varies inversely with yield strength, Table 1.
During

heat treatment, aging most affects the

mechanical properties.

As the aging time increases, the

yield strength also increases while %elongation decreases.
Prolonging the solution treatment time from 6 to 12 hours
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does not have much influence on alloy properties, from which
we may infer that homogenization was completed at or before
6 hours.

B. PROPERTIES OF HEAT TREATED ALLOYS

Tensile bars described in the previous section are all
from samples with parallel deformation, with respect to the
length of the as-cast sample.

In this section, four

additional sets of samples were deformed in different
directions:
Category 1. Parallel deformation at 450"C
Category 2. Parallel deformation at 350°C
Category 3. Perpendicular deformation at 450°C
Category 4. Perpendicular deformation at 350°C
To maximize solutioning and obtain high strength, a 12
hour solution treatment and a 6 hour aging treatment
schedule were chosen.

Because of the limited space in the

furnace, categories 1 and 2 were heat treated separately
from categories 3 and 4.
1. Hardness

The hardness values, Table 2, are obtain

ed from as-rolled, solution treated, and aged samples taken
at different intervals during the process. In the as-rolled
cases, all samples show the hardness to be proportional to
the %reduction, Figure 9.

The hardness increased, at least

13 points, when the %reduction increased from 20% to 90%.
This result agrees with a previous investigation.17
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Table 2.

Hardness (RF) of samples at as-rolled, solution
treated and age treated states.

450 °C
Deformation

Parallel rolling

%Redcu- AsRolled
tion
20%
40%
60%
80%
90%

36.9
35.8
43.9
56.8
54.3

350 °C
Deformation
%Reduc- Astion
Rolled
20%
40%
60%
80%
90%

41.2
42.8
50.2
51.8
54.9

Age
Solution
treated treated
52.5
48.7
53.8
53.1
51.1

84.7
82.4
85.3
87.6
81.0

Parallel rolling
Solution
Age
treated treated
49.1
49.9
53.9
52.9
49.7

83.3
82.6
83.2
87.6
84.0

Perpendicular rolling
AsRolled

Solution
treated

Age
treated

32.7
30.9
35.2
37.0
47.1

50.9
51.9
51.9
52.4
47.7

84.0
86.9
86.5
88.3
82.8

Perpendicular rolling
AsRolled

Solution
treated

Age
treated

34.3
42.9
41.4
37.8
48.5

51.2
51.9
54.0
55.2
53.4

85.6
86.7
88.4
87.7
83.6
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%Reduction
Figure 9.

Hardness of as-rolled samples vs.
%reduction, shows hardness increases
with %reduction.
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By comparing the hardness values from samples with
different rolling directions, it is apparent that samples
with parallel deformation possess higher values, both at
350°C and 450°C rolling temperatures.

After a long period

of solution treatment, the hardness of samples with
perpendicular deformation is increased.

This increase is

particularly large for samples with a lower %reduction.

The

influence of the %reduction is reduced by the longer
solution treatment.

In the parallel deformation case,

samples with low %reduction increase in hardness while those
with high %reduction decrease in hardness.

Again, the

%reduction effect is reduced, Figure 10.
After comparing aged samples with different deformation
directions, the samples with perpendicular deformation
were observed to have a higher hardness compared to those
with parallel deformation, both at 350°C and 450"C rolling
temperatures.

In both cases, the difference is not very

significant, Figure 11.
From the above observations, it is apparent that
solution treatment combined with aging reduces the effects
of the rolling direction and %reduction, producing a more
isotropic behavior.

2. Tensile testing

Tensile testing was done after

the aging treatment (155°C for 6 hour).

Tensile test

bars were cut directly from these rolled and heat treated
samples.

As in the case of hardness, there are four

( Rockwell F )
Hardness

X Reduction
Hardness of solution treated samples vs.
%reduction, shows difference between
hardness is eliminated.

Figure 11.

Hardness of aged samples vs. %reduction,
shows %reduction does not affect sample
hardness.

Hardness

( Rockwell F )

^

10.
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categories of tensile bars.

The mechanical properties

obtained from this test are listed in Table 3.
First, we can compare the properties obtained from the
samples tested for 80% reduction, Table 1, parallel to the
rolling direction, with the result in Table 3, which are
summarized in Tables 4.

It shows there is some difference

between properties, which indicating variation exists
between heat treatments.
Second, by inspecting the data in Table 3, it is found
that not much difference exists in the two categories with
the same rolling direction but different rolling
temperatures, both in the parallel and perpendicular cases.
But when comparing samples with the same rolling temperature
but different directions, the samples with perpendicular
deformation possess slightly higher hardness and tensile
properties.
Table 3 shows that the variation in tensile strength
is about 4 ksi and is 3 ksi for yield strength. Again %
reduction does not show a strong effect on the strength of
the sample after heat treatment, Figure 12 and Figure 13.

28

Table 3.

Mechanical properties of heat treated AL 356
alloy.

450°C
Deformation

Parallel
rolling

Perpendicular
rolling

%Reduc- Tensile Yield %Elon
Tensile Yield
%Elontion strength strength gation strength strength
gation
(ksi)
(ksi)
(ksi)
(ksi)
(2")
(2 ")
20%
40%
60%
80%
90%

41.4
42.2
43.2
42.2

350°C
Deformation

33.9
31.3
36.8
34.1

16.5
16.5
11.6
12.7

Parallel
rolling

45.2
45.0
44.4
45.1
45.2

36.2
35.7
34.8
35.7
35.4

6.3
7.0
10.5
10.4
11.5

Perpendicular
rolling

%Reduc- Tensile Yield %EloTensile Yield %Elontion strength strength gation strength strength gation
(ksi)
(ksi)
(ksi)
(ksi)
20%
40%
60%
80%
90%

42.7
42.3
42.2
42.7
42.7

31.3
33.4
33.9
34.1
35.5

9.1
10.6
15.6
14.0
12.0

41.3
44.8
44.7

34.9

9.2

—

—

—

—

35.2
34.6

11.0
12.0

* Tensile bar fracture prematurely because of retained
casting defects, like internal hole and surface defects.
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Table 4.

Comparison of mechanical properties of heat
treated 356 alloy. (Average values)

350 °C

450 °C

First Perpendicular Parallel Perpendicular Parallel
experiment rolling
rolling
rolling
rolling
Rp

89.0

86.0

84.4

85.7

84.2

U.T.S. 46.0
(ksi)
Y.S. 35.1
(ksi)

43.6

42.5

45.0

42.3

34.9

33.6

35.6

34.0
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Figure 12.

Tensile strength of heat treated samples
vs. %reduction, shows %reduction does not
affect tensile strength of samples.

Figure 13.

Yield strength of heat treated samples vs.
%reduction, shows %reduction does not
affect yield strength of samples.

The %elongation, or ductility, of the perpendicular
deformed samples does not show consistent variation, Figure
14.

The reason for this fluctuation is not very clear; the

first guess is retained casting defects, like unsealed gas
porosity and oxide inclusions, cause premature failure of
some samples.
Referring again to Figure 14, samples deformed in the
parallel direction have higher ductility at both rolling
temperatures.

The closest ductility values in two different

rolling directions are found in samples with large amounts
of reduction, namely 80% and 90% reduction, which provide a
better chance to seal the porosity in the casting and
produce similar microstructure thus give similar %elongation
values.

In the parallel deformation case, %elongation

increases initially with %reduction, then falls. This
phenomenon is also observed in previous work.17

3. Summary

Heat treatment, and in particular the

solution treating step, virtually eliminates the effect of
deformation direction, deformation temperature and percent
reduction.

In addition, the heat treatment increases the

properties, especially the ductility, compared to the
as-cast and as-rolled conditions.
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%Elongation of heat treated samples vs.
%reduction, shows an initial increase
followed by a decrease as %reduction
increases.
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C. COMPARISON OF PROPERTIES OF HEAT TREATED TO NON-HEAT
TREATED ALLOYS

Because only parallel deformation was performed in the
previous investigation17, this comparison will be based
on samples of this category, Table 5.
The strength of the alloy deformed at low %reduction
is lower than the expected minimum, although the strength
increases as the %reduction increases.

When deformed

samples are solution treated and aged, they all possess
higher strength than the minimum handbook value, suggesting
that deformation has a positive effect on properties.
As mentioned before, the effect of %reduction has been
reduced by solution treatment; Table 5 shows that samples
with different %reduction have similar strength.
In samples that were given a low %reduction, heat
treatment provided a large increase in tensile and yield
strength, double the values in samples with 20% reduction.
The strength of samples with 90% reduction was only
increased 50% by the heat treatment.
effect is reduced.

The deformation
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Table 5.* Comparison of properties of heat treated to
non-heat treated alloy.
Heat treatment

No

Deformation
temperature

450 °C

expect:ed value
20%
U.T.S.
40%
60%
80%
90%

26.0
21.0
22.5
25.0
27.0
28.0

expected value
20%
Y.S.
40%
60%
80%
90%

18.0
12.0
14.5
17.5
20.0
22.0

expect:ed value
20%
40%
Rp
60%
80%
90%

38.0
42.5
47.0
51.5
54.0

expectbed value
20%
%Elon40%
gation
60%
80%
90%

Yes

5.0
3.0
10.0
11.0
5.0

No

Yes
350 0C

38.0

26.0
20.0
22.5
26.0
29.0
30.0

38.0
42.7
42.3
42.2
42.7
42.7

33.9
31.3
36.8
34.1

18.0
14.0
17.5
21.0
24.0
26.0

27.0
31.3
33.4
33.9
34.1
35.5

84.0
84.7
82.4
85.3
87.6
81.0

39.0
42.0
45.5
49.0
51.0

84.0
83.3
82.6
83.2
87.6
84.0

5.0
2.0
9.0
11.0
10.0
7.0

5.0
9.1
10.6
15.6
14.0
12.0

—

41.4
42.2
43.2
42.2

27.0
—

5.0
—

16.5
16.5
11.6
12.7

* The values for non-heat treated alloy were read directly
from the figures in Reference 17.
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D. MICROSTRUCTURAL EVALUATION

1. Structure of solution treated samples

First, the

structural changes during solution treatment are examined.
As-cast samples of modified Al 356 were cut directly from
broken , as-rolled tensile bars into 0.5"x0.5"x0.25"
specimens.

The samples were solution treated at 540°C for

times of 20, 40, 60, 80, 100, 120, 150, and 180 minutes.
Subsequent quenching in 80"C water preserved the high
temperature structure.

Micrographs of samples solution

treated for 20, 60 and 180 minutes were taken by using the
SEM shortly after quenching; no aging was done for these
particular samples.
Figure 15 illustrates the as-cast structure.

In Figure

15(a), fine eutectic silicon is clearly shown. Irregularly
shaped intermetallic compounds like Mg2Si are also found
in the picture.

By a close examination of Figure 15(b), it

is apparent that the silicon is interconnected and rooted in
the matrix.
Figure 16 shows the structure with a 20 minute solution
treatment.
shorter.

The eutectic silicon becomes coarser and
Apparently, even a short solution treatment has a

significant influence on eutectic silicon.
After a 60 minute solution treatment, eutectic silicon
is rounded off and begins to grow into a spherical shape,
Figure 17.

Note that the eutectic silicon still remains in

identifiable interdendritic spaces.
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a. 2,OOOX

b. 10,OOOX
Figure 15.

Eutectic silicon morphology of as-cast
sample.
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a. 2,OOOX

Figure 16.

Eutectic silicon morphology of solution
treated (20 min) as-cast sample.
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Figure 17.

Eutectic silicon morphology of solution
treated (60 min) as-cast sample.

39

,0

5?

m

- V

-

•a #
/ j'

*

0

-

'\ s '

\

:

^

V

*

«>
•

•

T»i

;%

V ^■ f
^

,000

%

„

i

a. 2,OOOX

b. 10,OOOX
Figure 18.

Eutectic silicon morphology of solution
treated (3 hr) as-cast sample.
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After a 3 hour solution treatment, most of the silicon
is spheroidized, Figure 18.

The original grain boundaries

are no longer obvious and silicon spheres are dispersed over
the sample surface.
Specimens for solution treatment were cut from samples
with 20%, 60% and 90% reduction and solution treated for 20,
60 and 180 minutes.
followed.

The same procedure for etching was

Figures 19-21 show the structures of samples with

20% reduction which were subsequently solution treated for
20, 60 and 180 minutes.

The coarsening of the eutectic

silicon is not as pronounced as that in the as-cast
specimens.

After samples were solution treated for a short

period of time, many large cavities were found in the
matrix, the dwelling places for larger particles which
dropped off as they lost adherence to the matrix during
etching.

The overall coarsening effect is relatively low

compared to the as-cast samples.

Similar conditions are

found in samples with 60% and 90% reduction, Figures 22-27.
On the other hand, the eutectic silicon is in a
spherical, though not perfectly round, shape in the deformed
samples.

In the as-cast samples, it takes up to 3 hours to

spheroidize the eutectic silicon, as can be seen in Figure
18.

In the deformed samples, regardless of the size of the

particles, it takes only 20 minutes or less to spheroidize
the silicon.
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Figure 19. Eutectic silicon morphology of solution
treated (20 min) 20% reduction sample. (5,OOOX)

Figure 20.
Eutectic silicon morphology of solution
treated (60 min) 20% reduction sample. (5,OOOX)
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Figure 21. Eutectic silicon morphology of solution
treated (3 hr) 20% reduction sample. (5,OOOX)

Figure 22. Eutectic silicon morphology of solution
treated (20 min) 60% reduction sample. (5,OOOX)
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Figure 23. Eutectic silicon morphology of solution
treated (60min) 60% reduction sample. (5,OOOX)

Figure 24. Eutectic silicon morphology of solution
treated (3 hr) 60% reduction sample. (5,OOOX)

Figure 25. Eutectic silicon morphology of solution
treated (20 min) 90% reduction sample. (5,OOOX)

Figure 26.
Eutectic silicon morphology of solution
treated (60 min) 90% reduction sample. (5,OOOX)

Figure 27. Eutectic silicon morphology of solution
treated (3 hr) 90% reduction sample. (5,OOOX)
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2. Structure of deformed and heat treated samples
Metallography was used to examine both longitudinal and
transverse sections with respect to the length of the
tensile bars, Figure 4.

Because rolling is performed in

parallel and perpendicular directions at both 350"C and
450°C, there are 8 groups of possible pictures.

However,

these 8 categories of microstructure could actually be
represented by only 4 groups of pictures, Table 6.
Only 4 sets of micrographs are needed because the two
different rolling directions are normal to each other while
the sectioning directions are also normal to each other. The
rolling effect on the same material will be identical. So
transverse sectioning from a sample with parallel deforma
tion is expected to have the same structure as longitudinal
sectioning from a sample with perpendicular deformation.
This point was also proven by examination using an optical
microscope.

Consequently, pictures were taken only from

samples with parallel deformation.
The as-cast samples were also sectioned in both
directions, Figure 28, but not much distinction was found.
Dendrites are well defined with eutectic silicon trapped
between dendrite arms.

Note the size of eutectic silicon is

very small. When 500X magnification is used, fine silicon
and irregularly shaped particles, Mg2Si, can be
distinguished, Figure 29.
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Table 6.

Categorization of metallographic samples.
Rolling
Direction

Deformation
temperature

Sectioning
Direction

Parallel

450 °C

Transverse

Perpendicular

450 °C

Longitudinal

Parallel

350 °C

Transverse

Perpendicular

350 °C

Longitudinal

Parallel

450 °C

Longitudinal

Perpendicular

450 °C

Transverse

Parallel

350 °C

Longitudinal

Perpendicular

450 °C

Transverse

Group I

Group II

Group III

Group IV

a. Longitudinal section

b. Transverse section
Figure 28.

Structure of as-cast samples

(250X)
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Figure 29.

Structure of as-cast sample. (500X)
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a. Structure of samples deformed at 450°C

Samples

with 20% reduction still possess a dendritic structure, both
in the transverse and longitudinal sections, Figure 30.

The

secondary dendrite arms are coarser and silicon particles
are larger in comparison to those in the as-cast samples.
The silicon particles remain in interdendritic spaces.
When reduction increases to 40%, dendrites are
elongated in the longitudinal section while no particular
change is observed in the transverse section, Figure 31.
Note that in both sections, silicon particles still remain
in interdendritic spaces.
In the 60% reduction case, almost no dendritic
structure is left in the longitudinal section.

Instead, a

textured structure with silicon clustering between grains is
observed.

In the transverse section, silicon particles

begin to disperse while the dendritic structure becomes less
defined, Figure 32.
In samples with 80% reduction, directionality is more
obvious in the longitudinal section while a more even
distribution of silicon particle is observed in the
transverse section, Figure 33 , compared to the 60%
reduction sample.

Some silicon eutectic clustering is found

in longitudinal sections.
For samples reduced 90%, directionality is still
observed in the longitudinal section, silicon particles are
more evenly distributed, and less clustering is found,
Figure 34.

In the transverse section, not much difference
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a. Longitudinal section

b. Transverse section
Figure 30.

Structure of samples with 20% reduction
at 450°C. (250X)
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a. Longitudinal section

b. Transverse section
Figure 31.

Structure of samples with 40% reduction
at 450 °C. (250X)
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a. Longitudinal section

b. Transverse section
Figure 32.

Structure of samples with 60% reduction
at 450°C. (250X)
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b. Transverse section
Figure 33.

Structure of samples with 80% reduction
a t 450°C. (250X)

a. Longitudinal section

Figure 34.

Structure of samples with 90% reduction
a t 450 ° C . (250X)
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is found when compared to that of a sample with 80%
reduction.
When percent reduction goes up, more and smaller
silicon particles are found in both sections.

But some

large particles still exist in 90% reduction samples, just
like in 20% reduction samples.

In many cases, large

particles are bisected by a black line; the black line is
almost certainly a crack in the particle, like in the middle
portion of Figure 36(a).

b. Structure of samples deformed at 350°C

After 20%

reduction, Figure 35, the dendritic structure is still very
obvious, both in longitudinal and transverse sections.

The

secondary dendrite arms are coarser and silicon particles
are larger when compared to the as-cast structure, similar
to the 450°C case.
Again, in samples with 40% reduction, distorted
dendrites are found in longitudinal sections while only a
little distortion is found in transverse sections, Figure
36.
When the percent reduction goes up to 60%, besides
showing directionality, a large difference is found in the
longitudinal section.

Not only does the dendrite structure

disappear but much finer silicon particles are also present.
In transverse sections, finer silicon is observed than in
specimens deformed at 450°C, Figure 37.

57

In 80% reduced samples, an obvious texture and less
clustering are found in longitudinal sections.

The grain

boundaries in the matrix are no longer obvious in transverse
sections while silicon particles are more evenly
distributed, Figure 38.
After 90% reduction, Figure 39, stronger directionality
is shown in longitudinal sections, while silicon particles
are also more evenly distributed.

Distribution of silicon

in the transverse section does not change much from 80% to
90% reduction.

In both sections, finer particles are found

in 90% reduction than in 80% reduction samples.
Note also that large particles are present in samples
with different amounts of reduction.

Like in the 450°C

deformation case, large particles appear to be cracked.
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a. Longitudinal section

b. Transverse section
Figure 35.

Structure of samples with 20% reduction
a t 350°C. (250X)
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a. Longitudinal section

b. Transverse section
Figure 36.

Structure of samples with 40% reduction
at 350 °C. (250X)
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a. Longitudinal section

b. Transverse section
Figure 37.

Structure of samples with 60% reduction
at 350°C. (250X)
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a. Longitudinal section

b. Transverse section
Figure 38.

Structure of samples with 80% reduction
at 350PC. (250X)
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a. Longitudinal section
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Figure 39.

Structure of samples with 90% reduction
at 350°C. (250X)
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c. Morphology of silicon eutectic

The following

pictures are taken from samples deformed at 450°C, parallel
rolling. During specimen preparation, samples are polished,
etched and ultrasonically cleaned to give a specimen with
less contamination.
Figure 40 shows the silicon eutectic in the as-cast
state and is very similar to Figure 15(b).

The only

difference is that the latter specimen was etched for one
hour while the previous one was etched for 20 minutes.
The electron probe size is so small that only very
localized information is obtained.

Thus, the shape of the

silicon eutectic becomes more important than its size and
distribution.
By examining samples with 20% reduction, Figure 41, it
is apparent that fracture surfaces are formed on some
particles.

Meanwhile, there are a lot of cavities in the

aluminum matrix.

These cavities should be the dwelling

place of particles which dropped off during ultrasonic
cleaning.

Cavities are formed in samples throughout the

entire range of reductions.
In Figure 42, a sample with 40% reduction, a rod-shaped
silicon is present at the upper left corner.

Fracture

surfaces are also found in the rest of these samples with
different %reduction, Figures 43-45.

But in general, only

large particles have fracture surfaces while most small
particles are round or somewhat irregularly shaped.
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Figure 40.

Silicon morphology of as-cast sample
(10,000X) .

Figure 41.

Silicon morphology of 20% reduction sample
(10,OOOX).
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Figure 42.

Silicon morphology of 40% reduction sample
(10,OOOX).

Figure 43.

Silicon morphology of 60% reduction sample
(10,000X).
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Figure 44.

Silicon morphology of 80% reduction sample
(10,000X).

Figure 45.

Silicon morphology of 90% reduction sample
(10,OOOX).
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3. Summary Compared to the as-cast samples, the silicon
in the deformed samples spheroidize more quickly but does
not coarsen as rapidly.

In addition, the dendritic nature

of the structure is lost when 60% or more reduction is
accomplished and the silicon particles become evenly
distributed in the samples, which was also observed by
Reference 17.

Rolling induces a textured structure in the

rolling direction and a uniform distribution of the second
phase in the directions parallel and normal to the rolling
direction.
Lower deformation temperatures produce finer silicon
particles in samples deformed either in perpendicular or
parallel direction.

Independent from the %reduction used,

large sized particle were apparent in all structures.
Small particles are usually round, though not perfectly
round. Usually one or more cracks exist in large particles.
Cracks are found only in longitudinal sections.

These

cracks are formed during the tensile testing.

E. COMPARISON OF STRUCTURES OF HEAT TREATED TO NON-HEAT
TREATED ALLOYS

In the non-heat treated cases, Shrems17 found that
the eutectic silicon is generally irregularly shaped at low
%reduction, specially at 20% and 40%.

When the %reduction

goes up to 60%, most silicon particles are rounded off due
to the combined effects of deformation and high temperature;
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long and interconnected silicon rods are broken mostly.
%reduction goes beyond 60%, not much change is found.

As
But

in the heat treated case, eutectic silicon is rounded off
even at 20% reduction.
Generally, silicon eutectic particles in heat treated
samples are larger.

A comparison of the microstructure

in the heat treated samples in the present study to those
found by Schrems indicates that heat treated samples have
twice the silicon particle size as non-heat treated samples.
It is observed that both heat treated and non-heat
treated samples have a similar number of eutectic clusters.
But the number of particles in each cluster is fewer in the
heat treated sample.
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IV. DISCUSSION

In Table 1, samples solution treated for 6. 9 and 12
hours all show an increase in yield strength and a decrease
in ductility as aging time increases, a typical result of
age hardening due to the precipitation of a coherent zone
structure. In this case, Al-Si-Mg alloy, the precipitation
sequence is as followed:8'18

supersaturated solid solution -- > GP zone
---> f3 ' (Mg2Si ) --- > (3 ( Mg2Si )

where

/3

' is a semicoherent transition precipitate and

is a noncoherent equilibrium precipitate.

/3

The GP zone

structure is formed during the early stage of aging when
solute atoms segregate to form zones enriched in solute
atoms. This segregation will induce a distortion of lattice
planes in and around the zone.

The strengthening mechanism

is the increased resistance to the moving dislocations as
they cut through a coherent zone structure. As aging time
increases, an intermetallic compound /?' will form, a
combination of solute atoms Mg2Si. The
hexagonal close packed structure.18

' phase is a

The precipitate and

the matrix will maintain a semicoherent relationship.

The

strengthening mechanism is similar to that in the coherent
zone.

Increase in strength will continue as the size and/or

the number of precipitate particles increase.

For long
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aging times, the formation of /3 phase, due to overaging, may
occur.

This is well described in many references8 >15,18,19,

and will not be discussed here.
From Table 1, it is apparent that solutioning of Si and
Mg is relatively rapidly in Al-Si-Mg alloy.

A 6 hour

solution treatment gives samples having similar properties
to those with a 12 hour solution treatment.

The rate of

solution treating depends on the diffusion rate of solute
atoms in the matrix, the diffusion distance or the cell
size, temperature, etc.

The previous deduction that

homogenization is completed at or before 6 hours is
reinforced by the literature,8'18 Misra, et al.8 states that
the redistribution of Mg and Si occurs within 30 minutes at
560“C while Hatch18 states 30 minutes at 550"C, both in the
as-cast state.

Singh and Flemings27 state that mechanical

deformation can reduce the "effective diffusion distance ",
thus further increasing the solution rate.
In Table 2, the effect of heat treatment on reducing
the effect of deformation temperature, rolling direction and
percent reduction is revealed by comparing the hardness of
as-rolled samples and solution treated samples.

Evidently,

the heat treatment reduces the grain size effect (initially
controlled by deformation temperature and %reduction) and
anisotropic properties (or rolling direction).
begins with solution treatment.

This effect

Samples deformed at the

same temperature in different directions have similar
hardness, with a variation of less than 4 points.

Aging
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uniformly increases the hardness of samples up to 30 points,
although the variation is still only around 4 points.
Variation in the hardness value in each category is
less than 4 points after solution treatment while variation
up to 20 points is found in the as-rolled case.

The largest

change in hardness is found in low %reduction samples (large
grain size) and the least in high %reduction samples (small
grain size).
A similar result is observed in Table 3.

After aging

the tensile strength and yield strength of samples for each
category all fall in a narrow range.

However the

%elongation still depends on the prior %reduction.

The

tensile properties for samples having the same rolling
direction are similar but higher for samples with parallel
deformation, both at 450°C and 350°C.

This difference

should be attributed to the variation between heat
treatments because samples with different rolling directions
are heat treated separately.
The presence of numerous fine precipitates in the
matrix— a mixture of GP zones and the j8' transition
phase— dominates the strength characteristics of the alloy
and reduces the significance of the texture and grain size
effects.

In other words, the precipitate plays the major

role in the resistance to dislocation movement.

The result

agrees with Hatch's work18 which states that the mechanical
properties of heat treated aluminum alloys are generally
insensitive to grain size and that anisotropy is reduced by
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precipitation hardening.
In Table 5, the heat treated samples, for the same %
reduction, possess higher ductility than non-heat treated
samples.

This result is a consequence of solution treatment

during which the eutectic silicon particles are coarsened
and spheroidize, the ductile matrix area is opened up, and
the strain carrying ability is increased due to the more
continuous ductile matrix and the reduction of stress
concentration effect of silicon particles.7
The samples exhibited different ductility in response
to heat treatments a point that will be discussed later
after the introduction of the fracture characteristics of
aluminum alloys.
The effect of heat treatment on the tensile strength
and yield strength is quite obvious, which means the
redistribution of the eutectic silicon (assuming the matrix
of each sample has a similar degree of precipitation
hardening) does not influence alloy strength significantly.7
Meanwhile, if the only structural difference between samples
with different %reduction is the size and distribution of
eutectic silicon, it would seem to be responsible for the
difference in ductility.
First, the fracture characteristics should be reviewed.
The fracture mode of aluminum alloys is usually ductile and
characterized by dimpled rupture.2 0/22,26

Fracture starts

with void nucleation, followed by void coalescence and
rupture when the continuous portion is no longer strong
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enough to withstand the applied stress.20
Nucleation of voids is very closely related to the
undissolved particles, especially when the matrix is ductile
and the particles are rigid.20”26

Other conditions, like

cohesive strength between matrix and particles, size of
particles, and work hardening of the matrix, are
equally important.

Void nucleation occurs either at

the matrix/particle interface or within the particle
itself.20'23

Propagation and coalescence of voids will

cause final fracture.
There are three stages in the fracture of Al-Si-Mg
alloys:23
1) initiation of cracks in the silicon particles
2) growth of cracks into cavities
3) rupture of the A1 matrix separating the cavities
One would expect that the

number of crack initiators

is proportional to the number of particles or the volume
fraction of particles.21'23

But another theory suggests

that the particle size and spacing ( or cell size ) are the
criteria for determining ductility.22'24
As summarized by Campbell,26 the size of the particles
will determine the types of void formation applicable in
different cases.

For large particles ( >l/m ), fracture of

particles is found to be the initial source of cracks.
smaller particles ( 0.03-0.5 /im ), voids nucleated by
decohesion at the matrix and particle interface are
responsible for the initiation of cracks.

For
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The reason that larger particles initiate internal
cracks is because the required stress to initiate a crack
varies inversely with the square root of the particle
size.23

The other reason might be that the less symmetrical

shape of larger particles, as can be seen in the
metallographic sections, will induce a stress concentration
effect on itself.

In the metallography of the longitudinal

sections, larger particles possess one or several cracks
while small particles remain spherical after tensile
testing, which may verify Campbell's description.

The

cracks are also normal to the loading direction, which is a
direct consequence of the stress distribution around a rigid
particle.23 <25
As the %reduction increases, two factors may help to
reduce the initiation of cracks:
1) Mechanically breaking the particles will reduce the
number of large particles and thus reduce the
possibility of crack initiation by internal cracking
of silicon particles.
2) More uniform distribution of silicon particles will
reduce the local straining and increase the distance
between void initiators, thus retarding the void
coalescence.
After roughly 60% reduction, where the dendritic
structure vanishes, smaller particles appear to be in the
majority.

Except for a few large particles formed during

the solution treatment, small particles are distributed all
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over the samples as the %reduction increases.

Two phenomena

are observed:
1) The possibility of void nucleation by the decohesion
of the matrix/particle interface is increased as
the sites for void nucleation increase.
2) The continuity of the ductile matrix is disturbed
because of the spreading of silicon particles.
These two reason should be responsible for the
decrease in ductility after 60% reduction.
As implied from the above description, the best
compromise of particle size and distribution which leads to
higher ductility is achieved when %reduction is 40 to 80%.
Also implicit in the above description, the particle
character seems to dominate the ductility of these rolled
and heat treated samples, a different conclusion from
Gurland's.21'23

In the present work, the silicon particles

volume fraction should be the same for each sample because
the solubility of silicon in aluminum is constant for all
samples.

Therefore the volume fraction theory is not really

applicable to the present case.

The largest divergence

between Gurland's work and the present work should be the
conditions under which samples are tested.

In Gurland's

work, the starting material possessed different volume
fractions of silicon particles, in only the as-cast state,
while in the present investigation the same material is used
and additional deformation and heat treatment are performed.
This shows the significance of fabrication history on the
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properties of the material.

This result is consistent with

Tuttle and McLellan's work in which the same particle count
of second phase from two samples with different process
history have a marked difference in ductility.

Quantitative

metallography should be done to further examine this
divergence.
Figures 15-18 show the coarsening and spheroidization
of eutectic silicon in as-cast samples after different
periods of solution treatment.

The dendrite-like silicon

decreases in length and increases in width and finally turns
into a sphere.

This phenomenon is a direct consequence of

reducing the surface energy of eutectic silicon, specially
the large surface area of fine dendrite-like silicon in the
as-cast samples.

One other possible factor that enhances

the coarsening effect is the greater number of short-circuit
diffusion paths, like microporosity and interfaces, that
coexist with eutectic silicon between the dendrite arms.
It takes up to 3 hours to spheroidize silicon in the
as-cast samples but only 20 minutes for deformed samples,
Figures 19, 22 and 25.

The average size of silicon

particles is larger for as-cast samples.

In summary, the

coarsening of silicon is higher in as-cast samples while
spheroidization is faster in deformed samples.
Remember that in the previous comparison of heat
treated and non-heat treated samples in the deformed case
both have a similar number of silicon clusters, but the
particle number in one cluster is fewer in the heat treated
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samples.

The particles with short separation within one

cluster have a higher chance to agglomerate.

This might

explain why a 90% reduced sample has silicon particles as
large as those in a 20% reduced sample.

But as the amount

of deformation increases, the distance between particles
will increase.

This increases the diffusion distance and

reduces the possibility of physical contact; the limited
solubility of the solute in the matrix may then retards the
coarsening of silicon particles.
On the other hand, mechanical deformation plus a short
period of heat treatment gives particles a shape similar to
that from a long period of solution treatment.

Silicon

particles in the deformed samples are spheroidized with only
a 20 minutes solution treatment.

Zhu14 concluded that the

spheroidization of silicon includes two steps: 1) the
dissolution separation of eutectic silicon branches and 2)
the spheroidization of these separated branches.

Any factor

that can promote the separation of eutectic silicon can
greatly reduce the required period of spheroidization of
silicon.

It is thus proved that mechanically breaking the

silicon can significantly reduce the time for
spheroidization. Meanwhile, reducing the number of large
particles and spreading out the spherical silicon particles
can improve the ductility of samples, which is a desirable
thing to do. Therefore, it is concluded that mechanical
deformation has a positive effect on the ductility of A1 356
alloy.
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V. CONCLUSION

The above discussion is summarized as followed:
1) Precipitation hardening improves the strength and
ductility of A1 356 alloy.
2) Solution treatment is relatively fast in the Al 356
alloy.
3) After solution treatment and aging, the anisotropic
behavior introduced by rolling is eliminated.

this effect

is the most significant in samples with low %reduction.
4) The effect of prior history, such as rolling
direction, temperature and %reduction, on the hardness,
yield strength and tensile strength, is virtually eliminated
by precipitated hardening.
5) Solution treatment coarsens the silicon particles
and increases the ductility of the alloy.
6) The ductility is determined by particle size and
distribution.

The best ductility is found when samples are

deformed 40 to 80%.
7) Mechanical deformation helps to break up the
eutectic silicon and reduces the time required for
spheroidizing the silicon particles.
Further investigation is recommended in the following
areas:
1) Quantatative metallography to further examine the
controlling factors of ductility.
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2)

Perform hot rolling to examine the formability of

unmodified A1 356 alloy.
3) Heat treat these deformed alloys and examine the
spheroidization and coarsening effect of eutectic silicon
in unmodified alloys.
4) Compare the final results of modified and unmodified
A1 356 alloy and distinguish the different responses to the
same process, if there is any.
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