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Abstract: A two-step strain-induced melt activation (TS-SIMA) process that omits the cold working
step of the traditional strain-induced melt activation (SIMA) process is proposed for 6066 Al-Mg-Si
alloy to obtain fine, globular, and uniform grains with a short-duration salt bath. The results show
that increasing the salt bath temperature and duration leads to a high liquid phase fraction and a
high degree of spheroidization. However, an excessive salt bath temperature leads to rapid grain
growth and generates melting voids. The initial degree of dynamic recrystallization, which depends
on the extrusion ratio, affects the globular grain size. With an increasing extrusion ratio, the dynamic
recrystallization becomes more severe and the dynamic recrystallized grain size becomes smaller.
It results in the globular grains becomes smaller. The major growth mechanism of globular grains is
Ostwald ripening. Furthermore, high-temperature compressibility can be improved by the TS-SIMA
process. After a 4 min salt bath at 620 °C, the high-temperature compression ratio become higher than
that of a fully annealed alloy. The results show that the proposed TS-SIMA process has great potential.

Keywords: aluminum alloy; strain-induced melting activation (SIMA); semi-solid metal processing;
high-temperature compression

1. Introduction

6xxx series Al alloys, a series of precipitation-hardened Al alloys, are widely used. The present
study considers 6066 Al alloy, whose strength 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]. According to previous research,
adding Cu can improve strength and hardness by refining the precipitated phases during artificial
aging [3]. Adding Mn enhances corrosion resistance, improves mechanical strength, increases the
recrystallization temperature, and inhibits grain growth [4]. Even though adding Cu and Mn increases
strength, they decrease formability. In order to overcome this problem, the strain-induced melt
activation (SIMA) process is used in forming alloys at high temperatures.

The SIMA process is a semi-solid process, in which the materials are manufactured at the
temperature of the mushy zone. The finished products have a near-net-shape advantage [5]. Due to its
low cost and high stability, the SIMA process is useful. Figure 1a shows the procedure of the traditional
SIMA process [6-12]. The steps are: (1) casting, which produces a dendritic structure; (2) hot work,
which disintegrates the initial structure; (3) cold work, which introduces strain energy into the alloy;
and (4) heat treatment, which makes the material recrystallize and partially melt at the temperature
of solid-liquid coexistence. It is defined as a three-step process because casting materials is done
via three steps to obtain globular grains. This study proposes an improved SIMA process that has
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two steps after casting. The two major differences between the traditional SIMA process and the
proposed two-step SIMA (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; (2) the proposed SIMA
process uses a salt bath instead of an air furnace to improve heating uniformity and reduce heating
time. The procedure of the modified TS-SIMA process is shown in Figure 1b.
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Figure 1. Procedures of (a) traditional three-step strain-induced melt activation (SIMA) process and
(b) modified two-step SIMA process. RT: room temperature.

The aims of this research are to determine the effect of TS-SIMA process conditions on
microstructural evolution, discuss the formation mechanism of globular grains in the TS-SIMA process,
and confirm that the TS-SIMA process can improve the high-temperature compressibility.

2. Materials and Methods

The material used in this study was extruded 6066 Al alloy supplied from cooperative aluminum
cooperation. Its composition, determined using a glow discharge spectrometer, is shown in Table 1.
Two thicknesses (3 and 9 mm) were selected to determine the effect of strain energy induced
by hot extrusion. The 6 in diameter casting materials were extruded with two dimensions of
52 mm (width) x 3 mm (thickness) and 75 mm (width) x 9 mm (thickness), respectively. The extrusion
ratios of two materials with thicknesses of 3 and 9 mm (abbreviated as Ex3 and Ex9) were 117:1 and
27:1 (the true strains were 4.8 and 3.3), respectively. Two materials are designated as Ex3 and Ex9.

Table 1. Composition of 6066 aluminum alloy.

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

The first phase transformation temperature of 6066 Al alloy was about 565 °C, as shown in
Figure 2, which is measured by a differential scanning calorimeter (DSC). In order to determine the
effects of salt bath temperature, salt bath duration, and stored strain energy on the microstructure
evolution, specimens with two thicknesses (3 and 9 mm) were heated at 550-630 °C within 1-60 min
in salt bath. The codes of salt bath specimens with two thicknesses are interpreted by the following
example: SB3/620-10 means a material which is 3 mm in thickness was heated by salt bath at 620 °C
for 10 min.

Microstructural characteristics and grain size were analyzed using an optical microscope (OM)
(BX41M-LED, Olympus, Tokyo, Japan). The identification of phases and distribution of elements
were detected using an electron probe micro-analyzer (EPMA) (JEOL, Peabody, MA, USA). The liquid
fraction of lower-melting-point second phases was measured using Image]J software (National Institetes
of Health, Java 1.8.0_60, New York, NY, USA). Two shape parameters, x and z, were defined for the
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degree of spheroidization [7]. In Figure 3, 4, 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. When x
and z are closer to 1, the grains are more equiaxial and the degree of spheroidization is higher.

T Exo

Heat flow (mW)

565 q

L s
100 200 300 400 500 600

Temperature (OC)

Figure 2. Differential scanning calorimeter (DSC) data of 6066 aluminum alloy. Exo: exothermic;
Endo: endothermic.

c

Figure 3. Parameters of spheroidization degree definition. a, b, c, and A represent the major axis, minor
axis, perimeter, and area of a grain, respectively.

Nine-mm-thick sheets were used in the high-temperature compression tests. As-extruded
alloys, fully annealed alloys, and salt bath alloys were tested to compare their high-temperature
compressibility. The compression ratio is defined as R% = (t — t)/ty, where t is the thickness of the
initial sheet (9 mm) and ¢ is the thickness after compression. The compression temperatures were
set as 550 and 600 °C (abbreviated as C550 or C600). The compression specimens had dimensions
of 20 mm (length) x 20 mm (width) x 9 mm (thickness). The compression rate was 20 mm/min
and the compressive loading was 60 kg/cm?. The compression ratios of the above specimens were
measured and compared. A higher compression ratio indicates that the resistance of deformation at
high temperature is smaller and thus high-temperature formability is better [13]. The compression
ratio was calculated and the microstructure of the cross-section parallel to the compression direction
was observed.

3. Results and Discussion

3.1. Microstructural Evolution

Figure 4 shows the microstructure of as-extruded alloys with two thicknesses. A fiber-shape
microstructure can be seen in both Figure 6a,b. Additionally, a lot of the second phases are distributed
uniformly and a large number of very fine dynamic recrystallized grains appear in the Ex3 alloy as
shown in Figure 4a. In contrast, recrystallization only occurred in parts of Ex9, and its recrystallized
grain size was larger than that of Ex3, as shown in Figure 4b. The differences between the two materials
resulted from the different extrusion ratios. Because the extrusion ratio of Ex3 is higher than that of
Ex9, it led the dynamic recrystallization degree of Ex3 to also be higher than that of Ex9.
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Figure 4. Microstructures of extruded alloys: (a) 3-mm-thickness extruded material (Ex3) and
(b) 9-mm-thickness extruded material (Ex9). ED: extruded direction; ND: normal direction;

TD: transverse direction.

The effect of salt bath temperatures on microstructure is shown in Figure 5. After a 30 min salt
bath, the grains were not spheroidized uniformly when the temperature was lower than 610 °C, and
the material deformed severely or was partially melted severely when the temperature was higher
than 630 °C. When the temperature of the salt bath reached 630 °C, melting voids and cracks were
probably generated within 7 min of the salt bath, as shown in Figure 5f.

d (e) (H

Figure 5. Microstructure of Ex3 after immersion in salt bath at various time periods (represented by
signals in Table 2): (a) SB3/550-30; (b) SB3/570-30; (c) SB3/590-30; (d) SB3/610-30; (e) SB3/620-30;
(f) SB3/630-7. SB3: salt bath material with 3 mm thickness.

Figure 6 shows the microstructure evolution of 6066 alloys in the salt bath at 610, 620, and
630 °C with various time periods. With the increasing salt bath duration, the grain growth increased.
For a given duration, a higher salt bath temperature led to higher grain growth except for SB3/610-1
(Figure 7a) and SB3/620-1 (Figure 7d). The average grain sizes of these two specimens are almost
identical due to the duration not being long enough for the grain to grow obviously at 610 and
620 °C. The grain growth rates for various salt bath temperatures were calculated based on the
Lifshitz-Slyozov-Wagner (LSW) theory [5,7,14-17]. The formula is d" — dy" = Kt, where d is the average
grain size that depends on the salt bath duration, d is the initial grain size, ¢ is the salt bath duration,
K (units: um3- min—1) is the coarsening rate constant, and exponent # is determined by the diffusive
mechanism of grain growth. For instance, n = 2 indicates surface diffusion and n = 3 indicates volume
diffusion. In this study, 7 = 3 can be used. The theoretical formula can be rewritten as d° = Kt + dy°,
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which is plotted in Figure 7a. The results of linear fitting are shown in Table 2. The coefficients of
determination (R?) are above 0.98, indicating that the three results were highly linear. The slopes of the
three fitting lines represent the K value (i.e., grain coarsening rate). The K value at 630 °C was much

higher than those at the other two temperatures. The results show that grain growth was very rapid at
630 °C.
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Figure 6. Microstructures of several materials: (a) SB3/610-1; (b) SB3/610-10; (c) SB3/610-30;
(d) SB3/620-1; (e) SB3/620-10; (f) SB3/620-30; (g) SB3/630-1; (h) SB3/630-10; and (i) SB3/630-30.

Table 2. K values and coefficients of determination obtained via linear fitting using

Lifshitz-Slyozov-Wagner (LSW) theory for SB3 with various salt bath temperatures. SB3: salt bath
material with 3 mm thickness.

Specimen SB3/610 SB3/620 SB3/630
K (um?3- min—1) 10751 16806 50820
R? 0.9852 0.9926 0.9818
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Figure 7. (a) Plot of grain size versus salt bath duration from Lifshitz-Slyozov-Wagner (LSW) theory
(Ex3) and (b) liquid fraction for various salt bath temperatures (Ex3).



Metals 2016, 6, 113 60of 13

Grain boundary broadening was found for all salt bath temperatures, as shown in Figure 6.
This broadening was due to the lower-melting-point second phases melting [18], and the liquid
penetrating into the grain boundaries. After quenching, the low-melting-point second phases solidified.
When the heating duration of the salt bath was increased, liquid pools formed because large amounts
of liquid phases aggregated. The liquid fraction obtained using Image] (National Institetes of Health,
Java 1.8.0_60, New York, NY, USA) is shown in Figure 7b. The liquid fraction increased with the
increasing salt bath temperature and duration. It saturated within 30 min at the three salt bath
temperatures. With the increasing salt bath temperature, the liquid fraction saturation becomes faster.
In addition, cracks appeared in the specimen at a salt bath temperature of 630 °C, as shown in Figure 5f,
at which the second phases melted and the volume shrank too severely during quenching. The results
show that even though 630 °C was suitable for liquid phase formation, it likely led to the generation of
defects. Therefore, 620 °C was the most suitable salt bath temperature, due to fast liquid formation
and high stability.

The influence of the thickness of the extruded alloy was considerable. It represents the effect
of strain energy. Figure 8 shows the microstructures of sheets with two thicknesses (3 and 9 mm).
The globular grain size of the SB9 specimen is much larger than that of the SB3 specimen. According to
the recrystallization and partial melting mechanism [8,12], the existence of recrystallized grains is
necessary for providing high-angle (high-energy) grain boundaries for liquid penetration at high
temperatures. In the SB3 specimen, all fine grains were generated all around the material through
severe dynamic recrystallization as hot extrusion. In the SB9 specimen, the dynamic recrystallized
grains formed only in parts of the material and some static recrystallization occurred within the salt
bath period. These dissimilarities resulted in different grain sizes after a given salt bath duration.
They also prove that both dynamic recrystallization and static recrystallization provide high-energy
grain boundaries for liquid penetration and globular grain formation.

Ay = 27.87um 50um daye = 58.79 pm STl do. = 79.62 um

dy, = 4935um [l d.. = 76.94um [N o =97.99 um
(@ (e) ®

Figure 8. Microstructures of extruded alloys with two thicknesses after salt bath at 620 °C: (a) SB3/620-1;
(b) SB3/620-10; (c) SB3/620-30; (d) SB9/620-1; (e) SB9/620-10; and (f) SB9/620-30.

For the degree of spheroidization, three representative conditions are plotted in Figure 9.
The figure shows that x and z become closer to 1 as the salt bath duration is increased. This indicates
that an increase in salt bath duration makes the grains more globular and equiaxial. Increasing the
salt bath temperature also improved the degree of spheroidization determined by comparing z values
obtained at 610 and 620 °C. The extrusion ratio did not affect the spheroidization determined by
comparing SB3 and SB9 at the same salt bath temperature of 620 °C. The results show that the liquid
formation enhanced the degree of spheroidization.



Metals 2016, 6, 113 7 of 13

0.8

o e
0.7+ P o
/
064 4
- /n/
05+ ff
0.4 —u— SB3/610
—a— SB3/620
—e— SB9/620
0.3 L) L L] L LJ T
0 5 10 15 20 25 30
Time (min)
(a)
08
0.7
0.6
N d
0.5 /
/: —a— SB3/610
0.4 4 ,/'
" —a&— SB3/620
1 —e— SB9/620
0.3 T T T T T T
0 5 10 15 20 25 30
Time (min)
(b)

Figure 9. Variation of degree of spheroidization with salt bath conditions: (a) x and (b) z.

The evolution of elemental distribution was analyzed using EPMA. The results are shown in
Figure 10. Mg, Si, Cu, and Mn, the four major elements added, were distributed uniformly in the
as-extruded alloy. After the salt bath, Mg, Si, and Cu were located at the grain boundaries and
formed a network structure, but Mn aggregated as compound particles. This was due to the melting
points of Mn-rich phases being higher than 620 °C [19]. Figure 11 shows the phase analysis using the
wavelength-dispersive X-ray spectrometer (WDS) of EPMA. The brighter plate-like grain boundary
particles, those marked by “d”, are mainly composed of Si and Cu. It is composed of the eutectic
phase of Al and Al,Cu and the eutectic phase of Al and Si. The darker particles marked by “c” on
the grain boundaries and liquid pools are composed of mostly Si and Mg. It is speculated to be the
phase aggregation of Al, Mg,Si, and excess Si. Moreover, Si, Mn, Cr, and Fe are the major elements of
the brighter equiaxed particles on the grain boundaries and in the grain interior (see those marked
by “a”). These particles should be the Al;5(Fe,Mn,Cr)3Si, phase with a melting temperature close to
660 °C. Its particle size increases with increasing the salt bath duration. The coarsening mechanism
of the particles probably follows Ostwald ripening, a Gibbs-Thompson effect to reduce the total
surface energy.
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Figure 10. Elemental distribution obtained using electron probe micro-analyzer (EPMA): (a) Ex3 and
(b) SB3/620-1.
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SB3/620-30

at.%
a| Cu Si Mn Mg Fe Cr Al
0.74 | 7.50 | 10.57 | 0.05 | 3.85 | 3.44 | Bal.

b | Cu Si Mn | Mg Fe Cr Al
0.18 | 0.33 | 0.20 | 0.77 | 0.00 | 0.26 | Bal.

¢! Cu Si | Mn | Mg | Fe | Cr | Al
0.61 | 530 | 0.07 | 11.46 | 0.02 | 0.00 | Bal.

d| Cu Si | Mn | Mg | Fe Cr Al
10.33 | 16.14 | 0.00 | 1.70 | 0.00 | 0.31 | Bal.

Figure 11. Phase analysis of SB. a: Al;5(Fe,Mn,Cr)3Si; particle; b: Al matrix; c: dark grain boundary or
liqud pool; d: bright grain boundary; red number: major element.

3.2. Formation Mechanism for the Two-Step Strain-Induced Melt Activation (TS-SIMA) Process

The mechanisms of globular grain formation for the traditional SIMA process and the TS-SIMA
process are shown in Figure 12a,b, respectively. The mechanism of TS-SIMA, shown as Figure 12b,
works on the assumption that the grains recrystallize over the whole alloy after hot extrusion (as
for Ex3). The procedure for the TS-SIMA process is: (1) a suitable composition alloy is cast with
a dendritic microstructure and uniformly distributed secondary phases; (2) the initial dendritic
microstructure disintegrates, sufficient strain energy is introduced, and grains are dynamically
recrystallized over the material through severe hot extrusion; (3) for the materials subjected to a salt
bath, the lower-melting-point second phases melt and the liquid penetrates into grain boundaries and
then surrounds the grains; (4) the salt bath makes the grains grow and become globular. Compared to
the traditional SIMA process, the proposed TS-SIMA process can produce globular grains faster, and
the grains spheroidize uniformly and are finer.

After the salt bath, the microstructure of the Ex9 specimen can also be spheroidized. It indicates
that even though the lower stored energy from hot extrusion could not make Ex9 recrystallize fully,
the static recrystallized grains in the salt bath also provided high-energy grain boundaries for liquid
penetration. In other words, both dynamic and static recrystallization generated grain spheroidization.
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Figure 12. Evolution of globular grain formation: (a) traditional three-step SIMA process and
(b) proposed two-step SIMA process.

For the growth mechanism of globular grains, when alloys are heated to the temperature
of solid-liquid coexistence, two coarsening mechanisms are considered [11,20-23], namely grain
coalescence and Ostwald ripening. Many studies have indicated that the two mechanisms occur at the
same time and do not affect each other. Ostwald ripening dominates for long-duration heating and
higher liquid fractions, and grain coalescence dominates for short-duration heating and lower liquid
fractions. In this study, the growth mechanism of globular grains followed Ostwald ripening, since
the coefficients of determination, shown in Table 2, are very close to 1 for n = 3 (volume diffusion) in
the LSW theory. This theory indicates that as n becomes closer to 3, Ostwald ripening increasingly
dominates. Grain coalescence did not dominate majorly because the method of heating was the
salt bath, and thus the sample reached the required temperature quickly and the liquid formed
almost immediately.

Ostwald ripening is a dissolution-precipitation diffusion-controlled mechanism [9,14].
Large grains become larger and small grains become smaller (even disappearing). As shown in
Figure 6, when the salt bath duration and temperature were increased, liquid pools formed. It resulted
from small Al grains dissolving gradually and Al atoms re-precipitating at neighboring larger grains;
therefore, larger grains continued to grow but smaller grains lost Al atoms until they disappeared.
Finally, grain boundaries filled with liquid phases and created liquid pools. Therefore, the appearance
of liquid pools is also evidence of Ostwald ripening.

3.3. High-Temperature Compression of TS-SIMA-Processed Alloy

For the compression test with a given compression loading, Figure 13 shows microstructures of
high-temperature compression samples. The level of grain deformation increased with the increasing
compressive temperature. The grains after compression at 600 °C were flatter than those after
compression at 550 °C. Moreover, liquid pools disappeared and grain boundaries became thinner,
as shown in Figure 13e (after compression) and Figure 13f (before compression). This phenomenon
became more obvious when the salt bath duration was increased.
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(d) (e) H

Figure 13. Microstructural characteristics of grain boundaries before and after high-temperature
compression (a) SB9/620-1 + C550; (b) SB9/620-1 + C600; (c) SB9/620-30 + C550; (d) SB9/620-30 + C600;
(e) SB9/620-30 + C600 (high magnification); and (f) SB9/620-30 (high magnification).

The compression ratios of as-extruded (Ex9), fully annealed (09), and salt bath samples with
various durations (SB9/620-time) are shown in Figure 14. The compression ratio at 600 °C, which is
above the solid-liquid coexistence temperature, is much higher than that at 550 °C, which is close to
the solid-liquid coexistence temperature. The compression ratio increased with the increasing salt bath
duration. The compression ratio of SB9 was higher than that of Ex9 for all salt bath durations and higher
than that of O9 when the salt bath duration was over 4 min. This proves that the high-temperature
compressibility can be improved by the TS-SIMA process.

< @ ss0°C
2228 500'C

Compression ratio (%)

09 Ex9 SB9-015B9-04 SB9-10 SB9-30 SB9-45 SB9-60

Figure 14. Compression ratios for samples.

The results show that a higher compression temperature (such as 600 °C) leads to a higher
compression ratio than a lower compression temperature (such as 550 °C). Theoretically, the
compression ratio is affected by the degree of grain deformation and grain boundary slip due to
liquid filling at grain boundaries. The curve of the compression ratio versus salt bath duration, shown
in Figure 15, can be divided into two parts: (1) shorter salt bath duration, where the slope of the curve
continued to become smaller (resulting from liquid fraction variation, as shown in Figure 7b); (2) longer
salt bath duration, where the slope of the curve was almost fixed. In part II, the liquid fraction reaches
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saturation. However, even though the liquid fraction does not increase, grains continue to grow.
The grain growth increases the compression ratio according to the Hall-Petch theory [22,23].

50

—e— 550°C
45 |- =&= 500°C
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8 25} ‘Z el
g ./. i
3 - ‘
20F { i
15 |- I : II
10 1 1 1 ‘I 1 1 1
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Salt bath time at 620°C (min)

Figure 15. Relationship between compression ratio, salt bath duration, and salt bath temperatures.

4. Conclusions

(1) Globular grains were obtained using the TS-SIMA process. The TS-SIMA process has one
fewer step compared to the traditional SIMA process, but the degree of spheroidization and uniformity
are good. The most suitable salt bath temperature is 620 °C.

(2) Both dynamic recrystallization and static recrystallization provide high-energy grain
boundaries for liquid penetration and spheroidized grain formation. The grain growth mechanism of
globular grain was Ostwald ripening.

(3) The formation of globular grains increased high-temperature compressibility. After a 4 min
salt bath, the high-temperature compressibility of SIMA alloys is higher than that of fully annealed
alloys. High-temperature formability can be improved by the TS-SIMA process.
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