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Abstract: Microstructure of AZ91 magnesium alloy was modified by using semi-solid rotating container process (RCP)
and addition of 1 wt.% Ca. Thermal analysis (CA-CCTA) was performed during semi-solid process in order to
determine the relationship between microstructural modification and RCP parameters. The container containing molten
AZ91 alloy was rotated by rotation speed of 0, 150, 180 and 210 r/min at 640—580 °C. The cooling curves were plotted
to determine the solidification characteristics, solid fraction and dendrite coherency point (DCP). The results indicated
that the cooling rate increased with increasing the rotation speed significantly and led to an increase in maximum
solidification range of 15.9 and 6.4 °C for AZ91 and AZ91-1Ca (wt.%), respectively. Applying shear force to the slurry
at 180 r/min minimized the solid fraction and delayed appearance of DCP. It affected the microstructure characteristics
such as grain size and circularity factor. The rotation of 180 r/min at 585 °C resulted in the globular microstructure with
a circularity factor of 0.72 and a grain size of 73.4 um. The addition of 1 wt.% Ca to AZ91 in the optimum condition of

RCP increased the circularity factor to 0.81 and reduced the grain size to 53.2 um.
Key words: semi-solid; magnesium alloy; thermal analysis; shearing force; globular structure

1 Introduction

Magnesium alloys have a comprehensive
usage in automobile, aerospace and portable,
because of their high specific strength, excellent
damping characteristics, good castability, and
recyclability [1]. Magnesium as a pure metal has
limited applications. Alloying elements such as
aluminum, zinc, manganese, calcium, zirconium,
and rare earth elements improve the mechanical
strength and corrosion resistance [2—6].

The effect of Ca on magnesium alloys includes
increasing high-temperature mechanical properties,
reducing the viscosity of the melt, reducing
oxidation of the melt, and improving the heat
treatment capability [7]. The presence of Ca up to

0.5 wt.% does not cause significant changes in the
microstructure of AZ91 alloy and only modifies
dendritic cells and Mg;;Ali> phases. However,
increasing the content of Ca reduces the amount of
[-phase whereas in AZ91—-4Ca, it is completely
removed from the microstructure [8]. The results of
other studies [5,9] also show that Ca up to 1 wt.%
has a great effect on the grain size of AZ91 alloy,
but its effect is reduced at higher contents.
Semi-solid casting methods are developed to
achieve superior mechanical and physical properties.
This process improves the microstructure and forms
a non-dendritic or globular morphology in the alloy
during the casting stage [10,11] Swirled enthalpy
equilibration device (SEED) is a novel method
which presents the field of semi-solid casting of light
alloys such as magnesium and aluminum [12,13].

Corresponding author: Saced G. SHABESTARI, E-mail: shabestari@iust.ac.ir

DOI: 10.1016/S1003-6326(22)66115-6

1003-6326/© 2023 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press



Saeed G. SHABESTARI, Ehsan GHANIABADI/Trans. Nonferrous Met. Soc. China 33(2023) 396—408 397

In this method a superheated alloy is poured into a
cylindrical mold which is rotated off-center at a
certain rotation speed [12]. After a determined time,
the rotation of the container stops, and the
semi-solid slurry discharges from its bottom. It is
based on heat exchange surrounding the mold and
the slurry [14]. In other words, the purpose of this
method is to reduce the thermal gradient from the
center to the mold wall [12,13]. The results of other
studies show that by decreasing the thermal
gradient, the number of effective nuclei has
increased [15,16]. Research by DOHERTY and
VOGEL [15] shows that by applying shear stress to
a semi-solid slurry and creation effective fluid flow,
the thermal and concentration gradients decrease,
and the number of nucleation sites increases.
According to the results of research related to
semi-solid processes [17—-20], the solid fraction
is the most important factor influencing the
thixotropic behavior of semi-solid slurries. In other
words, the effect of the rotational speed and the
applied shear force on the semi-solid slurry is
highly dependent on the solid fraction. To find out
and analyze this relationship, it is necessary to
calculate the solid fraction in the semi-solid process.
For this purpose, cooling curve thermal analysis

was applied to interpreting the solidification
parameters [20—24].
Computer-aided cooling curve thermal

analysis, CA-CCTA, is one of the prevalent
methods of thermal analysis, which can be used to
calculate important solidification characteristics
such as solid fraction, cooling rate, phase
transformation and nucleation, and dendrite
coherency point [21-26]. The cooling curve is
obtained by direct and instantaneous measurement
of temperature changes as function of time, from
the beginning of the solidification to the end of the
process [22,27,28]. The relationship between the
cooling rate and the parameters of the semi-solid
process can also be investigated.

Effect of Al content and cooling rate on
solidification characteristics of AZ magnesium
alloys was investigated by YAVARI and
SHABESTARI [29] using CA-CCTA. The results
showed that the nucleation temperature of the
primary a-Mg phase increased by cooling rate. The
heat extraction rate has caused this change. In this
point of view, decreasing the cooling rate decreases
the heat extraction, and the molten alloy is cooled

to a lower temperature than the equilibrium melting
point. This condition leads to more potential
substrates to nucleate because of the existing
appropriate undercooling. Therefore, nucleation is
continued easily and quickly [28,29]. But some
researchers have reported reduction in nucleation
temperature by increasing the cooling rate. They
proposed that kinetics of diffusion is responsible for
reduction in nucleation temperature [29].

It has been reported that the nucleation and
growth temperature of the eutectic phases (a-Mg +
Mgi7Al2) decreased by increasing the cooling rate.
Therefore, the morphology of the eutectic phases
changed from continuous coarse at the grain
boundary to finer and more dispersed particles in
AZ91 magnesium alloy [29]. Dendrite coherency
point (DCP) makes a significant contribution in
solid fraction changes. During solidification and
before this point, the growth of dendrites continues
freely, and melt feeding completes among the slurry.
After this point, growth of the dendritic network
causes the appearance of solid-state properties such
as thermal conductivity, shear strength and
shrinkage; and development of the casting defects is
the final result of this behavior [26—30].

In the present study, rotating container process
(RCP) has been designed based on SEED process to
investigate the effects of shearing forces caused by
the rotational speed of the container, the
temperature of semi-solid slurry, and solid fraction
on the grain morphology. Solidification parameters
and microstructure of AZ91 and AZ91-1Ca (wt.%)
magnesium alloys produced in RCP process has
also been investigated.

2 Experimental

2.1 Materials

In this study two kinds of magnesium alloy,
AZ91 and AZ91—-1Ca were used. Magnesium ingots
with high purity of 99.9 wt.%, were melted in a
steel crucible under protection of anti-oxidation
flux and inert argon gas atmosphere at 720 °C. Then,
pure alloying elements including Al and Zn, were
added to the molten alloy and Ca was added in the
form of Al-10Ca master alloy. Stirring stage began
after holding for 10 min. Then, it was poured into a
preheated steel mold. The chemical composition of
the AZ91 and AZ91-1Ca alloys is presented in
Table 1.
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Table 1 Chemical composition of AZ91 and AZ91-1Ca
alloys (wt.%)
Alloy Al Zn Ca Cu Fe Si Mg
AZ91 9.12 1.06 — 0.09 0.03 0.02 Bal.

AZ91-1Ca 8.96 094 0.98 0.08 0.03 0.02 Bal.

2.2 Semi-solid casting in rotating container
process (RCP)

400 g AZ91 magnesium alloy was melted in a
cylindrical steel container in a resistance furnace at
660 °C for 40 min under protection of the
anti-oxidizing flux and argon gas atmosphere. The
container was quickly removed from the furnace
and mounted on the circular plate after complete
melting. The rotation of the container began at
certain speeds as the temperature was reduced to
640 °C. The temperature of the melt was measured
using a K-type thermocouple and recorded
continuously during the rotation. Inert argon gas
with the pressure of 500 Pa was purged on the melt
during the rotation, and as the melt temperature
decreased to the specified temperature, the rotation
stopped and the container quickly removed from the
rotating circular plate. Then, the semi-solid slurry
was poured into a 200 °C preheated cylindrical steel
mold with the dimensions of 100 mm in height and
30 mm in diameter. The same procedure was also
performed for AZ91—1Ca alloy.

It is worth mentioning that the rotation speed
of the container was controlled by an electrical
inverter. The actual rotation speed of the container
was measured by a laser counter and the electrical
inverter was calibrated based on that. In this work,
the rotation speeds of the container were 150, 180
and 210 r/min, and the operating temperatures were
595, 590, 585 and 580 °C, based on the range of
solid fraction. These temperatures
accordance to the end of the rotation.

were in

2.3 Thermal analysis during RCP process

It is important to determine the solidification
range and solid fraction as a function of temperature
in the semi-solid state. Therefore, computer aided
cooling curve thermal analysis (CA-CCTA) was
used to record the exact temperature of the melt and
the solid fraction during applying shearing forces
into the melt caused by the rotational speed of the
container.

K-type (chromel-alumel) thermocouple produced
by OMEGA Engineering Company was linked
to an Analog/Digital converter (high-speed data
acquisition system) connected to a computer. The
A/D converter used in this experiment was
ADAM-4018 and had a sensitive 16-bit (resolution
of 1/216 or 0.0015%) microprocessor-controlled
sigma-delta A/D converter; response time of 0.02 s,
high accuracy detection and having 8-channel
analog input module that provides programmable
input ranges on all channels [31]. Before this stage
the thermocouples were calibrated using a molten
high purity aluminum.

Data recording with the frequency of 10s™!
was performed. The analog-to-digital (A/D)
converter received the data from the thermocouples,
which were in the form of voltage changes in the
range of a few millivolts, and transmitted it to the
converter card via the interface wires. The data
were analyzed and the curves were plotted using
Origin pro 9.0 software (Origin Lab Corporation,
Northampton, MA). The adjacent averaging method
was used to smooth the thermal analysis curves.

Thermocouples were inserted in the two
separated copper tubes, and were supported by a
stand and fixed one in the center and the other near
the wall of the melt container. Thermal analysis was
performed during rotation of the melt container
with the above-mentioned rotational speeds at
different operating temperatures (solid fraction).

The rotation of the melt container began at a
temperature of 640 °C. To investigate the entire
range of temperatures, the rotation continued until
the temperature of the slurry was reduced to 579 °C.
After the rotation was finished, the temperature was
recorded until 400 °C. Thermal analysis was also
performed in the conventional casting with the
same condition without any rotation (0 r/min) to
compare its result with the results of the samples
that were produced in the rotating container. The
schematic of the thermal analysis system is shown
in Fig. 1.

According to the pervious study [31], cooling
rate during thermal analysis tests can be calculated
from the slope of cooling curve, AT/At, at the
temperature interval between liquidus point and
eutectic reaction. Dendrite coherency measurements
were carried out using two-thermocouple thermal
analysis during continuous cooling. Locations of
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Fig. 1 Schematic of thermal analysis system: (a) Thermal
(b) Container;
(d) Thermocouple

insulation; (¢) Semi-solid slurry;

the thermocouples were in the center and adjacent
the inner wall of the melt container.

The curves of solidification characteristics
such as solid fraction were plotted after the
calculation of the temperature between the wall and
the central regions of the container (AT=7Tw—1¢) for
each sample. Characteristics of dendrite coherency
point including solid fraction (f:°F), temperature
(Tocr) and time (fpcp) were calculated. In this study,
quantification of the solid fraction is based on the
Newtonian model used by some researchers to plot
the curves [23,24,26—28,32].

2.4 Microstructural evaluations

All samples were produced from RCP
experiments and conventional casting (0 r/min), and
sectioned horizontally through the place that the tip
of the thermocouples was located. According to the
pervious study [31], the samples were prepared for
metallographic study after grinding, polishing, and
etching with 2% nital (1 mL HNOs; + 49mL
C,HsOH) and acetic picral (60 mL CH;COOH +
30 mL H,O + 12 g picric acid + 200 mL C,HsOH)
to reveal microstructure and macrostructure,
respectively. The grain structures were observed
using HUVITZ-HM25 optical microscope. For
each sample, three pictures were taken from central
zone and the grain size was evaluated for every
picture based on linear intercept method described
in ASTM standard E112—88. Circularity of grain
was measured using Clemex vision PE 3.5 software
(Clemex Technologies Inc., Longueil, Quebec,
Canada) for each sample.

3 Results and discussion

3.1 Cooling curves

The cooling curves of AZ91 and AZ91-1Ca
alloys performed at the rotation speeds of 0, 150,
180 and 210 r/min are shown in Fig. 2. The cooling
curve and its first derivative curve of the alloys at
the rotational speed of 210 r/min of the melt
container are shown in Fig. 3. The data of these
curves are obtained from the thermocouple which
was located in the center of the rotating container.
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Fig. 2 Cooling curves of samples at different rotation
speeds of RCP for both alloys: (a) AZ91; (b) AZ91-1Ca

The first peak in the first derivative curve
refers to nucleation and growth of the primary
0-Mg phase (Tn,). The release of latent heat during
the formation of the primary a-Mg phase and the
growth of this phase cause a sharp increase in this
peak. The last peak on the first derivative
curve indicates the nucleation and growth of
(a-Mg + Mgj7Al1,) eutectic phases, which is the last
transformation during the solidification in these
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Fig. 3 Cooling curves and first derivative curves at
rotation speed of 210 r/min for both alloys: (a) AZ91;
(b) AZ91-1Ca

alloys (7s). Therefore, ATs(=Tx.—Ts) and ts are
the temperature of solidification range and
solidification time, respectively. In the cooling
curve and first derivative curve of alloy AZ91—1Ca,
the formation peak of Al.Ca was detected in the
temperature range of 505-510°C due to the
presence of 1 wt.% Ca in this alloy (Fig. 3(b), Tn.).
The formation of this phase in this temperature
range has also been reported [33].

Solidification characteristics of AZ91 and
AZ91-1Ca alloys at different rotational speeds are
shown in Figs. 4 and 5. The cooling rate in both
alloys increased by increasing the rotation speed
(Fig. 4(a)). The nucleation temperature changes of
the a-Mg primary phase are shown in Fig. 4(b). The
nucleation temperature of this phase (7Tnq) is
increased by about 2.3 °C in both alloys at a
rotation speed of 150 r/min. Researchers have
proposed two mechanisms to explain this behavior.
The first mechanism indicates the effect of
increasing the cooling rate on reducing the diffusion
rate and thus reducing the nucleation temperature of
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Fig. 4 Effect of rotation speed and addition of 1 wt.% Ca
on solidification characteristics: (a) Cooling rate;
(b) Nucleation temperature of a-Mg; (c) Solidus

temperature

the primary phase [30]. While, the second
mechanism points out an increase in nucleated
clusters by increasing the cooling rate and causes an
increase in nucleation temperature [28,29].

The addition of 1 wt.% Ca to the AZ91 alloy
reduced the nucleation temperature (7n,) by about
1.3 °C. The reason can be attributed to the reduction
of the cooling rate in the presence of Ca. However,
both the rotation speed and the addition of 1 wt.%
Ca have little effect on the nucleation temperature
of the a-Mg primary phase.

The solidus temperature (7s) in RCP
operations decreased to a minimum of 10.2 °C and
a maximum of 14.6 °C in AZ91 alloy. It decreased
to a minimum of 2.8 °C and a maximum of 5.8 °C
in AZ91-1Ca alloy. The results show that the
rotation speed of the container on the solidus
temperature (7s) of the alloys is more effective
compared to Tn.. (Fig.4(c)). This behavior is
attributed to the higher diffusion coefficient of the
alloying elements in the melt than in the solid. It
seems that by increasing cooling rate, the diffusion
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temperature of Al,Ca

rate of the alloying elements such as aluminum in
the semi-solid region decreases and delays the
formation of the eutectic phases (a-Mg + Mgi7Al12).
Also, increasing cooling rate reduces the formation
temperature of the eutectic phases, which is actually
the solidus temperature (7s). The number of
nucleation sites of f-Mg7Ali> intermetallic phase
increases with increasing the cooling rate.
Therefore, it can be concluded that increasing the
cooling rate reduces the temperature of the final
phase formation.

The addition of 1wt.% Ca to AZ91 alloy
increased the solidus temperature (75s) at all rotation
speeds (Fig. 4(c)). However, this increased amount
in the samples obtained from RCP is more than the
as-cast sample (0 r/min). The solidus temperature
was increased by 20.4, 21.3 and 21.8 °C, in samples
with rotation speeds of 150, 180 and 210 r/min,
respectively. While, this increase is 13.4 °C in the
as-cast sample. Since the presence of Ca up to 1 wt.%
reduces the amount of f-Mg;7Ali» phase [33], it can

be concluded that in samples at the rotation speeds
of 150, 180 and 210 r/min, a large drop in solidus
temperature, which might be caused by RCP, has
been prevented.

Figure 5(a) shows the effect of the rotation
speed of the container on the solidification range
(ATs=TnoTs) of AZ91 and AZ91-1Ca alloys.
The temperature of solidification for AZ91 alloy
is 177.6 °C in the as-cast sample (0 r/min). It
increases by about 15.3 °C with increasing the
speed of the container to 210 r/min. The addition of
1 wt.% Ca reduces ATs at all rotation speeds, which
is related to having a greater effect on 7s than 7.
The solidification time (#s) decreases in both alloys
as a function of cooling rate (Fig.5(b)). The
solidification time is reduced by about 45% (from
2737 to 1524 s) compared to the 0 r/min sample. In
AZ91-1Ca alloy, the solidification time decreases
drastically at 150 r/min due to cooling rate. It is
worth mentioning that the time of solidification in
all samples increased significantly and observed
in a range of 2737-1092s compared to the
conventional casting due to the usage of thermal
insulation in this study. As shown in Fig. 3(b), the
addition of 1 wt.% Ca caused a peak in the cooling
curve in the range of 505-510 °C. This peak is
related to the formation of the Al,Ca intermetallic
phase. The nucleation temperature changes (7x,1) of
this phase are shown in Fig. 5(c). The nucleation
temperature of this phase is 509.5 °C in as-cast
condition (0 r/min), which decreases to 505.2 °C at
the rotation speed of 210 r/min.

3.2 Solid fraction

The solid fraction was calculated based on the
area under the first derivative curve to the reference
curve. Since the temperature was investigated in the
range of 605—580 °C, the solid fraction changes are
plotted for both alloys in Fig. 6 in this temperature
range.

As shown in Fig. 6(a), in the AZ91 alloy by
decreasing temperature from 600 to 595 °C, a sharp
increase in the solid fraction is observed in the
samples obtained by applying shearing forces,
compared to the as-cast sample (0 r/min). The
reason seems to be the increase in the number
of nuclei formed in the melt due to the forced fluid
flow and the increase in the rate of heat output
from the rotating container, and creating suitable
conditions for the nuclei to remain stable. The
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semi-solid RCP method is based on creating
constant thermal and concentration gradient
throughout the slurry. FAN [10] and DOHERTY
and VOGEL [15] reported that by applying shearing
forces to a semi-solid slurry, the heterogeneous
nucleation and the nucleation frequency increased.
In RCP method, the fluid flow creates
heterogeneous nucleation and an increase in number
of nuclei. By decreasing temperature from 595 °C,
the slope of the solid fraction curve is much higher
in the sample without any shearing force (0 r/min).
This behavior is due to the shear force and the
creation of forced fluid flow in the slurry. By
creation of forced convection, the melt trapped
between the clusters and the dendritic network is
decreased during the growth stage, resulting in a
more homogeneous composition of the melt and
decrease in growth rate of the clusters and the
dendritic network. The trend of changes in the
range of 595—580 °C shows that the lowest solid
fraction is obtained by applying shear force at a
rotation speed of 180 r/min and the highest solid
fraction is obtained by applying shear force at a

rotation speed of 210 r/min (Fig. 6(a)). The reason
for this behavior could be attributed to a turbulent
flow at a rotation speed of 210 r/min in the slurry.

Figure 6(b) shows the solid fraction changes in
the same temperature range for the AZ91—1Ca alloy.
The solid fraction in the samples with rotation is
lower than that without any rotation. This difference
increases with decreasing operational temperature.
The addition of 1 wt.% Ca causes uniform changes
in the samples produced with the rotation.
Therefore, the difference between the solid fraction
values of the 0 r/min sample and the other samples
increases compared to the AZ91 alloy. The sample
with the rotation speed of 180 r/min has the lowest
solid fraction due to the balance between the
cooling rate and the forced fluid flow.

Figure 7(a) shows the solid fraction as a
function of rotation speed at different temperatures
for AZ91 alloy. The solid fraction increased by
13.2% in the temperature range of 595—580 °C at a
rotation speed of 150 r/min. The solid fraction
increases by 12.65% at a rotation speed of
180 r/min. Finally, the solid fraction increased by
13.2% (from 11.3% to 24.5%) at the highest
rotation speed of 210 r/min. Figure 7(b) shows the
same changes for the AZ91—1Ca alloy. The solid
fraction increased by 9% (from 8.2% to 17.2%) in
the temperature range of 595-580°C with a
rotation speed of 150 r/min. The solid fraction
increased by 6.6% (from 7.5% to 14.1%) at a
rotation speed of 180 r/min. Finally, the solid
fraction increased by 8.9% (from 8.1% to 17%) at
the highest rotation speed of 210 r/min.

Two conclusions can be drawn from the
comparison of the results of Figs. 6 and 7. Firstly,
the addition of 1 wt.% Ca to AZ91 reduced the solid
fraction at the similar points during RCP. Results of
the similar research [4,33] show that the addition of
Ca to the AZ91 alloy forms pS-phase and final
eutectic (a-Mg+Mgi7Al2) phases discontinuously.
Therefore, the ratio of the surface to the volume of
the feeding channels increased, which makes the
feeding more difficult. As a result, the solid fraction
is reduced due to the reduced melt feeding.
Secondly, the addition of 1 wt.% Ca caused the
convergence of solidification characteristics in
the semi-solid process compared to the O r/min
sample. It reduced the difference in solidification
characteristics at 210 and 150 r/min compared to
180 r/min of rotation speed.
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3.3 Dendrite coherency point

To determine dendrite coherency point (DCP),
data were obtained from two thermocouples located
in the center and near the wall of the rotating
container. The largest temperature difference
between the center and the wall occurs when the
dendritic network is cohesive [27]. The importance
of identifying the coherency point of dendrites in
semi-solid processes is that the shear strength
of the semi-solid slurry increases strongly at this
point [27]. The curves of cooling, solid fraction,
and melt temperature difference between center and
wall of the rotating container, for AZ91-180 r/min
and AZ91-1Ca-180 r/min alloys are shown in
Fig. 8. Also, changes in DCP characteristics,
including solid fraction, temperature, and time, for
all 8 samples are presented in Fig. 9.

According to Fig. 8, it can be concluded that
the rotation of the container at all speeds of 150,
180 and 210 r/min is completed before DCP. This
indicates that the end-rotation temperature was
selected correctly and there were suitable conditions
for applying a shear force to the semi-solid slurry.
The coherency temperature of the dendrites (7pcp)
in both alloys decreased by applying the rotation.
Therefore, in the AZ91 alloy, Tpcp changed from
585 °C in the sample without rotation to 560.4 °C
in the sample with 210 r/min (Fig. 8(a)). This
change in AZ91—1Ca alloy is from 580 to 556.6 °C.
The reason for this reduction can be attributed to
the rotation speed and the cooling rate (Fig. 4(a)).
As the rotation speed increases, the cooling rate

also increases, which affects the diffusion kinetics
in the semi-solid slurry. As the cooling rate
increases, the time required to complete the
diffusion process to create a dendritic network is
limited. Therefore, the required temperature for
dendritic coherency is delayed and reduced.
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Fig. 8 Curves of melt temperature difference between
center and wall of rotating container (A7=7Tc—Tw), solid
fraction and cooling curve during solidification in RCP
process at rotation speed of 180 r/min for alloys:
(a) AZ91; (b) AZ91-1Ca

The changes of the solid fraction at DCP (fpcp)
as a function of the rotation speed, are presented in
Fig. 8(b). It shows that the solid fraction at DCP
increased in both alloys by applying the rotation.
focp increased from 26.3% at 0 r/min to 39.8% at
210 r/min in AZ91 alloy, and it increased from
22.6% at 0 r/min to 30.2% at 210 r/min in
AZ91-1Ca alloy. The linear growth rate of
dendrites increased with increasing rotation speed
and consequently increasing cooling rate. This is
because the time required to complete the diffusion
of the elements is reduced, creating a concentration
gradient in the inter-dendritic regions, and causes
the melt near the growing dendritic arms achieves
faster to the average chemical composition. It has
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been reported that the lateral growth rate of
dendrites has increased, which increases the solid
fraction until the dendrites coherency is reached
[27,34].

Figure 8(c) shows the trend of time of DCP
(tocp) as a function of the rotation speed in both
alloys. It increases from 176 s at 0 r/min to 204 s at
210 r/min in AZ91 alloy, and it also increases from
187 s at 0 r/min to 213 s at 210 r/min in AZ91-1Ca
alloy. The reason for this behavior can be attributed
to the greater effect of forced fluid flow than the
cooling rate (solid fraction section). By applying
the rotation, creating a forced fluid flow reduces the
concentration gradient in the inter-dendritic areas
and thus increases the chance of achieving dendritic
coherency [33]. Creating a laminar fluid flow
(non-turbulent) prevents the formation of any
effective concentration gradient in front of the
solidification zone. Therefore, it is expected that the
growth rate of dendrites and the time required for

colliding the tip of the dendrites to form a dendritic
network, will increase. The addition of 1 wt.% Ca
to AZ91 alloy altered all three parameters of fpcp,
Toce and tpcp in all conditions of RCP. The
maximum changes were —9.6%, —3.4 °C and 18 s,
respectively. In fact, it delayed the occurrence of
DCP along with reducing the solid fraction.
Decreasing the solid fraction at DCP ends the
volumetric feeding. The effect of this behavior has
been investigated in the microstructural studies,
where grain size is expected to be modified due to
the delay in the occurrence of DCP.

3.4 Microstructural evaluation

Figure 10 shows the phases in the
microstructure of AZ91 and AZ91-1Ca alloys
without applying rotation. Microstructure consists
of the a-Mg phase, and Mg7Al;2 intermetallic
phase, which are observed in light and dark contrast,
respectively. Also, Al,Ca intermetallic phase is
observed in the microstructure of AZ91—1Ca alloy.
Grain structure of both alloys without any rotation,
and optimum condition of rotation speed of
180 r/min and the end of operating temperature of
rotation of 585 °C, are shown in Fig. 11.

The objectives of the research in the semi-solid
process and the addition of 1 wt.% Ca to AZ91
alloy are to improve the globularity (circularity) and
to modify the grain size, respectively. Therefore, the
average of circularity for all samples at different
rotation speeds of the container and various
operating temperature for AZ91 alloy, and the
optimum condition of rotation speed of 180 r/min
and the operating temperature of 585°C for
AZ91-1Ca, are shown in Fig. 12. In the optimum
condition of a rotation speed of 180 r/min and the
operating temperature of 585 °C, the best circularity
for AZ91 and AZ91-1Ca 1is 0.72 and 0.81,
respectively.

A dendritic microstructure is observed in
0 r/min samples and their circularity factor is low.
However, under this condition, the addition of
1 wt.% Ca to AZ91 alloy increases the circularity
factor from 0.12 to 0.17. This microstructural
improvement is shown in Figs. 11(a) and (b). As the
rotation speed increases to 150 r/min, the circularity
factor of the grains increases very slightly to a
maximum of 0.23, indicating that this speed is not
sufficient to achieve a globular microstructure. This
result is in a good agreement with the results of
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thermal analysis. No effective fluid flow is created
at this rotation speed to affect the growth of clusters
and dendritic network. Therefore, morphological
change to the globular state did not occur.
Circularity factor increases at the rotation speeds of
180 and 210 r/min and non-dendritic morphology is
observed in the microstructure of the alloys.
According to Figs. 6 and 7, the solid fraction at
180 r/min is lower than that of 210 r/min. This is
because of the result of a balance between the
cooling rate and the forced fluid flow. The higher
circularity factor at a rotation speed of 180 r/min
than that at 210 r/min, shows the effect of the
balance of these two effective factors. Because, the
equilibrium of both of them occurs at 180 r/min.
The solid fraction decreases and the effect of RCP
on the thermal gradient also decreases. Therefore,
the microstructure changes to a more globular
morphology. By further reducing the rotation
temperature to 580 °C, because of a sharp increase
in the solid fraction according to Fig. 7, the effect of
the forced fluid flow on the growth of the clusters is
limited due to the high density of the dendritic
network. Therefore, the circularity factor is reduced
at 580 °C compared to 585 °C, at both rotation
speeds of 180 and 210 r/min.

The appropriate effects of RCP and
improvement of the microstructure due to the
addition of 1 wt.% Ca to AZ91 alloy were observed
simultaneously in AZ91—-1Ca alloy with 180 r/min
at 585 °C. Therefore, in the optimum condition of
180 r/min and 585 °C, in AZ91 alloy, the circularity
factor is 0.72 and the grain size is 73.4 pm, and in
AZ91-1Ca alloy, the circularity factor is 0.81 and
the grain size is 53.2 um.

4 Conclusions

(1) The cooling rate of both alloys, was
significantly increased by about 3 times at
210 r/min compared to that at O r/min.

(2) At a rotation speed of 180 r/min, the
balance between two influencing factors of the
cooling rate and forced fluid flow, resulted in a
minimum solid fraction compared to the other
rotational speeds.

(3) The temperature of DCP decreased to
22.7°C in the AZ91 and 23.4 °C in the AZ91-1Ca
alloy, respectively, due to the reduction of diffusion

rate.

(4) The solid fraction at DCP of AZ91 alloy
increased to 39.8% at a rotation speed of 210 r/min,
due to increasing linear and lateral growth of
dendrites.

(5) By adding Ca, the solid fraction at DCP
reduced at a constant rotation speed and caused the
conversion of volumetric to interdendritic feeding
in the semi-solid slurry.

(6) Microstructural studies revealed that the
optimum conditions of this semi-solid process, were
a rotation speed of 180 r/min and a temperature
of 585°C. The globular morphologies with the
circularity factor of 0.72 and 0.81, and grain size of
73.4 and 53.2 um, are obtained in AZ91 and
AZ91-1Ca alloys, respectively.
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