
Chapter 1 
Microstructure and Strength Properties 
of the Mg-Zn-Ca-Er Alloy Produced 
by Spark Plasma Sintering (SPS) Method 

Sabina Lesz, Bartłomiej Hrapkowicz, and Małgorzata Karolus 

Abstract In this work, a novel Mg-Zn-Ca-Er alloy was prepared. A spark plasma 
sintering (SPS) technique was used to produce samples from powders synthesized 
by mechanical alloying (MA). Sintering temperature of 583 K and holding time of 
4 min were used. These parameters allow to obtain the appropriate densification 
and compaction in the produced samples. Before and after sintering, microstruc-
tural changes were investigated by X-ray diffraction (XRD) and scanning electron 
microscopy (SEM) methods. The results of density measurements, microhardness, 
and compression strength tests are presented. Analyses showed that amorphous 
structure was achieved by mechanical alloying for milling times exceeding 20 h. 
A substantial increase in hardness values with increasing the milling time up to 70 h 
was attributed to the particle size decrease, and strong plastic deformations occur. The 
mechanical properties that can be achieved using SPS of the Mg-Zn-Ca-Er alloy are 
promising. Mechanical test results displayed reasonable improvements in compres-
sive strength with decreasing porosity of the samples. Fracture morphology of the 
Mg-Zn-Ca-Er is the characteristic for brittle crystalline materials. 

Keywords Mg-Zn-Ca-Er alloy ·MA · SPS · XRD · SEM method ·
Microhardness · Compression strength tests 

1.1 Introduction 

Apart from the obvious biocompatibility, one of the most important properties of 
biomaterials is high strength and fracture toughness. Metallic implants may be supe-
rior to polymeric or ceramic materials, thanks to their high values of mentioned prop-
erties. (Niinomi 2007) However, the materials mechanical properties, when superior
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to the human bone, may cause problems due to the stress-shielding phenomenon. This 
process is ensued from Wolff’s law, stating the bone rebuilds itself and strengthens 
its tissue according to the applied load. The opposite is also true and is known as 
osteopenia. (Frost 1994; Razavi et al. 2010) Fortunately, magnesium (Mg) excels in 
that matter among many metals possible to be used as biomaterials. Its properties are 
closely related to those of the human bone, making it an excellent choice for implant 
materials (Murty et al. 2003; Datta et al. 2011; Lesz et al.  2018, 2021; Hrapkowicz 
and Lesz 2019). 

Nowadays, commonly used materials such as titanium (Ti) and stainless steel 
(SS) are usually bioinert materials, meaning they do not interact with surrounding 
tissues and do not take part in metabolic processes. On the other hand, magnesium 
is a bioactive material actively assisting various bodily functions via interacting 
with the physicochemical environment surrounding the implant. The bioactivity of 
magnesium means it can be used as a biodegradable material (Hermawan et al. 2010; 
Witte 2010; Datta et al. 2011). Bioinert materials are usually the base of permanent 
implants, and such solutions usually mean there is a need for a second surgery, to 
remove the implant after the bone had been stabilized. That is not the case with 
biodegradable implants. Due to their design and appropriate corrosion behavior, 
they degrade over time, supplementing the body and removing the potential risks of 
a re-operation, as they completely disappear after the healing process. It has been 
proven that Mg2+ ions promote bone growth and reduce the overall healing time. 
(Rude 1998). 

Unfortunately, pure Mg has a considerable drawback of corroding too quickly 
in physiological environments. That issue can be addressed by carefully selecting 
appropriate alloying elements that can enhance its properties. One of the best alloying 
elements which improve a plethora of properties is zinc (Zn). It not only improves 
the overall mechanical properties but at the same time lowers the degradation rate of 
the alloy (Boehlert and Knittel 2006); at the same time, it is an important metabolic 
microelement, which has been proven to have a positive effect on bones. (Yamaguchi 
2010; Jin et al. 2014) Another element with a beneficial influence on magnesium 
alloys is calcium (Ca). Ca causes brittleness in Mg alloys thus reducing the failure 
strain. It contributes to the alloy via solution and precipitation strengthening; more-
over, it can act as a grain refining agent. However, Ca addition exceeding the solu-
bility in Mg causes a sharp drop of corrosion resistance by forming Mg2Ca phases, 
although at the same time it increases the hardness of the alloy. Hence, both corro-
sion resistance and hardness may be controlled by the Ca content. (Kirkland et al. 
2010; Harandi et al. 2013; Chen and Thouas 2015) As it is biocompatible and osteo-
conductive, it is a very appropriate choice for biomaterials; however, its corrosion 
products are insoluble and generally unfavorable; thus, the Ca quantity should not 
be excessive. (Drynda et al. 2010) Other interesting alloying elements are rare earth 
elements (RE). They have been known to tremendously improve Mg alloys since 
the 1930s, although their effect on biomaterials is still being extensively researched. 
They are usually divided into two groups: light RE (La, Ce, Pr, etc.) and heavy RE 
(Gd, Dy, etc.). The main difference between the two is their solubility in Mg. While 
light REs have very limited solubility, they form stable intermetallic compounds
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mainly located on grain boundaries, whereas the heavy group forms intermetallic 
phases and it is possible to keep them in a solid solution. They quickly react with 
alloys’ “pollutants” such as H, O, F, and Cl. The products of these reactions may 
have detrimental effects on the human health and corrosion resistance, as such the 
alloys should be ideally free of impurities. They have been, however, already in use 
as biomedical materials. In general, all the rare earth elements indicated a strength-
ening effect and may promote corrosion resistance at lower concentrations. (Ashida 
et al. 1992; Hampl et al. 2013; Li et al.  2015; Liu et al. 2017). 

Along mentioned materials, erbium (Er) seems to be attractive as compared to 
other materials. It is not that vastly researched as the other rare earth elements (in 
terms of their applications in the biomedical field), although its corrosion products 
seem to be only mildly or in negligible degree toxic. In the magnesium alloys, erbium 
may be used as an addition which considerably strengthens the material, both in terms 
of mechanical properties and corrosion resistance. Moreover, as it can be seen in the 
Mg-Er phase diagram, erbium is soluble in magnesium up to around ~ 3–4%. 

The mentioned alloying elements have very different melting temperatures, thus 
making the casting process more difficult. A very good solution to that is using 
mechanical alloying (MA), which is a powder metallurgy technique utilizing metallic 
powders and milling them to obtain a homogeneous alloy without melting them. It is 
possible via solid solution diffusion which appears during high-energy milling. The 
advantages of said process are numerous, but the most viable are the cost decrease and 
high control over the process parameters and resulting alloys. Via MA, it is possible 
to synthesize homogeneous powdered alloys and control their microstructure, such 
as supersaturated solid solutions, non-equilibrium crystalline, and crystalline phases 
as well as amorphous structures (Schultz 1988; Suryanarayana 2001; Polmear et al. 
2017). 

It was reported that the amorphous alloys exhibit higher strength, ductility, and 
corrosion resistance as opposed to the crystalline alloys (Murty et al. 2003; Witte et al. 
2005; Gu et al.  2009, 2010; Datta et al. 2011). Moreover, via appropriate alloying 
addition, it is possible to reduce the hydrogen evolution during the corrosion process 
resulting from the interaction with surrounding tissues and fluids (Nagels et al. 2003; 
Razavi et al. 2010; Datta et al. 2011). The amorphous materials are very tedious and 
extremely hard to prepare when manufactured by standard methods. The conditions 
needed for such a process encompass very rapid solidification and appropriate critical 
thickness of the material. Fortunately, while using MA, those concerns are negligible. 
Both size and structure of the obtained powder are very refined, and it is possible to 
obtain not only the amorphous structures but crystalline too, by carefully tailoring 
the process parameters (Schultz 1988; Suryanarayana 2001). 

The obtained powders, however, need to be consolidated. Nowadays, the rapid 
growth of additive manufacturing opens many doors to the shaping of powder mate-
rials. As such, methods like selective laser sintering (SLS) or spark plasma sintering 
(SPS) are capable of manufacturing products and details hard to obtain via conven-
tional means. In contrast to other consolidation techniques, SPS allows for rapid 
densification, even at lower temperatures, hence making it possible to retain amor-
phous or nano-crystalline structure even after the consolidation process (Mardiha
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et al. 2019, 2022; Mohammadnejad et al. 2021). Although the main advantage of 
the SPS method is the capability of producing ultra-fine structures with a very small 
number of pores in the material (Orrù et al. 2009; Straffelini et al. 2013; Trapp and 
Kieback 2019). This is very crucial for Mg-based biomaterials, as pores may induce 
local galvanic corrosion, lowering the overall corrosion resistance considerably. 

This paper aims to investigate the morphology and mechanical properties of the 
Mg-Zn-Ca-Er alloy, obtained via high-energy ball milling and sintered via the SPS 
method. Hence, the presented results encompass XRD phase analysis, compression 
strength, density, and porosity of the samples, as well as their microhardness. 

1.2 Material and Methods 

1.2.1 Material 

High purity powders of magnesium, zinc, erbium (99.9 wt%), and calcium chunks 
(99.9 wt%) were used as the basic starting mixture with the desired composition of 
Mg65-xZn30Ca4Erx, where x = 1, 2, 3 at.%. Powders were mixed in stainless steel 
cylinders in argon atmosphere. Ball-to-powder ratio was 10:1. The powder alloys 
were prepared via high-energy mechanical alloying (HEMA) process in high-energy 
dual shaker ball mill SPEX 8000D (Metuchen, USA). The process was carried out 
at room temperature, using 10-mm stainless steel balls for varying time with 0.5 h 
interval. (Lesz et al. 2018, 2021; Hrapkowicz et al. 2022). 

The sintering process was performed via spark plasma sintering by FCT SPS HP D 
25 (Frankenblick, Germany). Synthesized alloys were placed in a graphite die toolset 
with 10 mm inside diameter. The toolset was lined with a graphite foil to prevent 
the alloy from sticking to the toolset and facilitate the post-process extraction. The 
pressure applied was kept at 51 MPa. The samples were sintered at 583 K, 323 K/min 
heating rate, with 4 min holding time and cooled to the room temperature. The 
samples were sandblasted after the process to remove any remaining graphite foil. 

1.2.2 Experimental Procedure 

The X-ray phase analysis was performed with the Empyrean diffractometer (PANa-
lytical, Almelo, the Netherlands) with Cu-Kα radiation and PixCell counter via 
the step scanning method in 10 to 150° 2θ angle range. The phases were iden-
tified with the High Score Plus PANalytical software (version 4.0, PANalytical, 
Almelo, The Netherlands) and the ICDD PDF4+2016 database (International Centre 
for Diffraction Data, Newtown Square, PA, USA).
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Density assessment of the sintered samples was performed on the helium 
pycnometer Micromeritics AccuPyc II 1340 (Norcross, U.S.A.). To obtain statis-
tically valid data, each sample was tested 50 times. Consequently, the porosities of 
the obtained samples were measured via following Eq. (1.1): 

P = 
( 
1 − 

ρc 

ρa 

) 
· 100%, (1.1) 

where P—porosity, ρc—calculated value of density, and ρa—absolute density of the 
sample. 

The compression tests to assess the deformation behavior of the samples were 
performed on ZwickRoell Z100 testing machine (Ulm, Germany). Samples were 
cylindrical with base-to-height ratio of approximately 1:1.5. The microhardness test 
was performed on the FM700 Vickers hardness tester (Future-Tech, Tokyo, Japan) 
with 15 s dwell time and with a load of 50 gf (HV 0.05). 

The morphology details of both powder and sintered samples were characterized 
via scanning electron microscope (SEM) SUPRA 25, Carl Zeiss (Jena, Germany), 
equipped with an energy-dispersive X-ray spectroscopy (EDS). The fractographic 
investigation was carried out on the samples after compression testing, to determine 
the character of fracture. 

1.3 Results and Discussion 

Depending on the erbium content (1–3 at.%), a transition state has been observed 
in the selected samples (Er1 and Er2) after 20 h of milling and (Er3) after 30 h. It is 
characterized by higher degree of amorphous structure as compared to alloys milled 
for both longer and shorter times. It is a state, where transition phases start to form 
in the material, although the processes happening due to the mechanical synthesis 
are not yet completed. 

Figure 1.1a shows the X-ray diffraction pattern (XRD) for Mg-based samples with 
varying Er addition (1–3 at.%). In the milled materials, the identified phases were as 
follows: Mg (P63/mmc), MgZn2 (P63/mmc)2, Ca3Zn (Cmcm), Zn (P63/mmc), and 
Er (Fm3m). Figure 1.1b features the XRD patterns for the sintered samples. The 
phases identified were Mg (P63/mmc), MgZn, Mg7Zn3, Mg2Zn11 (Pm-3), MgZn2 
(P63/mmc), Ca (Im3m), and SiO2 (Pa-3).

Figure 1.2 represents the SEM micrographs. The morphology of the powders of 
the alloys with varying Er addition can be seen as (a)—Er1, (b)—Er2, and (c)—E3. 
Analogously, in Fig. 1.2d–f, the surface of the sintered samples after compression 
strength can be seen. The morphology of the samples clearly indicates brittle fracture, 
with various cracks, both intra- and trans-crystalline. Alongside the micrographs, 
Table 1.1 features the EDS results. The powder alloys results are in line with the 
assumed nominal compositions; on the other hand, the sintered samples compositions 
vary slightly, with the most prominent change in the Er3 sample.
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Fig. 1.1 XRD analysis graphs for Mg-Zn-Ca-Er samples with varying Er addition (1–3 at.%), a 
before sintering and b after sintering
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Fig. 1.2 SEM micrographs of the Mg-Zn-Ca-Er samples. Samples are presented side by side, 
before (a–c) and after sintering (d–f). a, d—Mg65Zn30Ca4Er1, b, e—Mg64Zn30Ca4Er2, and  c, 
f—Mg63Zn30Ca4Er3. The “corncob” structure is marked with the red rectangle. Trans-crystalline 
cracks are marked with red arrows, and inter-crystalline cracks are marked with green arrows

Figure 1.3 shows a graph featuring the compression strength of all samples. The 
highest value of 325 MPa was obtained by the Er3 sample, 310 MPa for Er2, and 
299 MPa for Er1. The values clearly indicate an increasing tendency, proportional 
to the erbium content. Consequently, the hardness measurement performed on the
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Table 1.1 EDS results comparison for Mg-Zn-Ca-Er samples, before and after sintering 

Element (at.%) Powder samples Sintered samples 

Er1 Er2 Er3 Er1 Er2 Er3 

Mg 67.0 65.2 62.1 62.0 61.0 53.4 

Zn 28.2 28.5 30.9 32.8 29.7 39.0 

Ca 3.8 4.1 3.9 3.9 7.4 4.2 

Er 1.0 2.2 3.1 1.3 1.9 3.4

samples features a similar tendency with results averaging from 272 HV, 313 HV, 
and 330 HV, for Er1, Er2, and Er3 samples, respectively. 

The density was measured for all the samples averaging from 50 measurements, 
with the highest value of 3.4098 g/cm3 for the Er3 sample, 3.2617 g/cm3 for Er2, 
and 3.2569 g/cm3 for Er1; see Table 1.2. The porosity calculated from the density 
with the use of Eq. (1.1) was 4% for Er1, 3% for  Er2, and 0.1% for Er1. Table 1.2 
and Fig. 1.3 feature comparative results of density, porosity, and hardness (alongside 
compressive strength).

The XRD pattern in Fig. 1.1a features the phases formed at the milling phase of 
the work. Some degree of amorphousness can be discerned by the wide peak located 
between 35 and 45°, although microcrystalline phases are clearly visible, and they 
mainly refer to pure elements such as Zn and Er. Moreover, Mg(x) is a solid solution, 
where x = Zn, Ca, and Er. However, MgZn2 phase can be discerned as well. Its 
presence is beneficial to the alloy due to its thermal and mechanical stability. The 
MgZn2 phase has been described as a good strengthening and stabilizing factor 
(Andersson et al. 2010; Singh et al. 2010; Xie et al. 2013).

Fig. 1.3 Compressive strength, hardness, and porosity comparison for Mg-Zn-Ca-Er samples 
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Table 1.2 Comparison of density, porosity, and hardness values for Mg-Zn-Ca-Er samples 

Sample Density (g/cm3) Porosity (%) Hardness (HV 0.05) Compressive strength 
(MPa) 

Er1 20h 3.2569 4.0 272 299 

Er2 20h 3.2617 3.0 313 310 

Er3 30h 3.4098 0.1 330 325 

Compressive strength added for clarity

Figure 1.1b, on the other hand, presents the phases formed after the sintering. The 
wide peaks visible in the former graph are much smaller, with much clearer crystalline 
peaks. During the sintering process, the thermal and mechanical processes caused 
the MgZn2 phase to disappear into different intermetallic phases: MgZn, Mg7Zn3, 
and Mg2Zn11. The SiO2 phase has not been formed during the process, and it is a 
residue from sandblasting the samples after the SPS process. This is to remove the 
remnant graphite foil. 

The micrographs of both powders and sintered specimens are visible in Fig. 1.2. 
Figure 1.2a–c features the powdered alloys, as the milling time of the alloys was quite 
similar (20–30 h), there are not any discernible traits between them. All three alloys 
bear semblance in terms of powder particle size and distribution. Small, equiaxial 
powder particles can be seen, along bigger agglomerates. This is caused by cyclical 
fracturing and cold welding of the particles in the mill. The usual, for mechanical 
synthesis, plate structure is absent, although structures resembling a “corncob” can be 
seen (Fig. 1.2a–c, marked with red rectangles). Those are characteristics for a brittle 
material, as strong fragmentation occurring during the process causes a significant 
rise in hardness, straining the material, hence breaking it apart into smaller particles. 
The mentioned “corncob” is created when finer, thus harder, particulate embeds itself 
in softer, bigger agglomerates (Jurczyk 2003; Hrapkowicz et al. 2022). 

In Fig. 1.2d–f, the surfaces of the sintered samples are shown. The fractures 
visible in the micrographs were caused by the compression tests and are brittle for 
all specimens. No porosity can be seen in the fractures, although slight cracks of 
both inter- (see the green arrows in Fig. 1.2d–f) and trans-crystalline (see the red 
arrows in Fig. 1.2a–c) type are present. Alongside SEM, EDS tests were conducted; 
their results are presented in Table 1.1, for both powders and sintered specimens. 
The results vary slightly between powder and sintered specimen, and they may be 
an indicator of phase changes occurring during the sintering process, although the 
changes are not that considerable as far as the Er is concerned.
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Figure 1.3 features the results from performed compression tests, where the 
compressive strengths obtained were 299, 310, and 325 MPa for Er1, Er2, and 
Er3 samples, respectively. The increase in compressive strength could be attributed 
to the decreasing porosities of the samples (Er1—4%, Er2—3%, and Er3—0.1%). 
Both porosity and the microhardness are related to the resulting strength of the 
samples. It can be clearly seen that the porosity of the samples decreases, while the 
compressive strength of the sintered specimens indicates an increasing tendency, the 
microhardness is proportional, i.e., it has a rising tendency as well. 

1.4 Conclusions 

Based on the results of the structure analysis, density, and compressive strength of 
the Mg-Zn-Ca-Er alloys, it can be concluded that: 

• The alloys have been successfully synthesized by MA and sintered via SPS 
method. The powders obtained feature some degree of amorphous structure 
with microcrystalline phases. The structure changes considerably during the 
sintering process, transforming into crystalline material and changing its phase 
composition. 

• The density of the sintered samples is comparable (3.25–3.41 g/cm3) and is like 
that of a human bone. The same can be said about mechanical properties of 
the sintered samples, as their compressive strength (299–325 MPa) is compa-
rable to the bone properties. The mechanical properties are strictly related to the 
microhardness of the samples (272–330 HV). 

• After the sintering process, the obtained porosity is very small (0–4%), and along 
the decreasing porosity hardness, the compression strength rises accordingly. 

• The morphologies of the samples are characteristic for brittle and crystalline 
materials. SEM micrographs feature cracks of inter- and trans-crystalline origin. 
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