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Abstract: Even though the high-temperature formability of Al alloys can be enhanced by the
strain-induced melt activation (SIMA) process, the mechanical properties of the formed alloys
are necessary for estimation. In this research, a modified two-step SIMA (TS-SIMA) process that
omits the cold working step of the traditional SIMA process is adopted for the 6066 Al-Mg-Si
alloy to obtain globular grains with a short-duration salt bath. The high-temperature compressive
resistance and mechanical properties of TS-SIMA alloys were investigated. The TS-SIMA alloys
were subjected to artificial aging heat treatment to improve their mechanical properties. The results
show that the TS-SIMA process can reduce compression loading by about 35%. High-temperature
compressive resistance can be reduced by the TS-SIMA process. After high-temperature compression,
the mechanical properties of the TS-SIMA alloys were significantly improved. Furthermore, artificial
aging treatment can be used to enhance formed alloys via the TS-SIMA process. After artificial
aging treatment, the mechanical properties of TS-SIMA alloys are comparable to those of general
artificially-aged materials.
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1. Introduction

6xxx series Al alloys, a series of precipitation-hardened Al alloys, are widely used. 6066 Al alloy,
used in this study, has a strength that is higher than that of the great majority of other alloys in this
series due to its Cu and Mn addition and excess Si [1,2]. This alloy is widely applied in the automobile
industry, bicycle industry, and architecture components, due to its high strength and low density.
Even though Cu and Mn increase strength, they decrease formability. In order to promote formability,
the strain-induced melt activation (SIMA) process is used for forming at high temperatures.

The SIMA process is a semi-solid process, in which the materials are manufactured at temperatures
of solid-liquid coexistence. The finished products have a near-net shape advantage [3-5]. The SIMA
process has great potential due to its low cost and high stability [6-10]. Figure 1a shows the procedure
of the two-step SIMA (TS-SIMA) process proposed in this study. The steps are: (1) casting, which
produces a dendritic structure; (2) hot extrusion, which disintegrates the initial structure and introduces
sufficient strain energy into the alloy; and (3) salt bath, which makes the material recrystallize and
partially melt at temperatures of solid-liquid coexistence. TS-SIMA is defined as a two-step process
because the casting materials are via only two steps to obtain globular grains. The two major differences
between the traditional SIMA process and the TS-SIMA process are: (1) the proposed TS-SIMA process
uses severe hot extrusion instead of cold work to introduce a large amount of strain energy; and (2) the
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proposed SIMA process uses a salt bath instead of an air furnace to improve heating uniformity and
reduce heating time. The globular grain evolution for the proposed TS-SIMA process is shown in
Figure 1b [11].
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Figure 1. (a) Procedure of TS-SIMA process and (b) formation steps of globular grains in TS-SIMA process.

In our previous study [11], the high-temperature deformation resistance and forming behavior
of TS-SIMA alloys were investigated. The improvement in the high-temperature formability of
alloys subjected to the TS-SIMA process was confirmed. However, the mechanical properties of the
formed alloys after the TS-SIMA process were not examined. In this research, the high-temperature
compressibility and the improvement of the mechanical properties of TS-SIMA alloys are investigated.
High-temperature compressibility is evaluated using high-temperature compression. The compression
deformation mechanism of TS-SIMA alloys is also investigated. The mechanical properties of TS-SIMA
alloys are investigated and improved via artificial aging (T6) heat treatment.

2. Materials and Methods

The material used in this study was extruded 6066 Al alloy. Its composition, determined using
a glow discharge spectrometer, is shown in Table 1. Six-inch (15.24 cm) diameter casting materials
were extruded with dimensions of 52 mm (width) x 3 mm (thickness) and 75 mm (width) x 9 mm
(thickness). The extrusion ratio was 27:1 and the true strain was 3.3. The as-extruded alloy is denoted
as “F”.
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Table 1. Composition of 6066 Al alloy.

Element Mg Si Cu Mn Fe Cr Al
Mass % 1.02 1.29 0.98 1.02 0.19 0.18 Bal.

The salt bath for spheroidized grain formation was conducted at 620 °C for 10 min and then
cooled down by quenching in water. The grains were spheroidized uniformly and the fraction of liquid
phases was high with these salt bath settings. The material deformed severely, or was partially melted
severely, when the temperature was higher than 620 °C. The TS-SIMA alloy subjected to this salt bath
is denoted as “S10”.

Aluminum alloys are often fully annealed for subsequent manufacturing. Therefore, the test
alloy in this study was fully annealed for comparison with TS-SIMA-processed specimens. In the full
annealing treatment, F was heated to 420 °C for 2 h, cooled to 220 °C at a cooling rate of 25 °C/min,
and then cooled in a furnace to room temperature. The fully annealed 6066 Al alloy is denoted as “O”.

The microstructural characteristics and grain size were analyzed using optical microscopy (OM).
The specimens were polished using SIC papers from 80# to 5000# (the number before # means how
many hard particles in per square inch), Al,O3 aqueous suspension (1.0 and 0.3 um), and SiO;
polishing suspension and etched using Keller’s reagent. The liquid fraction of the lower-melting-point
second phases was measured using Image] (National Institetes of Health, Java 1.8.0_60, New York,
NY, USA) software. Two shape parameters, x and z, were defined for the degree of spheroidization [5].
In Figure 2, a, b, ¢, and A represent the major axis, minor axis, perimeter, and area of a grain, respectively.
According to the definitions x = (b/a) and z = (47tA)/c?, x is the ratio of the minor axis to the major axis
and z becomes closer to 1 as the shape becomes more circular. As x and z become closer to 1, the grains
become more equi-axial and the degree of spheroidization increases.
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Figure 2. Parameters of spheroidization degree definition.

The hardness of the matrix and globular grain boundaries were evaluated using nano-indentation
to understand the hardness distribution in the TS-SIMA alloys. A triangular pyramidal diamond probe
was used for nano-indentation. The measurement conditions were a drift velocity of 0.25 nm/s and a
depth of 800 nm. The space between measurement points was 5 pm.

In the high-temperature compression test, as-extruded alloys, fully-annealed alloys, and
TS-SIMA alloys were tested to compare their high-temperature formability. The compression
ratio is defined as R% = (fo—tp/ty, where t; is the thickness of the initial sheet (9 mm) and
tr is the thickness after compression. The specimens for compression had dimensions of
40 mm (length) x 20 mm (width) x 9 mm (thickness). The compression temperature was set as 600 °C
and the compression rate was set as 20 mm/min. The compressive loadings of the different materials
were estimated and compared as the compression ratio reached 50%. When the compression ratio is
higher, the deformation resistance is lower, which indicates better high-temperature formability [12].
The specimens compressed to a compression ratio of 50% were used in further experiments for
improving the mechanical properties. Specimens subjected to compression are marked with the prefix “C-".
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Finally, in order to confirm that the mechanical properties of the compressed TS-SIMA alloys
can be enhanced, T6 heat treatment was adopted. T6 heat treatment includes solution heat treatment
and artificial aging. Solution temperatures of 530 °C and 550 °C were used in this research.
Specimens subjected to T6 heat treatment are marked the suffix “T6s3p” or “T6550”. The hardness of
the specimens was measured using a Rockwell hardness tester and the tensile properties were tested
using a universal tester. The dimensions of the tensile test specimen are shown in Figure 3. The tensile
specimen was prepared by a milling machine for thinning and wire cutting for shaping. The tensile
initial strain velocity was 1.67 x 1073 (crosshead velocity of 1 mm/min). Each hardness and tensile
datum was the average from at least three testing samples.
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Figure 3. Dimensions of tensile test specimen.

3. Results and Discussion

3.1. Microstructure Characteristics

Figure 4 shows the microstructures of as-extruded alloys and TS-SIMA alloys. The typical
extrusion microstructure can be seen in the metallography of the as-extruded alloys, as shown in
Figure 4a. Dynamic recrystallization only occurred in parts of F; the recrystallized grain size was about
5-8 um. Grains were spheroidized uniformly after a salt bath for 10 min. The average globular grain
size was about 78 pm. The shape parameters x and z were 0.62 and 0.65, respectively.

S10

20pm
(a) (b)

Figure 4. Microstructures of (a) as-extruded alloys (F) and (b) TS-SIMA alloys (S10).

The distribution of elements in S10 was analyzed using electron probe microanalysis (EPMA)
(JEOL, Peabody, MA, USA). The results are shown in Figure 5. After a salt bath, Mg, Si, and Cu were
located at the grain boundaries and formed a network structure, but Mn, Fe, and Cr just aggregated
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and formed a particle-shaped phase due to the melting point of the Mn-rich phase being higher
than 620 °C [13]. The phases at globular boundaries are composed of the eutectic phase of Al and
AlyCu, the eutectic phase of Al and Mg;Si, and the eutectic phase of Al and Si. The melting points
of these eutectic phases are below 620 °C and, thus, they melted and penetrated into the globular
grain boundaries.

Figure 5. Elemental distribution of TS-SIMA alloy (S10) obtained using EPMA.

The nano-indentation data for S10 are shown in Figure 6. The same results were obtained for
five samples. The spheroidized grain boundaries, abundant in Cu, Mg, and Si, are much harder than
the internal grains. This proves that the grain boundaries of the TS-SIMA alloy are the hard and brittle
parts of the material. When a TS-SIMA alloy is defomed, the deformation should be where stress

concentration occurs.

Hardness (Gpa)

Figure 6. Hardness distribution in TS-SIMA alloys evaluated using nano-indentation.

3.2. High-Temperature Compressive Resistance of TS-SIMA Alloy

For the compression test at 600 °C, Figure 7 shows the compression loading at a 50% compression
ratio for various materials. It can be seen that 510 has the lowest compression loading. Full annealing
reduced compression loading by only about 9% but the TS-SIMA process reduced it by about 35%
compared with that of the as-extruded alloys. This proves that the TS-SIMA process is beneficial for
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enhancing high-temperature compressibility. The compressive resistance of the TS-SIMA alloy was
the smallest.
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Figure 7. Deformation resistance of several materials.

Figure 8 shows the microstructures of compressed TS-SIMA alloys. It can be seen that after
high-temperature compression, globular grains became flat and oval-shaped, as shown in Figure 8a.
Under large magnification (Figure 8b), it can be seen that the original broad grain boundaries of
the TS-SIMA alloys vanished after compression. Only Mn-rich particle phases existed at the grain
boundaries and in the internal grains. This resulted from the low-melting-point phases at grain
boundaries melting at 600 °C and flowing during high-temperature compression.

C-S10

Figure 8. Microstructure of TS-SIMA alloy at (a) small and (b) large magnification.

Figure 9 shows the elemental distribution of compressed TS-SIMA alloys. It shows that Cu, Mg,
and Si were no longer located at the globular grain boundaries after high-temperature compression.
They diffused and solid-soluted into the matrix during hot-temperature compression. In contrast, Mn,
Fe, and Cr still aggregated and formed a particle-shaped phase.
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Figure 9. Elemental distribution of compressed TS-SIMA alloy (C-S) obtained using EPMA.

3.3. Mechanical Properties Improvement of TS-SIMA Forming Alloys

In order to ensure that the formed products are suitable for applications, the mechanical properties
of compressed TS-SIMA alloys were investigated. T6 heat treatment, the most commonly used method
for strengthening 6xxx series Al alloys, is used in this study. Figure 10 shows the hardness data and
Figure 11a shows the tensile properties data of compressed and heat-treated materials. Hardness data
show that the hardness values of as-extruded alloys and TS-SIMA alloys are similar. High-temperature
compression significantly enhanced hardness. After T6 heat treatment, the hardness of all specimens
increased obviously. Hardness increased with increasing solution heat treatment temperature due to
the solution limit being enhanced by increased solution temperature. The hardness of compressed
TS-SIMA alloys is slightly lower than that of as-extruded alloys after T6 heat treatment. Strength data
trends are similar to those of hardness data. The strength of specimens increased after T6 heat treatment.
The strength of compressed TS-SIMA alloys was slightly lower (by about 10-20 MPa) than that of
as-extruded alloys. The ultimate tensile strength (UTS) of TS-SIMA alloys reached about 430-440 MPa.
This shows that the strength of TS-SIMA forming materials after T6 heat treatment is high enough for
common applications.
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Figure 10. Hardness data of specimens.

Elongation data are shown in Figure 11b. The tensile elongation of TS-SIMA alloys is much lower
than that of as-extruded alloys. Elongation can be improved to about 23% uniform elongation (UE) and
27% total elongation (TE) after compression at 600 °C. The enhancement of elongation is majorly due
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to the hard and brittle phases located at globular boundaries composed of Al, Mg, Si, and Cu diffused
into matrix After T6 heat treatment, elongation increased with decreasing solution heat treatment
temperature. Uniform elongation reached about 12% and total elongation reached 16% when the
solution heat treatment temperature was 530 °C. Even though the elongation of TS-SIMA alloys was
quite low, high-temperature compression improved it. The mechanical properties of TS-SIMA alloys
can thus be improved by high-temperature compression and T6 heat treatment. Strength can reach
more than 400 MPa and elongation can reach more than 10% after appropriate heat treatment.
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Figure 11. Mechanical properties of specimens: (a) tensile strength and (b) tensile elongation.

Figure 12 shows the microstructures of compressed TS-SIMA alloys after T6 heat treatment.
It shows that the original compressed globular grains of compressed TS-SIMA alloys grew during
solution treatment, as shown in Figure 12¢,d. The microstructure of T6-heat-treated as-extruded alloys
remained as fine recrystallized grains, as show in Figure 12e,f. The level of precipitation strengthening
of compressed TS-SIMA alloys and as-extruded alloys should be similar because their compositions
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and T6 heat treatment conditions are the same. The slightly different mechanical properties are due to
grain size according to Hall-Petch theory [14,15]. After T6 heat treatment, the strength of as-extruded
alloys was higher than that of TS-SIMA forming alloys due to the former’s fine grains. However, the
high density of grain boundaries of T6-heat-treated as-extruded alloys slightly decreased elongation
because dislocation slipping is restricted by grain boundaries. Therefore, the elongation of TS-SIMA
forming alloys is higher than that of T6-heat-treated as-extruded alloys.

1k C-S10/T65
Sl b

Figure 12. Morphologies of (a) C-510/T6530; (b) C-S10/T6550; (c) C-F/T6s30; and (d) C-F/T655.

Figure 13 shows the elemental distribution of compressed TS-SIMA alloys after T6 heat treatment.
It shows that all elements were distributed uniformly. This proves that T6 heat treatment made Cu,
Mg, and Si solid-solute completely and precipitate.

C-$10/T6s30
-

2§t

XTKTLLE

Figure 13. Elemental distribution of compressed TS-SIMA alloy after T6 heat treatment (C-510/T6530)
obtained using EPMA.

The fracture mechanism of the above specimens can be interpreted from Figures 14 and 15.
Figures 14a and 15a show the intergranular fracture characteristics of TS-SIMA alloys. The low-melting-point
phases melted, penetrated, and solidified at globular grain boundaries, resulting in the grain boundary
being more brittle and harder than the matrix. This led to stress concentration and the generation of
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cracks. The cracks initiated at grain boundaries and connected with each other, leading to intergranular
fracture. In contrast, characteristic dimple fractures were found on the fracture surfaces of compressed
TS-SIMA alloys and T6-heat-treated compressed TS-SIMA alloys, as shown in Figure 14c—f. Micro-void
coalescence and ductile fracture caused these dimple fractures. The sub-surface morphologies
of compressed TS-SIMA alloys and T6-heat-treated compressed TS-SIMA alloys are shown in
Figure 15b—d. Intergranular fractures did not appear because the brittle and low-melting-point phases
vanished after high-temperature compression. Therefore, good mechanical properties were obtained.

(2) (b)

Figure 14. Fracture surfaces of (a) S10; (b) C-510; (c) C-S10/T6s39; (d) C-S10/T6550; (e) C-F/T6530;
and (f) C-F/T6550.

Brittle and hard phases located at the grain boundaries of TS-SIMA alloys disappeared after
high-temperature compression, improving elongation. Total elongation increased to about 30%.
After T6 heat treatment, the tensile strength of TS-SIMA forming alloys reached about 430 MPa.
The strength of such alloys is slightly less than that of T6-heat-treated as-extruded alloys (by about
20 MPa) and its elongation can be slightly higher than that. The mechanical properties of
T6-heat-treated TS-SIMA forming alloys are sufficient for common applications.
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Figure 15. Sub-surfaces of (a) S10; (b) C-S10; (c) C-S10/T6530; and (d) C-510/T6s50.

4. Conclusions

(1) Globular grains were obtained using the TS-SIMA process. After a salt bath, the grains became
globular and Cu, Mg, and Si were the major elements distributed on the globular grain boundaries.
The globular grain boundaries were harder than the Al matrix.

(2) High-temperature compressive resistance can be reduced by the TS-SIMA process. With a
50% compression ratio, the TS-SIMA process decreased compression loading by about 35%.
After high-temperature compression, Cu, Mg, and Si were no longer located at the compressed
globular grain boundaries.

(3) High-temperature compression can improve the elongation of TS-SIMA alloys. The mechanical
properties of TS-SIMA alloys can be enhanced by T6 heat treatment. The mechanical properties are
sufficient for common applications.
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