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Abstract
Dispersoid-strengthened Al-Mg-Si-Mn aluminum alloys were produced by twin-roll casting (TRC) and
conventional mold casting (MC). An extra-low temperature homogenization was performed at
temperature of 430 °C for 6 h, which was followed by uniaxial hot compression tests. The results showed
that the as-cast TRC samples had a lower eutectic fraction with a smaller size and a higher solid solution
concentration compared to the as-cast MC samples. During the extra-low temperature homogenization, a
large number of α-Al(Fe, Mn)Si dispersoids precipitated, and the dispersoids in the TRC sample had a
greater number density than those in the MC sample. Precipitation-free zone (PFZ) formed near the
eutectic regions, TRC sample had a lower PFZ fraction than that of MC sample. The TRC samples yielded
higher �ow stresses of hot deformation than MC sample owing to the stronger dispersoid strengthening
effect. Severe edge cracking occurred in the deformed MC samples due to the high fraction of coarse
AlFeMnSi intermetallic particles, no edge crack formed in the TRC samples owing to its lower fraction and
�ne intermetallics which improved the hot workability of TRC sample.

1 Introduction
One of the common strengthening mechanisms for aluminium alloys is via introducing numerous
dispersoids in the aluminum matrix, such as Al3Sc, Al3Zr, Al3Y, and Al3Er, which stabilize the
microstructure and generate a particle hardening effect in the alloys [1–3].

In early studies, α-Al(Fe, Mn)Si dispersoids were found to have potential in improving the mechanical
properties of aluminum alloys. It has been discussed whether the unit cell type of α-Al(Fe, Mn)Si
dispersoids is simple cubic or body-centered cubic. A well-accepted conclusion is that the unit cell of α-
Al(Fe, Mn)Si dispersoids is simple cubic in alloys with a low Fe/Mn ratio and shifts into the body-centered
cubic when the Fe/Mn ratio increases [4, 5]. α-Al(Fe, Mn)Si dispersoids usually present in the
microstructures of 6060 (Al-0.37Mg-0.51Si-0.19Fe-0.1Mn) alloys after homogenization [6]. However, in
conventional alloys with traditional processing regimes, the number of α-Al(Fe, Mn)Si dispersoids is quite
limited that they are not capable of strengthening the alloys.

Recently, α-Al(Fe, Mn)Si dispersoid-strengthened 6082 (Al-0.8Mg-1Si-0.24Fe-1Mn) alloys were prepared by
adding 0.5-1% Mn to 6082 alloys and performing a speci�c heat treatment [7]. In the 6082 alloy with 0.5%
Mn addition, α-Al(Fe, Mn)Si dispersoids started to precipitate at 350°C and reached the highest number
density at 400–450°C. Correspondingly, the microhardness of the alloy increased signi�cantly. When the
heat treatment temperatures were greater than 500°C, the dispersoids coarsened, and the number density
sharply decreased over time. Accordingly, the microhardness dropped severely, indicating the loss of the
dispersoid strengthening effect. In previous research by the author of this study [7], the activation energy
of deformation in α-Al(Fe, Mn)Si dispersoid-strengthened alloys was quantitatively studied. The
activation energy of deformation increased from 191 kJ/mol for the dispersoid-free alloy to 315 kJ/mol
for the alloy with 1% Mn addition due to the considerable dispersoid strengthening effect.
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To induce large numbers of α-Al(Fe, Mn)Si dispersoids, supersaturated solid solutions of Fe, Mn and Si
should be created to provide an adequate driving force and su�cient solution element storage during an
appropriate heat treatment. However, the solubilities of dispersoid formers in the Al matrix, such Fe and
Mn, are generally very limited [8], which makes the formation of high concentrations of supersaturated
solid solutions di�cult under conventional conditions. Liu et al. [9] reported that the high-temperature
strength and creep resistance of 3004 (Al-1.24Mn-1.18Mg -0.58Fe-0.25Si) alloy deteriorate rapidly when
the addition of Fe was greater than 0.3% due to its consumption of Mn to form Al6(Mn, Fe) eutectics
during solidi�cation; this phenomenon resulted in a considerable insu�ciency of available Mn for
dispersoid formation, so fewer dispersoids precipitated during heat treatment.

In terms of solidi�cation, fast cooling is a practical approach to achieve high solid solution
concentrations of alloying elements. Twin-roll casting (TRC) is a technology featuring a high
solidi�cation cooling rate. TRC is a process in which the molten metal is directly poured on water-cooled
rolls, solidi�cation takes place immediately on the surface of the rolls, deformation zone is displayed next
to the liquid zone and mushy zone (Fig. 1), along with rolling, cast strips are produced through the
combined processes of casting and rolling. It has been reported that the cooling rate in TRC could be up
to 2-3 orders of magnitude higher than that in conventional casting. For instance, the cooling rates of DC
casting, mold casting was 5.7℃/s [10]. Li reported the cooling rate of TRC process is one order of
magnitude higher than that of traditional casting process [11]. Bareker reported the cooling rate of TRC
process 103 K/s [12].

Regarding wrought alloys, hot deformation is generally applied to achieve desirable dimensions. The hot
workability of aluminum alloys is attributed to many factors, such as the alloying element types and
contents and the heat treatment history [7, 13, 14]. Qian et al. [6] reported that the hot workability of 6060
alloys was improved by incremental 0.1% Mn addition through the accelerated intermetallic
transformation of β-AlFeSi into α-AlFeSi during homogenization. Prasad et al. [2] implied that the hot
workability of AZ31 magnesium alloy was controlled by the dissolution of primary eutectics during
homogenization by decreasing the risk of intercrystalline cracks during hot deformation.

For decades, dispersoid-strengthened Al alloys have been thoroughly studied, especially alloys related to
Al3M phases with L12 structures [15–18]. Recently, α-Al(Fe, Mn)Si dispersoids and their strengthening
effect in Al alloys have also started to draw the attention of researchers [19, 20]. However, to date, no
systemic study of α-Al(Fe, Mn)Si dispersoid-strengthened alloys produced via TRC can be found in the
literature. One of the main reasons may be related to the di�culty of preparing these types of alloys. TRC
is more appropriate for producing 1xxx, 3xxx and 8xxx alloys that have a narrow solidi�cation
temperature range (less than 30 ℃). Regarding Al-Mg-Si-Mn alloys, owing to the requirement of a
dispersoid former element, a large number of alloying elements are usually added. This addition can
cause the solidi�cation temperature range to become as wide as 70-80 ℃, which makes the preparation
of cast strips of Al-Mg-Si-Mn alloy with TRC challenging.
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In this study, an α-Al(Fe, Mn)Si dispersoid-strengthened alloy is produced via TRC, and the microstructure
and mechanical properties of the alloys are investigated. To comparably study the effect of the superior
cooling rate of TRC, a strip made from conventional casting was also prepared. The extra-low
temperature homogenization was applied to promote the maximum precipitation of α-Al(Fe, Mn)Si
dispersoids. The as-cast and as-homogenized microstructures were observed and quantitatively
analyzed. A hot compression test was performed to investigate the hot workability of the experimental
alloy. The emphasis was placed on the unique features created by TRC and its corresponding effects on
the hot workability.

2. Experimental Methods
Experiments were carried out on an Al-0.8Mg-0.75Si-0.75Fe-1Mn (in wt.%) alloy. TRC was performed on a
self-developed horizontal TRC system with water-cooled steel rollers, the dimension the rollers were 500
mm in diameter and were also 500 mm in length. For preparing the alloy, industrial pure Al (99.7%), pure
Mg (99.8%), Al-20Si, Al-50Fe, and Al-10Mn master alloys were utilized. During melting operation, pure
aluminum ingots were �rst placed in a TiO2-coated stainless steel crucible and heated to 750°C, followed
by the addition of the master alloys of Al-20Si, Al-50Fe, and Al-10Mn. The melt was then kept at 720°C for
1 h to ensure the full dissolution of the master alloys, and then pure Mg ingots were carefully pressed into
the melt, followed by degassing and slag removal. Then the temperature of the melt was smoothly
reduced until 690°C when the casting began. The melt was poured into a chute and nozzle made of MgO
heat resistant material, and �owed into the gap of the rollers. The rolling speed was 1.2 m/min and the
nozzle width was 200 mm, respectively. Strips with a 7 mm thickness were produced. The cooling rate in
the biphase zone during TRC was measured by placing thermocouples in the synchronized nozzle that
moved along with the casting strip, and the cooling rate was determined to be 170°C/s. The total length
of the solidi�cation-deformation zone was 75mm for the strip with 7mm thickness when using rollers
with 500 mm diameter.

In addition to TRC, a sand mold casting (MC) was also performed with the same alloying elements, the
smelting and casting temperatures were also the same as those of TRC (720 and 690°C, respectively), a
rectangular plate measuring 200 mm ×100 mm ×7 mm was cast with a cooling rate of 1.4°C/s, which is
in the range of cooling rates for 7 mm-thick industrial DC casting ingots. Cast strips and plates were
subjected to a speci�c heat treatment at 430℃ for 6 h with a heating rate of 100℃/h. This regime was
�xed based on the result of our previous investigations, under which the precipitation of α-Al(Fe, Mn)Si
dispersoids could be highly promoted [7, 21].

Specimens for microstructure observation and for compression were taken as indicated in Fig. 2, as-cast
and heat-treated samples were prepared and polished. An optical microscope (Leica DMI5000M), a
scanning electron microscope (Shimadzu, SSX-550) equipped with an energy-dispersive X-ray
spectrometer and a transmission electron microscope (JEM-2100) were used. To reveal the dispersoids in
the homogenized samples, the polished specimens were etched with 0.5% HF solution for 30 s. An SDT-
Q600 differential scanning calorimeter unit was utilized to determine the phase transformation, in which
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the as-cast specimens were heated from 25°C to 700°C with a 10°C/min heating rate. Emission electron
probe microanalysis (EPMA) was used to measure the alloying element distributions in the as-cast
samples. Hot compression tests were performed using an MMS-300 thermal simulator. Specimens were
taken from the homogenized strip and machined into a cylinder with a 15 mm diameter and a 7 mm
height. The specimens were hot compressed to a total true strain of from 0.3 to 0.5 at the temperatures of
300-500°C and a strain rate of 1 s−1. Electrical conductivity data were obtained using a Sigmascope eddy-
current device at room temperature (25°C), and 10 measurements were taken for each specimen to derive
an average value. Electron back-scatter diffraction (EBSD) analysis was used to check the deformed
microstructures. During the analysis of the EBSD results, misorientation angles of 2-15° and greater than
15° were de�ned as low- and high-angle boundaries, respectively. Misorientation angles under 2° were
removed to avoid noise resulting from the sample surface and experimental polishing. The EBSD
operation scanning step size was set as 3.5 µm.

OM, SEM observation surfaceRolling direction of TRCCompression sample7 mm(b)(c)(a)

3. Results
3.1 As-cast microstructure

The as-cast microstructures of the experimental alloy are shown in Fig. 3. The microstructure
is consistent with the α-Al dendrites and eutectics that distributed along the dendrite boundaries. The
eutectic structure in the TRC sample (Fig. 3b) are much �ner than those in the MC sample (Fig. 3a). The
scanning electron microscopy (SEM) images in Fig. 3c and d showed that the eutectics of the MC sample
had plate-like or Chinese script-like morphologies (Fig. 3c), whereas in the TRC sample they became
mainly plate-like particles with much smaller sizes and more fragmented morphologies (Fig. 3d). 

The SEM-EDS results in Fig. 3e (point 1 in Fig. 3c), and f (point 2 in Fig. 3c) reveals that the intermetallics
are Mg-, Si-bearing and Fe-, Mn-, Si-bearing. According to the previous studies [7], these intermetallics
were AlFeMnSi intermetallic (gray particles in Fig. 3c) and primary Mg2Si, these phases were also
mentioned in the references [21, 22].Quantitative analysis of the eutectics was performed to measure the
area fraction and equivalent length of the eutectic particles, and the results are shown in Fig. 4. The area
fractions in the MC and TRC samples are 3.1% and 2.3%, respectively. The equivalent length of the
eutectic particles decreased from 18.3 μm in the MC sample to 3.4 μm in the TRC sample.

Differential scanning calorimetry (DSC) analysis was performed on the as-cast specimens, and the
results are shown in Fig.5. Both the endothermic peaks of Mg2Si and AlFeMnSi of the TRC sample were
considerably smaller than those of the MC sample. This result implied the lower volume fraction of
eutectics in the TRC sample than that in MC sample, which was consistent with the result of eutectic area
fraction in Fig. 4.

In general, the formation of eutectic and its size and fraction was closely related to the solidi�cation
conditions [11]. A fast cooling led the solution atoms in the melt arrested at a high rate via motion at the
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solid/liquid interface [23], which resulted in more alloying elements to be retained in the Al matrix than in
the eutectics. Accordingly, a smaller fraction and smaller size of eutectics are generated.

During solidi�cation, the cooling rate of the casting was directly depended on the heat transfer at the
interface between the melt and mold. For MC condition, the heat transfer was considerably low owing to
not only the sand mold itself but the gap between the mold and solidi�ed material caused by the mid-wall
shrinkage. For the TRC process, solidi�cation took place at the roll surface as the melt encountered the
rolls. A higher initial cooling rate was imposed by the water-cooled steel roll compared to the sand mold
in MC. Besides, a rolling force performed on the solidi�ed material throughout the whole casting duration,
and therefore, the volume shrinkage could be compensated by the rolling process and no gap at the
interface between strip and rolls could be generated. Consequently, a smaller fraction and smaller size of
eutectics were generated in TRC sample than in MC sample (Fig. 4). Another factor in�uencing the
eutectics in TRC was believed to be related to the deformation occurred during TRC. During TRC, when
the eutectics formed and was transferred into the deformation zone from mushy zone (Fig. 1), fracture of
the brittle eutectics might occur under the rolling force and high temperatures. The fracture of eutectics
accordingly resulted in the fragmented eutectic particles in the TRC sample (Fig. 3b, d), which was
attributed to the re�ned eutectics of the TRC sample comparing with the MC sample in as-cast
microstructures.

3.2Microstructures after homogenization

The microstructures after homogenization are shown in Fig. 6. In general, no obvious change in eutectics
was observed. In Fig. 5, it was indicated that the dissolution temperature of Mg2Si and AlFeMnSi was
about 555 ℃ and 589℃ respectively. The temperature of homogenization in this study was set as 430
℃ (for the purpose of promoting the dispersoids precipitation), which was actually considerably below
the dissolution temperature of Mg2Si or AlFeMnSi. In this case, it was not able to achieve the dissolution
or transformation of Mg2Si or AlFeMnSi. Therefore, the eutectics remained stable after homogenization.
However, a large number of �ne dispersoids emerged in the Al matrix (Fig. 6a and b). The precipitation of
�ne dispersoids occurred mainly inside the dendrite cells, whereas nearly no precipitates formed near the
eutectic regions. The �eld of view could be divided into dispersoid zones and dispersoid-free zones
(PFZs) as indicated by yellow dotted lines. The PFZs in the MC sample were obviously larger and more
recognizable than those in the TRC sample. A higher-magni�cation SEM images in Fig. 6c and d shows
the dispersoid zone of both samples, in which the number density of �ne dispersoids in the TRC sample
was overall higher than that in the MC sample. Transmission electron microscopy (TEM) observation
revealed that the dispersoids mostly had short plate- and rod-like shapes (Fig. 6e and f), which could be
attributed to the projection of the short plate-like morphology. EDS analysis was then conduct on these
dispersoids, and the EDS result of the particle indicated in Fig. 6e (red arrow in Fig. 6e) is shown in Fig.
6g. The EDS results (Fig. 6g, test position indicated by the arrow in Fig. 6e) revealed that these particles
were Fe, Mn, and Si bearing. In our previous studies [7], these dispersoids have been thoroughly
investigated, hereby it is con�rmed based on the morphology and EDS results that the dispersoids were to
α-Al(Fe, Mn)Si dispersoids, which was also reported in the references [4, 21]. 
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The dispersoids and the PFZ were quanti�ed based on a series of SEM images, and the results are shown
in Fig. 7. For dispersoids (Fig. 7a), the equivalent diameters of in the TRC and MC samples were 42 and
73 nm, respectively, the number density increased from 11.6 μm-2 in the MC sample to 14.7 μm-2 in the
TRC sample. Regarding the PFZ (Fig. 7b), the fraction was 10.6% and the equivalent width was 3.4μm in
the MC sample, whereas in the TRC sample, the fraction was 4. 6% and the equivalent width was 1.3μm. 

The precipitation of dispersoids during homogenization could be attributed to the concentration of
dispersoid formers and the existence of heterogeneous nucleation sites. As previously described in
section 3.1, TRC had a higher cooling during solidi�cation and hence created a higher degree of
supersaturated solid solution relative to. During homogenization, the TRC sample was able to provide a
stronger driving force for dispersoid precipitation and more su�cient alloying solutes for the
decomposition of the solid solution. To qualitatively follow the solid solution concentrations and their
changes, electrical conductivities were measured, and the results are shown in Fig.8. The change of
electrical conductivity between the as-cast and homogenized sample could give an index of the solute
level that precipitated during homogenization. After homogenization, the both electrical conductivities of
the TRC and MC samples increased owing to the decomposition of the supersaturated solid solution via
dispersoid precipitation. However, the change in electrical conductivity in the TRC sample (17.5% IACS)
was greater than that in the MC sample (16.3% IACS), con�rming that a larger amount of alloying
elements in the TRC sample were precipitated out of solid solution during homogenization, producing a
greater number density of dispersoids (Fig.7a).

In the cast strip produced via TRC, dense of dislocations were generated at the deformation region of the
cast strips [24]. Fig.9 shows the microstructure evolution during the homogenization. Fig. 9a shows the
microstructure when the homogenization began (at 0 h of homogenization, representing the temperature
just reached at 430 °C with a 100 ℃/h heating rate), the inset selected area electron diffraction pattern
was obtained from the Al matrix while the image was taken, for Fig. 9b, c and d, the images were taken
from the same direction of Al matrix as Fig. 9a. In Fig. 9a, a number of α-Al(Fe, Mn)Si dispersoids were
observed along with the dislocation lines that were generated during TRC. In addition, �ner dispersoids
(as indicated by dotted red rectangle) were also observed in the Al matrix. Fig. 9b shows the enlarged
dispersoids in the dotted red rectangle of Fig. 9a, the size of these particles were about 5-25nm and were
with the plates and the short rods morphology. In the microstructure after 1 h of homogenization (Fig. 9c),
dispersoid growth was observed, wherein all the dispersoids became more recognizable size. As the
homogenization time increased to 6 h (Fig.9d), the number density of dispersoids increased and the size
of the dispersoids became more uniform, regardless of whether they were located along dislocations or in
the dislocation-free zone. TEM observations revealed that the pre-existing dislocations acted as favorable
heterogeneous nucleation sites and accelerated the precipitation of α-Al(Fe,Mn)Si dispersoids, which was
another reason for the promoted precipitation of α-Al(Fe,Mn)Si dispersoids in the TRC sample.

PFZ were observed in the heat-treated microstructure. In general, the formation of PFZ was accessed with
lack of dispersoids former [4, 25, 26, 27, 28]. Scheil calculations for the experimental alloy system was
performed using the Thermo-Calc software with TCAl6 database. The element distributions in the Al
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matrix are shown in Fig. 10. With the increasing solid fraction, Mg consent increased until the end of
solidi�cation, the content of Si raised until a peak was reached at 90.1% of solid fraction, after which the
content decreased. For Mn and Fe, the content decreased with the increasing solid fraction. For example,
the content of Mn at 0.3 solid fraction was as high as 0.760%, then it decreased to 0.216% at 80% solid
fraction, when the solidi�cation fraction reached 90%, the content of Mn had decreased to as low as
0.045%. The content of Fe during solidi�cation followed a similar tendency as that of Mn. This result
indicated that Mn- and Fe-de�cient regions formed when the solidi�cation of Al dendrite was about to
complete, that is, when the eutectic began to form. Accordingly, PFZ of α-Al(Fe, Mn)Si dispersoids formed
in the Mn- and Fe-de�cient regions due to the lack of dispersoids former during the subsequent
homogenization. The cooling rate during solidi�cation can effectively reduce the microsegregation of
solute elements, thus reducing the fraction of Mn- and Fe-de�cient regions near the eutectics. Therefore,
the smaller fraction of PFZ in TRC samples than that in MC samples was generated. 

3.2 Hot deformation

3.2.1 Flow stress

Uniaxial hot compression tests were performed with a strain rate of 1 s-1. The deformation temperatures
of MC sample were from 300 °C to 500°C, and the deformation temperatures of TRC samples were 300
and 400°C, and the stress-strain curves are shown in Fig. 11. For both MC and TRC samples, the �ow
stress increased quickly at the beginning of the compression until reaching a yield point. After that, the
�ow stress increased slowly but continually until the end of deformation. The �ow stress levels of both
MC and TRC samples decreased with the increasing hot deformation temperatures. In general, the �ow
stresses of TRC sample were higher that these of MC sample at any given test condition. For instance,
TRC sample possessed 9.2 and 7.4 MPa higher �ow stress at 0.2 strain under 300 and 400°C
deformation temperatures, respectively. 

Hot deformation stress is dependent on many factors, such as the deformation regime, alloying element
types and contents, and heat treatment history. For dispersoid-containing alloys, the hot deformation
stress is mainly affected by the size, number density and distribution of the dispersoids. During the hot
deformation, dislocations were generated and were retarded at the points where they encountered the
dispersoids, and thus the dispersoids acted as stronger barriers to deformation. In this manner, the
pinning effect of the dispersoids on dislocation movement yielded signi�cant increases in �ow stress and
resulted in the increasing of �ow stress during hot compression [6, 8, 9]. In a study conducted by one of
the authors of this study [6], the hot deformation �ow stresses of 6082 alloy were determined by the
number density of α-Al(Fe, Mn)Si dispersoids. The �ow stress increased from 55.5 MPa for the
dispersoid-free alloy to 85.7 MPa for the dispersoid-strengthened alloy when hot deformation was
performed at 400 ℃/1 s-1 owing to the dispersoid strengthening effect. The α-Al(Fe, Mn)Si dispersion
coarsened after 500℃/2h heat treatment, resulting in a signi�cant decrease in the strength of the alloy.
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In the present study, the higher hot deformation stress level of the TRC samples compared to the MC
samples could be explained by the high number density of dispersoids and low fraction pf PFZ in the
experimental samples. The dispersoid strengthening effect was strongly related to the space between
particles among other factors. During hot deformation, when moving dislocations encountered the
dispersoids, they were forced by the applied stress to bow around and bypass the dispersoids, leaving a
dislocation loop around the particle, which is called an Orowan loop. 

In the TRC sample after homogenization, the dispersoids had a higher number density, which
corresponds to a shorter distance between dispersoids, explaining the higher hot deformation stress
relative to MC samples, resulting from the enhanced interaction between dispersoids and mobile
dislocations.

3.2.2 Edge crack susceptibility during hot deformation

As shown in 3.2.1, the hot workability of MC samples was moderately lower than that of TRC sample
owing to higher �ow stress. However, the edge crack susceptibility is another important factor in�uencing
hot workability, particularly for rolling process of TRC strip. After deformation, the cylindrical specimens
were compressed into short “cake” shapes, Fig. 12a and b shows sample after deformation under 300 ℃
and 0.5 strain. A number of edge cracks (visible by naked eyes) emerged on the side surface of the
deformed MC sample (Fig. 12a). The cracks were several micrometers in length and approximately 0.5-1
micrometer in width. However, no any edge crack was observed in the deformed TRC sample (Fig. 12b),
for all the deformation conditions (at 300 and 400 ℃ up to the maximum 0.5 deformation strain applied
in the experiment). Fig. 13 shows the edge cracks of MC sample, in which numerous edge cracks could
be observed at the 450 ℃ and 0.5 strain (Fig. 13a); with decreasing deformation temperature to 350 ℃,
more and larger edge cracks appeared (Fig. 13b). Fig. 13 (c) shows the microstructure of the sample
deformed at 350 ℃ with strain of 0.5 near the side surface. A number micro cracks (indicated by the
arrows) developed within the coarse AlFeMnSi intermetallic particles and propagated along intermetallic
particles into the aluminum matrix, indicating that the intermetallic particles were the source of the
initiation and propagation of micro cracks from which the macro edge cracks built and extended to the
side surface.

Table 1 shows the edge crack susceptibility as a function of deformation conditions the MC samples. In
general, edge crack occurred at the low deformation temperature and large strain. For instance, no crack
was generated at 350 ℃ and 0.3 strain, but the cracks appeared when the strain increased to 0.4 and
further to 0.5. With the increasing deformation temperature up to 450 ℃, the cracks could only observed
at the 0.5 strain.

Table.1 The edge crack susceptibility as a function of deformation temperature and strain in MC
samples. “Yes” represents the occurrence of edge cracks and “No” indicates no crack
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T

Strain

300℃ 350℃ 400℃ 450℃ 500℃

0.3 No No      

0.4 Yes Yes No No  

0.5 Yes Yes Yes Yes No

Fig. 14 shows the EBSD images and Kernel average misorientation (KAM) map of deformed MC sample.
In Fig. 14a, a large amount of substructures represented by the white lines were observed, indicating the
high densities of dislocation cells and subgrains generated during deformation. In addition, non-uniform
distribution of substructures was observed, as indicated by the yellow ellipse; dense substructures were
located near the grain boundaries. In the KAM map (Fig. 14b), high strain accumulation regions were also
recognizable at the near the grain boundaries (as the yellow ellipse indicated), which was at the same
position of the dense substructures in Fig. 14a.

The regions of dense substructures and high stress accumulations were actually where the most coarse
AlFeMnSi intermetallic particles located. In the duration of plastic deformation, the brittle and
coarse intermetallics were not able to adjust the deforming matrix by a corresponding deformation,
thereby forming a high stress concentration in the microregion of intermetallics. With the progressive
deformation, when the local deformation near the intermetallics exceeds the endurance limit of the
aluminum matrix, microcracks form. The coarser and greater number of intermetallics, the easier
microcracks form. In the TRC samples, no cracks occurred even at low deformation temperature and high
strain owing to the low fraction and �ne intermetallics in the as-cast microstructures (Fig. 3). During hot
deformation, the accumulation of local stress caused by incompatible deformation of the aluminum
matrix was kept at a comparably low level, and  the risk of the crack initiation and propagation could be
almost eliminated.  

The coarse intermetallics in the microstructures of MC samples was the large limiting factor of the hot
workability, owing to their high edge crack susceptibility during rolling. Traditionally, a high-temperature
homogenization (~580℃)  was necessary to make the coarse intermetallics partially dissolved or
fragmented, to improve the hot workability [6, 15]. However, for the experimental dispersoids-strengthened
alloys, the homogenization temperature was set as 430℃, to enhance the dispersoid precipitation; it was
not appropriate to conduct a heat treatment over 500℃ to avoid the coarsening of dispersoids [7]. Such a
low homogenization temperature was not able to achieve the goal of the dissolution or the fragmentation
of eutectics. Consequently, the intermetallics remained unchanged in the matrix and negatively in�uenced
the hot workability of MC samples. However, for TRC samples, the intermetallics in the as-cast condition
were already re�ned and uniformly distributed, which brought a signi�cant improvement of hot
workability during the subsequent hot deformation process.

4. Conclusions
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An Al-Mg-Si-Mn aluminum alloy was produced by twin-roll casting (TRC) and conventional mold casting
(MC). Homogenization was performed at a low temperature of 450 °C for 6 h to promote the
precipitation of α-Al(Fe, Mn)Si dispersoids, which was followed by uniaxial hot compression tests to
verify the hot workability of the alloy. The following conclusions were drawn:

(1) Compared to the as-cast MC samples, the as-cast TRC samples had a lower eutectic fraction with a
smaller size and a higher solid solution concentration.

(2) During homogenization, a large number of α-Al(Fe, Mn)Si dispersoids precipitated in the aluminum
matrix, and the dispersoids in the TRC sample had a greater number density than those in the MC
sample. The result was attributed to the high cooling rate and rolling force of TRC process, providing the
higher supersaturated solid solution and pre-existing dislocations in the as-cast microstructures of the
TRC sample.

(3) Precipitation-free zone (PFZ) formed near the eutectic regions. The formation of PFZ was related to
the Mn- and Fe-de�cient regions near the eutectic formed during the solidi�cation.

(4) The TRC samples yielded higher �ow stresses at all hot deformation conditions applied owing to the
strong dispersoid strengthening relative to MC samples. During hot deformation, the severe edge cracking
occurred in the MC samples at the low deformation temperature and large strain due to the high fraction
of coarse AlFeMnSi intermetallic particles. In contrast, no cracks formed in the TRC samples owing to its
lower fraction as well as �ne and uniformly distributed intermetallics, which greatly improved the hot
workability for the subsequent rolling process.     
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Figures

Figure 1

Schematic illustration of the TRC process
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Figure 2

The manner of taking specimens for (a) microstructure observation and for compression, (b) shape of the
specimen after deformation and (c) cross section of the deformed specimen, red rectangle indicates the
EBSD analyzed area. 
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Figure 3

As-cast microstructures of the (a, c) MC and (b, d) TRC samples. (e, f) EDS results of eutectics in the MC
sample
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Figure 4

Statistical data on the eutectic area fraction and equivalent length of the as-cast samples
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Figure 5

DSC curves and the endothermic peaks for the MC and TRC samples
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Figure 6

Etched homogenized microstructures of MC sample (a and c) and TRC sample

(b and d); TEM images of MC sample (e) and TRC sample (f); (g) EDX analysis of dispersoid in (e)
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Figure 7

(a) Number density and size statistics of the α-Al(Mn, Fe) Si dispersoids and (b) area fraction of the PFZ
in the Al-Mg-Si-Mn alloys after homogenization
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Figure 8

Electrical conductivity of as-cast and homogenized samples

Figure 9

TEM images of TRC sample after 0 h (a) and (b), 1h (b) and 6h (c) of homogenization, all the images
were obtained when the Al matrix were under the direction as the selected area electron diffraction pattern
inset in (a)
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Figure 10

Scheil calculations of the solidi�cation of the experimental alloy
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Figure 11

Typical stress-strain curves of the MC and TRC samples
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Figure 12

Appearance of specimens after deformed at 300 ℃ and 0.5 strain: (a) MC sample and (b) TRC sample
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Figure 13

Macro cracks on the MC specimens deformed with 0.5 strain at (a) 450 ℃ and (b) 350 ℃; (c) micro
cracks in the specimen deformed with 0.5 strain at 350 ℃

Figure 14
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All Euler orientation EBSD map (a) and KAM map (b) of the MC sample after hot compression at 400 °C
and 0.5 strain. The boundary misorientation angles in EBSD map are marked by white lines for 2-15° and
black lines for >15°


