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1. Introduction

As Al-Mg-Si series alloy, 6061 aluminium alloy
has good mechanical processing performance and is widely
used in aerospace construction and other industries [1]. The
mechanical properties of material are determined by its mi-
crostructure. And, processing parameters of directional so-
lidification can be controlled to change microstructure and
then enhance the performance of 6061 aluminium alloy [2].

As early as the 1950s, Versnyder et al. [3] devel-
oped a top-down temperature gradient using the heat-gener-
ating method. Since it is not possible to ensure the repeated
production of high quality castings, Versnyder et al. [4-5]
proposed a directional solidification power reduction in the
1960s. However, its’ thermal conductivity is still unsatisfac-
tory. High-speed solidification method is proposed by Er-
ickson et al. [5] in 1971. Unfortunately, the temperature gra-
dient is not large enough. Giamei et al. [6] invented a liquid
metal cooling (LMC) method in 1976, which is not only rel-
atively inexpensive but also suitable for industrial produc-
tion.

Many articles were published to study microstruc-
ture change in directional solidification. Wang et al. [7] pre-
pared Al-13.6Cu-6Si ternary eutectic organization. It was
found that the pulling rates in directional solidification
greatly improved the hardness and tensile resistance of the
alloy. Li et al. [8] studied the microstructure change of Al-
Cu alloy under different temperature gradient using direc-
tional solidification device, and found that there was a tran-
sition between dendritic growth and cellular growth. Wu et
al. [9] prepared Al-4.5wt % Cu alloy at different pulling
rates (from 20 um/s to 220 pm/s). It was found that the den-
drite spacing decreases with the increase of the pulling rates,
which is more obvious when pulling rate was less than
100um/s. Liu et al. [10-13] also investigated the effect of
different pulling rates on Al-5wt % Cu in directional solidi-
fication. It was found that the solidification rate increases
with the increase of the pulling rates. Furthermore, the so-
lidified structure changed from cellular crystals to dendrites
crystals, and the dendrites gradually were refined. As for di-
rectional solidification of 6061 aluminium alloy, few re-
searchers have studied the effect of temperatures and pulling
rates on microstructure and mechanical properties.

The aim of this article is to study the effect of tem-
peratures and pulling rates on microstructure and mechani-
cal properties of 6061 aluminium alloy using Bridgman-
type vacuum furnace with LMC method. Firstly, directional
solidification experiment was conducted at different tem-
peratures and pulling rates to prepare 6061 aluminium alloy
rods. Secondly, microstructure of 6061 aluminium alloy

rods was investigated using SEM. Thirdly, tensile tests and
microhardness tests were carried out for 6061 aluminum al-
loy rods. Finally, experimental results were discussed by
comparing experimental data.

The directional solidification experiment was car-
ried out in a Bridgman-type vacuum furnace with LMC
method, as shown in Fig. 1. The 6061 aluminum rods were
selected as original material in the directional solidification
experiment. The chemical composition of 6061 aluminum
alloy is shown in Table. The crucible was made of Al203co-
rundum tube with purity. The heating method was resistance
heating. The main procedure of LMC directional solidifica-
tion includes two steps: (1) put the 6061 aluminum alloy rod
into the heat preservation furnace within the corundum tube
mold and thermal insulation for a period of time; (2) accord-
ing to the given pulling rate, 6061 aluminum alloy rods fi-
nally were immersed into Ga-Sn liquid for cooling.

The furnace was firstly evacuated and then filled
with high purity argon gas. The specimens were initially
heated up to 300 °C at a pre-set heating rate in an alundum
tube, and then held isothermally for 35 min at 300 °C in the
thermal insulation baffle. The detailed process of directional
solidification was carried out with three steps: Firstly, in or-
der to obtain a stable temperature field, the bottom of the
specimens was pulled downwards into Ga-In liquid metal
about 10 mm with a pre-set pulling rate, and then hold for 5
min. Secondly, a stable directional solidified zone of 30 mm
was obtained at pre-set pulling rates. Thirdly, water quench-
ing was performed to reserve the morphology of the
solid/liquid interface with different pulling rates by operat-
ing drawing bar.
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Fig. 1 (a) Experimental equipment of directional solidifica-
tion, (b) Schematic illustration of the Bridgman - type
direction also solidification apparatus



Table
The chemical compositions of 6061
aluminum alloy (mass fraction %)
Al Si Fe | Cu Mn Mg | Cr | Zn | Ti
>97.01 | 058 | 041 | 03 [ <015 | 1 [ 0.3 | <0.2 | <0.05

During directional solidification, temperatures
were changed from 700°C to 800°C and the pulling rates
from 20 pm/s to 150 pm/s, so that different 6061 aluminium
alloy specimens can be obtained to study the effect of tem-
peratures and pulling rates on microstructure and mechani-
cal properties. Experimental specimens were prepared as
shown in Fig. 2.

Fig. 2 Experimental specimens

2. Testing procedures

Testing procedure of J —R curve is described in
the American standard ASTM E1152-87 [1]. In the majority
of tests compact specimens C(T) for tension or B(T) for
bending are applied. Compact specimens (Fig. 1) of differ-
ent sizes are applied. The standard offers the following
thickness of specimens: 1/2T, 1T, 2T and 4T, where
T=25.4 mm. The specimens have three basic sizes: length of
acrack a, thickness B and width W. In many cases there are
accepted W=2B and a/W>0.5. Basic sizes of specimens’ B
and W-a should exceed the size of plastic zone in advance
of a developing crack minimum 50 times, otherwise the in-
correct characteristics of fracture toughness will be re-
ceived. Sizes of the test specimens depend on the thickness
of material; from which they are made. Specimens of the
size 1/2T and 1T have been used in our test, because the di-
ameter of steam pipes.

Factor of load asymmetry in cycle during precrac-
king should not exceed r <0.1 and the length of a crack
should not be less than 5% from a,, but not less than

1.3 mm. Beside the definition of J — R by the method of a
compliance requires to observe condition
0.5<a, /W <0.75, where a, is the distance from loading

line up to the top of a crack. At a, /W < 0.5 the method of
compliance loses sensitivity, and at a, /W >0.75 the plas-

tic zone will be much more increased and becomes too large.
So, the ratio a, /W in our experiments varied within the

limits 0.5-0.75.

In order to facilitate the observation, specimens
were sectioned and polished as small squares of 8 mm from
6061 aluminium alloy casting rods. The observed specimens
were cleaned with alcohol by ultrasonic cleaners. And, then
the observed specimens were put into the mixture solution
(2.0 ml HF, 1.5 ml HCL, 2.5 ml HNO3, 65 ml H20) for 10
seconds to reveal the microstructure. The microstructure of
specimens was observed using Hitachi SU8070 SEM.
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Tensile specimens were prepared by cutting from
6061 aluminium alloy casting rods after directional solidifi-
cation along the longitudinal direction using a spark cutter.
The shape and dimension of tensile specimens are shown in
Fig. 3. Tensile specimens were polished on the abrasive pa-
per to remove the cutting marks completely to prevent stress
concentration and cracks formation during the tensile tests.

Tensile tests were conducted on a JVJ-50s micro-
computer controlled electronic universal testing machine at
a pulling speed of 3 mm/min under the room temperature.
Stress curves were measured during tensile tests. Tensile
specimens were stretched to failure for three times with the
same process parameters, and the average value of experi-
mental data was taken as the final result.
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Fig. 3 The shape and dimensions of tensile specimens

Wire Cut Electric Discharge Machine was used to
prepare the cylinder specimens with the length of 12 mm
and the diameter of 10 mm. The polished specimens were
put into alcohol, cleaned with an ultrasonic cleaner, and
dried by a blower. Then specimens were placed on MHVD-
10001S digital microhardness tester. Seven random points
within specimens were selected to measure the microhard-
ness. Their average value was recorded as the final experi-
mental data.

3. Results and discussion

Fig. 4 shows the effect of temperatures on micro-
structure of 6061 aluminum alloy after solidification. When
the temperature is 700 °C, the dendritic grains grow crossed
with each other, shown in Fig. 4, a. It is obvious that they
grow in the opposite direction to the heat flow. In Fig. 4, b,
the eutectic solidification characteristics of the white a-Al
substrate are very obvious at temperature of 750°C and pull-
ing rate of 50 pum/s. The dendritic spacing of Fig. 4, b is
smaller than that of Fig. 4, a. That means that the dendritic
spacing decreases with the increase of the temperatures, and
the dendritic grains become small.

When the temperature is 800°C, microstructure be-
comes coarse in Fig. 4, ¢. The lamellar structure of dendritic
grains was determined by the solidification process. Den-
dritic grains grow directionally during solidification, which
provides the solidification path [14-18]. The orientation of
the lamellar structure is consistent with the direction of grain
growth at the pulling rate of 50 um/s. Meanwhile, dendrite
crystal transform to cellular crystal. It can be seen from
Fig. 4, ¢ that white a-Al substrate exists significantly. It is
because that when the molten metal enters the crystallizer,
the chilling layer formed due to the hybrid cooling of Ga-Sn
liquid and the water. With the release of latent heat, the
solid-liquid interface is easy to decrease under the tempera-
ture gradient in a short time. The lateral heat radiation plays
a vital role in the orientation of grain growth, which leads to
the formation of eutectic compounds [19-25].

The dendritic spacing is large at 700°C. When the
temperature is 750°C, the dendritic spacing becomes small.
When the temperature reaches 800°C, the dendrite spacing



further reduce. However, a lot of slag inclusions and trans-
granular cracks are produced at the same time, which may
lead to the decline of mechanical properties.
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Fig. 4 Microstructure of 6061 aluminum alloy after solidifi-
cation at the temperatures of: a - 700°C, b - 750°C
and ¢ - 800°C) with a pulling rate of 50 um/s

Liu et al. [26-30] have investigated the influence of
temperature gradient on mechanical properties in directional
solidification. All the experimental results show that the so-
lidification interface morphology will appear cellular crystal
when the temperature reaches a certain value. Meanwhile,
the grain structure will become fine, and the mechanical
properties are relatively enhanced.

Fig. 5 shows the effect of temperatures on tensile
properties of 6061 aluminium alloy after solidification. It
can be seen from Fig. 5 that tensile strength and the total
elongation are both lower at the temperature of 700°C,
whose tensile strength is 82.2 MPa and elongation is 16.7 %.
However, the tensile strength at the temperature of 750°C is
the highest, reaching 182.51 MPa. Besides, its’ elongation
reaches 33.68 %. The structure is coarse at the temperature
of 800°C, shown in Fig. 4, c. The tensile strength reaches
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171.45 MPa, and its’ elongation reaches 33.32%. In the pro-
cess of directional solidification, the temperature gradient is
perpendicular to the solid-liquid interface, which provides a
formidable power with a single and cycled heat flow. So,
some small cracks formed in the 6061 aluminium alloy
specimens after solidification at 800°C. Although the grain
structure is more refined, those defects have impact on the
tensile strength and the total elongation. That is why tensile
properties are similar at 750°C and 800°C, shown in Fig. 5.
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Fig. 5 Effect of temperatures on tensile properties of 6061
aluminum alloy after solidification: a - tensile stress
curves, b - tensile peak stress and elongation

Fig. 6 shows the effect of temperatures on micro-
hardness of 6061 aluminium alloy after solidification. It can
be seen from Fig. 6 that microhardness of the alloy specimen
increases with the increase of temperatures. At the temper-
ature of 700°C, the microhardness reaches 53.18 HV. At the
temperature of 750 °C, the microhardness reaches
54.76 HV. The microhardness at the temperature of 800 °C
is the highest, reaching 56.77 HV. The reason is that the el-
evated temperatures lead to subcooling in the solidification,
and the increase of the grains nucleation number.
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Fig. 6 Effect of temperatures on microhardness of 6061 al-
uminium alloy after solidification



Wu et al. [31-34] studied the microstructures and
mechanical properties of Al-Si-Mg ternary eutectic alloys
by changing the pulling rate at a given temperature. It can
be found that the solidification structure shows a tendency
to refine with the increases of pulling rate. Moreover, the
dendrites become smaller and the lamellar spacing is also
markedly reduced. Thus, the tensile strength and hardness
are reinforced.

Fig. 7 shows the effect of pulling rates on tensile
properties of 6061 aluminium alloy after solidification. It is
clear that the tensile strength is the highest at the pulling rate
of 50 um/s, reaching 183.31 MPa. Besides, its’ elongation
reaches the highest value of 37.66%. At the pulling rate of
20 um/s, the tensile strength reaches 152.86 MPa, and the
elongation is 37.14%. At the pulling rate of 100 pmy/s, the
tensile strength reaches 170.53 MPa, and the elongation is
35.69%. At the pulling rate of 150 pm/s, the tensile strength
reaches 182.97 MPa, and the elongation is 37.04%. The dif-
ference of elongation is small for different pulling rates.

During directional solidification, both the liquid
metal cooling and circulating water cooling greatly acceler-
ate the solidification of the alloy. Therefore, grains within
microstructure after solidification are smaller, and the ori-
entation of grain growth is parallel to the direction of the
heat flow. The transverse grain boundary disappears. The
micocracks without expansion greatly enhance the tensile
properties of 6061 aluminum alloy.
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Fig. 7 Effect of pulling rates on tensile properties of 6061
aluminum alloy after solidification: a - tensile stress
curves, b - tensile peak stress and elongation
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Fig. 8 shows the effect of pulling rates on micro-
hardness of 6061 aluminium alloy after solidification. It can
be seen from Fig. 8 that microhardness increases with the
increase of pulling rates. The highest microhardness reaches
67.66 HV at the pulling rate of 150 um/s, shown in Fig. 8.
At the pulling rate of 20 um/s and 50 pm/s, the microhard-
ness reaches 56.78 HV and 56.77 HV, respectively. And, the
microhardness reaches 61.88HV at the pulling rate of
100 pum/s. The increase of the microhardness is due to the
refinement of the microstructure. The Mg2Si compound as
strengthening phase was found in the casting 6061 alumin-
ium alloy, whose distribution is more uniform with the in-
crease of the pulling rates. That is why the microhardness of
casting 6061 aluminium alloy increases with the increase of
pulling rates.
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Fig. 8 Effect of pulling rates on microhardness of casting
6061 aluminum alloy after solidification

4. Conclusions

1. With the increase of the temperatures, the den-
dritic structure of the specimen gradually decreases, and the
cellular spacing becomes smaller. Some small defects ap-
pear during directional solidification, which results in the
decline of mechanical properties of casting 6061 aluminium
alloy with the increase of temperatures.

2. The tensile strength at the temperature of 750°C
is the highest, reaching 182.51 MPa. Besides, its’ elongation
reaches 33.68%, and the microhardness reaches 54.76 HV.
The microhardness at the temperature of 800°C is the high-
est, reaching 56.77 HV. The microhardness of casting 6061
aluminum alloy increases with the increases of tempera-
tures.

3. When the pulling rate is 50 pm/s, the tensile
strength reaches 183.31 MPa, and elongation reaches
37.66%. Its’ tensile strength and elongation are superior to
that at the pulling rate of 100 um/s and 150 pm/s. The mi-
crohardness of the casting 6061 aluminium alloy increases
with the increase of pulling rates. The highest record of mi-
crohardness reaches 67.66 HV at the pulling rate of
150 pmy/s.
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Tao He, Li Min, Yuan ming Huo, Hong Jun Liu,
Xiao Jie Yi

EFFECT OF TEMPERATURES AND PULLING
RATES ON MICROSTRUCTURE AND
MECHANICAL PROPERTIES OF 6061 ALUMINUM
ALLOY IN DIRECTIONAL SOLIDIFICATION

Summary

During directional solidification, temperatures and
pulling rates have significant influences on microstructure
of casting rods. And, mechanical properties of 6061 alumi-
num alloy rods depend on microstructure formed in the di-
rectional solidification. In order to study the effect of tem-
peratures and pulling rates on microstructure and mechani-
cal properties, the directional solidification experiment of
6061 aluminum alloy were performed using Bridgman-type
vacuum furnace with liquid metal cooling(LMC) method at
different temperatures (700°C, 750°C and 800°C) and pull-
ing rates (20 pm/s, 50 pm/s, 100 um/s and 150 pm/s). Mi-
crostructural investigation of 6061 aluminum alloy rods was
performed using Hitachi SU8070 SEM. And, tensile tests
and microhardness tests were conducted on JVJ-50s test
machine and MHVD-1000IS hardness tester separately. Ex-
perimental results indicate that the dendritic structure of the
specimen gradually is refined uniformly, and the intergran-
ular spacing becomes smaller with the increase of tempera-
tures. Some defects lead to the decline of mechanical prop-
erties of alloy with the increase of temperatures. The tensile
strength at the temperature of 750 °C is the highest, reaching
182.51 MPa. However, the microhardness at the tempera-
ture of 800°C is the highest, reaching 56.77 HV. When the
pulling rate is 50 pm/s, the tensile strength shows better than
that at the pulling rate of 100 pm/s and 150 pm/s, reaching
183.31 MPa. However, the highest microhardness takes
places at the pulling rate of 150 pum/s, reaching 67.66 HV.

Keywords: directional solidification, liquid metal cooling,
6061 aluminum alloy, microstructure, mechanical proper-
ties.
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