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A B S T R A C T

The 6063 aluminum billet alloy has been widely used as raw materials for aluminum extrusion profiles. A high-
quality billet for good extrusion products is provided from a heat treatment process called homogenization. This
process can give a homogeneous microstructure by reducing microsegregation and dissolving intermetallic
phases. However, homogenization can create a very large grain size (abnormal grains) in 6063 aluminum billets.
Fe content is one of the main factors that is strongly related to abnormal grain growth because Fe can form Fe-
containing intermetallic phases in 6063 aluminum structure. The morphology and volume fraction of Fe-con-
taining intermetallic phases are subjected to change during homogenization. These results relate to a decrease in
the volume fraction of intermetallics, which corresponds to the Zener pinning pressure, grain boundary mi-
gration, and abnormal grain growth. Therefore, this study aims to understand the evolution of Fe-containing
intermetallic phases on abnormal grain growth in 6063 aluminum billets during homogenization. Ex-situ
characterization by energy dispersive spectrometer (EDS) and electron backscattered diffraction (EBSD) was
performed on 6063 aluminum alloy to gain an in-depth understanding of abnormal grain growth.

Introduction

Abnormal grain growth in polycrystalline materials is defined when
the grain size is in millimeters. The main factors that induce abnormal
grain growth include (1) texture (2) second-phase particles and (3)
surface effects [1]. Aluminum and its alloys can be susceptible to ab-
normal grain growth after high-temperature processing [2–4]. 6063 is
one of the most widely used aluminum alloys in the wrought product
form. The raw materials, 6063 aluminum alloy is normally cast into a
billet by a vertical direct chill casting machine before secondary pro-
cessing [5]. Sometimes, abnormal grain growth can happen in 6063
aluminum alloy after homogenization due to a decrease in intermetallic
phases on microstructure. The typical microstructure of as-cast 6063
contains aluminum matrix and Fe-containing intermetallic phases of β-
Al5FeSi located at the grain boundaries and Mg2Si [6] due to the low
solubility limit of Fe, Si, and Mg in the aluminum matrix [7]. The β-

Al5FeSi phase can be detrimental for extruded products. Therefore, the
homogenization, a heat treatment process, is normally used to improve
billet quality by breaking down and transforming the needle shape β-
Al5FeSi to a more spheroidal α-Al8Fe2Si. Whereas, the Mg2Si particles
dissolved in an aluminum matrix during homogenization [8–10]. A
sublattice model and compositional limit of selected AlFeSi inter-
metallic phases were reported by COST 507 [11] to identify a typical
AlFeSi intermetallic particle. This method used the EDS technique on
the AlFeSi phase to estimate Fe:Si atomic ratios for typical phase pre-
diction. The Fe:Si ratio in the range of 1.28–3.83 is used to predict α-
Al2Fe8Si particle [12] while the minimum Fe:Si atomic ratio of 1.00 or
1.00 ± 0.25 can be used to predict β-Al5FeSi particle [12,13]. In ad-
dition, for a better prediction of β to α transformation during homo-
genization of Mn-containing 6xxx alloys, the Fe(+Mn): Si should be
used for calculation [14,15]. The influence of Mn on the Fe-containing
intermetallic phases was also reported by Gao et al. [16].
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For aluminum and its alloys, abnormal grain growth can occur in
both non-deformed and deformed alloys after heat treatments. The
tendency of abnormal grain growth in these alloys is generally de-
termined by the inhibition of boundary migration by particles during
annealing-related processes, as reported by Xu et al. [17]. The α-AlFe
(Mn,Cr)Si dispersoid in a compressed Al-Mg-Si-Cu provided strong in-
hibition of boundary movements and prevented abnormal grain growth
at elevated temperature [17]. Besides, the retardation of abnormal
grain growth during hot deformation in friction stir welded 5083 alu-
minum alloy after heat treatment can be improved by increasing the
volume fraction of intermetallic phases [18].

Moreover, it was found that β-Al5FeSi had a strong influence on the
grain size of 6063 aluminum alloy. It could prevent excessive grain
growth after thermal heat treatment [19]. The literature confirms that
second-phase particles have a strong influence on abnormal grain
growth in metal. The effect of second phase particles in metallic ma-
terials on abnormal grain growth can be discussed in terms of Zener
pinning pressure [20,21]. If the alloy contains a high volume fraction of
second phases, it will give a high pinning pressure and prevents ab-
normal grain growth. From the model proposed by Humphreys [20]
relating to particle pinning parameter (Ψ), abnormal grain growth will
occur when the particle pinning parameter in metal is between 0.25 and
1.0. However, if the particle pining parameter in metal is higher than
1.0, they propose that there is no grain growth in metal [20]. It is well
known that the homogenization process leads to the dissolving and
transforming of needle shape of β-Al5FeSi to the spheroidal phase of α-
Al8Fe2Si. Hence, the volume fraction of the second phases will be
changed during homogenization. However, there is no direct observa-
tion of the microstructural evolution of as-cast 6063 aluminum alloy,
especially with the different Fe contents, during homogenization. This
study aims to understand the evolution of second phases that affects to
abnormal grain growth in 6063 aluminum alloy during homogeniza-
tion. In addition, the ex-situ experimental results were directly com-
pared with the Humphreys’ model to observe the validation of the
model on the abnormal grain growth of 6063 aluminum alloy.

Materials and method

The 127mm (5 in.) diameter of 6063 commercial aluminum billets
cast by an AirSlip vertical direct chill casting were used in this study.
Their compositions are listed in Table 1.

To monitor the evolution of intermetallic phases on abnormal grain
growth during homogenization, the as-cast sample I and II (127mm
diameter, 5800mm long) were cut into 8x10x4 mm3, as shown in
Fig. 1. Square samples I and II were selected 10mm from the billet
outer diameter to avoid any inhomogeneous microstructure and com-
position in each sample. The samples I and II were homogenized in a
heat-resistant furnace at 585 °C for various times from 1 to 720min.

The top side of each sample was used for microstructure in-
vestigation, and the bottom side was used for macrostructure analysis.
For microstructure analysis, an area in each sample was marked by
Vickers’s indentation for SEM/EDS and SEM/EBSD observation. Results
are from a fixed (same) area and so-called ‘ex-situ’ characterization. For
EDS and EBSD analysis, the sample was prepared using a conventional
metallographic technique following by 4 h of vibration polishing with a
colloidal silica suspension. SEM/EDS and SEM/EBSD were run under a
JEOL scanning electron microscope JSM-IT 300 LV operating at 15 kV
and 20 kV consequently. EBSD maps were acquired with step sizes of
1 µm. The HKL channel 5 software of Oxford instrument was used to
analyze EBSD data. TEM under a JEOL transmission electron micro-
scope JEM-4010 T at 400 kV was used for characterization of inter-
metallic phases. The thin sample for TEM was prepared by focus ion
beam (FIB) on the Hitachi Dual Beam FB-2100.

Results and discussion

Evolution of intermetallics during homogenization at 585 °C

According to a backscatter electron image (BSI) of an as-cast mi-
crostructure in samples I and II, shown in Figs. 2 and 3, it was found
that the microstructure in both samples I and II changed during
homogenization at 585 °C. The SEM/EDS results indicated that bright
particles in both as-cast structures in samples I and II were β-Al5FeSi
intermetallic particles while dark particles were Mg2Si. The results
show similar microstructure as seen in a typical microstructure of as-
cast 6063 billets [5,22]. These results were confirmed by the analytical
chemical composition of AlFeSi intermetallic particles as shown in
Tables 2 and 3. The Fe:Si atomic ratio of intermetallic particles from
EDS in as-cast samples I and II were close to 1.00, indicating β-Al5FeSi
intermetallic particles [12]. In addition, after using TEM/EDS was used
to characterize the remaining intermetallic phases on abnormal grain
growth of 6063 sample (sample III) (Fig. 4) homogenized at 585 °C in
industrial furnace for 150min. The chemical composition of

Table 1
The chemical composition of 6063 aluminum billets in this study.

Sample wt.%

Si Fe Mn Mg Ti Al

I 0.397 0.089 0.002 0.530 0.0117 Balance.
II 0.419 0.170 0.034 0.517 0.0130 Balance.
III 0.429 0.081 0.001 0.517 0.0130 Balance.

Fig. 1. Schematic diagram of 6063 aluminum alloy for microstructure and macrostructure analysis.
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Fig. 2. BSI images from 6063 aluminum sample I (a) as-cast sample and (b–k) homogenized at 585 °C for (b) 1 min, (c) 5 min, (d) 10min, (e) 30min (f) 60min, (g)
120min, (h) 150min, (i) 300min, (j) 600min and (k) 720min.
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Fig. 3. BSI images from 6063 aluminum sample II (a) as-cast sample and (b–j) homogenized at 585 °C for (b) 1 min, (c) 5min, (d) 10min, (e) 30min, (f) 60min, (g)
120min, (h) 150min, (i) 300min, (j) 600min.
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intermetallic phases is shown in Table 4. The average chemical com-
position of intermetallic particle in weight% as illustrated in Table 4
were Al= 60.99, Si= 12.38, and Fe= 26.63. These values were in the
same range as Al, Si, and Fe element values of β-Al5FeSi intermetallic

particles that were recorded in JCPDS card no. 00-049-1499 database
[23]. These results confirmed that the intermetallic particle was β-
Al5FeSi. Furthermore, the average Fe:Si EDS in both weight ratio [8]
and in atomic ratio [12] of intermetallic particles from Table 4 were 2.0
and 1.0 confirming β-Al5FeSi. During homogenization, Mg2Si particles
were dissolved through an aluminum matrix. The absence of dark
Mg2Si was observed when homogenizing holding time increased as seen
in Fig. 2(a–c) and (Fig. 3(a–i)). Considering the marked area of sample
I, it was found that the β-Al5FeSi gradually transformed from a needle
shape into a more spheroidal shape by dissolving β-Al5FeSi particles
[24,25] through the aluminum matrix when the homogenizing holding
time increased as shown in Fig. 2(a–k). For the marked area in sample II
(Fig. 3(a–j)), the β-Al5FeSi was broken up from a β-Al5FeSi network.
These changes remained after homogenization at 585 °C for 600min
holding time when compared to β-Al5FeSi in the marked area in sample
I. This particle disappeared after homogenization at 585 °C for 60min.
The remaining intermetallic particle in sample II was α-Al8Fe2Si in-
termetallic phase. These results are similar to the prediction proposed
by Hosseinifar and Malakhov [12].

It was found that the dissolving Mg2Si particles and phase trans-
formation of intermetallic particles in the sample I was faster than that
of sample II. The Mg2Si in the sample I was dissolved within 5min after
homogenization at 585 °C while sample II was 300min. In the same
way, the phase transformation time from β-Al5FeSi into α-Al8Fe2Si in
the sample I was faster than that in sample II. These results correlated to
the initial grain size of the as-cast structure before homogenization. The
average grain size of as-cast structure of sample I was 74 μm and
smaller than that of sample II (93 µm) as shown in Fig. 5(a) and (c).
Hence, the dissolving and transformation of intermetallic particles in
the sample I were faster than in sample II due to the short diffusion
distance at a high homogenization temperature [26]. In addition, the
intermetallic particles of β-Al5FeSi and α-Al8Fe2Si were located at the
grain boundaries of the 6xxx alloys, whereas Mg2Si particles pre-
cipitated in both aluminum matrixes and on the surface of β-Al5FeSi
[24,25]. Therefore, the β to α phase transformation and particle dis-
solution can result in a less retarding grain boundary migration due to a
decrease in intermetallic particles at grain boundaries. The volume
fraction of intermetallic particles in both samples I and II decreased

Table 2
Chemical composition of the intermetallic phases of 6063 aluminum sample I
using SEM/EDS characterization.

Homogenizing
holding time

Elementary (atomic%) Ratio Prediction
Phases

Mn Mg Al Fe Si Fe:Si

As-cast – 1.41 83.53 7.74 7.33 1.06 β-Al5FeSi
1min – 5.40 75.08 8.73 10.79 0.81 β-Al5FeSi
5min – – 84.84 8.80 6.37 1.38 α-Al8Fe2Si
10min – – 85.90 8.26 5.83 1.42 α-Al8Fe2Si
30min – – 94.16 3.22 2.62 1.23 β-Al5FeSi
60min – – 99.17 – 0.83 – Al matrix
120min – – 98.81 – 1.19 – Al matrix
150min – – 99.14 – 0.86 – Al matrix
300min – – 99.31 – 0.61 – Al matrix
600min – – 98.79 – 1.21 – Al matrix
720min – – 99.36 – 0.64 – Al matrix

Table 3
Chemical composition of the intermetallic phases of 6063 aluminum sample II
using SEM/EDS characterization.

Homogenizing
holding time

Elementary (atomic%) Ratio Prediction
Phases

Mn Mg Al Fe Si Fe:Si

As-cast – – 88.63 4.91 6.46 0.76 β-Al5FeSi
1min – – 88.36 4.95 6.69 0.74 –
5min – – 87.22 5.47 7.31 0.75 β-Al5FeSi
10min – – 88.86 4.64 6.50 0.71 –
30min – – 90.24 5.38 4.38 1.23 β-Al5FeSi
60min – – 89.92 6.62 4.29 1.54 α-Al8Fe2Si
120min 0.44 – 88.33 6.59 4.04 1.74 α-Al8Fe2Si
150min – – 90.16 5.83 4.01 1.45 α-Al8Fe2Si
300min 0.67 – 90.36 4.98 3.99 1.42 α-Al8Fe2Si
600min 0.84 – 90.40 4.99 3.77 1.55 α-Al8Fe2Si

Fig. 4. TEM micrographs for 6063 aluminum alloy sample III; abnormal grain growth of (a) the intermetallic phase sample using FIB preparation (b) a bright field
image of the intermetallic phase and the aluminum matrix at low magnification (c) a bright field image of the intermetallic phase and the aluminum matrix at high
magnification.
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Table 4
Chemical composition of the intermetallic phases in 6063 aluminum sample III using TEM/EDS characterization.

Point Location Weight% Atomic%

Al Si Fe Fe:Si Al Si Fe Fe:Si

1 Intermetallic phase 60.99 12.47 26.54 2 71.09 13.97 14.96 1.07
2 Intermetallic phase 60.74 12.28 26.97 2 70.98 13.79 15.23 1.10
3 Intermetallic phase 61.25 12.39 26.37 2 71.31 13.86 14.83 1.07
4 Aluminum matrix 96.16 O=3.84 96.16 O=6.30
5 Aluminum matrix 96.64 O=3.36 94.46 O=5.54
6 Aluminum matrix 95.72 O=4.28 92.99 O=7.01
Possible intermetallic phase β-Al5FeSi β-Al5FeSi

Fig. 5. Optical micrographs from aluminum sample I (0.089wt.%Fe) at (a) as-cast, (b) homogenized at 585 °C for 600min holding time and sample II (0.170wt.%Fe)
at (c) as-cast, (d) homogenized at 585 °C for 600min.

Table 5
Average volume fraction, average particle diameters, average grain size, and particle pinning parameter for various homogenizing holding time of 6063 aluminum
alloys sample I.

Homogenizing holding time Volume fraction Particle size (µm) Average grain size (µm) Particle pinning parameter (Ψ)

As-cast 0.004970 ± 0.00080 0.813 ± 0.32 74 ± 7 1.35 ± 0.14
1min 0.005660 ± 0.00080 0.908 ± 0.36 85 ± 3 1.60 ± 0.19
5min 0.005438 ± 0.00090 0.883 ± 0.46 91 ± 1 1.68 ± 0.24
10min 0.005004 ± 0.00050 0.865 ± 0.45 105 ± 3 1.81 ± 0.24
30min 0.004310 ± 0.00010 0.971 ± 0.33 104 ± 5 1.39 ± 0.15
60min 0.002658 ± 0.00020 0.938 ± 0.32 104 ± 5 0.89 ± 0.09
120min 0.002876 ± 0.00080 0.980 ± 0.35 100 ± 5 0.88 ± 0.14
150min 0.002188 ± 0.00030 0.923 ± 0.37 107 ± 3 0.76 ± 0.10
300min 0.002022 ± 0.00004 1.081 ± 0.23 110 ± 9 0.61 ± 0.05
600min 0.002027 ± 0.00006 0.925 ± 0.14 124 ± 8 0.82 ± 0.04
720min 0.001782 ± 0.00007 1.168 ± 0.28 103 ± 14 0.33 ± 0.06
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with homogenizing holding time. The sample I had a low Fe content
(0.089wt.%Fe) leading to a lower volume fraction of intermetallics
when compared to sample II (0.170wt.%Fe). Hence, the sample I had a
lower volume fraction of Fe-containing intermetallics after homo-
genization at 585 °C than sample II and resulted in a low retardation of
grain boundary migration and hence abnormal grain growth during
homogenization at 585 °C as shown in Fig. 5(b). The effect of volume
fraction of Fe-containing intermetallics on abnormal grain growth be-
havior will be further discussed in Section “The volume fraction of in-
termetallic particles in 6063 aluminum alloy during homogenization”.

The volume fraction of intermetallic particles in 6063 aluminum alloy during
homogenization

The phase transformation of β-Al5FeSi to α-Al8Fe2Si occurred when
β-Al5FeSi gradually dissolved in the aluminum matrix during homo-
genization [24,25] leading to a decrease in the volume fraction of

intermetallic particles in both samples I and II during homogenization
at 585 °C as shown in Tables 5, 6 and Fig. 6. These particles directly
affected the retarding of grain boundary migration proposed by Zener
drag [20,21]. The pressure that retarded grain boundary migration was
commonly known as Zener pinning pressure as explained in Eq. (1)
[20,21].

=P 3F
2rz

v
(1)

where Pz is Zener pinning pressure (J m−3), Fv is volume fraction of
intermetallic particles, γ is grain boundary energy (J m−2), and r is
radius of intermetallic particles (µm). According to Eq. (1), the higher
volume fraction of intermetallics leads to a higher Zener pinning
pressure and retardation of boundary movement and thus prevents
abnormal grain growth. For example, it is estimated that after homo-
genized for 60min, the Zener pinning pressure in sample II was ~4
times higher than that in sample I. In addition, the volume fraction of
intermetallic particles in samples I and II was used to calculate the

Table 6
Average volume fraction, average particle diameters, average grain size, and particle pinning parameter for various homogenizing holding time of 6063 aluminum
alloys sample II.

Homogenizing holding time Volume fraction Particle size (µm) Average grain size (µm) Particle pinning parameter (Ψ)

As-cast 0.011326 ± 0.0013 0.717 ± 0.25 93 ± 2 4.41 ± 0.32
1min 0.010020 ± 0.0009 0.567 ± 0.27 100 ± 3 5.29 ± 0.31
5min 0.008848 ± 0.0003 0.696 ± 0.28 97 ± 2 3.69 ± 0.24
10min 0.009164 ± 0.0009 0.677 ± 0.24 98 ± 1 4.00 ± 0.25
30min 0.008700 ± 0.0004 0.665 ± 0.22 93 ± 2 3.65 ± 0.18
60min 0.007854 ± 0.0008 0.671 ± 0.24 108 ± 4 3.79 ± 0.24
120min 0.007352 ± 0.0005 0.824 ± 0.31 101 ± 3 2.71 ± 0.24
150min 0.007308 ± 0.0007 0.717 ± 0.38 101 ± 3 3.10 ± 0.30
300min 0.006818 ± 0.0005 0.736 ± 0.31 104 ± 4 2.90 ± 0.23
600min 0.005848 ± 0.0004 0.861 ± 0.24 103 ± 4 2.10 ± 0.15

Fig. 6. The volume fraction of intermetallic particles in 6063 aluminum sample
I and Sample II during homogenization at 585 °C.

Fig. 7. Grain size ratio plot from sample I showing regions corresponding to
grain growth mechanism predicted by Humphreys’ Model [20].
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Fig. 8. Macrostructure from 6063 aluminum alloy sample I (a) as-cast sample and (b–k) are homogenized sample at 585 °C for (b) 1 min, (c) 5min, (d) 10min, (e)
30min, (f) 60min, (g) 120min, (h) 150min, (i) 300min and (j) 600min, and (k) 720min.

Fig. 9. Macrostructure from 6063 aluminum alloy sample I during homogenization at 585 °C for (a) 60min, (b) 90min, (c) 120min, (d) 150min, (e) 300min, (f)
600min, and (g) 720min.

K. Uttarasak, et al. Results in Physics 15 (2019) 102535

8



particle pinning parameter (Ψ) to predict the tendency of abnormal
grain growth during homogenization as seen in Humphreys’ model [20]
in Eq. (2).

= 3F R̄
d
v

(2)

where is particle pinning parameter, R̄ is an average (mean equiva-
lent) grain size (µm), and d is an average diameter of intermetallic
particles (µm). This model can predict a tendency for abnormal grain
growth during the heat treatment process. This growth can occur when
a particle pinning parameter (Ψ) is within a range of 0.25–1.00. In
addition, this model can be used to predict and explain the mechanism
of abnormal grain growth in friction stir processing of aluminum alloy
[27–30]. They stated that abnormal grain growth was related to particle
pinning parameters. The particle pinning parameter of sample I and II

during homogenization at 585 °C was shown in Tables 5 and 6.
Table 5 shows that particle pinning parameters of as-cast and the

homogenized sample I at 585 °C for 1min, 5min, 10min, 30min were
higher than 1.0. The Humphreys’ model [20] (as shown in Fig. 7) can be
applied to predict that there was no abnormal grain growth in 6063
aluminum structure after homogenization at 585 °C for 1min, 5min,
10min, and 30min. The particle pinning parameters in the sample I are
1.60, 1.68, 1.81, and 1.39 and within a range of 0.25–1.00 after
homogenization at 585 °C for 60min. This result predicted that the
onset of abnormal grain growth of sample I was after homogenization at
585 °C for 60min. This result was confirmed by the macrostructure as
shown in Fig. 8, that shows the occurrence of abnormal grain growth in
the macrostructure of sample I after homogenization at 585 °C for
60min. The abnormal grain growth was clearly observed in a cross-
section macrostructure as shown in Fig. 9(a). In addition, the small

Fig. 10. Macrostructure from 6063 aluminum alloy sample II (a) as-cast sample and (b–j) are homogenized sample at 585 °C for (b) 1min, (c) 5min, (d) 10min, (e)
30min, (f) 60min, (g) 120min, (h) 150min, (i) 300min, and (j) 600min.
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grains that remained inside the abnormal grains were gradually dis-
appeared with homogenizing holding time. This behavior was grain
coalescence and later abnormal grain growth. However, there was no
abnormal grain growth in sample II because the particle pinning
parameter in Table 6 is not in a range of 0.25–1.00. These results were
confirmed by the macrostructure of sample II, as shown in Fig. 10. The
normal grain did not grow to abnormal grain growth when homo-
genizing holding times were increased. Therefore, the particle pinning
model proposed by Humphreys [20] can be applied to predict the
tendency of abnormal grain growth in 6063 aluminum alloy during
homogenization.

Ex-situ EBSD investigation on abnormal grain growth in 6063 aluminum
alloy during homogenization at 585 °C

To understand grain boundary migration and abnormal grain
growth behavior, ex-situ EBSD was used to investigate the same area of
the marked surface sample from low Fe (0.089wt.%Fe) content in as-
cast 6063 aluminum sample I. Sample I was homogenized in a heat
resistant furnace at 585 °C for various homogenizing holding times. For
the ex-situ result, there was abnormal grain growth around the marked
area after homogenization at 585 °C for 120min as shown in Fig. 11(f).
The change in the microstructure (as shown in Fig. 11) was related to a
high migration rate of high angle grain boundaries [31]. These can be
observed by the absence of high angle boundaries during

Fig. 11. EBSD maps for 1 sample from 6063 aluminum alloy sample I showing the aluminum phase (a) as-cast (b–f) are homogenized at 585 °C for (b) 30min (c)
45min (d) 60min (e) 90min (f) 120min. (g) Orientation color key for maps. Grain boundaries are colored in accordance with misorientation angle range:5°<
< 10°=gray, 10°< < 15°=brown, and > 15°=black. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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homogenization in Fig. 11(a–f); the black lines indicating high angle
grain boundaries were mostly disappeared after homogenization at
585 °C for 120min. Therefore, a high (grain) boundary movement in
6063 aluminum alloy billets during homogenization led to dis-
continuous recrystallization [32–35]. Fig. 12(a–f) shows a strong evi-
dence of a reduction of the high misorientation angles during homo-
genization.

Moreover, the localized intermetallic particles in the 6063 alu-
minum structure was decreased when abnormal grain growth occurred
during homogenization as shown in Fig. 13. Fig. 13 also shows the grain
structure and the existence of Al, Fe, Si, Mg elements in 6063 structure
during homogenization at 585 °C for 30min, 45min, 60min, 90min,
and 120min. The existence of Al, Fe, Si, and Mg elements in as-cast
structure indicated the β-Al5FeSi and Mg2Si particles as previously
mentioned. These elements were dissolved into an aluminum matrix
after the homogenization as shown in Fig. 13. It was observed that the
localized concentration of each element decreased with homogenizing
holding times as shown in Fig. 13(a–f), and especially a decrease of Mg.
This explained how Mg2Si particles were dissolved into the aluminum
matrix during homogenization at 585 °C. Therefore, the grain boundary
migration and abnormal grain growth in 6063 aluminum alloy during
homogenization correlated to discontinuous recrystallization, the phase
transformation, and dissolving of the intermetallic particles during
homogenization. The evidence of the distribution of intermetallic par-
ticles β-Al5FeSi at the grain boundaries of sample II after homo-
genization at 585 °C for 600min can be seen in BSI and corresponding
EDS (red points) in the Fig. 14 and Table 7.

The evidence of the retardation of boundary movement can be seen
in Fig. 15. In as-cast structure of sample II, grain 1 was surrounded by
Fe-containing intermetallics at grain boundaries. However, after
homogenization at 585 °C for 10min, those Fe-containing intermetallics
at grain boundaries dissolved and the grain 1 disappeared. Whereas,
grain 2, with remaining Fe-containing intermetallics (as seen in
Fig. 15(d)) at grain boundaries after homogenization at 585 °C for
10min, did not change. This is the evidence that intermetallic particles
at the grain boundaries result in the retardation of boundary move-
ment.

Conclusion

1. This work shows that ex-situ techniques can be employed as an
analytical technique to characterize the microstructural evolution of
intermetallics that is strongly influences the mechanism of abnormal
grain growth in 6063 aluminum alloys during homogenization.

2. Ex-situ SEM results with EDS applications indicated that the volume
fraction and shape of β-Al5FeSi particles were changed during
homogenization and resulted in abnormal grain growth if the 6063
aluminum sample had a particle pinning parameter in the range of
0.25–1.00. Therefore, abnormal grain growth in 6063 aluminum
billets relied on the remained volume fraction of intermetallics
during homogenization.

3. Humphreys’ model can be applied to predict grain structure during
homogenization in 6063 aluminum alloy.

4. Ex-situ EBSD results indicated that abnormal grain growth in 6063

Fig. 12. Misorientation angle distribution for 1 sample from 6063 aluminum alloy sample I (a) as-cast and (b–f) are homogenized at 585 °C for (b) 30min (c) 45min
(d) 60min (e) 90min (f) 120min.
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Fig. 13. EBSD micrographs for 1 sample from 6063 aluminum alloy sample I showing the aluminum phase (a) as-cast (b–f) are homogenized at 585 °C for (b) 30min
(c) 45min (d) 60min (e) 90min (f) 120min. Grain boundaries were colored in accordance with misorientation angle range: 5°< < 10°=gray,
10°< < 15°=brown, and > 15°=black. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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aluminum billets corresponding to a high migration of high angle
grain boundaries and discontinuous recrystallization.
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Fig. 14. BSIs of sample II after homogenization at 585 °C for 600min.

Table 7
Corresponding elemental distribution from point (1) and (2) from Fig. 14(b)
and (c).

Point Elementary (atomic%) Ratio Phase

Mg Al Fe Si Fe:Si

(1) – 79.93 11.04 9.03 1.22 β-Al5FeSi
(2) 0.48 94.56 2.51 2.45 1.02 β-Al5FeSi
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