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Abstract

In the present work, the effect of squeezing at 100 MPa
during AZ91 Mg alloy casting has been studied, where the
microstructure, texture, and mechanical properties of
gravity die-cast (GC) and squeeze cast (SC) AZ91 alloy
samples have been compared. Also, the effect of the com-
bined addition of calcium (Ca) and strontium (Sr) on
microstructure and mechanical properties of AZ91 alloy
fabricated by SC has been investigated. The SC AZ91 alloy
samples exhibited weaker texture than that of GC AZ91
alloy with a reduction in maximum texture intensity. The
squeeze casting resulted in the refinement of the secondary
phase (b-Mg17Al12) in the microstructure by reducing its
segregation at the grain boundaries. The volume fraction
of b-Mg17Al12 was more suppressed with Ca and Sr alloy

addition due to the formation of new Al2Ca and Al4Sr
intermetallics. The tensile properties of SC AZ91 samples
were found to be better than that of GC AZ91 samples.
Further improvements in mechanical properties were
obtained after alloying with Ca and Sr, and the best
combination of all tensile properties was obtained at (1%
Ca ? 0.9% Sr) addition. Higher Sr addition than 0.9% Sr
degraded the strength as it induced brittleness in the
material.

Keywords: magnesium alloys, AZ91 alloy, squeeze casting,
texture analysis, mechanical properties, grain refinement

Introduction

In the past decade, magnesium (Mg) alloys have been

proving to be a significant attraction for aerospace and

automobile applications owing to their notable characteris-

tics like excellent strength-to-weight ratio resulting in a

considerable reduction in oil consumption and hence fewer

emissions.1–4 AZ91 alloy (Mg-Al system) is the exten-

sively used cast alloy in the automotive industries,

accounting for 90% of all Mg cast products.5–7 AZ91

mainly consists of two phases, i.e., primary a-Mg matrix

and secondary eutectic b-Mg17Al12 precipitates. The b-
Mg17Al12 has a vital role in the dispersion hardening and

casting of Mg-Al alloys.8–10

During gravity die casting (GC), the b-Mg17Al12 mainly

precipitates at the grain boundaries (GBs). As these b-
Mg17Al12 precipitates are brittle in nature, they act as crack

nucleation sites when they undergo mechanical deforma-

tion. Hence, precipitation of bulky secondary b-Mg17Al12
phase at GB deteriorates the mechanical properties of

AZ91.11,12 This problem can be resolved with the squeeze

casting process. The squeeze casting process breaks down

the coarser precipitates of secondary b-Mg17Al12 and gives

a uniform and refined network of b-phase. Hence,

improved mechanical properties could be obtained.12

Although having these superior properties, AZ91 lacks in

strength, has limited cold workability, toughness, and poor

corrosion and wear resistance.13–15 Hence, alloying is the

mainly used method to enhance the strength of Mg-Al alloy

through microstructural refinement.16,17 With this, it has
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been found that the alloying addition increases the nucle-

ation sites during the solidification process by forming their

thermally stable precipitates with Al and Mg mainly at the

grain boundaries resulting in refined microstructure and

secondary phases in Mg-Al alloy.8 These thermally

stable precipitates act as effective barriers against dislo-

cation and grain boundary movement even at higher tem-

peratures.1,18 Hence, improved strength can be obtained

after alloying additions to certain limits.

Several works of the literature are available for improve-

ment in the strength of Mg-Al alloy with the rare-earth

(RE) alloying process. RE elements are added to the Mg

alloys to improve their fluidity and mechanical

strength.19–21 With the addition of RE elements, RE

intermetallics, having a higher melting point, are formed,

enhancing the corrosion resistance and thermal stability of

Mg alloys. With these superior properties, REs can form a

new combination of additives for the improvement of Mg

alloy. But their industrial implementation is limited due to

high cost and less availability. Whereas being less expen-

sive and largely available, alkaline-earth metals, Ca and Sr

form thermally stable second phases with Al at grain

boundaries leading to effective restriction to grain bound-

ary sliding and migration. Also, Ca and Sr have negligible

solubility in Mg at elevated temperatures compared to

REs.22–25 The Mg-Al–Zn–Ca–RE alloy series was newly

developed,26,27 which is employed for automatic trans-

mission housings systems in automobiles. Xue Feng et al.28

stated that the limited Ca addition to the AZ91 cast alloy

resulted in enhancement of yield strength and significant

microstructure refinement. Some Ca content dissolved into

b-Mg17Al12, strengthening the alloy at elevated tempera-

tures and improving its thermostability. Similar results

were obtained in the study by Yang Zhang et al.29 in which

1 wt% Ca addition to AZ91 cast alloy exhibited a satis-

factory combination of mechanical properties in squeeze

casting, whereas more than 1 wt% Ca induced brittleness in

the material. Also, the addition of Sr in Mg-Al-based alloys

could be an economical replacement for the rare-earth

metals (REs) to improve mechanical properties at ambient

as well as elevated temperatures.30 Yu Fan et al.31 showed

10.3% and 55.3% improvement in the UTS and % elon-

gation, respectively, with 2 wt% Sr addition to cast AZ91

alloy as Sr promotes secondary particle strengthening as

well as acts as a secondary phase refiner. In contrast, P.

Zhao et al.32 showed the highest improvement in UTS

(25%) and % elongation (62.5%) with 0.1 wt% Sr addition

in Mg–5Al–xSr cast alloys (x = 0, 0.02, 0.1, 0.4, 0.7, 1).

One of the authors of this work, H. Borkar, has previously

studied the grain refining effect of Sr level (0.3 to 2.1 wt%)

on die-cast Mg-1%Mn alloy in which it was observed that

the reduction in average grain size occurred with the

increase in Sr level up to 0.7 wt% with grain size remaining

constant with further increase in Sr level.33 Hence, it can be

concluded that there is high uncertainty in optimum Sr

amount as an alloying addition to Mg-Al alloys, and there

is further scope to study its effect and optimization.

There are limited works in the literature on squeeze casting

of AZ91 alloy. The current work first focuses on the effect

of squeeze casting on the microstructure, texture and

mechanical properties of AZ91 alloy. Texture study on

squeeze casting is a novel work, and very less literature is

available for texture analysis after squeeze casting of Mg

alloys. Furthermore, an attempt has been made to study the

effect of the combined addition of Ca and Sr on

microstructure and mechanical properties of squeeze cast

AZ91 alloy. Accordingly, in this study, the correlation in

the formation of new phases after alloy addition (Ca ? Sr)

and its effect on microstructural characteristics such as

morphology and volume fraction of b-phase, average grain
size and secondary dendrite arm spacing (SDAS) has been

investigated. Subsequently, the effect of various levels of

Ca ? Sr addition in squeeze cast AZ91 on mechanical

properties including microhardness and tensile properties

has been analyzed.

Experimental Procedure

Casting of Alloys

The commercial AZ91 Mg alloy ingot and Mg-Ca master

alloy (Mg–20 wt% Ca) and Mg-Sr master alloy (Mg–20

wt% Sr) were used to prepare squeeze cast AZ91-Ca-Sr

(SC AZ91-Ca-Sr) alloy samples. Gravity die-cast AZ91

(GC AZ91) and squeeze cast AZ91 (SC AZ91) alloy

samples were also cast for reference. The bottom pouring-

type stir casting machine was used to produce squeeze cast

alloy samples. In this setup, an electrical resistance furnace

was used to melt the material, while pouring was done

using a bottom pouring arrangement which further con-

nected to the squeeze casting setup. The same machine can

also prepare gravity die-cast samples. The step-wise pro-

cedure followed to obtain GC and SC alloys is shown in

Figure 1, and the bottom pouring-type stir casting machine

setup is given in Figure 2. After preheating of melting

furnace at 700 �C, the required amount of AZ91 alloy was

added to the melting crucible. The melt was held at this

temperature for 60 min for complete melting. The mea-

sured quantities of Mg-Ca and Mg-Sr master alloys were

added to the melt and the melt was allowed to stabilize for

10 mins with uniform stirring at 300 rpm. All procedures

were carried out under protective argon (99.5 vol%) ? SF6
(0.5 vol%) atmosphere to avoid oxidation. At 700 �C, the
molten metal was poured into a cylindrical cast-iron mold

(for both GC and SC alloys) through the bottom pouring

arrangement. Before pouring the melt, the mold was coated

with a thin layer of graphite oil and preheated at 200 8C by

using an external heater arrangement. To obtain squeeze

cast rods with 40-mm diameter and 300-mm length, the
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squeezing process was done as soon as pouring was com-

pleted at 100 MPa for 30 s. The list of casting parameters is

shown in Table 1. The various targeted and obtained

combinations of Ca and Sr with AZ91 alloys and their

respective alloy codes are shown in Table 2.

Characterization of Alloy Samples

The general metallographic technique was used for sample

preparation for microscopic study of cast alloy samples. To

reveal the microstructure, acetic picral solution (6 gm

picric acid, 3 ml acetic acid, 100 ml ethanol, 10 ml DI

water) was used to etch the samples after final polishing.

The microstructure was analyzed using optical microscopy

(OM, Zeiss axiovert a1 inverted microscope) and field

emission scanning electron microscopy (FE-SEM, JEOL,

JSM-7610 F plus). The micro-texture analysis and average

grain size were measured using the electron backscattered

diffraction (EBSD) technique. The data were obtained

using FE-SEM (at 15 kV current and 15 kV voltage for 70�
tilt sample) and analyzed with the Aztec HKL software. To

prepare the samples for the EBSD scan, a final step of cloth

polishing with 0.04-micron-sized colloidal silica for 30 min

was used over the mirror-polished samples. The phases

present in samples were detected by an X-ray diffrac-

tometer (XRD, PAN analytical X’Pert High Score)

employing CuKa (k=1.541Å) radiation. The X-ray scan-

ning was carried out in the range (2h) of 10�–90� with a

step size of 0.04. The approximate percentage of volume

fraction of second phases present and secondary dendrite

arm spacing (SDAS) in the obtained alloys was calculated

using ImageJ software using six different locations in the

test samples. For sufficient accuracy, the SDAS was

determined by measuring more than 50 dendrites arms for

each specimen. Figure 3 shows the process used to measure

SDAS (an optical image of A5 alloy is used). A set of

lined-up cells was intersected by a straight line, and the

number of cells was divided by the length of the line.

Figure 4 illustrates the sample locations where the samples

were extracted from each obtained cylindrical casting.

Microhardness and Tensile Testing

Vickers microhardness tests were performed using Micro-

Vickers hardness tester (HM 112, Mitutoyo Co., Tokyo,

Japan). Hardness testing was done at 300 g load and 15 s

dwell time with six measurements for each sample, and

average HV was plotted. Tensile testing was carried out by

Figure 1. Flowchart showing the detailed steps followed for the fabrication of the
AZ91 alloys.
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a universal testing machine (UTM, Instron 5967) following

ASTM standards. The specimen geometry for tensile test-

ing is shown in Figure 5. For testing, three specimens were

taken from each fabricated alloy, and the average values of

mechanical properties were obtained. The specimens were

tested at a 0.001 s-1 strain rate at RT (28 �C).

Results and Discussion

Comparative Study of GC and SC AZ91

Figure 6 shows the microstructures of GC and SC AZ91

alloy, analyzed by optical microscopy and FE-SEM. Hav-

ing a-Mg matrix as the primary phase and secondary b-
Mg17Al12 precipitates, the distribution of the secondary

phase differs in both the alloys. The GC-AZ91 alloy

Figure 2. Bottom pouring-type stir casting machine setup.

Table 1. Gravity Die Casting and Squeeze Casting
Parameters

Parameter Set values

Size of the melting crucible 1200 cm3

Furnace temperature 700 8C

Melt temperature 700 8C

The preheating temperature of the mold 200 8C

Runway temperature 750 8C

Stirrer speed 300 rpm

Stirring time 10 min

Applied pressure (for squeeze casting) 100 MPa

Table 2. Targeted and Obtained Chemical Composition (wt%) of SC AZ91-Ca-Sr Alloys

Alloy code Targeted alloy composition Obtained chemical composition (wt%)

Al Zn Mn Si Ca Sr Mg

A1 AZ91 8.9 0.61 0.33 0.019 – – Bal.

A2 AZ91-1 wt% Ca–0.3 wt% Sr 8.5 0.50 0.17 0.015 1.04 0.38 Bal.

A3 AZ91-1 wt% Ca–0.6 wt% Sr 8.21 0.49 0.17 0.014 1.12 0.75 Bal.

A4 AZ91-1 wt% Ca–0.9 wt% Sr 8.03 0.47 0.16 0.015 1.09 1.08 Bal.

A5 AZ91-1 wt% Ca–1.2 wt% Sr 7.97 0.46 0.17 0.016 1.13 1.42 Bal.
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exhibited segregated blocks of b-Mg17Al12 precipitates

(Figure 6a, c), while the SC-AZ91 micrograph showed the

presence of refined and homogeneously distributed b-
Mg17Al12 precipitates (Figure 6b, d). Such refinement of

microstructure has also been previously observed in several

studies on squeeze casting of Mg alloys.12,29,34,35 The

faster solidification rate of molten metal in the SC process

is the responsible phenomenon for the refinement and

scattering of b-Mg17Al12 precipitates. The evolution of

secondary precipitates is the nonequilibrium solidification

process, and hence cooling rate has a significant impact on

the distribution and composition of secondary precipi-

tates.34 In GC, the unavoidable casting defects such as

segregation defects or porosity become potential crack

initiation sites.36 The microstructure of GC alloy showed

the presence of casting defects such as solidification cracks

and blowholes (Figure 4a, c). In comparison, SC produces

fine and uniform microstructure with nearly no porosity

and casting defects (Figure 4b, d). The obtained results in

the present work are in agreement with the earlier reported

studies on squeeze cast Mg-Al alloys.37–39

The average grain size was calculated using EBSD analy-

sis. The inverse pole figure (IPF) maps, along with the

grain size distribution plots for GC and SC AZ91 alloys,

are shown in Figure 7. It can be clearly observed that the

GC AZ91 IPF map (Figure 7a) consists of larger grains

compared to the SC AZ91 map (Figure 7c). The average

grain size (AGS) values for both maps were calculated

from the grain size distribution graphs in Figure 7b, d.

Figure 3. Optical micrograph of A5 alloy and arrows
illustrates the measurement of SDAS.

Figure 4. Sample regions for microstructure analysis. (Six samples were extracted
from each cylindrical casting).

Figure 5. Tensile test specimen (all dimensions are in mm).
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Figure 7b shows a wide distribution range of grain size (20

lm to 180 lm), with AGS value for GC alloy being 78.58

lm. In contrast, Figure 7d shows a narrower range (18 lm
to 140 lm) compared to GC AZ91, with the AGS value of

63.45 lm. The reduction in the distribution of grain size

range for SC AZ91 shows the improvement in grain size

homogeneity. Table 3 shows the average grain size of the

GC and SC AZ91 alloy calculated with six samples from

each cylindrical billet. The faster cooling rate in the SC

process has a major contribution to grain refinement, and a

20.43% reduction in average grain size was obtained.

Accordingly, the finer microstructure in the SC billet could

provide a better condition for subsequent secondary

deformation processes for application purposes along with

possibly better subsequent mechanical properties.

The cast product generally has a random texture, but

practically, during the solidification of metal, the nucle-

ation of grains grows from the surface to the center of the

mold due to the temperature gradient between them. This

leads to forming casting texture.40 The second possibility

to produce the casting texture is unidirectional squeezing

during the solidification of the melt. This phenomenon can

be seen in high-pressure die casting methods like squeeze

casting.41 {0001}, {11-20}, and {10-10} pole figures based

on EBSD analysis of the GC and SC alloys are shown in

Figure 8. In Figure 8a, the pole density points of the pole

figures in the GC alloy showed random distribution and the

maximum texture intensity is 13.474, whereas the pole

figure of SC alloy showed overall random texture but with

a strong texture component along squeezing direction at the

center of {0 0 0 1} pole figure having maximum intensity

at 10.447. The maximum intensity of the texture decreases

from 13.474 to 10.447 after squeezing (as shown in Fig-

ure 8). In the hexagonal close-packed structure of magne-

sium, slip occurs mainly on basal planes (0 0 0 1) in\11-

20[ direction.33,42 During squeeze casting, the poured

material in the mold is subjected to unidirectional pressure

before solidification and after solidification. Applied uni-

directional pressure in the SC process could be the reason

for a texture component along the squeezing direction at

the center of {0 0 0 1} pole figure (Figure 8b). The pole

figures were generated from the 600 lm 9 600 lm area

from both GC and SC samples. For equal area, in SC

AZ91, grains are finer and higher in numbers compared to

the GC AZ91 sample. The higher number of grains in SC

AZ91 leads to a decrease in the texture intensity of SC

alloy by 22.46%.

The tensile properties of GC and SC AZ91 alloys are

shown in Figure 9, which highlights the notable effect of

Figure 6. Optical micrograph of (a) GC AZ91, and (b) SC AZ91 Mg alloy, FE-SEM micrographs of
(c) GC AZ91 and (d) SC AZ91 Mg alloy.
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castings processes on mechanical properties. All three

properties, including tensile yield stress (TYS), ultimate

tensile stress (UTS), and % elongation, were improved with

the SC process, which can be attributed to quicker solidi-

fication and, therefore, finer microstructure. The improve-

ment in mechanical properties in the SC process was found

to be 105.3%, 92.6%, and 233.3%, in TYS, UTS, and %

elongation, respectively.

There are mainly two reasons behind the improved

mechanical properties of SC alloy, namely Hall–Petch

strengthening and the reduction in casting defects. With the

reduction in grain size (Figure 7), the mechanical proper-

ties are observed to be improved.43 The second reason is

the reduction in casting defects in the SC process. As

shown in the microstructure analysis by FE-SEM (Fig-

ure 6), the GC alloy shows the block b-phase, which is

saturated at the grain boundaries and acts as crack nucle-

ation site. Also, the castings defects present in the GC

alloys have a detrimental effect on mechanical properties.

Hence, the squeeze castings process has proven to be a

better method than gravity die casting. Hence, in the pre-

sent work, the squeeze casting process has been adopted to

study the effect of combined alloying additions of Ca and

Sr in AZ91 alloy.

Phase Analysis of SC AZ91-Ca-Sr Alloys

The addition of Ca and Sr in magnesium alloy results in the

formation of Ca and Sr intermetallics due to their limited

solubility in the a-Mg. The XRD measurement data of all

SC AZ91-Ca-Sr alloys are shown in Figure 10. The

diffraction peaks are well-matched with inorganic crystal

structure database (ICSD). From XRD graphs, it is evident

that each alloy has primary a-Mg peaks and b-Mg17Al12
peaks (ICSD identification number: a-Mg - 654648 and b-
Mg17Al12 - 158247). Apart from these major phases, SC

AZ91-Ca-Sr alloys also show the presence of Al2Ca and

Al4Sr phases (ICSD identification number: Al2Ca - 57530

and Al4Sr - 107887). Ninomiya et al.44 reported that if the

Ca/Al mass ratio were greater than 0.1 in Mg-Al alloy, it

resulted in the Al2Ca intermetallic formation. This was

Figure 7. (a) Inverse pole figure (IPF) map of GC AZ91, (b) grain size distribution
map of GC AZ91, (c) IPF map of SC AZ91, (d) grain size distribution map of SC AZ91.

Table 3. Measured Average Grain Size (AGS) of GC and
SC AZ91 Alloy

Sample Average grain size (AGS)

GC AZ91 79.2 ± 7.0 lm

SC AZ91 63.02 ± 5.8 lm
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consistent with the Mg-Al-Ca ternary phase diagram.45

Since the values of Ca/Al for all used alloys in the present

study were greater than 0.1 (as obtained from the values in

Table 2), it can be determined that Al2Ca is the only Ca-

containing phase that can be formed according to the lit-

erature.45 Pekguleryuz et al.46,47 investigated that the Sr/Al

ratios significantly impact phase formation in Mg-Al-Sr

ternary alloys. The authors further added that the dominant

secondary phases are Mg17Al12 and Al4Sr when the Sr/Al

ratio is less than 0.3. The ratio of Sr/Al for all the alloys

studied in the present work were less than 0.14. When the

Sr/Al ratio is greater than 0.3, a new ternary Mg-Al-Sr

compound is formed, which is not found in the present

study with XRD analysis. Compared to A1 alloy (base

alloy AZ91 as shown in Figure 10), the peak intensity

corresponding to the b-Mg17Al12 phase decreases with

increasing Sr amount (From A1 to A5) while few peaks (at

36.8� and 64.9�) corresponding to b-Mg17Al12 phase

completely disappear in A5 alloy.

Several works in the literature have discussed b-Mg17Al12
suppression with individual Ca and Sr addition.29,48–51

With the addition of 2 wt% Ca content in cast AZ91, Y.

Zhang et al.29 observed that the formation of the b-
Mg17Al12 phase is almost suppressed. A similar observa-

tion was found by Guohua Wu et al.48 with 1 wt% Ca

addition to the cast AZ91D. With microalloying of Ca, Sr,

and Ce (0.2 wt% of each) in the AZ31, L. Shang et al.49

found the reduction in the amount of b-Mg17Al12 phase by

forming Al2Ca, Al11Ce3, Al2Sr and Al8CeMn4 intermetal-

lic phases. The reduction in the volume fraction of b-

Figure 8. Pole figures of (a) GC AZ91 and (b) SC AZ91 Mg alloy.

Figure 9. Mechanical properties of GC and SC AZ91
from the tensile test (TYS tensile yield stress, UTS
ultimate tensile stress).

Figure 10. XRD analysis of SC AZ91-Ca-Sr alloys.
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Mg17Al12 is attributed to very less solubility of Ca and Sr

in a-Mg which makes more Ca and Sr available for the

formation of second phases such as Al2Ca and Al4Sr

intermetallics, respectively, at the GBs. Ca features a

strong affinity to Al than Mg; hence, Al2Ca intermetallic is

formed, where one unit (in mass) of Ca consumes 1.35

units (in mass) of Al (calculated by the molecular for-

mula50). Also, Alireza Sadeghi et al.51 added the trace level

of Sr (0.01 to 0.05 wt%) to cast AZ31 and reported the

reduction in volume fraction of b-Mg17Al12 by replacing it

with the Al4Sr phase. A similar observation was made by

Zhou Ji-Xue et al.52 with the addition of 0.1 wt% Sr in cast

AZ91D. Large atomic radius difference between Sr and Mg

results in low maximum equilibrium solid solubility (0.04

at.%).53 Sr exhibits a strong affinity to Al than Mg and Ca

and hence produces the Al4Sr phase. In AZ91 with com-

bined Ca and Sr addition (alloy A2–A5), Al2Ca and Al4Sr

phases form earlier than Mg17Al12, and it is estimated that

they act as nucleation sites for a-Mg.

Microstructural Characterization of SC
AZ91-Ca-Sr Alloys

Figure 11 shows the backscattered FE-SEM micrographs of

all obtained squeeze cast alloys. Figure 11a shows that the

base alloy (A1) contains the a-Mg matrix and semi-con-

tinuous b-Mg17Al12 phase interdendritic network. The new

Al2Ca and Al4Sr lamellar phases evolved after the addition

of Ca and Sr (Figure 11b–e), which was confirmed by XRD

analysis. In the backscattered FE-SEM images, the differ-

ent phases can be distinguished based on the atomic

number of elements present in them. With a higher atomic

number of Sr (30) compared to other elements, the Al4Sr

intermetallic looks brighter than Al2Ca and b-Mg17Al12.

The Al2Ca and b-Mg17Al12 phases cannot be distinguished

from BSE micrographs. Furthermore, the finer and more

continuous b-phase network is obtained with increasing Sr

addition (Figure 11). The amount of lamellar network is

found to enhance with increasing Sr addition which can be

attributed to the increasing volume fraction of lamellar

Al4Sr phases. The volume fractions of Al4Sr phases and the

volume fractions of the entire interdendritic network in

individual alloy samples are plotted in the form of a graph

in Figure 11f, and their values are listed in Table 4. Fig-

ure 11 shows that increasing Sr addition results in the

increasing volume fraction of the Al4Sr phase. The increase

in the lamellar Al4Sr network takes place at the expense of

a reduction in b-phase since Al has a higher affinity for Sr

as discussed earlier. The volume fraction of the interden-

dritic network has remarkably increased with the increase

in Sr amount. As Sr amount increases from 0 wt% (base

alloy A1) to 1.2 wt% (A5), the eutectic structure alters

from discontinuous to continuous at the GBs. A5 alloy

showed the highest volume fraction of the interdendritic

network (10.8%) due to the formation of dense secondary

phases. Increment in the amount of interdendritic network

with Ca and Sr addition has an effect on the secondary

dendrite arm spacing (SDAS) of the interdendritic network.

The calculated SDAS values for different alloy samples are

given in Table 4. Table 4 shows that alloy A5 shows the

lowest SDAS. With higher alloy addition, the volume

fraction of second phases in the interdendritic network

increases. The higher number of nucleating sites leads to an

effective reduction in SDAS.54 In the present work, it can

be observed that SDAS started reducing with the increment

in Sr addition. The average grain size of the alloy is con-

sistent with the SDAS, with both the values showing

decreasing trend with an increase in the interdendritic

network with increasing alloy additions. The growth of

second phases generally occurs at the surface of grain;

hence, an increase in their volume fraction with increasing

Sr addition (with Ca amount being constant in all the

alloys) reduces the average grain size of alloys and that has

been explained later in ‘Grain refinement in SC AZ91-Ca-

Sr alloys’ section.

To study the morphology of individual phases present in

the interdendritic network of AZ91-Ca-Sr alloy, the BSE

images and their respective EDS point analysis are shown

in Figure 12. Figure 12a shows the BSE image of the

interdendritic network in A2 alloy (AZ91 -1 wt% Ca–0.3

wt% Sr). Observations based on wt% of elements in

spectrums 1, 2 and 3 show Mg17Al12, Al2Ca and Al4Sr

precipitates, respectively. Growing precipitates of Al2Ca

and a few Al4Sr over the b-Mg17Al12 and subsequently

replacing bulky b-phase can be observed from the BSE

image. Figure 12b shows fully developed lamellar structure

of Al2Ca and Al4Sr precipitates in the BSE image of the A5

alloy (AZ91 -1 wt% Ca–1.2 wt% Sr). Spectrum 1 shows

less bright Al2Ca structure, whereas spectrums 2 and 3

denote bright Al4Sr intermetallics. Both Al2Ca and Al4Sr

form eutectic structures with a-Mg in the interdendritic

region.

To ensure the distribution of the Al4Sr phase, the EDS

mapping was carried out for the A2, A3, A4, and A5

samples as shown in Figure 13, which depicts the disper-

sion of several intermetallics and their corresponding ele-

ments. It can be observed that all intermetallics mainly

contain Al and also reveal the presence of Ca and Sr in

their respective maps, elucidating the evolution of both

Al2Ca and Al4Sr intermetallics. With Ca content of 1 wt%,

most of the Ca dissolved in b-Mg17Al12 stimulates the

Al2Ca phase formation and gets distributed at GBs. As

expected, the alloy A5 (Figure 13d) with the highest Sr

amount of 1.2 % shows maximum Sr-rich regions in the

interdendritic network in EDS mapping. Moreover, the

matrix regions show very few amounts of Ca and Sr con-

tent which indicates that they have significantly less solu-

bility in the matrix (a-Mg) in the case of all four alloys

(A2-A5). As all observed intermetallics are Al-based,

increasing Al-Ca and Al-Sr amounts suppress the Al-Mg

phase formation. The results obtained by EDS analysis are
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consistent with the previously observed FE-SEM results

(Figure 11).

In all modified AZ91-Ca-Sr alloys, the secondary eutectic

phase refinement can be observed along GBs with Ca?Sr

addition, and similar refinement and suppression of b-
Mg17Al12 have been studied by Chen et al.55 with Ce (RE

metal) additions. The generation of the Al4Sr intermetallic

consumes the Al atoms and reduces the volume of the b-
Mg17Al12.

56–60 In addition, the Al4Sr pinned the growth of

other phases by acting as a heterogeneous nucleation

site.61,62 Moreover, Sr can show the poisoning effect by

getting absorbed in the growing crystal, which could be the

reason for the secondary network refinement.63

Figure 11. Backscattered electron images of SC AZ91-Ca-Sr alloy with inset image showing the
interdendritic network of respective micrographs: (a) A1, (b) A2, (c) A3, (d) A4, (e) A5, (f) volume
fraction of interdendritic network and Al4Sr phase.
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Grain Refinement in SC AZ91-Ca-Sr Alloys

The grain size of the alloys was calculated by EBSD

analysis. From IPF maps obtained using EBSD in Fig-

ure 14 for different alloy samples, it can be concluded that

the reduction in grain size is obtained from A1 to A2 with

the addition of Ca and Sr to AZ91 alloy (Figure 14a, b) and

also with subsequent increasing additions of Sr from A2 to

A5 (Figure 14b–e). Similar observations were also made in

other studies.50,64,65 Table 5 lists the average grain size

(AGS) values for alloy samples A1–A5 and showed grad-

ual reduction in grain size. The gradual reduction in AGS

values from A1 to A5 is represented graphically in Fig-

ure 14f. The growth restriction factor mechanism (GRF)

could explain the Ca?Sr alloying effect on the AGS

reduction in the base material. During solidification of

AZ91-Ca-Sr alloys, Ca and Sr intermetallics are pinned at

the GBs of nucleated grains and restrict their growth. The

equation and calculated GRF values are as follows:

GRF ¼ RimiC0;iðki�1Þ Eqn: 1

where mi is the slope of the liquidus line, ki is the partition
coefficient, C0,i is the initial concentration level, and i is the
individual alloying element. For the experimental

condition of this work, i denotes Ca and Sr individually.

Besides, mCa = -12.67; mSr = -3.53; kCa = 0.06; kSr =
0.006. The C0,Ca and C0,Sr of the AZ91 alloy are given in

Table 2.

Therefore, according to Eqn. (1), the calculated GRF val-

ues of the A2, A3, A4, and A5 are 13.71, 15.95, 16.75, and

18.42, respectively, showing the grain refinement of SC

AZ91-Ca-Sr alloys compared to SC AZ91 without alloy-

ing. It is observed that A5 has the highest value of GRF.

Therefore, the smallest AGS (49.94 lm) was obtained with

1 wt% Ca ? 1.2 wt% Sr addition in alloy A5 (Figure 14)

among all the alloys studied in the present work.

Microhardness Analysis

The Vickers microhardness (HV) values of alloy A1–A5

are plotted in Figure 15 and listed in Table 6, showed

progressive increase in hardness after alloy additions. The

measured average Vicker’s hardness value of gravity cast

AZ91 alloy is 74 HV. After squeeze casting, AZ91 alloy

without addition (A1) shows 87 HV average Vickers

hardness (Figure 15). From Figure 15, it can be seen that

the hardness value slightly decreases from A1 (87 HV) to

A2 (85 HV) with initial Ca and Sr addition to AZ91.

Thereafter, hardness is found to increase from A2 (85 HV)

to A3 (91 HV) with increasing Sr addition from 0.3% to

0.6%. There is only slight increase (91-92-94 HV) with

further Sr additions up to 1.2 % (A3-A5). The increasing

amount of harder Al4Sr particles from A2 to A5 alloy

samples reduces the penetration depth of the indenter under

load thus providing higher values of microhardness.

Moreover, reduction in grain size is another factor in the

improvement of hardness with increasing Sr addition. The

fine grain size produces a high grain boundary density in

the microstructure which could act as a resistance to the

indentation. Alloy A5 showed the lowest grain size (47

lm) and correspondingly highest hardness value (94 HV)

among all the alloys studied in the present work. The

improvement of hardness with reduction in grain size has

also been discussed in previous studies in the

literature.66–69

Tensile Properties

The values of TYS, UTS and % elongation studied using

tensile tests for all the alloy samples in the present study

are given in Table 6. The variation in various tensile

properties with change of composition for A1–A5 samples

is also plotted in Figure 16. It can be observed that the TYS

and UTS values decrease from A1 to A2 alloy by 13.86%

and 18.25%, respectively. A2 alloy displays the initial

transition of b-phase morphology from coarse to skeleton-

like structure. Also, the volume fraction of b-Mg17Al12
decreases in A2 alloy due to the alloying additions of Ca

and Sr. The decrease in strength values from A1 to A2 and

the corresponding increase in elongation are estimated to

be due to the decreasing volume fraction of b-Mg17Al12
which is the major strengthening phase in AZ91 alloy.

Further additions of Sr of 0.6% and 0.9% (A3 and A4)

alloys result in the continuous improvement of both TYS

and UTS. The TYS and UTS values improved from A2 to

A3 by 20.62% and 30.09% and from A3 to A4 by 4.76%

and 18.65%, respectively. The improvement in strength is

attributed to the increasing amount of Sr and a corre-

sponding reduction in SDAS and grain size (as listed in

Table 6). Furthermore, Ca and Sr additions result in the

formation of the skeletal structure of secondary phases in

which b-Mg17Al12 network is also refined. All these

favorable factors bring about an increase in the tensile

properties from A2 to A4 alloy. Generally, it has been

reported in previous studies that with increasing Sr amount

in AZ91, needle-shaped Sr-containing phases emerge at the

grain boundaries. These phases boost material strength by

preventing dislocation movement, but they may also act as

Table 4. Calculated Values of Volume Fraction of Inter-
dendritic Network, Al4Sr Phase and Secondary Dendrite

Arm Spacing (SDAS) of SC AZ91-Ca-Sr Alloys

Alloy Vol. fraction of
interdendritic network (%)

Vol. fraction of
Al4Sr phase (%)

SDAS
(lm)

A1 7.62 0 23.66

A2 8.25 1.20 21.05

A3 8.37 2.20 20.35

A4 8.90 3.62 15.10

A5 10.8 4.46 12.53
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a stress raiser during loading.56 In contrast, the Sr addition

with Ca in the current work develops the skeleton-like

structure of Al4Sr and decreases the possibility of crack

initiation compared to the needle-shaped structure. The

tensile properties are observed to degrade with further

addition of 1.2% Sr (A5). It can be seen that the TYS and

UTS values for A5 samples are the lowest among all the

samples, along with a decrease in percentage elongation

value. In spite of A5 alloy having the lowest grain size

(49.94 lm) and SDAS (12.53 lm), the inferior tensile

Figure 12. Backscattered electron images of (a) A2 alloy (AZ91-1 wt% Ca–0.3 wt% Sr) and (b) A5
alloy (AZ91-1 wt% Ca–1.2 wt% Sr) with EDS spectrum of marked points in their respective BSE
image.

International Journal of Metalcasting/Volume 17, Issue 3, 2023 2263



properties are the result of the coarsening of secondary

phases and the amount of interdendritic network reaching

the saturation level thereby inducing brittleness in the

microstructure. The best combination of tensile properties

was obtained for alloy sample A4 containing 0.9% Sr. The

combined addition of Ca and Sr (Ca?Sr) increases to 2.2%

from 1.9% from A4 to A5 alloy samples. Previously, in the

study by Yang Zhang et al.29 it was found that more than 2

wt% of Ca addition in AZ91D induced brittleness in the

material and hence deteriorated UTS and % elongation,

whereas in another work by Fan et al.31 the addition of 2

wt% Sr in AZ91D alloy led to a decrease in TYS was

observed. It should be noted that the strength values

decreased from A1 to A2, while percentage elongation

increased. There was a reduction in grain size as well as

SDAS from A1 to A2; however, this did not lead to an

increase in the strength values. Therefore, it can be con-

cluded that the decreasing volume fraction of b-Mg17Al12
and embrittling effect of Ca-containing phases were more

dominant than other factors. In general, homogenization

heat treatment techniques could significantly improve the

mechanical properties of AZ91 (with or without alloy

additions) owing to dissolution of b-phase and providing

solid solution strengthening effect in the material.54,57

Conclusion

In the present work, the effect of squeeze casting was

studied in AZ91 Mg alloy by comparison with gravity die-

cast AZ91 alloy. Further, an investigation on the effect of

combined additions of Ca and Sr to AZ91 alloy was per-

formed by the study of microstructure and mechanical

properties of squeeze cast AZ91-Ca-Sr alloys. The major

conclusions from the work are listed below:

1. Squeeze casting (SC) of AZ91 alloy produced a

high-quality billet with more refined grains and

Figure 13. EDS map taken for alloy (a) A2, (b) A3, (c) A4, (d) A5.
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uniform microstructure with improved mechani-

cal properties than gravity die-cast (GC) AZ91

alloy. The improvement in mechanical properties

from GC to SC alloys was found to be 105.3%,

92.6%, and 233.3%, in YS, UTS, and % elonga-

tion, respectively. Finer microstructure in the SC

billet could provide a better condition for subse-

quent secondary deformation processes for appli-

cation purposes.

Figure 14. IPF maps of squeeze cast alloys (a) A1, (b) A2, (c) A3, (d) A4, (e) A5, and
(f) average grain size map.

Table 5. Calculated Values of Average Grain Size (AGS)
from IPF Map of SC AZ91-Ca-Sr Alloys

Alloy Average grain size, AGS (lm)

A1 63.02 ± 5.8

A2 59.56 ± 6.2

A3 55.43 ± 6.1

A4 53.85 ± 5.1

A5 49.94 ± 4.5
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2. Applied unidirectional pressure in the mold

during the SC process generated a texture com-

ponent along the squeezing direction at the center

of {0 0 0 1} pole figure although a slight

decrement in the maximum texture intensity has

been found with the SC process due to the smaller

grain size compared to GC AZ91 Mg alloy.

3. With the Ca and Sr addition to the SC AZ91

alloy, a continuous and finer interdendritic net-

work was obtained, and the formation of lamellar

Al2Ca and Al4Sr phases was observed with the

suppression of the b-Mg17Al12 phase.

4. With the highest GRF value (18.42) and reduced

SDAS (12.53 lm), SC AZ91-1 wt% Ca–1.2 wt%

Sr (A5) alloy showed the smallest average grain

size (AGS-49.94 lm) among all the alloys in the

present study.

5. Microhardness was found to decrease slightly

from A1 (base alloy)–A2 (AZ91-1 wt% Ca–0.3

wt% Sr) alloy. Thereafter, an increase in Sr level

from 0.3 wt% to 1.2 wt% in SC AZ91 alloy

resulted in an increase in microhardness values.

The highest improvement in microhardness has

been found in SC A5 (AZ91-1 wt% Ca–1.2 wt%

Sr) alloy by 8.04% compared with the base SC

AZ91 alloy.

6. The mechanical properties of SC AZ91-Ca-Sr

alloys were found to be affected by grain size,

volume fraction of intermetallics and SDAS.

With initial Ca ? Sr addition to SC AZ91 in A2

alloy, the TYS and UTS were found to be

decreased due to embrittling effect of Ca-con-

taining phases. Further additions of Sr from 0.3

wt% to 0.9 wt% (A2–A5) improved the TYS and

UTS. The alloy SC A4 (AZ91-1 wt% Ca–0.9

wt% Sr) showed the optimum combination of

mechanical properties (i.e., TYS, UTS and %

elongation), whereas more than 1.9 wt% Ca?Sr

addition deteriorates mechanical properties by

inducing brittleness in the microstructure due to

saturation of Ca- and Sr-containing second

phases.

Figure 15. Vickers microhardness for squeeze cast
AZ91-Ca-Sr alloy.

Table 6. Calculated Values of Volume Fraction of Interdendritic Network and Al4Sr Phase, Secondary Dendrite Arm
Spacing (SDAS), Average Grain Size (AGS), Hardness, and Tensile Properties of SC AZ91-Ca-Sr Alloys

Alloy Vol. fraction of
interdendritic network (%)

Vol. fraction of
Al4Sr phase (%)

SDAS
(lm)

AGS (lm) Hardness
(HV)

Tensile properties

TYS
(MPa)

UTS (MPa) % El

A1 7.62 0 23.66 63.02 ± 5.8 87 ± 6.4 101 ± 8.6 126 ± 10.1 1.0 ± 0.4

A2 8.25 1.20 21.05 59.56 ± 6.2 85 ± 5.8 87 ± 7.5 103 ± 8.5 3.3 ± 0.7

A3 8.37 2.20 20.35 55.43 ± 6.1 91 ± 8.1 105 ± 5.4 134 ± 5.6 2.5 ± 0.5

A4 8.90 3.62 15.10 53.85 ± 5.1 92 ± 7.6 110 ± 9.0 159 ± 8.9 3.0 ± 1.0

A5 10.8 4.46 12.53 49.94 ± 4.5 94 ± 6.6 76 ± 7.8 91 ± 5.5 2.3 ± 0.9

Figure 16. Tensile properties of squeeze cast AZ91-Ca-
Sr alloys in tensile testing at RT TYS tensile yield stress,
UTS ultimate tensile stress.
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