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Abstract The phase constitution and solidification pathways of AZ91 + xSb (x = 0, 0.1, 0.5, 1, in wt%) alloys were
investigated through ways of microstructure observation, thermal analysis technique, and thermodynamic calculation. It
was found that the non-equilibrium solidification microstructure of AZ91 4 xSb (x = 0.1, 0.5, 1) is composed of a-Mg
matrix, B-Mg;7Al;, phase, and intermetallic compound Mg3;Sb,. The grain size of the alloys with different Sb contents was
quantitatively determined by electron backscattered diffraction technique which shows no grain refinement in Sb-con-
taining AZ91 alloy. Thermodynamic calculations are in reasonable agreement with thermal analysis results, showing that
the Mg;Sb, phase forms after o-Mg nucleation, thus impossible acts as heterogeneous nucleus for a-Mg dendrite. Besides,
the solid fraction at dendrite coherency point (f2°F) determined from thermal analysis decreases slightly with increasing Sb
content, which is consistent with the fact that Sb does not refine the grain size of AZ91 alloy.
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1 Introduction

Magnesium alloys are seeing rapid growth in the applica-
tions of aerospace, aviation, and automobile industry due to
their weight-saving advantages [1, 2]. The AZ91 alloy, with
a good combination of high strength at ambient temperature,
good corrosion resistance, and castability, is the most widely
used magnesium alloy in automobile industry [3, 4].
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However, the v-Mgi;Al;, phase which is the main
strengthen phase in AZ91 alloy softens and weaken at tem-
perature higher than 130 °C, thus the application of AZ91
alloy at elevated temperature environment such as power
transmission components and engine block is still limited
[5, 6]. Many attempts have been exerted through introducing
Bi, Ca, RE, Sr, and Sb by forming some thermal stable
intermetallic phases in order to improve the elevated tem-
perature mechanical properties of AZ91 alloy [7-15].
Antimony (Sb) is one of the popular alloying elements for
modification of AZ91 alloy, as the formed Mg;Sb, phase
shows much better thermal stability than y-Mg,;Al;, phase
[12, 16]. The introduction of Sb can increase the creep
resistance of AZ91 alloy [12, 16] as well as some other Mg
alloys [16—18]. Besides some researchers also reported that
the introduction of Sb could obviously refine the grain size of
a-Mg phase [12, 19] and the Mg;Sb, phase was the hetero-
geneous nucleus of o-Mg phase [10]. However, no con-
vincing microstructure proofs have been provided and the
differential thermal analysis (DTA) result might have been
wrongly interpreted [10]. Therefore, it is necessary to
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investigate systematically the effect of Sb on solidification
behavior and microstructure evolution of AZ91 alloy.
Recent developments in the use of electron backscattered
diffraction (EBSD) have made it an excellent tool for
quantitative metallographic observation compared to con-
ventional optical microscopy, since a number of important
microstructural information, in particular, the parameters
relating to the grain orientations and size are now available
from EBSD observation [20, 21]. The AZ91 + Sb alloys are
often dendrite with interdendritic intermetallic phases and
hardly reveal the grain boundaries through ordinary etch and
optical microscopy observation, the EBSD is the best option
for quantitatively determining the grain size of the alloys.
The grain size of alloys related closely with their
solidification characteristics under equilibrium and non-
equilibrium conditions [22, 23]. And the prominent method
for determination of solidification characteristics includes
thermal analysis and thermodynamic calculations, etc. The
solidification characteristics, e.g., dendrite nucleation and
dendrite coherency, can be derived from thermal analysis
of the alloy solidification [23]. The dendrite coherency
point (DCP) refers to what the continuously growing
dendrites began to impact their neighbors. In accordance
with this understanding, the grain size in solidifying
microstructure has actually been decided and will not
change at/after this point. Correspondingly, the solid frac-
tion (f,) at DCP has been defined as /2%, and a higher /2°°
means finer grain size after solidification of alloy [24-26].
Thermodynamic calculations are effective complements to
traditional experimental ways for obtaining some details not
perceptible from thermal analysis experiments, such as for-
mation of micro phases during alloy solidification. In recent
years, the thermodynamic descriptions of Mg—Al-Zn, and Mg—
Al-Sb and Mg—Al-Zn-Sb systems have been optimized by
researchers [27-29], which benefited a lot to the consideration
of Sb effects on solidification characteristics of AZ91 alloy.
In the present research, the effects of Sb addition on
solidification pathways and grain size of AZ91 + xSb
(x =0,0.1, 0.5, 1, in wt%) alloys were studied particularly
by SEM, EBSD observation, and thermal analysis. And the
effects of Sb on nucleation of a-Mg dendrites were dis-
cussed based on thermodynamic calculations of Mg—Al-
Zn-Sb phase diagram. After the analysis, some new insight
into the effects of Sb on solidification pathways and grain
size of AZ91 alloys will be presented.

2 Experimental
2.1 Alloy Preparation

The alloys were smelted in a 12.5 kg crucible by electric
resistance furnace. The raw materials used for the
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Table 1 Chemical compositions of the investigated alloys (wt%)

Alloys Al Zn Mn Sb
AZ791 8.78 0.69 0.30 -
AZ91 + 0.1Sb 8.84 0.65 0.32 0.09
AZ91 + 0.5Sb 9.18 0.92 0.24 0.42
AZ91 + 1.0Sb 8.66 0.90 0.26 1.02

preparation of the studied alloys were commercial pure Mg
(99.9%), Al (99.9%), Zn (99.9%), Sb (99.5%), and Al-10.0
wt% Mn master alloy. Firstly, the pure magnesium was
melted in the crucible, and then the preheated Al-Mn
master alloy, Al, Zn, and Sb were added into the melt at
about 730 °C. Then the melt was held at 720 °C for 5 min.
The refining was carried out at 720 °C for about 10 min
and the alloy melt was modified with 0.4 wt% MgCO; at
about 730 °C. Finally, the melt was heated to 780 °C and
held for about 15 min. And the melt was poured at 710 °C
into metal molds which preheated to about 200 °C to cast
the alloy ingots. The analyzed chemical compositions of
the alloys are listed in Table 1. The samples for micro-
structure observation, EBSD observation, and thermal
analysis were cut from the ingots.

2.2 Microstructure Observation

Microstructure observation of the investigated alloys was
carried out on a PhilipsXL30 ESEM-FEG/EDAX scanning
electron microscope (SEM). The grain size of the alloys
was analyzed by the standard linear intercept method on
images acquired by EBSD. The specimens for EBSD
observation were polished with 5000# SiC abrasive, and
then treated by electrolytic polishing with solution of 10%
perchloric acid and 90% alcohol. Samples for metallo-
graphic observation and grain size determination were cut
from same location of the casting ingots. X-ray diffraction
analysis was carried out to confirm the phase constitution
of the alloys using D/Max-2500PC X-ray diffraction
(XRD).

2.3 Thermal Analysis

Samples for thermal analysis cut from the cast ingots were
machined into cylinders of 30 mm in diameter and 60 mm
in length. Thermal analyses were performed based on the
two-thermocouple method that was developed by Liang
et al. [24]. The samples were remelted in a steel crucible in
an electrical resistance furnace, then two K-type thermo-
couples (Z = 0.3 mm) were immersed into the melt, of
which one was placed at the center of the crucible (7,) and
the other close to the inner wall (T,) at exactly the same
depth in the melt (30 mm from the bottom). Then the melt
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in graphite crucible was heated to 720 °C and held for
10 min before solidified in the air at about 1 °C/s. During
the melt solidification, its temperature changes were con-
tinuously recorded using a high-speed data acquisition
system linked to the computer. Each set of measurement
was carried out at least twice to ensure the reproducibility
of the experiment result. The cooling curves and their first
derivative curves were plotted by Origin 8.5 data analysis
software. In order to calculate the solid fraction at DCP of
the alloys, a zero curve was calculated based on the
Newtonian model adopted by Thompson et al. [30]. And
the solid fraction is determined by calculating the area
between the baseline and first derivative curve with the
following equation:

11,4, Jor

ST T d d ’ (1)
I1(8), (), Jar

where cc and zc represent the cooling curve and baseline.
The dendrite coherency temperature of the alloys (Tpcp)
was determined by the first maximum temperature differ-
ence between the center (7,.) and the wall thermocouples
(Ty) during the a-Mg formation, as shown in Fig. 1. And
the solid fraction at Tpcp is f?CP .

2.4 Thermodynamic Calculation

In order to predict the solidification behavior of the
experimental alloys, a thermodynamic dataset with five
element Mg—Al-Zn—-Mn-Sb system has been developed by
combining the Mg—Al-Mn-Zn [31] quaternary system and
Mg-Al-Sb [27] ternary system. Although some problems
exist in the liquid phase description which was reported in
Ref. [27] as pointed out by Ref. [28], the Gibbs energy
description of Mg3Sb, phase is good enough and the cal-
culated results show reasonable agreement with experi-
mental results at Mg—Al rich side. In the later published
thermodynamic description of Mg—Al-Sb system [28], the
liquid phase was modeled as quasi-chemical model which
can only be used in FactSage. All thermodynamic calcu-
lations in the present work were performed using the
integrated software package Pandat [32].

3 Results and Discussion
3.1 Microstructure of AZ91 + xSb Alloys
The solidification microstructure of AZ91 + x Sb alloys is

presented in Fig. 2. As can be seen in Fig. 2a, the micro-
structure of AZ91 alloy is composed of a-Mg dendrites and
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Fig. 1 Determination of dendrite coherency point through thermal
analysis result

net- or block-shaped y-Mg;;Al;, phase. When 0.1 wt% Sb
is added into the alloy, the net-shaped y-Mg;;Al;, phase is
not markedly refined and some white particles are seen
inside the y phases, as shown in Fig. 2b. These white
particles are identified as Mg;Sb, phase by EDX. As Sb
content increases, the Mg;Sb, phase becomes needle-
shaped phases as shown in Fig. 2c, and then changes to
block shaped as seen in Fig. 2d. It is also observed that Sb
addition into AZ91 does not appreciably change the
quantity of the y-Mg;;Al;, phase. This is due to that no Al-
Sb compounds are formed after Sb addition, so Al still
forms Mg;Al;, with Mg after Sb addition [20].

Figure 3 presents the X-ray diffraction patterns of
AZ91 + xSb alloys. In Fig. 3, the peaks representing o-Mg
phase and y-Mg,;Al|, phase are detected on the XRD
pattern of AZ91 alloy. And the peaks representing Mg;Sb,
phase are found when Sb is added in AZ91 alloy, which is
consistent with microstructure observation. In one word, no
significant change in the solidification microstructure of
AZ91 alloy occurs after Sb addition, except that some
micro-phase of Mg;Sb, forms inside the y-Mg;;Al;, phase.
Since the Mgs3Sb, phase distributes mainly on grain
boundaries or dendrite arm spaces, it appears unlikely for
these Mg;Sb, particles to act as the heterogeneous nucleus
for a-Mg dendrites.

3.2 Effects of Sb on the Grain Size

The EBSD images of the AZ91 + xSb alloys are shown in
Fig. 4, in which the grain boundaries in the solidification
microstructure are seen clearly. By the standard linear
intercept method, the average grain size (AGS) of the four
alloys is determined to be 217, 231, 251, and 246 pm,
respectively. The result shows that Sb addition has no grain
refinement effect on AZ91 alloy, which is contradicted
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Fig. 2 SEM images showing the microstructures of AZ91 + xSb alloys: a AZ91 alloy; b AZ91 + 0.1Sb alloy; ¢ AZ91 + 0.5Sb alloy;

d AZ91 + 1.0Sb alloy

with previous works [12, 20]. Yuan et al. [12] only claimed
that Sb addition refined the grain size of AZ91 alloy
without providing any microstructure comparison, while
Wang et al. [19] presented the OM images with grain
boundaries hardly seen. On the other hand, Srinivasan et al.
[16] reported that the grain size of AZ91 is (80 £ 10) um
and AZ91 + 0.5Sb is (70 & 15) pum in their results, which
indicate that the refinement effect is not obvious either.
Little grain refinement effect has also been observed in the
Sb-added ZA84 alloys [17].

3.3 Solidification Pathways of AZ91 + xSb Alloys

The solidification pathways of AZ91 + xSb alloys were
investigated by both thermal analysis and thermodynamic
calculations. Figure 5 shows the thermal analysis results of
the investigated alloys, including cooling curves, the first
derivative curves, and the base line. As shown in Fig. 5,
two obvious peaks are detected from the first derivative
curves of all the investigated alloys. The two peaks are
marked as peak A and peak B, respectively. Peak A rep-
resents the formation of o-Mg phase and Peak B represents
the formation of y-Mg;;Al;, phase. No other obvious
peaks are detected from the first derivative curves of
AZ91 + 0.1Sb alloy, but a small peak appears at about
513.9 °C on the curve of AZ91 + 0.5Sb alloy, and become
more significant at about 542.8 °C on the curve of
AZ91 + 1Sb alloy, which are marked as peak C in Fig. 5.
The characteristic temperatures derived from thermal
analysis results are listed in Table 2.

Figure 6 shows the calculated derivatives of total
enthalpy (dH/dT) versus temperature curve of AZ91 under
Scheil solidification simulation condition compared with
AZ91 + 1Sb alloy. A tiny peak at 546 °C refers to the
formation of Mg;Sb, phase on the curve of AZ91 + 1.0Sb
alloy, which indicates that the small peak C in the first
derivative curves of AZ91 4 0.5Sb and AZ91 4+ 1Sb
alloys should also correspond to the formation of Mg;Sb,
phase. The calculated phase transition temperature of these
three main phases under Scheil simulation of all the four
experimental alloys are collected in Table 3. The calcu-
lated results show reasonable agreement with the
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Fig. 3 XRD patterns of AZ91 + xSb alloys

experimental determined values with considering the pos-
sible composition variation of the samples and temperature
error bar.

Figure 7 shows the calculated equilibrium vertical sec-
tion of Mg-9Al-1Zn—xSb system compared with the
thermal signal of the experimental alloys. Under equilib-
rium condition, liquid phase disappears at temperature
below about 450 °C, with a-Mg and Mg;Sb, two phase
regions from 450 to 383 °C, which means the y-Mg;,Al;,
phase in the as-cast structure formed during non-equilib-
rium solidification can be dissolved into o-Mg through
solution heat treatment within this temperature window.
The y-Mg;;Al;, phase appearing in the three phase region
at temperature lower than 380 °C indicates that
v-Mg;,Al|, phase could precipitate again through the
aging treatment. The calculated result is supported by heat
treatment experimental results [12] and can provide some
guides for the heat treatment condition optimization.

3.4 On the Assumption of Nucleation of a-Mg Phase
on Mg;Sb, Phase

The assumption that MgzSb, phase could be effective
nucleation sites for o-Mg phase was proposed by Bala-
subramani et al. [10], who also measured the DTA heating
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Fig. 4 EBSD images of AZ91 + xSb alloys: a AZ91 alloy, average grain size is 217 pm; b AZ91 + 0.1Sb alloy, average grain size is 231 um,;
¢ AZ91 + 0.5Sb alloy, average grain size is 251 pm; d AZ91 + 1.0Sb alloy, average grain size is 246 pm
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Fig. 5 Thermal analysis results of AZ91 alloys: a AZ91 alloy; b AZ91

curve of AZ91 + 0.5Sb alloy, on which an obvious turning
point was observed at temperature higher than the melting
of a-Mg phase. They explained this point as the MgzSb,
phase dissolution. Then they draw a conclusion that the
Mg;Sb, phase would precipitate before a-Mg phase and
might be the effective nuclei [10]. However, after carefully
examined their experimental detail description and their
DTA spectrum, we believe this interpretation is unaccept-
able for three reasons. First, only 0.47 wt% Sb was con-
tained in their AZ91 + 0.5Sb alloy, so a small amount of
the Mg;Sb, phase could not generate such a strong thermal
event on the DTA heating curve shown in Ref. [10], even
though it occurs at temperature higher than the a-Mg phase
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+ 0.1Sb alloy; ¢ AZ91 + 0.5Sb alloy; d AZ91 + 1.0Sb alloy

Table 2 Characteristic temperatures obtained from the cooling
curves of the central thermocouple

Alloys Peak A Peak B

Tonset (OC) Tpeak (OC) Tonset (OC) Tpeak (OC)
AZ91 610 592 435 425
AZ91 + 0.1Sb 607 592 429 423
AZ91 + 0.55b 603 594 428 424
AZ91 + 1.0Sb 602 594 426 423
melting. Second, The DTA spectrum of their

AZ91 + 0.5Sb alloy at temperature higher than the o-Mg
phase melting temperature is different with their other two
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Fig. 6 Comparison of the derivatives of total enthalpy (dH/dT)
versus Temperature of AZ91 and AZ91 + 1.0Sb alloy under Scheil
solidification simulation condition, a small peak referring to the
formation of Mg;Sb, phase can be easily seen at 546 °C on the curve
of AZ91 + 1.0Sb alloy

Table 3 Predicted precipitation temperature of the three main phases
under Scheil simulation

Alloys Tynme (°O) Tvgssp2 (°C) Ty -me17an2 (°C)
AZ91 603 - 432
AZ91 + 0.1Sb 602 477 432
AZ91 + 0.5Sb 598 528 431
AZ91 + 1.0Sb 600 546 430

alloys (AZ91 and AZ91 + Pb). DTA spectrums of AZ91
and AZ91 + Pb alloys are kept linear at the temperature
higher than the o-Mg phase melting temperature, while
heat flow of AZ91 + 0.5Sb alloy increases rapidly after
that temperature. The heat flow in the liquid state should be
linear with ratio to the heat capacity of the liquid phase.
The abnormal trend shown in the DTA spectrum of
AZ91 + 0.5Sb alloy implies some unexpected reactions
happened. According to our experiences on DTA experi-
ments, their DTA measurement were carried out under Ar
atmosphere, with open alumina crucible, if the experiment
condition was not well controlled, the Mg melt could
evaporate readily, and the strong thermal event after the
melting of o-Mg phase should be refer to the evaporation
of the Mg melt, rather than the Mg;Sb, phase. Third, a tiny
thermal signal at about 550 °C in the DTA spectrum of
AZ91 + 0.5Sb alloy, which should be the Mg;Sb, phase
signal and essentially in agreement with the present ther-
modynamic calculations, was ignored by Balasubramani
et al. [10]. On the other hand, Balasubramani et al. [10]
also determined the liquidus temperature of the alloys
within temperature range from 589.3 to 596.65 °C, how-
ever the temperature of the first peaks on the heating curve,
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Fig. 7 Calculated equilibrium vertical section of Mg-9Al-1.0Zn—
xSb system

which refer to the liquidus temperature of the alloys as
explained by Beottinger et al. [33], are clearly slightly
higher than 600 °C in their DTA spectra. In addition, the
Mg;Sb, particles or needles are often distributed along
grain boundaries, interdendritic region of a-Mg phase, or
entrapped by y-Mg;;Al, phase as observed in this work
and previous publications [10-12, 16, 17]. No researcher
has observed Mg3Sb, phase in the central of a-Mg phase as
a nucleation site. Therefore, the assumption on Mg;Sb,
phase in AZ91 + Sb alloys is against the experimental
proofs and unacceptable.

3.5 Dendrite Coherency Point (DCP) of AZ91 + xSb
Alloys

The formation of solidification microstructure, such as
dendrite size and morphology, is suggested to be strongly
dependent on dendrite coherency of the alloy [34].
Therefore, the knowledge of DCP is essential to understand
microstructure formation during solidification [34, 35].
Basically, a higher f°°F corresponds to a finer grain size,
thus the rise of f°°F can be regarded as an indicator for
grain refinement. As mentioned previously, the dendrite
coherency temperature of the alloys (Tpcp) was determined
by thermal analysis results. And the relationship between
solid fraction and temperature is also calculated form
thermal analysis results showing in Fig. 5. Thus, the f2°
can be determined.

Figure 7 shows the value of f°°F for AZ91 + xSb
alloys. As seen in Fig. 7, the value of PCP decreases
slightly from 40 to 35 vol% as Sb content increases from 0
to 1.0 wt%, which means that dendrites start interacting at
a little earlier stage of solidification with increasing Sb
content. Thus, a slight growth of the AGS occurs with
increasing Sb content is indicated, which is in consistent
with the EBSD observations shown previously in the
present research (Fig. 8).
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Fig. 8 Effect of Sb concentration on solid fraction at dendrite
coherency (f°°F) of AZ91 + xSb alloys

4 Conclusions

The effects of Sb addition on solidification pathways and
grain size of AZ91 + xSb (x =0, 0.1, 0.5, 1, in wt%)
alloys were reconsidered mainly based on EBSD obser-
vation, thermal analysis, and thermodynamic calculations.
It was found that the non-equilibrium solidification
microstructure of AZ91 4+ xSb (x = 0.1, 0.5, 1) is com-
posed of a-Mg matrix, f-Mg,;Al;, phase, and intermetallic
compound Mg;Sb,. When Sb was added into AZ91 alloy,
no grain refinement effect was detected from EBSD images
of the solidification microstructure. And it was found that
the Mg;Sb, phase forms after o-Mg nucleation, which
made it impossible for Mg;Sb, particles to act as hetero-
geneous nucleus for o-Mg dendrite. Besides, the decreasing
of /2P value with increasing Sb content further confirms
the fact that Sb does not refine the grain size of AZ91 alloy.
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