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Abstract: Effects of a minor Ca addition on microstructural stability and dynamic restoration behavior of AIMg5
during hot deformation were investigated. They were studied using scanning electron microscopy (SEM), differential
scanning calorimetry (DSC), electron backscatter diffraction (EBSD) analyses and transmission electron microscopy
(TEM). JMatPro package was used for simulation of the solidification path of the alloys. The results show that the
addition of Ca does not affect the microstructure and hot compression behavior of the as-cast samples. However, it
prevents the drastic grain growth during homogenization. It is found that coarse grains of Ca-free alloy promote the
dynamic recovery and slow down the dynamic recrystallization during hot compression. Also, the particle stimulated
nucleation is suggested as the main nucleation mechanism of new recrystallized grains for hot compressed Ca-free alloy.
On the other hand, the microstructure of the hot compressed Ca-added alloy is greatly affected by the presence of Al,Ca
intermetallics. The formation of Al,Ca phase is predicted by JMatPro and revealed by DSC, SEM and TEM studies.
Finally, it is found that the presence of Al4Ca precipitates on the grain boundaries of Ca-added alloy prevents the growth
of a(Al) by Zener pinning effect and results in the stability of microstructure during homogenization.

Key words: AIMg5 alloy; hot compression; homogenization; microstructure; particle stimulated nucleation; Zener
pinning effect

6xxx and 7xxx series that require additional thermal
processes [6]. The mechanical properties of AI-Mg
alloys depend mainly on their Mg content that

1 Introduction

During the last decade, wrought AlI-Mg alloys
(5xxx series Al alloys) have attracted many
attentions from the automotive industry [1,2]. This
is mainly due to the good combination of
mechanical properties, formability, weldability, and
corrosion resistance [3—5]. Also, it is important to
notice that the manufacturing cost of the 5xxx
series is lower than that of heat- treatable 2xxx,

results in solid solution strengthening [7].

Despite the beneficial effect of Mg content on
the mechanical behavior of Al-Mg alloys, it is
important to notice that, due to strong oxidation
tendency of Mg, handling of Al alloys with high
Mg content (ALMAG) is very difficult both in the
molten and solid state [8—11]. Addition of a small
amount of Be is reported to increase the oxidation
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resistance of molten AlI-Mg. However, Be is toxic
and causes lung cancer [12]. Therefore, an
eco-friendly alternative is inevitable. Earlier studies
show that the addition of Ca (in the form of
Mg—Al,Ca master alloy) improves the oxidation
resistance of the Al-Mg alloys [13,14]. Kim’s
master alloy is produced by a simple addition of
CaO into the molten Mg and Mg alloys. The details
of Kim’s method can be found elsewhere [13—15].

Although addition of Ca improves the
oxidation resistance of ALMAG, it is of great
importance to investigate its effects on the
microstructure and deformation characteristics of
these alloys. Investigations showed that hot
compression behavior of the AIMg5 alloy made by
Al,Ca-containing master alloy is very different
from that of the conventional AIMg5. Therefore,
this study aimed to find out the origin of the
above-mentioned difference.

2 Experimental

The chemical composition of the alloys and
Al,Ca-containing master alloy used in the study, as
determined by inductively coupled plasma optical
emission spectroscopy, is given in Table 1. AIMg5
alloy was produced by melting of Al (99.8% in
purity) and Mg ingot (99.8% in purity) in a graphite
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crucible by an electric induction furnace. 0.4 wt.%
of Al-5Ti—B grain refiner was added to the melt at
750 °C and the melt was then degassed by gas
bubbling filtration (GBF) for 15 min with the argon
gas flow rate of 8 L/min. Then, the melt (preheated
to 200 °C) was poured into the metallic mold at
690 °C, as schematically shown in Fig. 1. The
casting process of AIMg5Ca0.1 alloy was similar to
that of AlIMg5 alloy except for that Al Ca-
containing master alloy was used instead of pure
Mg. In this work, the AIMg5 alloy, AIMg5Ca0.1
alloys, and Al,Ca-containing Mg master alloy are
referred to AlMg, AlMgCa and master-alloy,
respectively.

After complete solidification and then cooling
to room temperature, cylindrical specimens with a
diameter of 10 mm and height of 12 mm were
machined from the castings (Fig.1) and
homogenized at 520°C for 12h followed by
cooling to room temperature in air.

Mechanical behavior of the alloys
evaluated by a universal hot compression testing
machine equipped with an electric resistance
furnace. Since the thermal stability of the alloys
was of great importance in this work, the hot
compression tests were conducted at 400 and
500 °C which are quite high for aluminum alloys.
The compression tests were carried out in the strain

was

Table 1 Chemical composition of alloys and master alloy used in this study (wt.%)

Alloy Si Fe Cu Mn Mg Ni Zn Ti Zr Ca Al
AlMg5 0.035 0.065 0.004 0.009 4.71 0.011 0.006 0.0185 0.002 0.0039 Bal.
AlMg5Ca0.1 0.038 0.065 0.004 0.028 4.87 0.012 0.0l 0.0198  0.002 0.0957 Bal.
Master-alloy 0.039  0.002 0.005 0.3 Bal. 0.002 0.056 - - 1.03 5.94
35 mm
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Fig. 1 Schematic of metallic mold used for casting and sampling position for hot compression test and metallurgical

examinations
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rate of 0.01 s~'. Both sides of the hot compression
test samples were lubricated by 0.25 mm-thick
graphite film to minimize the friction between the
sample and the tools. DSC (TA instrument
SDT-Q600), optical microscopy (Nikon Eclipse
MAZ200 with a polarizing filter, electrolytic etching
by Barker’s reagent), SEM along with energy-
dispersive X-ray spectroscopy (EDX) (Bruker
Quanta FEG 200), EBSD analysis (EDAX TSL
OIM) and TEM (Tecnai G2, F30) were used for
characterization of the alloys. JMatPro simulation
software (Sente Software Ltd.) was also used for
simulation of the solidification path of the alloys.

3 Results and discussion

Figure 2(a) shows the stress—strain curves
obtained from the hot compression of the as-cast
AlMg and AlMgCa alloys at 400 and 500 °C. It can
be seen that at both temperatures, the flow behavior
of both alloys is similar. The flow behavior of
as-cast samples represents a rapid increase in stress
up to a maximum value followed by a gradual
decline to a stable plateau. This behavior resembles
classic dynamic recrystallization (DRX) that
includes work hardening up to peak stress followed
by flow softening to steady-state deformation [16].
Generally, due to the high stacking fault
energy, dynamic recovery (DRV) is the main
softening mechanism during hot deformation of
aluminum [17]. The addition of alloying elements
such as Mg reduces the stacking fault energy of
Al [18]. Therefore, the addition of Mg slows down
the recovery processes and encourages the DRX.
Several studies reported DRX during hot
compression of AlI-Mg alloys, especially in alloys
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with higher Mg content [19-21].

Figure 3 presents the optical microstructures of
the examined alloys under the as-cast condition
(Figs. 3(a) and 3(b)) and after homogenization at
520 °C for 12 h (Figs. 3(c) and 3(d)). Comparison
of Figs. 3(a) and 3(b) (as-cast samples) reveals that
the average grain size of as-cast AIMgCa alloy
((68+5) um) is slightly smaller than that of as-cast
AlMg alloy ((7543) um). This can be due to the role
of Ca in enhancing the grain refinement effect of
Al-Ti—B [22]. Therefore, the similar flow behavior
of as-cast AIMg and AIMgCa alloys in Fig. 2(a) can
be justified by their similar chemical composition
and microstructure.

On the other hand, the stress—strain curves of
the homogenized alloys (Fig. 2(b)) show different
flow behaviors. So, at 400 °C, the stress—strain
curve of the AIMgCa alloy shows the features of the
classic DRX, i.e., the peak stress followed by a
gradual decrease to the steady-state deformation.
On the other hand, the AIMg alloy exhibits a slight
gradual increase at the onset of the plastic
deformation followed by a monotonic decrease at
higher strains. Hence, no evidence of the steady-
state deformation is seen up to the final strain of 0.7.
Also, the peak stress of the homogenized AlMg
alloy is higher and retarded at this temperature
compared to that of the AlMgCa alloy. This
relatively-broad peak stress and the gradual decline
of stress will be discussed below according to the
microstructure of the specimen. By increasing the
temperature to 500 °C, the AlMg alloy shows
steady-state flow stress after yielding, which
indicates a dominant role of DRV.

In Al-Mg alloys, discontinuous DRX occurs
during the hot deformation, where the strain-free
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Fig. 2 True stress—strain curves of hot compression tests of AIMg and AIMgCa at 400 and 500 °C: (a) As-cast samples;

(b) As-homogenized samples



574 Bong Huang KIM, et al/Trans. Nonferrous Met. Soc. China 30(2020) 571-581

grains nucleate and grow within the deformed
microstructure [16]. The nuclei are usually initiated
at the pre-existing grain boundaries and the
equiaxed grains are formed in the microstructure
during hot deformation. This is confirmed by EBSD
orientation maps of the hot compressed (up to the
strain of 0.7 at 500 °C) as-cast AIMg and AlMgCa
alloys in Fig. 4. It can be seen that the pre-existing
grains are decorated by necklaces of dynamically
recrystallized grains. Therefore, the similar flow
behavior of these samples during hot deformation

(Fig. 2(a)) can be attributed to their similar
microstructural evolutions.

In the as-cast samples, initiation and growth of
new grains after a small critical strain oppose the
work hardening. Thus, an acute drop can be seen
after the peak stress. There is the same mechanism
along with an acute drop after the peak stress during
the hot deformation of the fine-grained (Fig. 3(d))
homogenized AlMgCa alloy. Comparison of the
microstructure of the as-cast and homogenized
AlMgCa samples (Figs. 3(b) and 3(d)) shows that

Fig. 3 As-cast microstructures of AIMg (a) and AIMgCa (b) alloys and homogenized microstructures of AIMg (c) and

AlMgCa (d) alloys (Images are obtained by a polarized optical microscope)
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Fig. 4 EBSD micrographs of as-cast AIMg (a) and AlMgCa (b) alloys compressed (without homogenization) to strain of

0.7 at 500 °C
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no significant growth occurs during the
homogenization of AIMgCa alloy. This implies the
presence of sufficient number of nucleation sites
during the hot deformation of AIMgCa alloy.

On the other hand, the comparison of Figs. 3(a)
and 3(c) reveals that unlike the AlMgCa alloy, a
drastic grain growth occurs in AIMg alloy during
homogenization at 520 °C for 12 h. Thus, the grain
boundary area decreases. Since the grain boundaries
act as nucleation sites, the DRX occurs with a
relatively long delay due to the low fraction of grain
boundaries. This provides enough time for DRV in
the homogenized AIMg alloy in which the effects of
softening are more pronounced in comparison to the
specimens with finer grain sizes, i.e., the as-cast
alloys (AIMg and AlMgCa) and the homogenized
AlMgCa alloy.

The initial coarse grains of the homogenized
AlMg alloy (Fig. 3(c)) explain the slow drop of
stress on its flow curve (Fig. 2(b)). Also, the cases
with fine initial grains (i.e., as-cast AIMg and
AlMgCa alloys and the homogenized AlMgCa
alloy) show lower steady-state stress values than the
homogenized AlMg alloy with coarse grains. This
indicates that the steady-state microstructure is not
yet reached for the coarse grain samples.

It is reported [16,23] that the steady-state flow
stress is controlled by the Zener—Hollomon
parameter (as a function of strain rate and
temperature) and is independent on the initial grain
size. Therefore, the rest of this study is focused on
the formation of the second phase particles during
the solidification of the AlMgCa alloy and the
effects of these particles on the change of the
microstructure during homogenization and hot
compression.

The second phase particles were investigated
by DSC and JMatPro package that provides
information about the solidification path of the
alloys and the constituents of the microstructure.
The simulation of the solidification path of the
examined alloys was conducted in the Scheil—
Gulliver regime for predicting a non-equilibrium
solidification condition [24]. The results of
simulation by JMatPro and the results of DSC
analysis are presented in Figs. 5 and 6, respectively.

From Fig. 5(a), solidification of the AlMg
alloy starts with the formation of a(Al) at 638 °C,
followed by the formation of Al;Fe at 579 °C,
Mg,Si at 517 °C and $-Al;Mg; (also called MgsAlg)

at 449 °C. For AlMgCa alloy (Fig. 5(b)), a(Al),
AlsFe, Mg,Si and Al;Mg;, start to form at 637, 579,
522 and 447 °C, respectively. Although comparison
of Figs. 5(a) and 5(b) shows that the addition of 0.1
wt.% Ca does not significantly affect the formation
temperature of the main constituents, Fig. 5(b)
shows that the addition of 0.1 wt.% Ca results in the
formation of a new phase (Al;Ca) at 483 °C.
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Fig. 5 Simulation of solidification path of AIMg (a) and
AlMgCa (b) with JMatPro

Figure 6 shows the DSC curves of the
examined alloys and their corresponding first
derivatives. The DSC analysis was carried out with
heating and cooling rate of 20 °C/min, close to the
Scheil-Gulliver regime. In Fig. 6(a), paired peaks
1-1', 22" and 3-3' belong to a(Al), Al;Fe and
Mg,Si, respectively. From the result of DSC
analysis of AIMgCa alloy in Fig. 6(b), the paired
peaks 1-1', 2—2', 3-3' belong to a(Al), Al;Fe and
Mg, Si, respectively, and 4—4' pair belongs to Al,Ca
phase. Therefore, the comparison of Figs. 6(a) and
5(a) as well as Figs. 6(b) and 5(b) confirms that the
obtained results by JMatPro are reliable. The DSC
analysis of AIMgCa alloy in Fig. 6(b) shows that
Al4Ca phase starts to form at 526 °C. On the
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other hand, according to binary Al-Mg phase
diagram [25], the equilibrium solidus temperature is
about 593 °C for Al-4.7%Mg alloy (the same
magnesium content with the used alloy). This
means that the initial formation temperature of the
Al,Ca phase is about 70 °C below the solidus
temperature of the AlMgCa alloy. Furthermore,
Fig. 5(b) shows that 92% of AlMgCa alloy is
solidified before the formation of Al;Ca phase.
Therefore, it is reasonable to conclude that Al,Ca
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particles essentially precipitate at the grain
boundaries of a(Al). Other researchers [26] have
also reported that Ca segregates to the grain
boundaries.

The DSC analysis and the results of
simulation by JMatPro show that addition of Ca
results in the formation of the new phase, Al,Ca,
which distributes in AIMgCa alloy. This finding
was further investigated by SEM and TEM.
The SEM/BSE images of Fig. 7 show the as-cast
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Fig. 6 Heating and cooling DSC curves and corresponding first derivatives of AIMg (a) and AIMgCa (b) alloys (Rate of

heating and cooling is 20 °C/min)
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Fig. 7 SEM/BSE images showing as-cast microstructures of AIMg alloy (a, ¢) and AIMgCa (b, d) alloy along with

selected points for EDX analyses
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microstructures of the alloys. The chemical
composition of the selected points is given in Table
2. From Fig. 7, both alloys have a similar as-cast
microstructure that contains grains of primary
aluminum, Al;Fe, and Mg,Si particles. Also,
Fig. 7(d) shows that there are some Ca-containing
particles within the microstructure of the AIMgCa
alloy.

Table 2 EDS analysis results of selected points in Fig. 7

No. Content/at.% Remarks
Al Mg Fe Si Ca

1 9453 547 - - - Matrix
2 821 495 1295 - - AlsFe
3 5552 2379 - 1618 - Mg,Si
4 7138 2491 - 122 - Al;Mg,
5 7134 2193 - - 6.73 Mg—Ca
6 8026 455 1519 - - AlFe
7 5937 2089 - 10.7 9.03 Mg—Si—Ca
8 77.16 2246 — - 038 Al;Mg,

577

Figure 8 shows the SEM/BSE images of
microstructures of the homogenized samples. The
EDS analysis result of the selected points is
presented in Table 3. Comparison of the distribution
of the particles in Figs. 8(a) and 8(b) (located in
grain boundaries) reveals that the grains of the
homogenized AlMg alloy are considerably larger
than those of AIMgCa alloy. This is despite the fact
that these alloys have similar as-cast micro-
structures. However, the microstructure of the
homogenized AlMgCa alloy in Fig. 8(b) is
comparable to its as-cast condition in Fig. 7(b).
Comparison of Figs. 8(a) and 7(a) shows that
homogenization of the AlMg alloy results in
remarkable grain growth in this alloy.

Figures 9(a) and 9(b) show that the size of
second phase particles (white particles) is relatively
large. It has been reported that during hot
deformation, the coarse second phase particles may
lead to grain refinement by particle stimulated
nucleation (PSN) mechanism [16,23,27]. Also, the
concentration of plastic flow in the vicinity of hard

ul

20.00

Fig. 8 SEM/BSE images showing microstructure of AIMg alloy (a, ¢) and AIMgCa alloy (b, d) after homogenization at

520 °C for 12 h with selected points for EDX analyses
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Table 3 EDS analysis results of selected points in Fig. 8

Content/at.%
No. Remarks
Al Mg Fe Si Ca
1 914 475 385 - - AlsFe
2 8785 17.11 - 5.04 - Mg,Si
3 9336 6.64 - - - Matrix
4 8156 262 10.56 - 5.25 AlFe(Ca)
5 6446 12.54 - 12.73 10.27 Mg-Si—Ca

o@c Compression direction

Fig. 9 Optical micrographs of homogenized AIMg alloy
after hot compression to strain of 0.7 with strain rate of
0.01 s™" at 400 °C (a) and 500 °C (b)

particles leads to a heterogeneous pile-up of
dislocations around the particles and appearance of
a deformation zone with large misorientation
gradient [16,27]. These high energy regions provide
suitable sites for nucleation of new recrystallized
grains.

Figures 7 and 8 show that both as-cast and
homogenized microstructures of both examined
alloys contain a large number of coarse second
phase particles. In the case of homogenized AIMg
alloy, which has coarser grains, due to the low
fraction of the grain boundaries and consequent low
nucleation rate, the PSN mechanism plays a more
significant role in the formation of new grains than
that in the homogenized AIMgCa alloy that has
finer microstructure. Figure 9 shows the occurrence

of PSN in homogenized AIMg alloy in which the
fine equiaxed grains locally form in the vicinity of a
particle and the rest of the microstructure is free of
recrystallized grains.

Figure 10 shows the microstructure and the
SEM/EDS obtained from the homogenized AIMgCa
alloy. The EDS map in Fig. 10(b) reveals that the
Ca-containing particles (the light particles in
Fig. 8(d)) are precipitated on the grain boundaries
of the primary aluminum phase. Also, the EDS line
scan in Fig. 10(c) shows the variation of Ca along
the analysis line in which the bright particles
contain a considerable amount of Ca in their
chemical composition. These observations confirm
the previous conclusion about the precipitation of
Ca-containing compounds (probably Al,Ca) on the
grain boundaries of a(Al).

The TEM micrograph of the homogenized
AlMgCa sample and the chemical analysis results
of the selected points are shown in Fig. 11. The
solid and dotted arrows indicate the grain boundary
of a(Al) and the Ca-containing particles,
respectively. The EDS analysis of the points 1 and 2
shows that they contain a considerable amount of
Ca in their chemical composition. It can be seen
that these particles are precipitated in the
boundaries of primary aluminum phases. The
selected area diffraction pattern of Particle 1 (in
Fig. 11(a)) is presented in Fig. 11(b). It is seen that
no preferential orientation relationship exists
between the tetragonal Ca-bearing compound
(Al4Ca) and aluminum matrix. The Al,Ca particles
can be considered as effective Zener-pinning agents
that prevent grain growth of a(Al) grains during
homogenization. This effect can be clearly seen
during the homogenization of as-cast alloys with
and without Ca. Figures 3(c) and 3(d) represent the
microstructures of the as-cast alloys after
homogenization at 520 °C for 12 h. In AlMgCa
alloy (Fig. 3(d)) due to the presence of fine Al,Ca
particles and Zener pinning effect, the
microstructure is stable and homogenization does
not change the grain size significantly. However, in
AlMg alloy, the Zener drag doesn’t play any
important role in the grain growth. So, the average
grain sizes in the homogenized alloys with and
without Ca are significantly different. Therefore, it
can be concluded that the combined effects of PSN
and Zener-pinning result in the formation of fine
microstructure in AIMgCa alloy.
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Fig. 10 SEM image (a), corresponding EDS map (b) and EDS line scan (c) indicating presence of Ca-containing

particles within microstructure of homogenized AIMgCa alloy

Fig. 11 TEM image showing Al,Ca particles on grain boundary of a(Al) (a) and selected area diffraction pattern (b) of

Particle 1 in (a)

4 Conclusions

(1) Addition of a minor amount of Ca does not
alter the as-cast microstructure of the AIMg5 alloy,
so that the both Ca-free and Ca-added samples
show similar microstructures.

(2) During the hot compression at 400 and
500 °C, both Ca-free and Ca-added AIMg5 samples
show similar stress—strain behavior that can be
explained by their similar initial microstructure.

(3) Homogenization at 520 °C for 12 h results
in a drastic grain growth in Ca-free AIMg5 alloy.
However, the precipitation of Al4Ca particles on the
grain boundaries of primary aluminum phase of

Ca-added AIMg5 alloy stabilizes the microstructure
of this alloy and prevents grain growth during
homogenization.

(4) The coarse initial microstructure of
homogenized Ca-free AlMg5 alloy clearly
postpones the DRX during the hot deformation due
to the fewer nucleation sites which provide enough
time for DRV. This explains the flow behavior of
the homogenized Ca-free AlMg5 alloy in hot
compression, i.e., a relatively broad peak stress
followed by a gradual softening.
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