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Abstract: In this paper, the microstructure and mechanical properties of two magnesium matrix
composites—a hypoeutectic with 1.9 wt% Mg,Si phase and a hypereutectic with 19 wt% Mg,Si
compound—were analyzed. The investigated materials were prepared using the gravity casting
method. Microstructure analyses of the fabricated composites were carried out by XRD and light
microscopy. The tensile and compression strength as well as yield strength of the composites were
examined in both uniaxial tensile and compression tests. The microstructure of the hypoeutectic
composite was in agreement with the phase diagram and composed of primary Mg dendrites and
an Mg—Mg>Si eutectic mixture. For the hypereutectic composite, besides the primary Mg,Si phase
and eutectic mixture, additional magnesium dendrites surrounding the Mg,Si compound were
observed due to nonequilibrium solidification conditions. The composites exhibited a rise in the
examined mechanical properties with an increase in the Mg,Si weight fraction and also a higher
tensile and compression strength in comparison to the pure magnesium matrix (cast in the same
conditions). Additionally, analyses of fracture surfaces of the composites carried out using
scanning electron microscopy (SEM + EDX) are presented.

Keywords: magnesium; composite; Mg,Si; microstructure; mechanical properties

1. Introduction

For many years, metal matrix composites (MMCs) have been designed in many di erent
systems in terms of both di erent metal matrix alloys and various types of reinforcement phase [ 1—-
5]. Among them, magnesium matrix composites are very attractive due to the especially low density
of the matrix metal. Additionally, thanks to their unique combination of di erent properties such as
exceptional dimensional stability and high damping capacity, specific strength and sti ness, those
composites are very attractive in such applications as the aerospace, automobile or electronics
industries. Typical ex situ composites, in which reinforcements are introduced from outside to the
matrix alloy, comprise the biggest group of magnesium matrix composites. Many di erent
magnesium matrix alloys (from the Mg-Al, Mg-Zn or Mg-rare earth systems) with various
reinforced phases (various particles or fibers) such as SiC, Cg, TiC, Ti, microspheres etc. have been
designed and investigated in recent years [6—14].

On the other hand, in situ composites constitute a separate group, in which reinforcement is
formed inside the matrix. In this group, Mg/Mg,Si composites are typical material in which
reinforcing the Mg,Si phase is created on the inside of the matrix due to the chemical reaction
between magnesium and silicon [6,15-21]. The design of magnesium matrix composites with the
Mg,Si component is based on the Mg—Si binary phase diagram (presented in Figure 1). According
to this diagram, eutectic transformation proceeds at 1.48 wt% silicon, and materials from the Mg—Si
system are divided into hypoeutectic, eutectic and hypereutectic. These composites can be

fabricated by both powder metallurgy [22—28] and the casting process [6,29—43]. Compared to other
methods, casting is a method

American Journal of Materials and Nanotechnology Volume 11, Issue 1 2021



that can be easily adapted to the required commercial scale of production and is the most
economical. Although there is a large di erence in the melting temperature of both the used
elements, it is possible to dissolve silicon in liquid magnesium, which allows uniform composites
with di erent weight fractions of the Mg,Si component to be obtained.

Recently, Mg/Mg,Si composites have been intensively investigated due to the number of
properties of the Mg,Si phase such as low density (1.99 g/cm®), a comparatively low thermal
expansion coe cient (7.5 10 ® K '), relatively high Young’s modulus (120 GPa) and high hardness
(4.5 10° Pa) [17-21,30-36]. It should be additionally noted that the Mg,Si compound is also used as
a reinforcing phase of aluminum matrix composites [37—43] or as a component of magnesium
matrix composites with SiC or aluminosilicate microspheres [27,44,45]. However, Mg/Mg,Si
materials were most often investigated in separate experiments where composites with di erent
weight fractions of silicon (i.e., the Mg,Si phase) were analyzed. Pan Y et al. [18] described the
microstructure of Mg with 8 wt% Si, whereas in works [17,29], a composite with 5 wt% Si was
presented. The e ect of the Si content on low frequency damping capacities was investigated for
materials with 0.3, 0.8 and 2.3 wt% Si in work [30], but in paper [16], the results for a composite
with only 1 wt% Si were presented. Additionally, in many papers, the influence of a third element
(such as Bi, Ce, Nd, Y, Sr, Sb) was studied in order to analyze the modification phenomenon of the
Mg,Si primary phase or eutectic mixture [15,20,21,31-35], but these investigations were also most
often performed on materials with one weight fraction of the Mg,Si compound. Recently, gradient
Mg/Mg,Si composites [46] and open cell foams [47] have also been fabricated and studied.
Nevertheless, incomplete data concerning the correlation between the fabrication process,
microstructure and properties of Mg/Mg,Si composites require detailed investigations, especially for
future composite design. There are also many divergent results concerning particularly the
morphology of the primary Mg,Si phase or the influence of the Si (Mg,Si) weight fraction on the
mechanical properties. In some cases, cubic or polygonal morphology of the Mg,Si primary phase
was observed [29,30], but in the other works, primary dendrites of this compound were observed in
the microstructure of the composites [18,19,36]. There are also poor data describing the mechanical
properties of pure Mg with Mg,Si composites in as-cast conditions. Hu X.S. et al. [30] reported that
a composite with 0.8 wt% Si exhibited the highest tensile strength (152 MPa), whereas the tensile
strength decreased for a composite with 2.3 wt% Si (117 MPa). Mirshahi F. et al. [ 17] obtained an
ultimate tensile strength equal to 95 MPa for a composite with 5 wt% Si. Higher values of the
ultimate tensile strength were obtained in work [19] for hot extruded (at 623 K) composites with 3, 5
and 7 wt% Si with extrusion ratios of 6:1, 12:1 and 18:1. Unfortunately, the results for as-cast
composites at the initial stage (before extrusion) were not given in this work.

In the present paper, particular investigations of the microstructure and mechanical properties
of two Mg/Mg,Si composites are presented. Hypoeutectic and hypereutectic composites were
gravity cast in the same conditions, and the influence of the silicon weight fraction on the properties
of the composites tested in both uniaxial tensile and compression tests (also in comparison with
pure magnesium) was shown.
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2. Materials and Methods

In the present paper, particular investigations of the microstructure and mechanical properties
of twoTechnicallyMg/Mg2Sipurecompositesmagnesiumarepresentedandpure.
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hypereutectic materials according

2. Materials and Methods

to the phase diagram (Fi%ure 1) calculated in Thermo-Calc Software [48]. The first hypoeutectic
material (called Mg/Mg Si—HO in this work) was fabricated with 0.7 wt% silicon, which corresponds
Technically pure magnesium2 and pure silicon in the form of an ingot and powder,
respectively,
to about 1.9 wt% Mg Si in magnesium. The second hypereutectic composite (called Mg/MZg Si—-HR
were used in this study2. The Mg/Mg2Si composites were obtained by the casting method,2 which
in this work) was fabricated with 7 wt% silicon, which corresponds to about 19 wt% Mg Si in
1r%volved introducing Si powder into mixed molten magnesium in a steel crucible (with a capacity 2
0
magnesium. The Igrepared composite melts were gravity cast in a cold steel mold, which was
designed about 1.5 kg of molten magnesium) under a protective argon atmosphere. The chemical
compositions
for magnesium alloys and their composites (with the relatively larﬁe riser head and set of gas vents).
of the prepared maferials were chosen to obtain hypoeutectic and hypereutectic materials according
The phase compositions of the investigated materials were analyzed b¥ X-ray di raction (XRD)
to the phase diagram (Figure 1) calculated in Thermo-Calc Software [48]. The first hypoeutectic



using a Brucker D8 Advance di ractometer (Bruker Corporation, Billerica, MA, USA) with Cu
material (called Mg/Mg2Si—HO in this work) was fabricated with 0.7 wt% silicon, which
correspondsK

X-ray radiation. Reflexes from particular phases were identified according to ICDD PDF-4+ cards
49]. to about 1.9 wt% Mg2Si in magnesium. The second hypereutectic composite (called

g/Mg2Si—HR in

The specimens for the microstructure investigations were prepared by standard metallographic this
work) was fabricated with 7 wt% silicon, which corresponds to about 19 wt% Mg2Si in

procedures. To reveal the microstructure, the samples were etched in a 1% solution of HNO in
magnesium. The prepared composite melts were gravity cast in a cold steel mold, which 3was

C H OH for about 60 s. The microstructures were observed with an Olympus GX51 light microscope
d?‘signed25 for magnesium alloys and their composites (with the relatively large riser head and set
0

(LM)gasvents)(Olumpus,. Tokyo, Japan) with di erential interface contrast (DIC).
Mechanical properties tests of the composites were carried out according to relevant ASTM
F%E]g)hase compositions of the investigated materials were analyzed by X-ray diffraction

standards on a Zwick/Roell Z100 machine (Zwick Roell Group, Ulm, Germany) with a strain rate
using a Brucker D8 Advance diffractometer (Bruker Corporation, Billerica, MA, USA) with CuKo
of 0.01 mm/s. The performed mechanical tests included experimental determination of the ultimate
E%]radla‘uon. Reflexes from particular phases were identified according to ICDD PDF- 4+ cards
tensile strength (UTS) and yield strength (TYS) on standard rodlike samples with a diameter of 8
mm The specimens for the microstructure investigations were prepared by standard metallographic
in a uniaxial tensile test. Compression strength (CS) and yield strength under compression (YS)
procedures. To reveal the microstructure, the samples were etched in a 1% solution of HNO3 in
were determined in the uniaxial compression test on samples with a diameter of 8 mm and length
C2H50H for about 60 s. The microstructures were observed with an Olympus GXS51 light
microscope

(LM) (Olumpus, Tokyo, Japan) with differential interface contrast (DIC).



Mechanical properties tests of the composites were carried out according to relevant ASTM
standards on a Zwick/Roell Z100 machine (Zwick Roell Group, Ulm, Germany) with a strain rate
of 0.01 mm/s. The performed mechanical tests included experimental determination of the ultimate
tensileM ™ strength??****!(UTS) and yield strength (TYS) on standard rodlike samples with a
diameter of 8 mm°"® in a uniaxial tensile test. Compression strength (CS) and yield strength under
compression (YS) were
determined in the uniaxial compression test on samples with a diameter of 8 mm and length of 12 of
12 mm. Both tests were carried out at room temperature. For comparison, the same mechanical
mm. Both tests were carried out at room temperature. For comparison, the same mechanical tests
tests were performed for the used technically pure magnesium (cast in the same conditions in the
were performed for the used technically pure magnesium (cast in the same conditions in the same
same mold as the fabricated composites). For each material, three samples were tested. In addition,
mold as the fabricated composites). For each material, three samples were tested. In addition, the the
fracture surfaces of the investigated composites after uniaxial tensile testing were observed by
fracture surfaces of the investigated composites after uniaxial tensile testing were observed by a
JEOL a JEOL JSM-6610LV scanning electron microscope (SEM% gEOL Lt§., Tokyo, Japan) with
an energy JSM-6610LV scanning electron microscope (%EM) (JEOL Ltd., Tokyo, Japan) with an
energy dispersive X-ray spectrometer (EDX).
dispersive X-ray spectrometer (EDX).

3. Results and Discussion
3. Results and Discussion

Figure 2 shows the X-ray di raction micrographs for the Mg/Mg,Si—HO and Mg/Mg,Si—-HR

Figure 2 shows the X-ray diffraction micrographs for the Mg/Mg2Si—-HO and Mg/Mg2Si—HR
fabricated composites. It confirmed that both materials were composed of Mg and Mg»Si phases.
fabricated composites. It confirmed that both materials were corngosed of Mg and Mg2Si phases.
Additionally, the comparison of the X-ray patterns obtained for both materials revealed a distinct
Additionally, the comparison of the X-ray patterns obtained for both materials revealed a distinct
increase in the reflex intensity from the Mg,Si phase in the Mg/Mg,Si—HR rather than in the
increase in the reflex intensity from the Mg2Si phase in the Mg/Mg2Si—HR rather than in the
Mg/Mg, Si—-HO composite, which confirmed the rise in the volume fraction of this structural
constituent Mg/Mg2Si—-HO composite, which confirmed the rise in the volume fraction of this
structural in the material with the higher weight fraction of silicon. It should also be noted that
reflexes from pure constituent in the material with the higher weight fraction of silicon. It should
also be noted that silicon were not registered, confirming that all the silicon was introduced into the
molten magnesium

reflexes from pure silicon were not registered, confirming that all the silicon was introduced into the

and created the Mg,Si phase.
molten magnesium and created the Mg2Si phase.
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in the investigated materials had irregular morphology—typical for a faceted—nonfaceted eutectic.
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depends on the casting temperature). These factors need very detailed studies especially in the
context of impurities. It is most likely that a very small amount of surface-active third elements
influenced the phase morphology, similar to the aluminum-—silicon system (in which a content of up

to 9 ppm phosphorus causes changes in the microstructure of hypereutectic alloys).
Th% formation of the primary Mg2Si phase in the Mg/Mg2Si—-HR composite is in agreement
wit
both the phase diagram (Figure 1) and the solidification curves calculated according to the Sheil

(a) " (b)

Figure 6. Micrographs of Mg/Mg2Si—HR composite microstructure presenting magnesium dendrites
Figure 6. Micrographs of Mg/Mg,Si—-HR composite microstructure presenting magnesium dendrites
surrounding primary Mg2Si crystals. (a,b) shows two micrographs taken from difterent areas of

tensile test for both composites and compared with those obtained for technically pure magnesium
cast in the same conditions. The analogical results presenting the compression strength (CS) and
yield strength (YS) values obtained in the uniaxial compression test are shown in Figure 8b. Both

the



fabricated composites exhibited higher mechanical properties than technically pure magnesium. The
obtained results of the ultimate tensile strength of both the investigated composites were al o ¢
3
alloy[46]. [50] and significantly higher than the one obtained by the gradient

composite (about 200 MPa) [46].
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2
visible when comparing Figure 9a,b (produced at the same magnification). The fracture surface of
visible when comparing Figure 9a, b g;)roduced at the same magnification). The fracture surface of
visible when comparing Figure 9a, b (produced at the same magnification). The fracture surface of
the Mg/Mg2Si-HO comsposite was characterized by cleavage steps, which are typical for
magnesium. the Mg/Mg Si—-HO composite was characterized by cleavage steps, which are typical
for magnesium. the Mg/Mg’Si—-HO composite was characterized by cleavage steps, which are
typical for magnesium. The failure 2of magnesium is usually brittle through cleavage or quasi-
cleavage due to the hexagonal The failure of magnesium is usually brittle through cleavage or quasi-
cleavage due to the hexagonal The failure of magnesium is usually brittle through cleavage or quasi-
cleavage due to the hexagonal closed packed structure. Higher magnifications used during fracture
surface observations (Figure 10) closed packed structure. Higher magnifications used durin
fracture surface observations (Figure 10) closed packed structure. Higher magnifications used
during fracture surface observations (Figure 10) also revealed cracking through the Mg + Mg2Si
eutectic.
alsoalso revealedrevealed crackingcracking throughthrough thethe MgMg -++ MgMg?SiSi
eutectic.eutectic.
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Figure 9. SEM micrographs of fracture surface of Mg/Mg2Si-HO (a) and Mg/Mg2Si—
HR (b) composites Figure 9. SEM micrrographs offracture surface of Mg/Mg,Si—-HO
(a) and Mg/Mg,Si-HR (b) composites (after uniaxial tensile test).

(after uniaxial tensile test).
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Figure 10. SEM micrograR/l[ls of Mg/Mg2Si—HQ composite fracture surfaces illustrating
cracking Figure 10.. SEM miicrographsrs off Mg/Mg2Si—HO composite fracture
surfaces illustrating cracking



of the material investigated in the present study did not indicate this mechanism in the
Mg/Mgg22Si— HR compositeposite.. The micrographs presented in Figuress 11c,d,d and 12 show
that the cracking process

with the pr(zf)agation of secondary cracks. All the Mg2Si fphases designated as 1-3 in Figure 11c and
as proceeded through the Mg22Si with the propagation of secondary cracks.. All the Mg22Si phases
1-2 in Figure 12a had visible e ects of brittle cracking. The presented SEM results also indicate that
desi nateﬁ7 as 11-—33 in Figure 11c and as 11—22 in Figure 12a had visible effects of brittle
cracking.. The primary Mg2Si crystals and the surrounding magnesium phase were strongly
connected, whiclﬁ) could presented SEM results also indicate that primaryary Mg22Si crystals and the
surrounding magnesium also be an additional argument for the heterogeneous nucleation of
magnesium dendrites on the Mg2Si phase were strongly connected, which could also be an
additional argumentent for the heterogeneous

phase. The magnesium dendrite surrounding the Mg2Si cracked particle (described as 3) is
especially nucleation of magnesium dendrites on the Mg22Si phase.. The magnesium dendrite
surrounding the visible in Figure 11.

Mg22Si cracked particle (described as 3) isis especially visible in Figure 11..
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Figure 12.. SEM micrographs ofof Mg/Mg22SiSi—HR composite ofof fracture surfaces
(after uniaxial tensile Figure 12. SEM micrographs of Mg/Mg,Si—-HR composite of
fracture surfaces (after uniaxial tensile test) ((aa)) with adequate silicon surface
distribution (EDX) ((bb))..

test) (a) with adequate silicon surface distribution (EDX) (b).

Magnesium matrix composites with 1.9 and 19 wt% Mg,Si phase were successfully fabricated

by the casting method.

The microstructure of the material with 1.9 wt% Mg,Si consisted of primary magnesium
dendrites and an Mg + Mg,Si eutectic mixture, whereas the composite with 19 wt% Mg,Si
exhibited a primary polygonal Mg,Si compound surrounded by magnesium dendrites and
eutectic.

The composites exhibited a rise in tensile and yield strength in both the tensile and
compression tests with an increase in the weight fraction of the Mg,Si phase.

The fracture surface observations revealed that during the uniaxial tensile test, the cracking
process of the fabricated composites proceeded through all structural constituents.
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