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Abstract: The phase and microstructure formation as well as mechanical properties of the rapidly
solidified Mg67Ag33 (at. %) alloy were investigated. Owing to kinetic constraints effective during
rapid cooling, the formation of equilibrium phases is suppressed. Instead, the microstructure is
mainly composed of oversaturated hexagonal closest packed Mg-based dendrites surrounded by
a mixture of phases, as probed by X-ray diffraction, electron microscopy and energy dispersive
X-ray spectroscopy. A possible non-equilibrium phase diagram is suggested. Mainly because
of the fine-grained dendritic and interdendritic microstructure, the material shows appreciable
mechanical properties, such as a compressive yield strength and Young’s modulus of 245 ± 5 MPa
and 63 ± 2 GPa, respectively. Due to this low Young’s modulus, the Mg67Ag33 alloy has potential for
usage as biomaterial and challenges ahead, such as biomechanical compatibility, biodegradability
and antibacterial properties are outlined.

Keywords: Mg–Ag-based alloy; metastable phase formation; microstructure; mechanical proper-
ties; biomaterial

1. Introduction

Mg and its alloys are known to be employed as structural materials for light-weight
applications, due to their low density [1,2]. In general, Mg-based alloys show poor strength
and plastic deformation, particularly at low temperatures [3]. The reason behind this is the
limited number of slip systems. Twinning is a further deformation mode extensively inves-
tigated and which entails low temperature anisotropy and strain hardening in Mg-based
alloys, too [2–4]. Effective measures for improving their strength and, hence, modulating
their microstructure are diverse and encompass, for instance, processing at higher cooling
rates to obtain finer grained microstructures or just by replacing rather adding further
alloying elements [1,3–5]. Latter strategy can be described as alloy-design resulting in
altered phase formation involving evolution of desired precipitations [6] and led to the
development of a series of commercially employed alloys [7].

Nowadays, Mg-based alloys also attract attention as implant material [8]. Aside
the low density, required mechanical properties of load-bearing implant materials are
low elastic modulus, high yield strength in compression as well as tension and ultimate
strength for load-bearing applications. Further required properties are wear resistance and
osseointegration, which is defined as connection between the cell-bones and the surface of
the implant. More recently also biodegradability is more in the focus of research, since it is
required to achieve tissue regeneration [8]. Compared to for instance polymers, metallic
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materials have been widely used in orthopedic applications, due to their higher mechanical
strength. Most prominent alloys are stainless steel or are based on cobalt–chromium as well
as titanium and they are commercially available as implants [8]. All three material classes
have one common big drawback, namely the low biomechanical compatibility, which
requires the match to the Young’s moduli of the bone (about 30 GPa) [9–14]. If the implant
has a distinctly higher Young’s modulus, E, it considerably takes over the loading, so that
the bone is shielded from the necessary stress required to maintain its strength, density,
and healthy structure. This phenomenon is known as “stress-shielding” and can lead to
resorption of the bone which is in direct vicinity with the implant material [11]. Finally,
stress-shielding can lead to premature failure or loosening of the implant [11,12,15,16].
Commercially used metallic implant materials, like cobalt–chromium (200–230 GPa), tita-
nium alloys (66–110 GPa) and stainless steel (200 GPa) show high Young’s modulus [17]
and density when compared to the human cortical bone. Another major drawback of the
commercially available implant material is their non-degradability in the body environ-
ment, so that surgical procedure is necessary for their removal after the bone is healed.
Therefore, at present, a great amount of research is focused on developing biodegradable,
low density and bioactive implants without compromising the strength [8]. Mg and its
alloys fulfill these requirements, since they show similar density (about 2 g/cm3) and
Young’s modulus (45 GPa) as the bone [8]. Moreover, Mg is also one of the most abundant
elements present in the human body with proven biocompatibility [18–21].

However, Mg has not prevailed as a load-bearing implant material due to its low
strength. The main strategies for enhancing it can be borrowed from the already well
investigated Mg-based alloys used for structural applications, namely grain refinement
and alloy design including solid solution as well as precipitation strengthening [8]. Hereby,
the selection of alloying elements to Mg must be not only based on improving mechanical
properties, but also biocompatibility. Therefore, elements known from Mg-based alloys
typically used for lightweight such as Al are not always suitable and other alloying elements
must be identified. Works indicate Al to be possibly allergic [22]. By contrast, Ag is an
element known to be biocompatible and Ag-additions to Mg increase the hardness and
strength of the resulting solid solution [23]. A further measure to increase the strength is
casting at high cooling rates, which can lead to the formation of fine-grained microstructures
which also consist of oversaturated Mg-based solid solution [24,25]. Another positive
property of Ag is its antibacterial effect [8]. The resulting Mg–Ag-based alloys could yield
implant material with antibacterial surfaces which are generally categorized either as being
antibiofouling or bactericidal. Antibiofouling surfaces may repel the initial attachment
of bacteria, whereas bactericidal surfaces as imparted by Ag-additions inactivate bacteria
by causing their death [26–29]. There are multiple differing approaches in designing
antibacterial surfaces which have one common aim: to prevent the initial attachment of
the bacteria and, hence, prevent the subsequent formation of a biofilm [26]. Therefore,
Ag-based coatings are widely employed as antibacterial measures [27,30,31]. Nevertheless,
the use of surface antibacterial coatings has also demonstrated several shortcomings. They
are often not uniform, mechanically weak and they lack long-term durability, so they may
be insufficient to maintain their antibacterial behavior for long periods [32–35]. Another
solution for designing long-term durable antibacterial metallic implant materials would be
alloying with a substantial volume fraction of bactericidal metallic element(s), such as Ag.

So far, only small additions of Ag to Mg have been investigated [36], so that only
solid solution hardening of hexagonal closest packed (hcp) Mg was utilized. In order to
further enhance the strength of Mg-Ag-based material, increasing the Ag-content would
be a strategy, since it entails the formation of further binary phases possibly imparting
precipitation strengthening. In order to fulfill the biomechanical compatibility-requirement,
the resulting Mg–Ag composite should not feature a much high Young’s modulus than
pure Mg. However, the first step in designing such a binary Mg–Ag-based composite is
to select a binary composition and investigate the phase formation and microstructure.
Mg67Ag33 appears to be a promising candidate, since according to the corresponding phase
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diagram, next to the ductile β′MgAg phase, the intermetallic Mg54Ag17 phase should form
under solidification at near-equilibrium conditions. The latter phase could impart precipi-
tation hardening. In order to extend the region of the also desired ductile β′MgAg phase,
solidification at high cooling rates or rephrased non-equilibrium is a reasonable approach.
Due to evolving kinetic constraints, the phase formation will be affected [37,38]. Therefore,
in the present work, the binary Mg67Ag33 alloy is processed by copper mold casting at
non-equilibrium conditions and the imparted phase formation as well as microstructure
are studied. Here, we want to investigate whether the β′MgAg phase region is widened
when the binary alloy is rapidly solidified. A further goal is to synthesize Mg–Ag-based
material with high strength and, hence, exploit the mechanism of grain refinement caused
by solidification at higher cooling rates. From additional uniaxial compression tests, the
strength and Young’s modulus of the Mg–Ag-based alloy are determined to evaluate
whether the obtained material fulfills the required biomechanical compatibility and outline
the challenges with respect to antibacterial properties and biodegradability ahead.

2. Materials and Methods

The Mg67Ag33 prealloyed ingots were prepared from high-purity elements
(purity ≥ 99.99%) by induction-melting in an Ar-atmosphere. Ingots with an approxi-
mate weight of 5–6 g were used to fabricate 50 mm long rods with a diameter of 3 mm
via induction casting into a copper mold, whereby the recipient pressure was set to 1bar
(Induret, Feinwerktechnik GmbH, Bad Essen, Germany). The specimens were investigated
by X-ray diffraction (XRD) using a D3290 PANalytical X′pert PRO with Cu-Kα radiation
(λ = 0.17889 nm) in Bragg–Brentano configuration (Malvern Panalytical, Malvern, UK). Mi-
crostructural investigations were carried out with a Zeiss Gemini 1530 electron microscope
(Carl ZeissAG, Oberkochen, Germany) equipped with a Bruker Xflash 4010 spectrometer
(Bruker Corporation, Billerica, MA, USA) enabling energy-dispersive x-ray spectroscopy
(EDX). Specimens with an aspect ratio of 2:1 (6 mm length and 3 mm diameter) were
subjected to uniaxial compression using an Instron 5869 at a constant displacement rate of
6 × 10−4 mm/s (Instron, Norwood, MA, USA). Both cross-sectional areas which are in con-
tact with the testing device were lubricated (MOLYKOTE paste) prior to testing. The strain
was directly monitored at the lateral surface of the samples using a laser-extensometer
(Fiedler Optoelektronik GmbH, Lützen, Germany). The yield strength was determined at
0.2%-offset.

3. Results and Discussion
3.1. Phase and Microstructure Formation

Figure 1 shows a representative XRD pattern of the binary Mg67Ag33 alloy solidified at
conditions far from equilibrium by suction casting. Sharp reflections corresponding to the
hcp Mg and Mg0.97Ag0.03 (P63/mmc) phases as well as the binary phases β′MgAg (Pm3m)
and orthorhombic Mg54Ag17 (Immm) phases can be observed. Reflections with highest
intensity originate from the Mg0.97Ag0.03 and Mg54Ag17 phases, so that the microstructure
appears to be mainly composed of them.

Based on the binary equilibrium phase diagram (Figure 2), one would expect the super-
cooled liquid to firstly crystallize into the β′MgAg phase during cooling. The residual liquid
should subsequently crystallize into the Mg54Ag17, γ-Mg4Ag and hcp Mg phases [39,40].
Consequently, a substantial fraction of the β′MgAg phase should form.

No further phases were identified by XRD, although the thermodynamically-stable
γ-Mg4Ag (P63/m) [41] phase should be also present according to the near-equilibrium
phase diagram (Figure 2). However, the Mg67Ag33 specimens were prepared via melt-
quenching at fast cooling rates. In this casting technique, heat is extracted via water-cooled
copper-mold, which guarantees rapid cooling conditions, far from equilibrium. In the
present case, specimens 3 mm in diameter were cast, which corresponds to cooling rates of
at least 50 K/s [42], as has been experimentally determined from interlamellar spacing of
the eutectic Al-33 wt. % alloy and later successfully employed for estimating the cooling
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rates inherent to quenching in a water bath [43] or laser powder bed fusion, an additive
manufacturing technique [44]. High cooling rates impose kinetic constraints, which can
lead to the precipitation of metastable phases whose formation can be favored over the cor-
responding thermodynamically stable phases [45–47]. In the present case, the formation of
the γ-Mg4Ag phase must have been suppressed, due to rapid cooling. Such a phenomenon
is also present in Cu50Zr50-based alloys, where the formation of low-temperature equilib-
rium phases can be completely suppressed during rapid solidification [48,49]. The effect of
kinetic constraints on the phase formation can be illustrated using a non-equilibrium phase
diagram. Figure 2 displays a possible shift of the phase boundaries during melt-quenching
at 50 K/s that leads to the phase formation observed.Metals 2021, 11, x FOR PEER REVIEW 4 of 10 
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Once the liquidus temperature is crossed during rapid cooling of the Mg67Ag33 melt
(blue line in Figure 2), the hcp Mg phases crystallize at first. At such fast quenching,
the solubility of this phase is greatly enlarged towards higher Ag-contents resulting in
supersaturated hcp Mg and, here, additionally the formation of the binary hcp Mg0.97Ag0.03
phase. Both phases have the same crystal structure, as can be seen from the XRD pattern
(Figure 1). A splitting of all reflections characteristic for hcp Mg could be observed. Such
a splitting can indicate the presence of two phases with the same structure, but slightly
different lattice parameters due to slightly varying chemical composition. Another reason
could be the XRD-measurements with two wavelengths like Cu(Kα,1) and Cu(Kα,2), which
is not the case here, since a monochromator leading to only Cu(Kα,1) radiation was used.
Furthermore, cooling the residual supercooled liquid crystallizes into the Mg54Ag17 phase
followed by the formation of a eutectic which further consists of the β′MgAg phase.

The prevailing cooling rates not only govern the phase formation, but also the mi-
crostructural evolution during solidification. Under consideration of the specific alloy
composition, the cooling rates can dictate the occurrence and degree of segregation, su-
persaturation and the grain size as well as morphology in alloys [45,46,48–53]. Figure 3
displays the typical microstructure of the rapidly solidified Mg67Ag33 alloy. The mi-
crostructure consists of a dendritic phase (dark contrast in Figure 3a) surrounded by an
interdendritic phase.
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The SEM image at higher magnification (Figure 3b) permits description of the inter-
dendritic structure with differing contrast. It consists of elongated crystals, which seem to
be connected by a eutectic phase. Energy X-ray dispersive mapping allows allocation of
the phases to the microstructural features. The hcp Mg and Mg0.97Ag0.03 phases crystallize
as darker dendrites, and they are surrounded by an interdendritic phase enriched in Ag
(Figure 4a,b).

According to the XRD results, the microstructure also includes the Mg54Ag17 phase
and this is in line with the EDX results (Figure 4). The interdendritic phase consists of
crystals, which are enriched in Ag when compared to the hcp Mg phases (Figure 4b,d). By
contrast, the interconnecting eutectic phase seems to be more depleted in Ag (Figure 4c,d:
less intense green coloring) and according to the XRD results (Figure 1) must then also
consist of the equiatomic β′MgAg phase. The presence of such interdendritic structures is
quite effective for strengthening the material, as will be discussed next.
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3.2. Mechanical Properties

The mechanical properties, particularly the Young’s modulus, E, yield strength, σy,
and fracture strength, σf, are of interest for load-bearing implant materials [8]. There-
fore, Mg67Ag33 samples were subjected to uniaxial compression at room temperature and
Figure 5a depicts representative true stress–strain curves. At first elastic deformation
with a Young’s modulus of 63 ± 2 GPa can be observed up to yielding which sets in
at 245 ± 5 MPa. Afterwards, the stress augments with increasing strain leading to pro-
nounced work hardening up to 503 ± 15 MPa, where fracture occurs at about 1.6 ± 0.11%
strain. By contrast, unalloyed samples with a microstructure only consisting of hcp Mg
dendrites (average size of about 30 µm) show a yield and fracture strength of 60 MPa and
315 MPa, respectively [36]. Due to arising friction at the cross-sectional areas which are
in contact with the testing machine, barreling could occur during uniaxial compressive
loading. This was not the case in the present work since a lubricating paste was used and
the SEM image of a fractured specimen demonstrates no barreling (Figure 5b). Two defor-
mation mechanisms prevail for hcp Mg, which are the “{0001} < 1120 >” basal dislocation
slip and the “{1012} < 1011>” extension twinning, whereby the twinning is only active
when positive stress is applied along the c-axis of the unit cell [36].

The Mg67Ag33 samples show distinctly higher yield and fracture strengths and the
reasons behind will be addressed next. First of all, the present specimens were cast at much
higher cooling rates entailing larger supercooling and, hence, the growth of more super-
critical nuclei which led to the evolution of a very fine-grained microstructure [54]. The
higher volume fraction of grain boundaries hinders dislocation movement. Besides grain-
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refinement, the hcp Mg crystals are oversaturated in Ag, so that solid solution strengthening
is also effective [54]. Next to the additional Mg0.97Ag0.03 crystals, the interdendritic phase,
consisting of the Mg54Ag17 and β′MgAg phases is present. Both phases completely differ-
ent in composition and crystallographic symmetry seemed to form a eutectic within this
compound phase. The involved phase boundaries with different morphologies may lead
to effective pinning of the dislocations [55]. Owing to these three mechanisms, a much
stronger material (σy = 245 ± 5 MPa) than pure hcp Mg (σy = 60 MPa [36]) results, which
is desirable for the application as a load-bearing implant. Although this alloy exhibits a
substantial fraction of Ag, its Young’s modulus did only slightly increase up to 63 ± 2 GPa
when compared to hcp Mg (60 GPa [36]), which is many times lower than implant materials
currently in service, such as steel (200 GPa), cobalt–chromium (200–230 GPa) or Ti6Al4V
(112 GPa). A relatively good biomechanical match with the bone can be expected and
the occurrence of the stress-shielding phenomenon is then less likely. Thus, the original
goal of strengthening the material, while not perceptibly increasing the Young’s modulus
was fulfilled. Aside the biomechanical performance of the present Mg67Ag33 material, its
bactericidal properties and effect on cell viability is another aspect which should be studied
next. Based on the relatively high Ag-content, one could expect positive antibacterial
properties leading to decreasing survival rates of pathogenic bacteria. The effect is based
on the release of Ag-ions causing damage to the bacterial membrane, which in turn disrupts
the function of the bacterial enzymes and/or nucleic acids [3,24,25]. The higher Ag-content
also led to the formation of a significant volume fraction of interdendritic compound phase
and, hence, to the formation of a heterogeneous microstructure. Therefore, increased and
more heterogeneous rates should be effective during corrosion [23,56]. This is a critical
aspect, since rather low corrosion rates are especially desirable for biodegradable implant
material in physiological environment. Further investigations on determining the corrosion
rate for the present Mg67Ag33 material are indispensable, since one aims at controlling
the degradation of the implant. The controlled degradation of this metastable Mg67Ag33
material poses, hence, a challenge, which must be overcome in the future. Eventually
a reduction in the Ag-content leading to the formation of less interdendritic compound
phase might be necessary, so that a less heterogeneous microstructure, which is still strong,
is produced.Metals 2021, 11, x FOR PEER REVIEW 7 of 10 
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4. Conclusions

Mg-based alloys show low Young’s modulus close to that of bone and are therefore
potential candidates as load-bearing implant materials. Such biomaterials suffer from the
formation of biofilms on their surface, due to colonialization of bacteria. In the current
work, a substantial fraction of Ag was alloyed to hcp Mg, since Ag has a distinct antibac-
terial effect entailing the significant reduction in biofilm-formation. From the resulting
Mg67Ag33 alloy, specimens were prepared via melt-quenching. Rapid cooling rates of
more than 50 K/s are inherent to this casting technology, which led to a metastable phase
and microstructure formation. Owing to these effective kinetic constraints, phases, which
one would expect to form at near-equilibrium conditions, are being suppressed, while
others emerge. Such phenomena could be observed for the Mg67Ag33 alloy. The formation
of the thermodynamically stable γ-Mg4Ag phase is suppressed, while oversaturation of
hcp Mg occurred even leading to the formation of the structurally similar Mg0.97Ag0.03
phase, as XRD results confirmed. The Mg54Ag17 and β′MgAg phases formed, though to a
different volume fraction as one would expect under equilibrium conditions. We visualized
the phase formation under such kinetic constraints in a possible non-equilibrium phase
diagram. The high cooling rates naturally affected the morphology of the microstructure,
too. It is very fine-grained and is composed of hcp Mg and Mg0.97Ag0.03 as dendritic
phases enshrouded by a compound phase consisting of Mg54Ag17 and β′MgAg. The finely
grained oversaturated Mg crystals and the presence of the interdendritic phase boundaries
pose effective measures for dislocation movement and, hence, strengthen. Thus, the cast
Mg67Ag33 materials exceeds the yield strength of pure Mg-based materials by far and this
is attractive as potential biomaterial. Although binary phases are present, the Young’s
modulus is still low and close to that of the bone. Next, the antibacterial performance
and properties concerning cell viability and, particularly, corrosion rates of the Mg67Ag33
material in body fluid should be studied to elucidate the biodegradable behavior and to
ultimately clarify whether the synthesized binary MgAg-based material can be applied
as biomaterial.
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