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One of the important steps in semi-solid forming is the process of reheating raw materials to the semi-solid
state. This process is not only necessary to achieve the required semi-solid state of the billet, but also to
control the microstructure of the billet. In the reheating process, the globule size is determined by the
holding time of the final reheating step. Therefore, some experiments to investigate the relationship
between the mechanical properties and the holding time in the last heating step were performed. The alloys
used in this experiment were 357, 319, and A390 alloys. The experiments of reheating were performed
using an induction heating system with a capacity of 50 kW. This article shows the evolution of the
microstructure according to the holding time of the last reheating stage. Furthermore, to evaluate the effect
of globule size as determined by holding time of the final reheating step, uniaxial tension tests were
performed. The stress-strain curves were plotted according to the holding time, and a relationship between
the microstructure and the flow stress of semi-solid material was formulated.
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1. Introduction

The thixoforging process can be used to fill a die cavity at
lower loads and at lower temperatures than either squeeze cast-
ing or die-casting.”"** In addition, thixoforging can reduce
casting defects due to lower gas content. As a result of these
advantages, its application to the manufacture of automotive
and compact electronic parts has been actively pursued.

The induction heating process is very important in the thixo-
forging process. Not only is the induction heating process nec-
essary to achieve the required semi-solid billet state, but also to
control the microstructure of the billet. The main objective of
the reheating process is to reheat the billet to the desired tem-
perature. However, the microstructure of the semi-solid mate-
rial can be controlled by changing the reheating process pa-
rameters, such as the reheating temperature, reheating time,
and holding time, during the reheating process. Due to the
importance of the reheating process, many studies investigating
the proper reheating conditions have been actively carried
out.>7!

Among the factors that strongly affect the mechanical prop-
erties of the semi-solid processed component, the solid frac-
tion, the level of the globularization, the globular microstruc-
ture size and distribution, the Si distribution within eutectic,
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and the temperature distribution can be controlled during the
reheating process.

From this point of view, Lou et al.’®! have studied the re-
lationship between the aspect ratio and size variation of the
globular microstructure for variation of the holding time of the
reheating temperature through reheating experiments using
A356 and A357 alloys. Sannes et al.” have studied the distri-
bution and the size of the globular microstructure of an Mg
alloy with variations in the holding time of the reheating tem-
perature. Wang et al."°! have investigated the solid grain size
change of an Al-80%Zn alloy with variation in solid fraction.
Ferrante and de Fretias!''! have investigated that the micro-
structure change of an Al-4 wt.%Cu alloy with variations in the
holding time of the reheating temperature. Jung and Kang"'*
have reported microstructures of A356 aluminum (Al) alloy
with a variety of reheating times and temperatures.

Up to now, most studies that have been performed were
focused mainly on the investigation of the microstructural
change with variation of the holding time of the reheating
process. However, studies on the relationship between the me-
chanical properties and microstructure are very limited.

Also, for analysis of the thixoforming process, it is neces-
sary to formulate stress-strain curves for semi-solid alloys.
However, the number of studies on the relationship between
microstructure and mechanical properties that can be used for
strength analysis of the thixoformed components are very lim-
ited.

Therefore, to establish the quantitative relationship between
the microstructure and the mechanical properties, thixoforged
components with variations in the reheating conditions were
investigated. The change in the globular microstructure size
was investigated as a function of the holding time of the final
step (#,3) in the reheating process. Tensile tests were performed
to investigate the effect of the globular size on mechanical
properties. Also, for application to the semi-solid material com-
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Table 1 Chemical Compositions of Aluminum Alloys

Specimen Composition Si Fe Cu Mn Mg Ni Zn Ti Pb
357 Min(%) 6.5 0.50
Max(%) 7.5 0.15 0.03 0.03 0.60 0.03 0.05 0.20 0.03
319 Min(%) 55 2.5 0.3
Max(%) 6.5 0.15 35 0.03 0.4 0.03 0.05 0.20 0.3
A390 Min(%) 16.0 4.0 0.5
Max(%) 17.0 0.4 5.0 0.1 0.65 0.01 0.05 0.20 0.03

Table 2 Reheating Condition of Aluminum Alloys

Heating Time, min

Heating Temperature, °C

Holding Time, min

Material ta t L Ty, Ty, Ths th thz s % th3 b3
357 3 2 2 375 576 583 1 1 1 2 3 4
319 4 2 2 450 560 578 1 1 1 2 3 4
A390 4 2 2 450 560 570 1 1 1 2 3 4

ponent fabrication, the size change of the globular microstruc-
ture with variation in the holding time of the final reheating
temperature (#,;) was quantified by image analysis.

The materials used in this study were 319 and A390 alloys,
having good strength and wear resistance, respectively, as well
as 357 alloy that is commonly used in semi-solid processing.

2. Experimental Procedure

2.1 Reheating Process

The materials used in this study were hypoeutectic Al-
Si7Mg (357) and Al-Si6Cu3Mg (319) alloys, and a hypereu-
tectic Al-Si17Cu4Mg alloy (A390), which were fabricated by
linear electromagnetic stirring by Pechiney (France). Chemical
compositions of Al alloys are listed in Table 1.

During induction heating, the relationship between time and
temperature must be controlled exactly to obtain a uniform
temperature distribution over the entire cross-sectional area of
the billet. In this study, for the reheating experiments, an in-
duction heating system with a capacity of 50 kW was used to
reduce the total reheating time and to control the billet tem-
perature accurately. The temperature of the alloys was mea-
sured at three positions by using K-type chromel-alumel ther-
mocouples that were 1.6 mm in diameter. The dimensions of
the specimens and the temperature measuring positions are
shown in Fig. 1. During the reheating step, the control of the
billet temperature was performed according to the temperature
at position B in Fig. 1.

In the reheating process, control of the billet temperature
was carried in one of two ways. In the first method, the tem-
perature of the billet is measured and controlled directly using
a thermocouple. In this case, it is possible to control the billet
temperature accurately because the induction-heating capacity
needed to reheat the billet is calculated in real time during the
reheating process. However, this method is not feasible for use
in the mass production of the semi-solid component because a
thermocouple must be inserted into the billet.

In the second method, the billet temperature is controlled
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according to the preset temperature profile. In this method, a
thermocouple is not necessary, so it is feasible for use in the
mass production of the semi-solid component. However, the
variation in the temperature profile with material type and billet
size must be investigated, and the accuracy of the temperature
control is lower than in the first method. In the current study,
the first temperature control method was used to control the
billet temperature.

To obtain the fine globular microstructure, the eutectic must
be melted completely, and the reheating time must allow for
complete eutectic melting. Before and after the melting of the
eutectic, the solid fraction changes rapidly, and a rapid tem-
perature rise occurs when the eutectic is melted. Due to this
temperature rise, controlling the reheating temperature is dif-
ficult. Therefore, to achieve a homogeneous temperature dis-
tribution and a consistent solid fraction of the billet in the
semi-solid state, the billet was reheated in three steps.”'>'*! The
reheating conditions used in this study are listed in Table 2. To
obtain a proper solid fraction of 55%, and to achieve the ho-
mogeneous distribution of globular microstructures while re-
ducing material loss, reheating experiments were performed for
variations of the holding time during the final step (#,3).

2.2 Evolution of Microstructure

To quantify the globularization of the microstructure, the
mean equivalent diameter (D, ) and roundness (R) of micro-
structure were measured using image analysis techniques. An
equivalent diameter is the diameter of a circle having the same
area as the globular structure, and this is represented by Eq 1,
where A is the area of the globular feature,

D=/~ (Eq D)
R is a dimensionless shape factor describing the circularity
of a feature and is represented by Eq 2.
2
P

R= ey (Eq2)
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Fig. 1 Billet size and temperature measuring point (in millimeters)
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Fig. 2 Tensile test specimen (in millimeters)
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Fig. 3 Temperature profile during reheating process of 357 alloy
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Fig. 4 Temperature difference during the reheating process of the
357 alloy: (a) between points A and B; and (b) between points B
and C

Here, p and A are the perimeter and the area of the solid
grain, respectively. A true circle would have a roundness
of one. All other objects have roundness values greater than
one.

2.3 Tension Tests

For tension tests at room temperature, a round tensile test
specimen (ASTM E 8M) with 20 mm gage length and 4 mm
diameter was used, as shown in Fig. 2. A strain rate of 0.5 x
107 s7! was used, and an extensometer was attached to the
specimen to record accurate elongation data. Stress and strain
values were obtained from the data, and a 0.2% offset yield
stress was calculated. To formulate the relationship between
solid grain size and stress-strain relation, the strength coeffi-
cient (K) and the strain-hardening exponent (m) were calcu-
lated.

3. Experimental Results and Discussions

3.1 Reheating Experiment

3.1.1 Temperature Difference Over the Diameter of the
Billet During Reheating. Figure 3 shows the time-
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Fig. 6 Temperature difference during reheating process of 319 alloy:
(a) between points A and B; and (b) between points B and C

temperature curve of the 357 Al alloy that was recorded during
reheating. It is known that the billet was reheated to the desired
temperature according to the temperature profile.

In common induction heating systems, the induced heat is
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Fig. 7 Temperature profile during reheating process of A390 alloy
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Fig. 8 Temperature difference during reheating process of A390 al-
loy: (a) between points A and B; and (b) between points B and C

normally not equally distributed over the entire length of the
billet. Due to the skin effect, approximately 86% of the power
is concentrated within a surface layer of the inductively heated
billet.""* Therefore, to obtain a homogeneous temperature dis-
tribution over the diameter of the billet, holding time was set at

Volume 13(2) April 2004—175



Fig. 9 Microstructure evolution of the 357 alloy with variation in the #,5: (a) 1 min; (b) 2 min; (¢) 3 min; and (d) 4 min

each reheating step. During the holding step, the temperature
profile of the billet is mainly dominated by conduction rather
than the induction heating capacity, because the induction heat-
ing capacity during the holding step is much lower than that
during heating step. Therefore, the temperature difference be-
tween the center and the edge of the billet was reduced during
the temperature holding step.

Figure 4(a,b) show the temperature differences between
thermocouple positions A-B and between B-C in Fig. 1. In the
first step of billet reheating, the temperature difference is ap-
proximately 25 °C but has improved during the holding step at
the reheating temperature. It was observed that the temperature
difference of the final reheating step is reduced to approxi-
mately 0 °C.

Figures 5-8 show the temperature differences between the
319 and A390 alloys during reheating process. Similar to the
case with the 357 alloy, the temperature difference in the final
step was reduced to 0 °C.

3.1.2 Microstructural Change With Variation in the
Holding Time of the Final Reheating Step (#,3). The mi-
crostructural changes associated with the holding time of the
final step (#,,3) were observed. The holding time during the final
step (t,3) was varied between 1 and 4 min.
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Fig. 10 Globule size of the 357 alloy with variation in the 7,5

Figure 9 shows the influence of final holding time (i.e., #5
= 1, 2, 3, and 4 min) during reheating on the microstructure of
the 357 alloy. It was observed that the globularization of the
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Fig. 11 Roundness of 357 with variation in the #,5: (a) ;3= 1 min; (b) #,,; = 2 min; (¢) t,; = 3 min; and (d) #,; = 4 min

microstructure increased with increasing f,;. However, when
t,3 was longer than 4 min, coarsening of the solid grain was
observed. To quantify the globular microstructure size, a mean
equivalent diameter of the solid grains was measured using
image analysis.

Figure 10 shows the mean equivalent diameter of the 357
alloy with variations in the holding time of the final reheating
temperature (#,3). A minimum mean equivalent diameter of the
solid grains of 94 pm was obtained for a reheating condition of
t,3 = 3 min. If the holding time of the final step (#,5) is shorter
than 3 min, sufficiently globularized solid grains are not ob-
tained due to the lack of the time for solid grain growth. On the
other hand, if the holding time (#,5) is longer than 3 min, the
microstructures become coarse due to the growth and coales-
cence of solid grains.!'"!

Figure 11 shows the R distributions for the 357 alloys with
variation of the holding time of the final step (#,3). In the case
of f,,; = 1 min, a percentage of the solid grains with 1 = R =
1.2and 1 = R = 2 were 11.7% and 58.3%, respectively. In the
case of #;,3 = 2 min, a percentage of the solid grains with 1 =
R=12and 1 =R = 2 were 19.0% and 68.3%, respectively.
It was observed that the level of the globularization of the
microstructure increases remarkably in the 7, ; range of 1-2 min.
In case of #;,; = 3 min, the volume fraction of solid grains with

Journal of Materials Engineering and Performance

1 = R = 1.2 is 14.1%. This value is relatively lower than the
case of the #,; = 2 min, but the volume fraction of solid grains
(1 = R = 2)is the highest at 72.8%. In the case of #,; = 4 min,
the volume fraction of the solid grain with 1 = R = 1.2 has the
highest value at 29.2%, but that with 1 = R = 2 was reduced
to 63.1% due to the solid grain coarsening and coalescence
effects. From these data, it was found that #,; = 3 min is the
best reheating condition for obtaining the globular microstruc-
ture.

Figure 12 shows the microstructure of the 319 Al alloy with
variations in the holding time of the final reheating step (#,3). In
the case of t,,; = 1 min, the globular microstructures were not
obtained due to the lack of sufficient holding time for the
separation of solid and liquid, before and after the phase
change.

When the holding time of the final reheating step (#,3) is 3
min, it was observed that the fine and globular solid grains
were well distributed. In the case of #,; = 4 min, more globular
microstructures were obtained than in the case of #,; = 3 min,
but there was some gradient in terms of the microstructure size.
To quantitatively investigate the effect of the holding time of
the final step (#,3) on globular microstructure, an equivalent
diameter of solid grain was measured using the image analysis
system.
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Figure 13 shows the mean equivalent diameter (D,,) of the
globular microstructure with variation in the holding time of
the final step. The equivalent diameter is the highest in case of
t,3 = 1 min (i.e., 130 wm), and then decreases with increasing
t,3- The minimum mean equivalent diameter of the solid grains
was 92 pwm under the condition #,; = 4 min. On the whole, the
result of the 319 alloy was very similar to that of the 357 alloy
in terms of the tendency of the microstructure to change size
with variations in reheating conditions. However, through in-
vestigation of the equivalent diameter, it is known that the rate
of globularization and coarsening of the 319 alloy is slower
than in the case of the 357 alloy, because the 357 alloy has a
higher thermal conductivity than the 319 alloy.

In the induction reheating process, the main driving forces
of heating are eddy current and hysteresis loss. However, dur-
ing the holding step in the reheating process, the conduction
phenomenon is a stronger heating factor than eddy current
heating, because the heating rate (Q) of the induction heating
system for the holding step is substantially lower than that of
the heating step.

Therefore, it is suggested that the rate of the microstructural
change of the 357 alloy is faster than that of the 319 alloy,
because the 357 alloy has a higher thermal solid conductivity
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than the 319 alloy. At 25 °C, the thermal conductivities of
319 and 357 Al are 109 W/m K and 151 W/m K, respec-
tively.!'>!
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Figure 14 shows the R value for the 319 alloys with varia-
tions in the holding temperature of the final step (#,5). In the
case of #,; = 1 min, the volume fractions of the solid grains
with 1 = R=12and 1 = R = 2 are 6.7% and 48.9%,
respectively. In the case of #,; = 2 min, the volume fractions
of the solid grains with 1 = R=12and 1 =R =2 are 14.1%
and 70.3%, respectively. In the case of #,; = 3 min, the volume
fractions of the solid grains with 1 = R =12and 1 =R =2
are 26.2% and 70.2%, respectively. When f,; < 3 min, the
globularization phenomena of the solid grains increase with
increasing holding time of the final reheating step (#,5). How-
ever, when #,; = 4 min, more improvement with respect to R
was not observed because coalescence of the solid grains
started to occur. In this case, the volume fractions of the solid
grainwithl = R=1.2and 1 = R = 2 are 15.3% and 66.1%,
respectively.*

Figure 15 shows the microstructure of the A390 alloy with
variation in the holding temperature of the final step (#,3). It
was observed that the microstructure of the hypereutectic A390
Al alloy shows a finer solid grain than that of the hypoeutectic
alloys (i.e., 357 and 319 alloys) due to its higher Si content.
During reheating, the solid grain growth is constrained by the
Si particles. Therefore, it is observed that the micro-
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structural change in the A390 alloy with increasing holding
time of the final reheating step () is not remarkable compared
with that of the 357 or 319 alloy.

Figure 16 shows the equivalent diameter of the A390 alloy
with variation in the holding temperature of the final step (%,).
In this case, the remarkable variation of the equivalent diameter
was not observed compared with the 319 and 357 alloys. When
t,3 = 2 min, the solid grains with a minimum mean equivalent
diameter of 61 pwm were observed. Also, it is known that a
remarkable change in the solid grain size with variation in f;
did not occur.

Figure 17 shows the R distribution of the A390 alloy with
variation in the holding temperature of the final step (#,3). In
the case of #,; = 1 min, the volume fractions of the solid grains
with ]l = R=12and 1 = R = 2 are 5.6% and 60.6%,
respectively. In the case of #,; = 2 min, the volume fractions
of the solid grains with 1 = R=12and 1l = R=2are 11.2%
and 75.0%, respectively. When f,; = 3 min, the volume frac-
tions of the solid grains with 1 = R =12and 1 = R =2 are
15.0% and 75%, respectively. In case of #,; = 4 min, the
volume fractions of the solid grains with 1 = R =12and 1 =
R = 2 are 14.3% and 77.1%, respectively. As shown in the
cases of #,3 = 2, 3, and 4 min, the volume fractions of the solid
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grains with 1 = R = 2 show almost the same value. From these
data, it is known that the change in R with variation in the
reheating condition #,5 is not significant, because solid grain
growth was constrained by the Si particles.

3.1.3 Effect of Holding Time of the Final Reheating
Temperature on Mechanical Properties. To investigate the
relationship between mechanical properties and globular mi-
crostructure size obtained by varying the holding time of the
final reheating temperature (%,5), tension tests were performed.

The reheating experiments were performed for variations in
the holding time of the final reheating temperature (#,5). The
billets reheated under the conditions in Table 2 were quenched
in water, and tensile test specimens extracted.

Figure 18 shows the relationship between the stress and
strain for the 357 Al alloy after reheating. In the case of #,; =
1 min, the ultimate strength and elongation showed relatively
low values, 213 MPa and 2.2%, respectively.

As shown in Fig. 10, dendritic microstructures were ob-
served because the globularization of the solid grains was in-
complete due to the lack of holding time of the final reheating
step (f,3). In the 7,5 range of 2-3 min, the maximum tensile
strength and elongation were obtained because the globulariza-

180— Volume 13(2) April 2004

N
(=]

o

68 67 65
60 I I I I
1 2 3 4

Holding Time (min)

Equivalent Diameter (um)
£
(=]

Fig. 16 Globule size of A390 alloy with variation in f,5

tion of the solid grains was completed. When £, 5 is >4 min, the
ultimate tensile strength decreased due to the coarsening of the
globular solid grains.
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Figure 19 shows the relationship between the stress and
strain of the 319 Al alloy after reheating. On the whole, ulti-
mate tensile strength increased with increasing #,;, and the
maximum tensile strength was obtained in the case of #,; = 4
min. Also, similar to the case of the 357 Al alloy, the minimum
elongation was obtained under the reheating condition #,; = 1
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Fig. 19 Stress-strain curve of reheated 319 alloy

min. Considering that the tendency of the microstructure to
change in a similar manner with variation in #,3, it is predicted
that the mechanical properties of the A390 alloy will decrease
under the reheating condition #,; > 4 min.

Figure 20 shows the stress-strain curves of A390 alloy after
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Fig. 20 Stress-strain curve of reheated A390 alloy

reheating. The maximum ultimate tensile strength and the elon-
gation were obtained for the reheating condition of f,; = 2
min. However, the change of the mechanical properties with
variation in the holding time of the final reheating temperature
(t3) is not remarkable, and the maximum mechanical property
values are much lower compared with the cases of 319 and 357
Al alloys. The reason for the minor change in the mechanical
properties is that the growth of the solid grains was constrained
by numerous Si particles within the eutectic. Also, it is reported
that in the case of hypereutectic Al-Si alloys elongation rapidly
decreases with increasing Si content, since silicon is hard and
brittle.!'®!

Table 3 shows the mechanical properties of the 357, 319,
and A390 alloys with variations in the holding time of the final
reheating step (#,3).

3.1.4 Formulation of the Relationship Between Globu-
lar Solid Grain Size and Stress-Strain. For application to
the design of a component using semi-solid forming, the rela-
tionship between globular solid grain size and stress-strain re-
lation was formulated. The stress-strain relationship in the elas-
tic deformation region can be described by Hooks law (o =
Ke), and that of the plastic deformation region can be described
using the following power law relation (Eq 3):

o=K¢" (Eq3)

where o, €, K, and n are the stress, strain, strength coefficient,
and strain-hardening exponent, respectively.

To obtain K and n, the o-¢ curve for each specimen was
converted to a log o-log € plot.

Figures 21-23 show the relationship of stress to strain as
represented by log € versus log ¢ curve using the results of
tension experiments using 357, 319, and A390 Al alloys. From
the log e-log o curves, it is necessary to consider only the
plastic deformation region. K and n values were obtained for
variations of equivalent diameter, and these results are shown
in Table 4.

As shown in Fig. 24, a linear fit using the least squares
method was performed relating K to D, that is, a flow stress
equation was developed that accounts for the globular micro-
structure size of the semi-solid billet.
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Table 3 Mechanical Properties for Variation of Holding
Time (at RT)

Ultimate
Tensile Yield
thss  Strength, Stress, Modulus of Elongation,
Material min MPa MPa  Elasticity, GPa %
357 1 213 143 98 2.2
2 288 158 107 5.7
3 303 180 101 4.7
4 270 148 101 5.0
319 1 309 154 106 4.7
2 324 153 98 6.5
3 335 179 106 5.7
4 353 185 110 6.3
A390 1 277 277 107 0.7
2 278 278 115 0.8
3 275 275 114 0.5
4 263 263 115 0.6

However, in the current study, only four stress-strain curves
for each material type were used to obtain the power law re-
lation. Therefore, to obtain a more accurate power law rela-
tionship that can be applied to the thixoforging process, it is
necessary to obtain more data.

4. Conclusions

Through an investigation of the microstructures and the me-
chanical properties with variation in the holding time of the
final reheating step (f,3), the following conclusions were
reached:

1) Remarkable changes in the tensile strength and elongation
of the 357 alloy were observed with variation in the holding
time of the final reheating step. Under the reheating condi-
tion of #,; = 3 min, the lowest equivalent globule diameter
of 94 pm was obtained and the maximum ultimate tensile
strength (303 MPa) was achieved.

2) Increasing the holding time of the final reheating step (73
= 1-4 min), the globular microstructure size and tensile
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Table 4 Strength Coefficient and Strain-Hardening
Exponent for Variation of Equivalent Diameter (After

Reheating)
357 Alloy 319 Alloy A390 Alloy
K, K, K,
D.pm MPa m D,pum MPa m D, ,pum MPa m
118 554 0.24 130 796  0.29 68 2328 0.41
110 559 0.23 108 719 027 61 2141 0.38
104 572 0.24 98 715 0.25 67 3194 046
94 598 0.22 92 754 025 65 2630 0.43

3)

strength of the 319 Al alloy decreased and increased, re-
spectively. Under the reheating condition of #,; = 4 min,
the lowest equivalent globule diameter, equal to 92 wm, and
the maximum ultimate tensile strength, equal to 353 MPa,
were achieved.

In the case of the hypereutectic A390 alloy, the lowest
equivalent globule diameter of 61 wm and the maximum
ultimate tensile strength (278 MPa) were achieved under
the reheating condition of #; = 2 min. Also, it was ob-
served that changes in the globular microstructure size and
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4)

ultimate tensile strength and elongation with variation in #,5
were not remarkable compared with the hypoeutectic Al
alloy due to the high Si content.

For the thixoforging process, the formulation of a stress-
strain relationship that considers globular microstructure
size as a variable was proposed, and a database for the
thixoforging component design was established.
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