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Zinc is one of the most promising elements for the preparation of biodegradable metallic implants. 
Despite low mechanical performance for load-bearing applications, the degradation characteristics of 
pure zinc belong to the best from all significant biodegradable metals (Zn, Mg, Fe). The enhancement 
of the mechanical properties is often reached using various methods of material processing, leading to 
grain refinement and subsequent enhancement of the mechanical properties. In this study, the 
microstructure, phase composition and the possible mechanisms of intermetallic phase formation in the 
ZnMgCaO alloy prepared by high energy ball milling and consolidated by extrusion were studied. For-
mation of the Mg2Zn11, MgZn2 and CaZn13 phases during the material processing was confirmed. The 
creation of the phases was, with high probability, significantly affected by the magnitudes of individual 
components of internal energy. The increment of the internal energy led to the formation of stable 
Mg2Zn11 phase as well as to CaZn13 formation. Based on our results and the characterization of the 
microstructure, the most suitable conditions for the preparation of a ZnMgCaO alloy were found.  
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 Introduction 

Zinc is generally known as a metal predominantly 
used for the corrosion protection of steel and as an 
alloying element in various metallic alloys [1, 2]. 
Despite its protective function for steel parts, zinc is 
also mentioned in connection with biodegradable ap-
plications [3-5]. The biodegradable materials should 
degrade in human body gradually without any negative 
affection of the surrounding tissue and allow healing 
of the wounds without the requirement of reoperation 
[6]. Together with zinc, magnesium, iron and less sig-
nificant metals such as molybdenum or tungsten 
belong into the group of potentially biodegradable 
metals [7-9]. Zinc-based biodegradable materials are 
considered to be one of the most promising materials 
from this group of metals due to their corrosion pro-
perties [10]. However, the main drawback of pure zinc 
is its relatively poor mechanical properties of zinc for 
some applications (such as orthopaedic). These pro-
perties are often enhanced by addition of other 
harmless elements, such as calcium, magnesium, 
strontium, manganese or lithium [11-13]. The other 
function of the alloying elements or substances nor-
mally occurring in the body is the participation of 
those components on the healing process by involving 
into metabolic processes [14-16]. The mechanical pro-
perties can be enhanced not only by alloying but also 

by suitable processing. Different preparation tech-
niques can lead to changes in morphology, grain size 
and other material characteristics affecting mechanical 
and corrosion properties. 

Magnesium is the most common alloying element 
of zinc alloys for biodegradable applications. The rea-
son for that is connected with its biological function 
and ability to form phases, which, up to certain 
amount (about 1 wt.% of Mg), improve mechanical 
behaviour of zinc [17]. The biological aspects are as-
sociated with the daily recommended allowance of 
magnesium, which is approximately ten times higher 
in comparison to zinc, and its important effect on 
bone metabolism and other processes [14]. Alloying 
of zinc by magnesium (up to 1 wt. %) leads to the for-
mation of Mg2Zn11 or MgZn2 phases [18]. Those 
phases increase values of mechanical characteristics 
and fasten the corrosion degradation through the for-
mation of the galvanic Zn-Mg2Zn11 cells [19]. Calcium 
as another representative from the 2nd group of perio-
dic table is also often used for the alloying of zinc for 
the biodegradable applications [11, 20]. Except the 
Ca/bone metabolism, calcium with zinc form phases 
possessing high hardness and relatively brittle behavi-
our (even at a low content) [21]. In addition, the com-
pounds based on calcium (CaO, Ca3PO4, 
Ca5(OH)(PO4)3, etc.) are also used as a part of Zn-
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based composites to approximate material composi-
tion to that of human bone and to enhance the bio-
compatibility of the material as a consequence. [22, 
23]. Furthermore, it was found that calcium oxide can 
act as a reinforcement in metallic materials [24]. It me-
ans significant improvement of the mechanical prope-
rties, which can be theoretically reachable also in the 
case of zinc. 

The possibilities of different processing approa-
ches give us a lot of options to optimize the properties 
of the material for particular application. Zinc alloys 
with a content of magnesium and calcium were, until 
now, processed by various methods from casting to 
thermomechanical processing as extrusion [11, 25]. 
These methods often influence the texture, grain sizes, 
formation of additional phases and also lead to diffe-
rent levels of deformation energy stored in the mate-
rial after processing. According to the best of our 
knowledge, those materials have not been prepared by 
a powder metallurgy (PM) process yet. The benefits of 
the PM processes are predominantly connected with 
the sample utilization, precision of the material dimen-
sions and speed of the preparation [26-28]. Combina-
tion of all the mentioned processes can lead to unique 
structures together with the unique material proper-
ties. 

This paper is focused on the optimization of the 

preparation and processing parameters of a 
ZnMgCaO alloy using mechanical alloying by high 
energy milling and by subsequent consolidation by hot 
extrusion. The aim of this work is to find out the ideal 
conditions for the preparation of those materials with 
the desired microstructure (low average grain size, the 
distance of the intermetallic phases, etc.). Those 
microstructural characteristics often lead to enhance-
ment of the mechanical properties and the usability of 
the material for the biodegradable applications. 

 Experimental 

The powders of pure zinc (Sigma-Aldrich, 20-30 
mesh, 99.8 %), magnesium (AlfaAesar, -100+200 
mesh, 99.6%) and calcium oxide (Penta, p.a., non-de-
fined particle size) were mixed in a defined weight ra-
tio in order to obtain ZnMg0.8(CaO)0.28 wt.% com-
position. Subsequently, the powder mixture (35 g) and 
a small amount of stearic acid (up to 0.5 g) were placed 
into a ZrO2 milling jar with the milling balls (ZrO2) in 
weight ratio 1:5. The milling jar was flushed for 2 mi-
nutes using argon gas with a flow of 2 l/min. The 
milling was performed using high energy ball mill E-
max Retch and the individual parameters of the 
milling are summarized in Tab. 1.The pause interval 
(10 min) was set up after the 10 minutes of milling. 

Tab. 1 Summarization of the conditions used for the milling process. 
Sample RPM Time [min] Pause [min] Note 

30min_300RPM 300 30 10 

Changing of the 
direction after the 

pause 

60min_300RPM 300 60 10 
30min_500RPM 500 30 10 
60min_500RPM 500 60 10 
30min_700RPM 700 30 10 
60min_700RPM 700 60 10 

RPM = rotations per minute 
 
Immediately after the milling, the powder mixture 

was analysed by the X-ray diffraction method (XRD) 
in a Bragg-Brentano geometry using PANalytical 
X'Pert PRO diffractometer equipped with a Co anode 
(λCo = 0.1789 nm) and using a scanning electron 
microscope TescanVega3 LMU equipped with an 
energy dispersive spectrometer OXFORD Instru-
ments X-max EDS SDD 20 mm2 detector (SEM-
EDS). Deformation energy per collison during the 
milling process was calculated according to Equation 
1 [27]. 
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!".��∙!"#$∙%&

'.$∙().*∙+).,-/012
'.$

3
 (1) 

where RD is the distance from the centre of one 
disc to another (0.11 m), ρ is the density of the milling 
balls (5730 kg/m3), E is the elastic modulus of the balls 
(1.75·1011 Pa), db is the diameter of the balls (0.01 m,) 
ωD is the angular velocity (31.4, 52.4 and 73.3 rad/s) 

and σ is the surface density of the milled powder on 
the balls (approximately 0.10 kg/m2). The rest of the 
powders (approximately 34 g) were pressed into tab-
lets of 20 mm in diameter using an universal testing 
machine LabTest 5.250SP1-VM. Force of 80 kN was 
used for the pressing and the process took 5 minutes. 
The green bodies prepared in this way were extruded 
at 300 °C using a mould with an extrusion ratio 1:10 
using a customized hydraulic press. As a lubricant, a 
high temperature a Gleit - µ HP 505 paste was used. 
In order to avoid grain coarsening, extruded rods were 
quenched into water immediatelly after the process. 
Samples for the microstructure observations were 
grounded using the P80-P4000 sandpapers and po-
lished using a combination of electrochemical po-
lishing in ethanol/phosphoric acid solition (4 V, 10 
minutes, stainless steel as a cathode) and the chemical 
mechanical polishing using an Etosil E suspension 
(Al2O3, 0.06 µm). Microstructure of the extruded 
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samples was analysed in the transversal and longitudi-
nal directions and the microstructures were documen-
ted using a metallographic microscope Zeiss Axio Ob-
server D1m and SEM-EDS. Compact samples were 
analysed in the same way as the milled powders.  

 Results and Discussion  

The size, morphology, and shape of the initial 
powders used for the sample preparation are shown in 
Fig. 1. Zinc particles were elongated in one direction 

with the length varying between 0.7 – 1.5 mm. In con-
strast, the second dimension of the Zn particles with 
a circular cross-section reached 400 µm in maximum 
(Fig. 1a). Magnesium powder particles of irregular, 
slightly rounded shape were in average 110 µm large 
and partially flattened (Fig. 1b). Lastly, the conglom-
erates of calcium oxide with an average size of 40 µm 
were observed together with individual particles. The 
dimensions of individual calcium oxide particles were 
lower than 5 µm.  

 
Fig. 1 Micrographs of zinc (a), magnesium (b) and calcium oxide (c) powders used for the material preparation

 
After the milling process, the powders were analy-

sed using SEM-EDS and XRD in order to reveal the 
influence of the individual milling conditions. It is evi-
dent from Fig. 2a, b, c, that the level of the deforma-
tion and the surface area of the zinc particles increased 
with the increasing RPM parameter. After milling at 
all studied conditions, cold welding of the powders 
took place and only particles containing all elements 
(Zn, Mg, Ca and O) were observed (Fig. 2). At 300 
RPM the shape of the milled particles was almost iden-
tical with the shape of the initial Zn particles. In con-
trast, the 700 RPM led to a significant flattening of the 
powder particles resulting in a larger surface area. 
Based on that, higher ratio of oxides can expected on 
the powder surface. This should led to deterioration 
of the individual connections between particles and to 
subsequent deterioration of the mechanical proper-
ties. The phase composition and crystallite size of the 
individual phases of the milled powders is listed in Ta-
ble 2. The X-Ray elemental maps of powders milled 
for 30 minutes are shown in Fig. 2 and together with 
the results of the XRD analyses (Table 2) clearly 
illustrates that the lowest milling speed (300 RPM) led 
only to the cold welding between the particles of cal-
cium oxide, magnesium (fine particles) and zinc par-
ticles without any creation of new phases. Coarse mag-
nesium particles were separated and removed by the 
compressed air before SEM-EDS analysis. This was in 
good agreenment with the results of XRD analyses of 
the 30 min_300 RPM and 60 min_300 RPM powders, 
which found only Zn, Mg and CaO phases. The 
milling at 500 RPM led obviously to cold welding 
between zinc and larger magnesium particles. In the 

X-ray elemental maps, Mg-rich regions with a negli-
gible content of zinc content were observed. Those 
regions were emeded by Zn-rich areas containing Mg 
as well. This suggests that a diffusion of Mg into Zn 
took place forming a Zn-based solid solution. The 
CaO was most likely intercorporated into the particles 
of the Zn-based solid solution. According to XRD, 
the partial formation of the MgZn2 phase and the pre-
sence of pure Mg were observed after 30 minutes of 
milling. Interestingly, in addition to the aforementi-
oned phases, small amounts of CaZn13 (~ 2 %) and 
Mg2Zn11 (0.5 %) phases were found after 60 minutes 
of milling at 500 RPM. The presence of CaZn13 phase 
could suggest the thermal decomposition of CaO and 
a subsequent reaction with Zn. However, this mecha-
nism is unlike due to the high thermal stability of CaO. 
The most probable mechanism of the CaZn13 phase 
formation is rather based on solid-solid diffusion pro-
cess [28]. The dependence of the diffusion process on 
the temperature is well know. However, the deforma-
tion energy seems to be more important in the case of 
high energy ball milling [29]. In order to emhasize this 
statement, Collision energy (Ec) was calculated for all 
milling conditions according to Eq. 1. Those results 
are summarized in Table 2 together with the crystallite 
sizes evaluated by the Rietvield analysis. The obtained 
values of deformation energy and the fact that the ma-
ximal ∆T at 700 RPM was approximately 80 K, even 
if only the ideal inelastic behaviour was considered 
[29], suggest that the imposed deformation energy 
increased the diffusion and can initiate formation of 
new phases. Lastly, the particles milled for 30 minutes 
at 700 RPM possesed an uniform distribution of indi-
vidual elements across the particles and the phases 
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CaZn13, MgZn2 and Mg2Zn11 were found in the mate-
rial by the XRD. Longer milling times led to a domi-
nation of the stable Mg2Zn11 phase content. This 

phase transformation (xMgZn2 + yZn→ zMg2Zn11) 
proceeded, with high probability, based on the solid-
state diffusion mechanism mentioned above. 

Tab. 2 The overview of the deformation energy values related to RPM parameter, crystallite sizes of individual phases formed during 
different conditions of processing and the phase composition evaluated using XRD.   

- Ec Crystallite size [nm] Phase composition (%) 

Sample [J/g·hit] Zn Mg CaO MgZn2 Mg2Zn11 CaZn13 Zn Mg CaO MgZn2 Mg2Zn11 CaZn13 

30 
min_300 

RPM 
190.2 

175.1 15 - - - - 96.4 3.7 - - - - 

60 
min_300 

RPM 
157.9 39.3 15 - - - 84.2 8.9 6.9 - - - 

30 
min_500 

RPM 
351.1 

148.9 31.4 15 10 - - 76.2 5.2 5.3 13.3 - - 

60 
min_500 

RPM 
171.1 - - 12 270.5 48.1 76.7 - - 20.5 0.6 2.2 

30 
min_700 

RPM 
525.7 

149.9 - - 12 198.3 199 82.7 - - 15.5 1.9 0.04 

60 
min_700 

RPM 
125.2   15.2 89.6 73.2 74.1 - - 9.3 16.0 0.7 

 
Fig. 2 Elemental maps of powder mixtures milled for 30 mi-

nutes at a) 300, b) 500 and c) 700 RPM. 

Microstructures of the materials extruded from the 
powders milled under different conditions are shown 
in Fig. 3. As can be seen in Fig. 3b, e, f, the defects 
caused by the application of the electrochemical po-
lishing were observed in the material structure. There-
fore, the cavities caused by the reaction of pure mag-
nesium with the polishing solution (300 RPM, Fig. 3b) 
or by the possible etching of the intermetallic phases 
(700 RPM) should not affect the mechanical behavi-
our of the resulting materials. In addition, the diffe-
rences in the distances between intermetallic phases 
and inhomogeneities (Fig. 7e) in the material structure 
can be observed between materials prepared from va-
rious powders. The dimensions of the particles after 
the milling process had an influence on the distance 
between the individual intermetallic phases after the 
extrusion process. This was supported by the fact that 
the individual components and phases (Mg, CaO, 
Mg2Zn11, MgZn2, CaZn13) were localized, with high 
probability, only on the surface of the particles after 
the milling process (Fig. 2, Tab. 2). Localization of the 
components can be expected based on the XRD ana-
lysis of the powders, where the content of magnesium 
exceeded 3 % at 300 RPM. Also, the mininal deforma-
tion of the zinc particles and EDS analysis of the par-
ticles (300 RPM) can serve as a proof of the surface 
localization. It means that the lines separated indivi-
dual zinc particles and the distance between those li-
nes decreased gradually with the increment of the 
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RPM parameter. This was in good agreement with the 
gradual increment of the deformation level of the 
milled particles mentioned above. It is well known that 
the distances between intermetallic phases in the ex-
truded materials can significantly affect the mechani-
cal properties as well as the homogeneity of the mate-
rial structure [30]. In addition, the densities of the in-
dividual materials after the extrusion were calculated 
from dimensions and weights of the samples. Results 
pointed to the lowest densities in case of 500 RPM 
samples (6.6 g/cm3 for 30 minutes and 6.4 g/cm3 for 
60 minutes) suggesting the higher content of the inter-
metallic phases in those samples. This is in good agre-
ement with the phase quatification listed in Tab. 3. 
Based on that, the materials processed using 500 RPM 
seems to be the most promising for extensive charac-
terization. 

Diffraction patterns of the extruded materials re-
vealed the presence of MgZn2, Mg2Zn11 and CaZn13 
phases; however, the presence of the initial compo-
nents (Mg, CaO) cannot be excluded as well. As can 
be seen in Fig. 4 and Tab. 3, the diffractograms diffe-
red in the peak intensities (implying the changes of the 
amount of different phases) and peak widths (imply-
ing the changes of the crystalite sizes). In addition, the 
phase MgZn2 was not found in the samples milled 
using 700 RPM. This can be reliably explained by the 
increment of the diffusion rate by the relatively high 
temperature during extrusion process (300 °C). The 
process was similar to annealing of the as-cast 
ZnMgCa alloy, where the MgZn2 phase tranform to 
Mg2Zn11 as well [30]. The diffusion process was also 

speeded up by the small dimensions of the samples 
and by the uniform heat transport through sample in 
the extrusion die. Compared to the powders crystallite 
size, the crystallite sizes in the extruded samples were 
approximately 3 times higher. The increment could be 
explained also by the coarsening caused by elevated 
temperature. 

 

Fig. 3 Longitudinal sections of the a) 30 min_300 RPM, b) 
60 min_ 300 RPM, c) 30 min_500 RPM, d) 60 min_500 
RPM, e) 30 min_700 RPM, f) 60 min_700 RPM samples.

Tab. 3 Crystallite size and quantitative expression of the phase composition (%) of the extruded samples 

- Crystallite size [nm] Phase composition (%) 

Sample Zn Mg CaO MgZn2 Mg2Zn11 CaZn13 Zn Mg CaO MgZn2 Mg2Zn11 CaZn13 

30 
min_300 

RPM 
620 - - 216.5 142.6 - 95.3 - - 1.8 2.9 - 

60 
min_300 

RPM 
685.4 - - 94.4 42.7 - 92.2 - - 6.3 1.5 - 

30 
min_500 

RPM 
300.9 - - 48.3 323.2 25.3 74.98 - - 6.48 14.3 4.3 

60 
min_500 

RPM 
430.6 - - 20 214.8 20 68.58 - - 4.7 18.27 8.45 

30 
min_700 

RPM 
604.4 - - - 203.8 24.9 78.3 - - - 13.4 8.3 

60 
min_700 

RPM 
362.4 - - - 306.4 34.4 76.5 - - - 19.2 4.3 
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Fig. 4 Diffraction patterns of the extruded samples with labeled phases formed during the processing.

 Conclusion 

In this study, the phase composition of the 
powders after the milling process and the extruded 
materials were studied in detail together with the re-
sulted microstructure of the prepared materials. The 
observations pointed to the deformation factor as a 
prevailing component of internal energy leading to the 
formation of new phases during the high energy ball 
milling. In contrast, the temperature factor seems to 
be more dominant in the case of the extrusion process. 
Generally, the higher internal energy led to the stabili-
zation of Mg2Zn11 phase and formation of the CaZn13 
phase, thanks to speeding up the diffusion mecha-
nism. Deployment of the individual components after 
the high energy milling and the distance between indi-
vidual intermetallic phases after the extrusion process 
indicate the suitability of the 30 min_500 RPM and 60 
min_500 RPM samples for the extensive characte-
rization. 
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