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Abstract: In this study, five MgZnCa alloys with low alloy content and high biocorrosion resistance
were investigated during thermomechanical processing. As documented by microhardness and tensile
tests, high pressure torsion (HPT)-processing and subsequent heat treatments led to strength increases
of up to 250%; as much as about 1/3 of this increase was due to the heat treatment. Microstructural
analyses by electron microscopy revealed a significant density of precipitates, but estimates of the
Orowan strength exhibited values much smaller than the strength increases observed. Calculations
using Kirchner’s model of vacancy hardening, however, showed that vacancy concentrations of 10−5

could have accounted for the extensive hardening observed, at least when they formed vacancy
agglomerates with sizes around 50-100 nm. While such an effect has been suggested for a selected
Mg-alloy already in a previous paper of the authors, in this study the effect was substantiated by
combined quantitative evaluations from differential scanning calorimetry and X-ray line profile
analysis. Those exhibited vacancy concentrations of up to about 10−3 with a marked percentage being
part of vacancy agglomerates, which has been confirmed by evaluations of defect specific activation
migration enthalpies. The variations of Young’s modulus during HPT-processing and during the
subsequent thermal treatments were small. Additionally, the corrosion rate did not markedly change
compared to that of the homogenized state.

Keywords: Mg alloy; severe plastic deformation (SPD); intermetallic precipitates; vacancy
agglomerates; corrosion
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1. Introduction

Biodegradable Mg Alloys

Magnesium alloys, as the lightest structural materials, are becoming increasingly popular for
numerous applications, especially for biodegradable implants. When the clinical function of permanent
implants is served, they typically must be removed because of allergy problems and/or mechanical
instabilities, e.g., the stress shielding effect [1], which arises from different Young’s moduli of bone and
implant materials. Such a removal can be avoided when using biodegradable materials for implants
provided the degradation time can be adjusted to the healing time. The implants dissolve in the human
body after fulfilling their purposes by a corrosion process initiated by the body fluids [2].

MgZn-based alloys have been proposed as very suitable biodegradable materials for load-bearing
applications due to their low density, comparably high strength and low Young’s modulus—coming
close to that of bones and thus avoiding stress shielding.

In general, improvements in mechanical properties can be achieved through increased alloy
content and/or precipitation formation. In the case of Mg, the first strategy is limited since the solubility
of most alloying elements is limited [3,4]. Concerning the formation of precipitates in Mg-Zn systems,
Mima and Tanaka [5] identified three important low-temperature ranges for Mg-Zn systems: (i) below
60 ◦C, the formation of stable Guinier–Preston (GP1) zones; (ii) 60–110 ◦C, the formation of stable
rod-type and basal platelet-type precipitates along with unstable GP1 zones followed by growth of the
former at the expense of dissolution of the latter; and (iii) above 110 ◦C, the formation of stable rod-type
and basal platelet-type precipitates, the most stable ones being the rod type [6,7]. In a commercial
Mg5.5Zn0.6Zr (wt%) alloy (ZK60), Orlov et al. [8] found intermetallic precipitates similar to the GP1
zones, as a result of special ageing conditions after plastic deformation.

Enhancing solid solution and/or precipitation for the sake of mechanical properties, however,
increases the chemical reactivity and finally causes unacceptably large rates of corrosion in most
environments [9]. Moreover, in the case of precipitate formation, it may exhibit a markedly enhanced
Young’s modulus, thereby increasing the shielding effect. For all these reasons, using plastic deformation
for the generation of lattice defects acting as barriers to dislocation movement, is an interesting
alternative aiming at higher mechanical properties [10]. Importantly, the elastic moduli in texture-free
polycrystalline aggregates do not change during plastic deformation.

In comparison to fcc and bcc metals, the critical resolved shear stresses in slip systems of hcp
metals have large variations. Therefore, in Mg and its alloys, plastic deformation occurs by slip and/or
twinning on a much lower number of systems, which significantly limits the ductility, especially at low
temperatures [11]. This problem can be overcome by deformation at elevated temperatures, but then the
production of lattice defects becomes increasingly balanced by their thermally activated annihilation,
resulting in a decreasing total number of lattice defects. A better way is to process the materials
by methods of severe plastic deformation (SPD) [12–16]. Those provide an enhanced hydrostatic
pressure that is prevalent during deformation which suppresses the formation of cracks and extends
deformability. In many works, equal channel angular pressing (ECAP, [17–23]) was used to deform
Mg and Mg alloys for the sake of hardening through refining the microstructure, but still, cracks were
formed during deformation at room temperature (RT), and continuous deformation was possible only
above 200 ◦C allowing for grain sizes beyond 0.5 µm. As HPT yields much higher hydrostatic pressures
(up to 10 GPa) than ECAP (1.5 GPa), processing can be extended to 10–100 times larger strains, thereby
providing grain sizes down to 100 nm at room temperature (RT) processing [24–28]. Therefore, in
the present investigation of low-concentration biodegradable Mg alloys, HPT was applied; we were
expecting substantial grain refinement through massive dislocation production, by redistribution
of solutes and also by a high concentration of vacancies [29–31]. Zehetbauer [32,33] and especially
Horky et al. [33] for two selected Mg-alloys reported that these deformation-induced vacancies can
form agglomerates that inhibit the dislocation movement and therefore increase the macroscopic
strength; however, an extensive study of this effect has not been performed yet.
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It was therefore the aim of this work to investigate thoroughly the strengthening capabilities of five
biodegradable Mg alloys with low alloy content through the formation of both deformation-induced
defects, including vacancy agglomerates, and precipitates via severe plastic deformation and heat
treatments. The biodegradable MgZnCa-systems chosen here only included mineral nutrients that
are not harmful to the human body. With the alloy constituents Zn and Ca, precipitates were
formed, which not only impeded dislocation movement and thereby increased both strength and
work hardening, but also stopped grain growth during solidification and thermal treatments [29].
Due to the fact that Ca is less noble than Mg, low MgZnCa systems also provide—according to
Hofstetter et al. [9]—desirably slow and homogeneous degradation behavior with the low Mg alloys
selected here.

2. Experimental Procedure

2.1. Materials, Samples and Preparations

Five alloys were investigated with compositions Mg5Zn0.3Ca, Mg5Zn0.15Ca, Mg5Zn0.15Ca0.15Zr,
Mg5Zn and Mg0.3Ca. The emphasis of analyses was laid on the first three alloys; the last
two alloys helped to understand the main findings in-depth. The alloys were cast at the LKR
(Leichtmetall-Kompetenzzentrum Ranshofen, Ranshofen, Austria), a subsidiary of AIT (Austrian
Institute of Technology, Wien, Austria). The chemical compositions of the alloys are shown in Table 1.

Table 1. Chemical compositions of the investigated alloys.

Alloy Mg (at%) Zn (at%) Ca (at%) Zr (at%)

Mg5Zn0.3Ca 94.28 ± 0.03 5.44 ± 0.03 0.28 ± 0.03 -
Mg5Zn 94.77 ± 0.03 5.23 ± 0.03 - -

Mg0.3Ca 99.73 ± 0.03 - 0.27 ± 0.03 -
Mg5Zn0.15Ca 94.90 ± 0.03 5.1 ± 0.03 0.15 ± 0.03 -

Mg5Zn0.15Ca0.15Zr 94.40 ± 0.03 5.6 ± 0.03 0.18 ± 0.03 0.18 ± 0.03

The specimens were homogenized in a resistance furnace in argon protective gas atmosphere
in order to avoid strong oxidation, at 450 ◦C for 24 h for all alloys, except Mg5Zn which was heat
treated at 350 ◦C for 12 h [34]. After that, the samples were either furnace-cooled or quenched to room
temperature, and investigated separately.

2.2. HPT-Processing

For HPT-processing, disc-shaped samples with a diameter of 10 mm and a thickness of 0.7 mm
were prepared. The hydrostatic pressure applied during HPT was 4 GPa, and the rotation speed was
0.2 rot/min. The samples were torsion strained to shear strains

γT =
2πNr

h
(1)

with the von Mises strains ε being by a factor
√

3 smaller [35]. N means the number of rotations,
r the sample radius and h the thickness of the sample. HPT-processing was performed at room
temperature (RT).

2.3. Heat Treatments

Heat treatments of both the initial homogenized (IS) and the HPT-processed samples were
performed over different time periods and at different temperatures between 50 ◦C and 240 ◦C in
a silicon oil bath with a thermal stability of ±0.5 ◦C. After the heat treatments, the samples were
quenched in RT-water to ensure fast cooling and high accuracy of heat treatment duration [34].
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2.4. Characterization of Microstructure

2.4.1. Microhardness Tests

Vickers hardness was chosen as a measure of strength and investigated for all samples by an
MHT-4 Micro Indentation Tester (ANTON PAAR, Graz, Austria), by applying a load of 0.5 N for
10 s. After the indentation, the indents’ areas were observed with a Light Microscope AXIOPLAN
(ZEISS, Jena, Germany) using 50×/0.75 HD DIC and EPIPLAN 100×/0.75 objectives. The diagonals
were measured from images taken with a CCD camera being part of the microscope, as shown in
Figure 1. Asymmetries of indents did not affect the lengths of diagonals, and no crack formation
occurred. When determining the hardness of an HPT-processed sample, the indents were taken at
fixed radii from the center of the specimen, in order to ensure comparability of the results. At least
10 indents per sample state were evaluated.

Metals 2019, 9, x FOR PEER REVIEW  4 of 33 

 

2.4. Characterization of Microstructure 

2.4.1. Microhardness Tests 

Vickers hardness was chosen as a measure of strength and investigated for all samples by an   

MHT‐4 Micro Indentation Tester (ANTON PAAR, Graz, Austria), by applying a  load of 0.5 N for   

10 s. After the indentation, the indents’ areas were observed with a Light Microscope AXIOPLAN 

(ZEISS, Jena, Germany) using 50×/0.75 HD DIC and EPIPLAN 100×/0.75 objectives. The diagonals 

were measured from images taken with a CCD camera being part of the microscope, as shown in 

Figure 1. Asymmetries of  indents did not affect  the  lengths of diagonals, and no crack  formation 

occurred. When determining the hardness of an HPT‐processed sample, the indents were taken at 

fixed radii from the center of the specimen, in order to ensure comparability of the results. At least 10 

indents per sample state were evaluated. 

For the measurements of Young’s modulus, a microindentation tester MHT‐3 (ANTON PAAR, 

Graz, Austria) was used. 

 

Figure 1. An  image of an  indentation  taken with a CCD camera, with d1 and d2 as  the measured 

diagonals of the indentation. They amount to approximately 25 μm. 

2.4.2. Tensile Tests 

Strength and ductility were determined by tensile testing. Dogbone‐shaped specimens with a 

cross‐sectional area of 0.6 × 0.6 mm² and a parallel gauge length of 3.5 mm in average (Figure 2) were 

cut via  spark erosion  from  the HPT‐processed and non‐processed discs. The gauge  length of  the 

tensile samples was off‐centered at a radius of the HPT‐disc of approximately 3 mm. 

A micro‐tensile machine produced by MESSPHYSIK/ZWICK‐RÖLL (Fürstenfeld, Austria) was 

used with load capacities in the range of 1–1000 N—suitable for determination of tensile properties 

and  low cycle  fatigue  tests of small‐scaled samples. Loads up  to 120 N with a  ramp speed of 0.2 

mm/min giving the strain rate of approximately 1 × 10−3 s−1 were used. To obtain average values for 

the tensile test results, at least 3 samples were tested for each condition. 

   

(a)  (b) 

Figure 2. (a) Tensile test samples punched from Mg alloys in question, (b) dimensions of a punched 

sample. 

Figure 1. An image of an indentation taken with a CCD camera, with d1 and d2 as the measured
diagonals of the indentation. They amount to approximately 25 µm.

For the measurements of Young’s modulus, a microindentation tester MHT-3 (ANTON PAAR,
Graz, Austria) was used.

2.4.2. Tensile Tests

Strength and ductility were determined by tensile testing. Dogbone-shaped specimens with a
cross-sectional area of 0.6 × 0.6 mm2 and a parallel gauge length of 3.5 mm in average (Figure 2) were
cut via spark erosion from the HPT-processed and non-processed discs. The gauge length of the tensile
samples was off-centered at a radius of the HPT-disc of approximately 3 mm.
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A micro-tensile machine produced by MESSPHYSIK/ZWICK-RÖLL (Fürstenfeld, Austria) was
used with load capacities in the range of 1–1000 N—suitable for determination of tensile properties and
low cycle fatigue tests of small-scaled samples. Loads up to 120 N with a ramp speed of 0.2 mm/min
giving the strain rate of approximately 1 × 10−3 s−1 were used. To obtain average values for the tensile
test results, at least 3 samples were tested for each condition.

2.4.3. Electron Microscopy

In order to follow the relative redistribution of intermetallic precipitates throughout the matrix at
the microscale, scanning electron microscopy (SEM) in backscattered-electron (BSE) imaging mode
was carried out. For this purpose, a SUPRA 55 VP SEM (ZEISS, Jena, Germany) equipped with an
energy-dispersive X-ray spectroscopy (EDS) analysis and imaging system was used. Samples were
mechanically ground and polished down to a finish by employing ethanol lubricant and a 0.05 µm
Al2O3 suspension. Detailed evaluation of the evolution of particles at the nano-scale was carried out
by transmission electron microscopy (TEM) and scanning transmission electron microscopy (STEM).
For this purpose, a JEM 2100F-UHR microscope (JEOL, Tokyo, Japan) equipped with a high-angle
annular dark field (HAADF) detector was used. The same microscope is equipped with an EDS facility
(Oxford Instruments, Abingdon, UK), which has been used for elemental analyses of the Mg alloys
investigated. The specimens for TEM/STEM analyses were prepared by cutting a 3 mm disk out of
the slice, and mechanically polishing with polishing paper (up to 2000 grit) and finishing with 1 µm
suspension. During polishing only absolute ethanol has been used as a lubricant. Finally, the specimen
was ion milled with grazing Ar+ ion beam, by means of a Precision Ion Polishing System (PIPS-II)
(GATAN, Pleasanton, CA, USA) operated at 5 kV at the beginning down to 2 kV for the final step.

2.4.4. Differential Scanning Calorimetry

The differential scanning calorimetry (DSC) measurements were performed using two instruments,
a DSC204 (NETZSCH, Selb, Germany) and a DSC8500 (PERKIN-ELMER, Cleveland, OH, USA) using
aluminum crucibles. Heating was carried out in a linear way in a temperature range from 25 to 450 ◦C.
The standard heating rate was 10 K/min. During DSC, the annealing of deformation-induced defects
can be observed by the occurrence of exothermic peaks. The area of a given peak corresponds to the
total energy being stored in all defects of a given type, Ede f ect, from which its density can be derived.
For dislocations, their stored energy Edisl is related to their density ρ [36]:

Edisl = Gb2 ρ

4πκ
· ln (

(
b
√
ρ
)−1

) (2)

where G is the shear modulus and b the absolute value of the Burgers vector. κ denotes the arithmetic
average of 1 and (1 − ν), with ν = 0.343 as Poisson’s ratio, assuming equal parts of edge and screw
dislocations. The concentration of vacancies cv can be evaluated from the stored energy of vacancies
Evac divided by the formation enthalpy per vacancy, ∆H (in Mg, ∆H = 1.27 × 10−19 Joule = 0.79 eV [37]),

cV =
Evac

∆H × ν×Na
, (3)

with ν being the amount of substance and Na Avogadro’s number. Information on the nature of
the defects can be obtained from the annealing peak temperature Tmax and the activation (defect’s
migration) enthalpy Q. For the latter, the method of Kissinger [38] was applied by evaluating the shift
of Tmax with changing heating rate. By plotting

ln
(
φ

Tmax2

)
= −

Q
R

1
Tmax

+ const (4)
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for various heating rates Φ and absolute peak temperatures Tmax, the migration enthalpy Q can be
determined; R is the gas constant.

2.4.5. X-ray Diffraction Peak Profile Analysis (XPA)

Selected samples were subjected to X-ray diffraction peak profile analysis (XPA) measurements by
means of a self-assembled double diffractometer to measure dislocation density ρ. The X-ray source
was a MM9 X-ray rotating anode generator (RIGAKU, Tokyo, Japan) using monochromatic Co-Kα

radiation, corresponding to a wavelength λ = 1.79 nm. The peak profiles were collected by a curved
position-sensitive detector of type CPS-590 (INEL, Artenay, France), covering an angular range of
90◦ between 40◦ and 130◦. For details of the diffraction theory of Bragg peak broadening related to
dislocation density and crystallite size, see [39,40]. The evaluation of XPA data was done by the open
source software (C) MWP-fit (Version 140518, Budapest, Hungary) [41,42].

2.4.6. Corrosion Tests

Corrosion tests were performed in testing tubes filled with 250 mL simulated body fluid (SBF)
with a composition according to SBF27 from [43], a pH value of 7.35. The tests were conducted at a
temperature of 37 ◦C and the SBF was changed every seven days. Two disc-shaped samples with the
same diameter of 10 mm and a height between 0.4 mm and 0.7 mm were immersed together in order
to have a larger total surface area. The samples were polished with SiC-paper (1200 grid) and cleaned
with ethanol directly before the start of the test.

The corrosion of Mg alloys leads to the formation of hydrogen gas, which accumulates at the top
of the testing tubes [44,45], according to the reaction

Mg + 2H2O→Mg(OH)2 + H2

The amount of H2 gas was recorded every 4 h and normalized by the initial sample’s surface area.
A numerical derivation was conducted to obtain the corrosion rate followed by a moving average
algorithm to smoothen the curves. Two tests were performed for each material in each condition.
The corrosion test set-up has already been described previously [46,47].

3. Results

3.1. Achieving the Supersaturated Solid-Solution Condition

SEM images of the as-cast alloys reveal a large number of primary precipitates, which are
represented by the areas with bright contrast in Figures 3–5. On the microscale, the precipitates are
distributed rather homogeneously in every sample condition. The level of contrast in these images
signifies compositional changes in the microstructure, as it depends on the atomic numbers of the
elements involved. All samples in the as-cast condition showed particles with a size of 5–10 µm,
both within grain interiors and along grain boundaries. EDS analyses were done to reveal the chemistry
of the primary precipitates. The analyses were achieved on well-defined points on the sample’s surface,
as shown in Figure 3, revealing a spectrum of the chemical composition of each point investigated
(Figure 4). A total of 10 points were used for the primary precipitates and the surrounding matrix to
determine the mean value. The chemistry of these precipitates revealed by EDS is shown in Table 2.
Further, phase diagrams from literature were used to estimate the compositions of the precipitates.
Those of the primary particles should correspond to Mg2Ca, Zn13Mg12 and Ca2Mg5Zn5 [48]. A more
detailed analysis on primary precipitates could have been done by TEM, but that was not the focus of
this study. The total volume fraction of primary precipitates was determined to be about ~2% being
estimated from the total area of the particles by means of standard image analysis methods.
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Table 2. Chemistry of the precipitates revealed by EDS.

Alloy Mg (at%) Zn (at%) Ca (at%)

Mg5Zn0.3Ca 65 ± 5 31 ± 7 4 ± 1
Mg5Zn 76 ± 4 24 ± 3 -

Mg0.3Ca 90 ± 1 - 10 ± 1
Mg5Zn0.15Ca 28 ± 6 70 ± 5 3 ± 1

Mg5Zn0.15Ca0.15Zr 24 ± 5 72 ± 5 4 ± 1

During homogenization, the primary precipitates should have been thermally destroyed. It is
not possible, however, to dissolve them completely in the Mg matrix, as its solid solubility is low:
Ca has a solubility in Mg of 0.82 at% (1.35 wt%), and Zn has a solubility in Mg of 2.4 at% (6.2 wt%) [49].
Two cooling treatments—quenching and furnace cooling—were performed with all alloys (Figure 6):
Quenched samples showed still widely spread precipitates, while the furnace-cooled ones did not,
indicating almost a solid-solution state. For the alloys Mg5Zn and Mg5Zn0.3Ca, the volume fraction
after quenching could be reduced to ~2% with a precipitation size of less than 5 µm. In case of furnace
cooling, the remaining volume fraction of precipitates was less than 1% with a size in the nm-scale.
For Mg5Zn0.15Ca and Mg5Zn0.15Ca0.15Zr both cooling treatments could reduce the volume fraction
of primary precipitates to below 1%. As a common name for both states, “initial state (IS)” is used in
all the following parts of this paper.
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The results of microhardness (HV0.05) measurements of as-cast Mg5Zn0.3Ca, Mg5Zn, Mg0.3Ca,
Mg5Zn0.15Ca and Mg5Zn0.15Ca0.15Zr samples, and in their furnace-cooled or quenched states,
are listed in Table 3.

Table 3. Microhardness results of Mg5Zn0.3Ca, Mg5Zn0.15Ca, Mg5Zn0.15Ca0.15Zr and the two alloys
Mg5Zn and Mg0.3Ca in the as-cast, furnace-cooled and quenched states.

Alloy HV0.05
as-Cast

HV0.05
Furnace-Cooled

HV0.05
Quenched

Mg5Zn0.3Ca 65 ± 6 58 ± 1 70 ± 2
Mg5Zn 70 ± 9 55 ± 2 76 ± 4

Mg0.3Ca 50 ± 3 47 ± 1 54 ± 3
Mg5Zn0.15Ca 77 ± 2 78 ± 3 83 ± 5

Mg5Zn0.15Ca0.15Zr 78 ± 4 74 ± 3 76 ± 3

3.2. The Effect of Severe Plastic Deformation

After reaching the homogenized (initial) state, the samples were HPT processed at a hydrostatic
pressure of 4 GPa by 0.5 and 2 rotations, reaching torsional strains up to γT~100. After that,
microhardness (HV0.05) measurements were carried out while distributing them over the whole cross
section. In particular, microhardness was measured along entire radii of the disc-shaped sample.
In Figure 7, the microhardness values are presented as a function of torsional shear strain γT calculated
according to Equation (1). After HPT of the furnace-cooled samples, the microhardness can be said to
increase with increasing γT, and finally reaches saturation at around HV0.05 = 160 for all four alloys,
while for Mg0.3Ca the saturation is reached already at around HV0.05 = 72 (Figure 7).
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Figure 7. Microhardness results for (a) Mg5Zn0.3Ca, (b) Mg5Zn, (c) Mg5Zn0.15Ca, (d) Mg5Zn0.15Ca0.15Zr
and (e) Mg0.3Ca in the initial state (IS–dotted line) after furnace-cooling (FC, black) and quenching (Q, red)
and additional HPT deformation at room temperature at 4 GPa, 0.5 and 2 rotations giving torsional strains
up to γT~100.

However, starting with the quenched IS condition, which showed a higher microhardness
than the furnace-cooled initial state, microhardness after HPT processing saturated at lower values,
for Mg5Zn0.3Ca and Mg5Zn at around HV0.05 = 140 and for Mg5Zn0.15Ca and Mg5Zn0.15Ca0.15Zr
at around HV0.05 = 150 for the highest γT. For Mg0.3Ca, the saturation hardness was around
HV0.05 = 64 only. The microhardness of the alloy with 0.15% Zr showed a slight tendency to decrease
at higher strains (30-100) after a peak value at lower strains of approximately γT = 20. In terms of relative
effects after HPT processing, the samples in the IS (furnace-cooled) showed microhardness increases of
175% for Mg5Zn0.3Ca, 190% for Mg5Zn, 135% for Mg5Zn0.15Ca0.15Zr, 85% for Mg5Zn0.15Ca and 53%
for Mg0.3Ca. Even in relative numbers, the HPT-processed IS (quenched) samples showed smaller
increases, 100% for Mg5Zn0.3Ca, 87% for Mg5Zn, 77% for Mg5Zn0.15Ca, 113% for Mg5Zn0.15Ca0.15Zr
and 19% for Mg0.3Ca.

3.3. The Effects of Isothermal Heat Treatments

Microhardnesses of heat-treated alloys in the initial state and HPT-processed state have been
reported in [34]. After homogenization, followed by furnace-cooling or quenching, Mg alloy
samples were not only HPT-processed to ε~5 and ε~20, but also heat-treated for up to 29 h, at a
constant temperature between 50–220 ◦C in intervals of 20 ◦C. After each isothermal heat treatment,
microhardness was measured. Similarly to the results reported by Horky et al. [33] (see also Sections 4.3
and 4.4), further hardness increases were observed in all alloys studied in this work except Mg0.3Ca,
as discussed later. The highest hardness was observed after a heat treatment at 100 ◦C (see Figure 8a–e)
and at an annealing time of 1 h (Figure 8).

The increases in the IS (furnace-cooled) samples were larger than in the IS (quenched); i.e.,
heat treatments of the furnace-cooled and HPT-processed samples gave a total increase of microhardness
by 40%, while the heat treatments of the quenched and HPT-processed samples gave 15% only.

The binary alloy Mg0.3Ca had its hardness maxima after heat treatments at 75 ◦C and between 150
and 160 ◦C. When exceeding the annealing temperature of 100 ◦C (or 160 ◦C in the case of Mg0.3Ca),
microhardness decreased significantly for all alloys; and at annealing temperatures near 220 ◦C,
it reached original values before heat treatment.

It is interesting to note that the samples without any HPT-processing also showed a
thermally-induced hardness maximum at around the same annealing temperatures, i.e., 100 ◦C
and 160 ◦C, although the values remained substantially below those of the HPT-processed samples
(Figure 8a–e).
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Figure 8. Microhardness after heat treatments for 1 h at various temperatures for (a) Mg5Zn0.3Ca
(b) Mg5Zn (c) Mg5Zn0.5Ca (d) Mg5Zn0.15Ca0.15Zr and (e) Mg0.3Ca in the IS (furnace-cooled) (grey),
at ε~5 (red) and ε~20 (black).

The peak temperature of 100 ◦C was chosen to investigate how the extension of heat treating time
up to 29 h affects hardness of Mg5Zn0.3Ca, Mg5Zn and Mg0.3Ca alloys HPT-processed to ε~5 and
ε~20; see Figure 9. For almost all materials, hardness increased after one hour but did not increase
further within the next 23 h of heat treatment. Only after longer heat treatment time, substantial
decreases in hardness were observed. Figure 10 shows the results for a fixed heat treatment time
of 24 h, and varying temperature between 25 and 150 ◦C. For HPT-processed samples, the highest
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hardness values were observed, most of them again at T = 100 ◦C. Significantly smaller or no hardness
maxima at all were found in the case of IS samples heat treated at T = 100 ◦C.Metals 2019, 9, x FOR PEER REVIEW  12 of 33 
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Figure 10. Results of microhardness measurements of Mg alloys in the IS (furnace-cooled) and
after HPT-processing at 4 GPa and 0.5 rotations, and additional heat treatment for 24 h at varying
temperatures. (a) Mg5Zn0.3Ca (black), Mg5Zn (red) and Mg0.3Ca (grey); and (b) Mg5Zn0.15Ca0.15Zr
(red) and Mg5Zn0.15Ca (black).

3.4. Total Hardness Increase after Processing

The total hardness increase along the processing history of Mg5Zn0.3Ca and Mg5Zn in the IS
(quenched and furnace-cooled) is summarized in Figure 11. A percentage in a bar shows the hardness
increase from one processing stage to the next one. A percentage above a bar shows the total hardness
increase from the first processing stage to the last one. A very high total hardness increase of up to
200% for Mg5Zn could be reached for the furnace-cooled samples, while the quenched ones showed a
total hardness increase of only 100%.

The maximum hardness increase for furnace-cooled samples of about 200% could only be reached
for Mg5Zn and Mg5Zn0.3Ca. Mg0.3Ca (Figure 12) showed a surprisingly high hardness increase of
150%, whereas Mg5Zn0.15Ca and Mg5Zn0.15Ca0.15Zr showed only an increase of 100%. The last two
alloys did not show a reaction to heat treatments at all.
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Figure 12. Total hardness increases of Mg5Zn0.3Ca, Mg5Zn, Mg0.3Ca, Mg5Zn0.15Ca and
Mg5Zn0.15Ca0.15Zr from the IS (furnace-cooled), HPT processing at 4 GPa and 0.5 rotations;
and additionally, heat treatment at the peak temperatures of 100 ◦C for 24 h, and 75 ◦C for 24 h
for Mg0.3Ca.

3.5. Tensile Strength and Ductility

Tensile tests were conducted for all five alloys in the initial state; HPT-deformed (0.5 and
2 rotations); and additionally, heat treated for 24 h at 100 ◦C. Representative engineering stress–strain
curves obtained by micro-tensile testing are shown in Figure 13. In cases wherein no relative maximum
was seen, the ultimate tensile strength (UTS) was derived by determining the maximum load and
the initial cross section of the sample. For the determination of yield strength, a constant plastic
strain of 1% was chosen. The difference in yield strength and UTS of the IS and HPT-processed
samples typically amount to 100 MPa and 200 MPa, respectively. HPT-processing more than doubles
the yield strength and also drastically increases the ultimate tensile strength by ~140% for Mg0.3Ca.
For Mg5Zn0.3Ca and Mg5Zn, the UTS increased by ~45% and ~75%, respectively. For Mg5Zn0.15Ca
and Mg5Zn0.15Ca0.15Zr, HPT processing reduced the maximum elongation to ~5%. This means that
the ductility is much lower than that of the material in the initial state. The post-HPT heat treatment
(condition of peak hardness) led to a further strong increase in yield strength by up to ~85% and a
slight decrease in ultimate tensile strength. However, the elongation to failure still reached 5% only,
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not showing any response to thermal treatment after HPT-processing. The average values of strength
and ductility measured in the tensile tests are summarized in Table 4.
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Table 4. Average values and standard deviations of yield strength σyield, ultimate tensile strength (UTS)
and total engineering strain (εtotal) of all alloys in different conditions. HPT deformation was done at
0.5 rotations (0.5) or 2 rotations (2); heat treatments (HT) were done at 100 ◦C for 24 h.

Alloy Condition σyield (MPa) UTS (MPa) εtotal (%)

Mg5Zn0.3Ca

IS 70 ± 10 153 ± 10 15 ± 1
IS + HT 95 ± 15 175 ± 19 14 ± 2

HPT (0.5) 163 ± 36 221 ± 21 7 ± 2
HPT (0.5) + HT 303 ± 35 310 ± 55 5 ± 1

HPT (2) 55 ± 16 55 ± 16 1 ± 0.1
HPT (2) + HT 209 ± 45 209 ± 45 4 ± 1

Mg5Zn

IS 90 ± 10 174 ± 57 17 ± 3
IS + HT 155 ± 15 180 ± 28 17 ± 3

HPT (0.5) 280 ± 10 303 ± 20 5 ± 1
HPT (0.5) + HT 310 ± 26 329 ± 36 5 ± 1

HPT (2) 280 ± 22 280 ± 22 6 ± 1
HPT (2) + HT 185 ± 51 185 ± 51 5 ± 1

Mg0.3Ca

IS 36 ± 20 92 ± 4 18 ± 6
IS + HT 24 ± 9 57 ± 10 30 ± 10

HPT (0.5) 210 ± 26 222 ± 28 10 ± 2
HPT (0.5) + HT 245 ± 5 250 ± 2 5 ± 2

HPT (2) 202 ± 20 206 ± 17 14 ± 3
HPT (2) + HT 255 ± 42 258 ± 39 6 ± 1

Mg5Zn0.15Ca

IS 120 ± 5 339 ± 40 17 ± 4
IS + HT 94 ± 12 180 ± 25 16 ± 2

HPT (0.5) 246 ± 15 285 ± 19 7 ± 2
HPT (0.5) + HT 265 ± 5 268 ± 22 6 ± 1

HPT (2) 306 ± 22 306 ± 22 6 ± 2
HPT (2) + HT 395 ± 25 418 ± 25 5 ± 1

Mg5Zn0.15Ca0.15Zr

IS 165 ± 15 266 ± 49 15 ± 2
IS + HT 180 ± 40 204 ± 27 17 ± 4

HPT (0.5) 230 ± 10 224 ± 82 6 ± 1
HPT (0.5) + HT 280 ± 10 285 ± 20 5 ± 1

HPT (2) 303 ± 40 309 ± 24 5 ± 1
HPT (2) + HT 270 ± 10 292 ± 24 7 ± 2
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3.6. Evolution of Young’s Modulus

From microhardness indentation tests, values of Young’s Modulus E of all materials and treatments
can be evaluated too. They lie between 32–50 GPa (Table 5) considering all materials, but within one
material they did not change by more than 18% due to the different treatments. Mg5Zn0.3Ca and
Mg0.3Ca showed moderate differences of Young’s modulus at a strain of γT~8. Mg5Zn0.15Ca0.15Zr
had a variation of Young’s Modulus at a strain of γT~2. Pole figures (002) (010) (011) and (102) of the
samples with apparent variations of Young’s modulus during processing history were determined
by XRD, displaying the crystallographic textures of the materials (Figure 14). From the latter, data
of Young’s Modulus could be simulated (Figure 15 for Mg5Zn0.3Ca): each obtained texture was
discretized and represented as a result from 100,000 grains all having the same weight. Based on the
orientation of each grain and the compliance constants Sij, the individual Young’s modulus of each
grain was calculated using Bunge’s interdependence [50] of Young’s modulus E with the materials’
compliances Sij, and with the texture components. Using Voigt’s average [51] for the E-values of all
grains, an upper limit for the macroscopic E could be calculated. More details of the simulation have
been given in publication [10]. The following compliances given in [52] for dilute Mg-alloys were
used: S11 = 0.0172738 GPa−1, S12 = −0.01606 GPa−1; and S44 = 0.066667 GPa−1; neglecting influences
from constituents Zn and Ca in higher percentages. These influences and the fact of upper-limit
calculation may explain some positive, constant offsets of simulated values of E compared to the
experimental values.

Table 5. Young’s moduli of all alloys in various conditions.

Alloy Condition E (GPa)

Mg5Zn0.3Ca

IS 43 ± 1
IS + HT 42 ± 3

HPT (0.5) 44 ± 1
HPT (0.5) + HT 47 ± 2

HPT (2) 50 ± 5
HPT (2) + HT 37 ± 3

Mg5Zn

IS 44 ± 4
IS + HT 46 ± 3

HPT (0.5) 50 ± 4
HPT (0.5) + HT 46 ± 2

HPT (2) 45 ± 3

Mg0.3Ca

IS 32 ± 1
IS + HT 33 ± 2

HPT (0.5) 40 ± 2
HPT (0.5) + HT 43 ± 1
HPT (2) + HT 33 ± 4

Mg5Zn0.15Ca

IS 44 ± 2
IS + HT 35 ± 5

HPT (0.5) 37 ± 3
HPT (0.5) + HT 32 ± 2

HPT (2) 45 ± 2
HPT (2) + HT 46 ± 3

Mg5Zn0.15Ca0.15Zr

IS 40 ± 3
IS + HT 40 ± 2

HPT (0.5) 42 ± 2
HPT (0.5) + HT 37 ± 2

HPT (2) 44 ± 2
HPT (2) + HT 45 ± 3
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3.7. Electron Microscopy Analysis of Precipitate Structure Evolution

TEM analyses were done in order to understand how the mechanical properties of Mg samples
are related to microstructural features, in particular, to different shapes and densities of precipitates
that form during heat treatments. The samples were chosen based on the significance of microhardness
results shown in Figure 10, for the alloy Mg5Zn0.3Ca, in the following three states:

(1) IS (furnace-cooled) and additionally HPT-deformed at 4 GPa for 0.5 rotations at RT;
(2) IS (furnace-cooled) and HPT-deformed at 4 GPa for 0.5 rotations at RT and heat treated at 100 ◦C

for 24 h;
(3) IS (furnace-cooled) and HPT-deformed at 4 GPa for 0.5 rotations at RT and heat treated at 125 ◦C

for 24 h.

The three precipitate states reveal differences in morphology, size and density of precipitates in
the range of 3–100 nm. Primary precipitates, as scattered residuals after annealing, did not show any
substantial evolution during the processing history; see Figure 16—first row, SEM 200×.Metals 2019, 9, x FOR PEER REVIEW  18 of 33 
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Figure 16. SEM and STEM images of Mg5Zn0.3Ca samples (a) after HPT-processing; (b) after HPT and
additional heat treatment at 100 ◦C for 24 h; and (c) after HPT and additional heat treatment at 125 ◦C
for 24 h. HPT-processing was carried out by 0.5 rotations under 4 GPa pressure at RT.

Precipitates’ structures have been analyzed in all three states (Figure 16—second row, SEM
about 10,000×), namely: polyhedral precipitates (P1), elongated precipitates (P2) and thinner phases.
The thinner phases are at the boundaries of grains, or follow their contours. P1 and P2 do not change
at all during processing, and can be observed in all states (Figure 17). P1 and P2 contain Zn and Ca,
as seen in exemplary EDS maps of P1 precipitates (Figure 18).
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Figure 18. EDS maps of a P1 precipitate in a Mg5Zn0.3Ca sample. These precipitates contain Zn (green)
and Ca (blue); Mg (red) was mainly observed in the surrounding matrix. O (pink) appeared in all
sample areas; it most likely came from the atmospheric oxidation of prepared TEM foils.

Besides P1, P2 and thinner phases, further precipitates were observed in the heat-treated samples
(Figure 16—third row, STEM, about 200,000×). P3-precipitates could be observed in both the heat
-treated samples (Figure 19). In the sample heat treated at 100 ◦C, the P3-precipitates were located
at the boundaries between grains and had a size of 20-50 nm. In the sample heat treated at 125 ◦C,
those phases grew in size up to 100 nm. Additionally, ultrafine P4 precipitates (Figure 19) with a size
less than 10 nm and up to 50 nm appeared. They were oriented normal to <0001> direction, but further
verifications are required. These oriented platelets were not observed in the other two conditions.
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100 ◦C for 24 h and (b) HPT processed and heat treated at 125 ◦C for 24 h showing P3 and P4 precipitates.

3.8. Determination of SPD-Induced Defect Densities by DSC and XPA

With differential scanning calorimetry (DSC), one can distinguish between lattice defects through
selected annealing. Defects always show exothermal peaks, while the endotherm ones indicate
phase transformations. Defects with low migration enthalpy Q exhibit their annealing peaks at
low temperatures while those with high Q are reflected by peaks at higher temperatures. For the
case of defects produced by plastic deformation, it is well established [29,30] that for SPD-processed
pure metals, up to three annealing peaks emerge which are dominated by the annealing of (i) single
and/or double vacancies at approximately T = 0.2 Tm (Tm is the melting temperature in K) in the first
peak, of (ii) vacancy agglomerates at about T = 0.3 Tm in the second peak and (iii) of dislocations
around T = 0.3–0.4 Tm in the third peak, depending on the stress intensity of their arrangement [29].
These peaks can be shifted by up to 100 K to higher temperatures in alloyed metals because of trapping
of defects by the alloying atoms.

As a representative for the DSC scans of all Mg alloys investigated, Figure 20 reveals the results for
HPT-processed Mg5Zn0.3Ca. Only two peaks emerged in the DSC scans, a peak I between 100–200 ◦C
(T = 0.4–0.5 Tm), and a peak II around 300–370 ◦C (T = 0.6–0.7 Tm). Comparisons with the results
mentioned for SPD-processed materials, and especially with those from quenched Mg-alloys only
exhibiting vacancy-type peaks [32,33], suggest that peak I indicates the annealing of single and double
vacancies, while peak II results from an overlap of the second and third peak indicating the annealing
of both vacancy agglomerates and dislocations at very similar temperatures.
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energies Etotal of the HPT-induced defects were evaluated from the areas of the peaks.



Metals 2020, 10, 1064 20 of 32

For further identification of deformation-induced defects, their migration enthalpies Q (Figure 21)
were evaluated by measuring the shift of annealing peak temperatures with different DSC heating rates
(Kissinger analysis [38]). Results for activation enthalpies of peak I and peak II were 0.7–1.3 ± 0.1 eV and
1.3–3.8± 0.3 eV, respectively, for all alloys Mg5Zn0.3Ca, Mg5Zn, Mg5Zn0.15Ca and Mg5Zn0.15Ca0.15Zr.
While peak I remains approximately constant with increasing HPT strain, peak II occasionally does
not; for further interpretations, see the discussion section.
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Figure 21. Typical Kissinger plot referring to Equation (4) comprising the peak temperatures Tmax of
peak I and peak II measured by DSC, for HPT-processed Mg5Zn0.15Ca at 4 GPa for 0.5 rotation. The full
lines represent the regression to the experimental data; the activation enthalpy Q was calculated from
their slopes.

Following the procedure described in papers [30], combined DSC and XPA measurements were
done in order to find out the concentrations of vacancies/vacancy agglomerates. The temperature
ranges of the two DSC peaks I and II were further investigated by XPA. With constant crystallite
size, the broadening of Bragg peak line profiles yields dislocation densities (N) which allow one—by
means of Equation (2)—to estimate the energy which is stored in those dislocations (and their
arrangements) solely (Edisl). The procedure is to subtract Edisl from the total stored energy Etot of
peak I (or peak II, respecticely) in order to obtain Evac, the energy which is to be attributed to the
vacancies/vacancy agglomerates. Evac yields the vacancy concentration cv by applying Equation (3).
For all the furnace-cooled and HPT-processed alloys investigated, Table 6 (for peak I) and Table 7
(for peak II) list all these values in sequence.

Table 6. Measured and calculated data for DSC peak I. ρ is the dislocation density, cv the
vacancy concentration.

Sample Etotal (J/g) ρ (m-2) Edisl (J/g) Evac (J/g) cv

Mg5Zn0.3Ca 9.7 ± 2 1.1 × 1014
± 1013 0.06 ± 0.02 9.6 ± 2 2 × 103

± 1 × 10−4

Mg5Zn 5.1 ± 0.5 2.0 × 1014
± 1013 0.10 ± 0.05 5.1 ± 0.5 1 × 10−3

± 1 × 10−4

Mg5Zn0.15Ca 8.2 ± 0.7 2.0 × 1014
± 1013 0.05 ± 0.01 8.2 ± 0.8 2 × 10−3

± 2 × 10−4

Mg5Zn0.15Ca0.15Zr 5.4 ± 0.2 1.6 × 1014
± 1013 0.02 ± 0.01 5.4 ± 0.3 1 × 10−3

± 9 × 10−5

Mg0.3Ca 1.7 ± 0.5 3.1 × 1014
± 1013 0.05 ± 0.01 1.7 ± 0.5 5 × 10−4

± 1 × 10−4

Table 7. Measured and calculated data for DSC peak II. ρ is the dislocation density, cv the
vacancy concentration.

Sample Etotal (J/g) ρ (m-2) Edisl (J/g) Evac (J/g) cv

Mg5Zn0.3Ca 3.0 ± 0.5 4.1 × 1014
± 1013 0.2 ± 0.1 2.7 ± 0.3 8 × 10−4

± 1 × 10−4

Mg5Zn 1.5 ± 0.2 4.4 × 1014
± 1013 0.3 ± 0.1 1.0 ± 0.1 3 × 10−4

± 1 × 10−4

Mg5Zn0.15Ca 0.8 ± 0.1 3.6 × 1014
± 1013 0.4 ± 0.1 0.4 ± 0.1 1 × 10−4

± 9 × 10−5

Mg5Zn0.15Ca0.15Zr 1.5 ± 0.01 3.5 × 1014
± 1013 0.3 ± 0.1 1.1 ± 0.1 3 × 10−4

± 2 × 10−5

Mg0.3Ca 0.7 ± 0.1 2.2 × 1014
± 1013 0.2 ± 0.01 0.5 ± 0.1 1 × 10−4

± 1 × 10−5
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3.9. Corrosion Tests

The results of corrosion tests are presented in Figure 22. The corrosion rate is plotted as a function
of immersion time. It can be seen that the renewal of SBF after 7 and 14 days which removes corrosion
products from the liquid and adjust the pH value back to 7.35 resulted in the boosts of hydrogen gas
evolution and increases of corrosion rates.
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Figure 22. Corrosion rates of (a) Mg0.3Ca (b) Mg5Zn and (c) Mg5Zn0.3Ca in different conditions
determined by immersion testing in simulated body fluid at body temperature. The SBF was renewed
all 7 days.

It can be concluded from Figure 22 when comparing the curves of the as-cast with those of the
IS samples that solid solution treatment decreases the corrosion rate in all the investigated alloys.
The difference is least pronounced in the binary Mg-Ca alloy.

HPT-processing increased the corrosion rate of Mg5Zn slightly, while it had no detectable influence
on corrosion rate in the case of Mg0.3Ca. In the case of Mg5Zn0.3Ca, HPT resulted in an increased
corrosion rate in the first week and a decreased one in the third week.

The heat treatments carried out after solid solution treatment or after HPT-processing have no
significant influence on the corrosion rates of Mg0.3Ca and Mg5Zn. In case of the ternary alloy
Mg5Zn0.3Ca, the heat treatment after HPT leads to a decrease in the corrosion rate while the same heat
treatment in the initial state leads to an increase in the corrosion rate.

The difference between the three alloys is largest in the IS as most of the primary precipitates
become dissolved in this condition. It shows that the corrosion rate of Mg5Zn0.3Ca is highest especially
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in the first week of immersion. Mg5Zn alloy shows the lowest total hydrogen evolution and is less
sensitive to the change of SBF. However, microscope images in [47] show that in the case of both Zn
containing samples some parts are already missing after three weeks, while the Mg0.3Ca alloy shows a
rather homogenous corrosion behavior.

The general appearance of the corrosion behavior is rather independent of the material treatment,
meaning that Mg0.3Ca always shows a rather homogenous corrosion behavior and a thick surface
layer of degradation products while Mg5Zn shows localized corrosion, and parts of the samples are
missing after three weeks. Mg5Zn0.3Ca exhibits a strong surface roughness and some parts of the
samples also completely dissolve. The amount of completely dissolved parts in both Zn-containing
agrees well with the overall corrosion rates determined by the hydrogen evolution method (Figure 22).

4. Discussion

4.1. The Effect of Solid-Solution Treatment

The initial homogenization treatment of as-cast materials had the intention to re-solutionize
primary precipitates, in all the materials considered in this study. Therefore, a homogenization
treatment at 450 ◦C for 24 h was applied for Ca-containing alloys. An exception was made for Mg5Zn,
for which a temperature of 350 ◦C for 12 h was chosen in order to avoid melting. Lower annealing
times and temperatures did not remove the primary precipitates, and increasing the annealing time
beyond 24 h did not change their density.

In order to stabilize at RT this well-homogenized state and to obtain supersaturated solid-solution
condition (which is called the initial state (IS) in the forthcoming text), two types of cooling were
used and investigated: furnace-cooling and quenching in ice water. The microhardness values of
furnace-cooled alloys Mg5Zn0.3Ca, Mg5Zn, Mg5Zn0.15Ca and Mg5Zn0.15Ca0.15Zr were noticeably
lower than those of as-cast samples (Table 3); the microhardness values of the quenched samples,
however, were slightly higher.

Our explanation of the latter effect is as follows: As intended, the higher-temperature heating
of the materials led to the dissolution of primary precipitates and annihilation of dislocations along
with the reduction of the total area of grain boundaries. Nevertheless, the concentration of thermal
vacancies was high at the high temperatures. Quenching froze the vacancies, and the higher the cooling
rate, the higher was the number of quenched-in vacancies. However, in contrast to the mono-vacancies,
di- and multi-vacancies and/or vacancy agglomerates form barriers to the dislocation motion, leading
to the so-called quench-hardening [53]. The actually measured rise in microhardness after quenching
in comparison with the as-cast state can be thus attributed to the quench-hardening effect.

In contrast, furnace-cooling leads to a decrease in hardness as a result of annealing of thermal
vacancies during slow cooling. At the same time, grains start to coarsen and dislocations leave the
lattice, both leading to the softening of materials.

SEM images (Figure 6) show that for the alloys Mg5Zn0.15Ca0.15Zr, Mg5Zn0.15Ca and Mg0.3Ca,
no significant difference between the IS (furnace-cooled) and IS (quenched) exist in terms of primary
precipitates. However, for Mg5Zn0.3Ca, it was not possible to completely dissolve Ca in the Mg
matrix. Here, furnace-cooling was more effective than quenching for approaching the solid solution
supersaturated state, and fewer residual primary precipitates were found.

However, the negative effect of furnace-cooling is reflected in the possible formation of various
complex phases, which may not occur in the quenched samples. The nature and the composition of
such phases may affect the microstructure and therefore the properties of the alloy. The densities of
these precipitates may be difficult to measure, and the determination of parameters that control the
formation of certain phases and/or types of precipitates, is not straight-forward [54].
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4.2. The Effect of High-Pressure-Torsion

HPT-processing of a material results in significant increases of densities of dislocations, vacancies
and agglomerates during or after HPT-processing. As the dislocations partially arrange into grain
boundaries, a decrease in grain size causing an increase in strength and/or hardness takes place.

With HPT, a material workpiece can be exposed to very large torsional strains under hydrostatic
pressures up to 10 GPa [55,56]. The large hydrostatic pressure suppresses the annihilation of lattice
defects and thus provides grain refinements down to several nanometers and even until an amorphous
state. Grain sizes in Mg and other alloys HPT-processed at room temperature can reach around
100 nm [57–62].

As already mentioned, during HPT-deformation of the investigated alloys to 0.5 rotation (γT~20)
(Figure 11) at room temperature, microhardness increased by up to 130% compared to the furnace-cooled
IS, while the increase reached only 80% compared to the quenched IS. When deforming the samples for
two rotations and more (γT = 20-100), microhardness increased further, up to 190% for the furnace-cooled,
and up to 100 % for the quenched samples. Again, the samples in the IS (furnace-cooled) showed slightly
larger hardness at γT > 20 than the samples in the IS (quenched). This effect may be explained by the
fact that in the furnace-cooled samples—in contrast to the quenched ones—some precipitates may exist
before HPT, which stimulates the formation of deformation-induced defects, contributing to hardening.
Nevertheless, after HPT-processing, both the conditions—furnace-cooled and quenched—reached
almost the same hardness level.

4.3. The Effect of Post-HPT Heat Treatments on Strength

The most interesting observation in this work has been the additional substantial strength increase
due to a heat treatment, after HPT-processing at RT. Such an effect has been already reported by
Horky et al. [33] and Ojdanic et al. [34]. When thermally treating the samples for 1 h (Figure 8),
a significant hardness peak was observed for all the furnace-cooled and quenched Mg5Zn0.3Ca and
Mg5Zn samples at a temperature of around 100 ◦C (corresponding to T = 0.4 Tm); only Mg0.3Ca showed
a peak at 75 ◦C. This effect may be attributed to the fact that only in the latter alloy Zn was missing.

In further experiments the peak temperature of 100 ◦C was set constant, and the annealing time
was extended beyond 1 h (Figure 9), which revealed that hardness slightly increases up to 24 h and then
decreases. Further heat treatments with the same annealing times of 24 h were done for all alloys for
other annealing temperatures too (Figure 10). Again, like in case of only 1 h annealing, the significant
hardness peak was found for the annealing treatment at 100 ◦C.

To sum up, heat treatments at T = 100 ◦C can increase the hardness of the HPT-processed samples
by ~30% (for Mg5Zn0.3Ca and Mg5Zn) and even up to 75% for Mg0.3Ca. The alloys Mg5Zn0.15Ca
and Mg5Zn0.15Ca0.15Zr show no response to the heat treatments. For the non-processed samples,
hardness increases of up to 50% can be reached, starting from a much lower initial hardness level than
in case of all the HPT-processed samples, however.

4.4. The Effect of Precipitates on Strength

In principle, the possible increase of yield strength during heat treatment consists of grain
boundary strengthening, vacancy hardening and precipitation hardening, and can be written in a first
approximation as

∆σtotal = ∆σgrains + ∆σvacancies + ∆σprecipitates (5)

As the grain size was observed to stay constant during the heat treatments considered in this work
(maximum 125 ◦C), changes of ∆σtotal could only arise from ∆σprecipitates and/or from ∆σvacancies. For the
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estimation of contribution from precipitation hardening ∆σprecipitates in Equation (5), we assume that all
precipitates are non-shearable and are spherical. By use of a modified Orowan Equation (6) [63], i.e.,

∆σprecipitates = M
0.84Gb

2π(1− ν)1/2l
ln

r
2b

(6)

the increase in yield strength ∆σprecipitates can be estimated. In Equation (6), M means the
Taylor factor (M = 4.2 for random texture Mg [64]), G the shear modulus (G = 17 GPa), b the
Burgers vector (b = 0.32 nm), ν the Poisson’s ratio (ν = 0.33), l the average interparticle spacing
and r the average radius; for the following estimation, the values for l and r were taken from
STEM images shown in Figure 16b (status after HPT + heat treatment) and Figure 16a (status
after HPT only). The estimation leads to a difference of the yield strength due to precipitation
hardening of ∆σHPT + HT − ∆σHPT = 115 − 92 = 23 MPa between the two conditions investigated for
the furnace-cooled Mg5Zn0.3Ca samples. The measured difference, however, was 140 MPa; therefore,
the result of these calculations is that the difference in the precipitation states cannot explain the
extensive increase of the yield strength measured. The precipitates only contribute about 16% to the
total increase in yield strength.

4.5. The Effect of Vacancy Agglomerates on Strength

During HPT-processing, vacancies and dislocations are introduced to the sample’s lattice. With
increasing temperature during heat treatments, the vacancies form agglomerates [65]. Disc-shaped
agglomerates form on the close-packed basal planes of the hexagonal Mg lattice [66]. The disc collapses
if it is large enough and produces a prismatic dislocation loop. The Burgers vector of such a loop
is perpendicular to the plane of the loop, and the loop is therefore immobile. The formed loops
are exclusively located on the preferred slip planes of Mg and are therefore strong obstacles for the
movement of other dislocations.

Examples of hardening due to the agglomeration of deformation-induced vacancies have already
been given some years ago for single and polycrystals of hcp materials for moderate deformation
strains [67], and recently even for fcc materials [68,69]. With the latter, the increases in microhardness
and yield strength were between 5% and 10% and thereby considerably lower than those observed in
this and the recent study of Horky et al. [33]. This may be attributed to the hexagonal lattice of Mg,
which makes loop hardening particularly effective because of the coincidence of the loop planes with
the preferred dislocation slip plane.

HPT-processed samples provide a significantly higher number of vacancies than non-processed
samples in the IS; therefore, the hardness increase during heat treatments is much higher for these
samples than for the non-processed ones. The slight hardness increase of the samples in IS is mainly
caused by the comparably low number of precipitates (Figure 8) [34].

One interesting fact is that Mg0.3Ca also shows a hardness increase during heat treatments.
The peak temperature is around 75 ◦C and it represents a thermally-induced strength increase of 74%
for the HPT-processed sample, which is significantly higher than those measured for Mg5Zn0.3Ca
and Mg5Zn. For the other samples, heat treatments contributed ~30% to the increase of hardness.
Precipitates probably form in the Mg0.3Ca alloy during heat treatments, but further TEM analyses
need to be done.

Previous assumptions were that Zn atoms act as trapping sites for vacancies, but the experimental
data on Mg0.3Ca show that Zn alone cannot be responsible for the hardness increase due to
trapping-induced vacancy agglomeration. Samples with Ca content of 0.15% (Figure 10) showed
almost no increase in hardness during heat treatments when furnace-cooled. In this case the vacancies,
induced by HPT deformation, may have stayed single and did not agglomerate, even though there
was a Zn content of 5%; this is indicated by the vacancy concentrations cv for the DSC peaks I and
II shown in Tables 6 and 7, respectively. Obviously, the presence of Ca favors the formation of
vacancy agglomerates.
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As already reported in the previous Section 3, DSC and XPA measurements of furnace-cooled/

HPT-processed/heat-treated samples show very large concentrations of vacancies up to ~10−3;
(Tables 6 and 7). These start to migrate/agglomerate/anneal at the very temperature (70–100 ◦C)
where the largest values of microhardness appear. The present Kissinger analyses confirm this
conclusion as they exhibit an enthalpy between Q(I) = 0.7–1.3 eV, which agrees well with literature
values of vacancy migration enthalpies for Mg and Mg alloys, being 0.8–1 eV [37].

Moreover, it is well known from literature [30,68] that temperatures of peaks representing the
annealing of single or double vacancies do not shift with the deformation degree applied. In contrast to
that, the peak of dislocation annealing has been often found to shift to lower annealing temperatures the
higher the deformation is. This effect can be understood as stress-assisted annihilation of dislocations
because of their increasing stress field intensity due to increasing dislocation density at growing plastic
deformation (see, e.g., [70]). In the present cases, variations of Q(II) were indeed found (Figure 23a,c)
although occasionally at higher annealing temperatures as well. From this point of view, it is not
surprising that the span of measured Q(II) = 1.3–3.8 ± 0.3 eV for dislocation annealing was much
larger than that for vacancy annealing, Q(I). To substantiate these findings, a comparison with the
dependence of annealing peak temperature on the applied deformation strain is helpful, as those values
are known to be more accurate than those of activation enthalpies. Here, no such variations could
be observed (Figure 23b,d), indicating that there may have been defects other than dislocations, too.
When considering the evaluation of defect densities in this peak, vacancy concentrations of the order
10−4 could still be found, representing a substantial proportion of defects found in this peak II [30].
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Figure 23. (a) Activation enthalpies Q as evaluated from DSC scans and peak temperatures
Tmax measured by DSC for different HPT-processed alloys: (a,b) Mg5Zn0.15Ca (full symbols) and
Mg5Zn0.15Ca0.15Zr (open symbols), and (c,d) Mg5Zn0.3Ca (full symbols) and Mg5Zn (open symbols),
all alloys as a function of torsional strain γT. The red symbols represent the migration enthalpies of
dislocation-type and agglomerate defects (peak II) and the black ones those of single/double vacancies
(peak I). Errors are about 0.1 eV for Q, and 5 ◦C for Tmax.
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A theoretical description of vacancy loop hardening (increase in yield strength ∆σloops) of hexagonal
metals is given by Kirchner [71]:

∆σloops =
Gb
k

Nad3a−1 (7)

with N being the loop density (number of loops/m3); d the average loop diameter; and a and k constants
that depend on the ratio of loop distance (λ = N−1/3) to diameter d. G and b represent the shear modulus
and the Burgers vector, respectively. For a ratio λ/d > 10, the constants amount to a = 1/2 and k = 0.122;
otherwise, a = 4/3 and k = 0.001. According to Equation (7), the strengthening potential of loops is
higher if the loop density is larger.

Although we do not know the number and the size of the loops in our HPT-processed and
heat-treated samples, we can estimate the amount of loop hardening via Kirchner’s equation
(Equation (7)) by inserting the previously determined values for the vacancy concentration of
HPT-processed materials and by an assumption for d. The number of vacancies per loop (vacloop) and
the loop density N when assuming circular loops are given by

vacloop =
d2π

4b2 (8)

N =
cV

vacloop
(9)

where cv is the concentration of vacancies assuming that all of them form loops. For simulations of
the yield strength using Equation (7), the determined vacancy concentrations (Tables 6 and 7) were
used for each alloy, and average loop diameters of 10–100 nm were assumed. Figure 24 shows the
calculated dependence of theoretical yield strength on measured vacancy concentration for all alloys,
samples in the IS (furnace-cooled) and HPT-processed at room temperature.
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The theoretical model predicts tremendously high increases in yield strength of up to 98 GPa (at
cv = 2 × 10−3 being the highest measured vacancy concentration), for the furnace-cooled materials
Mg5Zn0.3Ca and Mg5Zn0.15Ca. The lowest increase was found for the Mg0.3Ca alloy with around
16 GPa. Mg5Zn0.15Ca0.15Zr and Mg5Zn showed increases of around 39 GPa.

From a first perspective, those strength increases predicted by the model are far higher than the
experimentally measured ones: On the Mg5Zn0.3Ca alloy processed by HPT at low temperatures,
one can conclude that from the experimentally determined thermally-induced increase of yield strength
of 115 MPa, around 23 MPa were caused by precipitates. This means that about 92 MPa represents
hardening from vacancy agglomerates.
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Further simulations of strength increases due to loop hardening along Kirchner’s model were
done assuming fixed loop diameters at various fixed vacancy concentrations (Figure 25). The shaded
area represents the field which spans all strength increases measured by tensile tests after HPT and heat
treatment, for all materials investigated. The lines and full points represent fixed values of vacancy
concentrations (lines) and fixed values of loop diameters (points). In addition to the estimations
reported above, it is here even more evident that vacancy concentrations of the order of 10−5 at
maximum lead to the increased values of tensile strength measured. It means that the vacancy
concentrations 10−3 measured by DSC and XPA are far too high to account for these strength increases.
Obviously, a major part of the vacancies does not contribute to hardening as they were not part of
agglomeration and still stay single.
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4.6. The Effects of Processing Routes on Corrosion Behavior

Comparing now the corrosion properties of all alloys with all their microstructures, including
HPT and thermal treatments at 100 ◦C, it turned out that none of the treatments that produced
vacancies/vacancy agglomerates, dislocations and grain boundaries, had a significant impact on
corrosion properties. Even a 24 h heat treatment following the HPT-processing did not change the
corrosion rate or led to its increase. It can be concluded that the corrosion rate is much more affected
by the composition of the alloy. As a side result, even the implementation of IS state out of the as-cast
state decreased the corrosion rates of all materials studied here. It is expected that the dissolution of
primary precipitates decreases the corrosion rate by reducing micro-galvanic corrosion effects.

4.7. The Effects of Processing Routes on the Evolutions of Texture and Young’s Modulus

In general, the microindentation measurements of Young’s modulus E showed moderate changes
of E between the IS and all further treatments, being 18 GPa between all materials, and 14 GPa
at maximum within the same material. Apart from a general positive offset of the simulated data
compared to the measured ones because of an upper-limit calculation, the majority of simulations
followed the measured values of E, at least in all cases of HPT-deformation: E slightly increased with
increasing torsional strain γT, which increased the intensity of shear texture; the latter (and accordingly
also E) reached saturation at highest γT where steady state deformation sets in. Thermal treatment,
however, should not affect the texture and/or E as long as only recovery processes occur. On the
other hand, recrystallization processes must be involved when E changes during thermal treatment,
and when this change is also reflected in the simulation, like in the cases of (IS and heat-treated) samples
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shown in Figure 15. When the simulation does not follow the measured change of E during thermal
treatment (e.g., as seen during long-time thermal treatment of HPT 0.5 rot sample) we must suppose
the thermally-induced formation of a new phase which is perhaps not registered by XRD due to its
small volume fraction. At this point, we conclude the discussion because, as already mentioned, the
measured variations in E did not exceed 50 GPa which is still close to that of bone (E = 10–30 GPa) [72];
thus the requirements to avoid the stress-shielding effect [1] in implant applications were still fulfilled.

4.8. Tensile tests

When comparing the stress–strain curves of the alloys in the IS (furnace-cooled)/low-temperature
HPT-processing for 0.5 rotations (Figure 13), it can be seen that ductility was markedly reduced in
all the HPT-processed samples. After two or more rotations, the material became very brittle, as the
failure occurred right after the elastic limit. After additional heat treatment, the samples remained
very brittle. Since thermal treatments primarily launched the formation of vacancy agglomerates, it is
evident that those were responsible for this brittleness observed.

The values of ultimate tensile strength (UTS) derived from the tensile tests suggest comparing
them with the Vickers microhardness values (HV) as, according to literature [70,73], the UTS can be
related to HV as

HV = m×UTS (10)

with m as the so-called “Tabor factor.” For continuum materials or at least highly isotropic ones, m = 3,
as the result of the theory of stress distribution of a force on a semi-infinite body [73]. Inserting now our
measured data for UTS and HV, m turns out to be m = 4.2 with a relatively small standard deviation
of ± 0.5 confirming the validity of (11). The strong deviation to the continuum value m = 3 can be
explained by the fact that Mg alloys are typical examples of highly anisotropic materials. Therefore,
another constant value m of Equation (10) is expected at least unless the materials exhibit strong
textures [74].

5. Summary and Conclusions

The present study showed methods for the optimization of various MgZnCa alloys concerning their
strength and corrosion properties. Several Mg alloys (Mg5Zn0.3Ca, Mg5Zn0.15Ca, Mg5Zn0.15Ca0.15Zr)
have been investigated with respect to Vickers hardness, Young’s modulus, ductility and corrosion
properties, and the results were compared to investigations of two binary alloys, Mg5Zn and Mg0.3Ca.
The combined application of severe plastic deformation by HPT and heat treatments at low temperatures
provided the production of both special intermetallic precipitates and vacancy agglomerates and thus
tremendous increases of the alloy’s strength. Investigations were done using electron microscopes,
microhardness and nanoindentation testing, a microtensile testing facility, XRD and DSC.

Homogenization of all materials was followed by furnace cooling; the fraction of primary
precipitates could be reduced to below 1%, their size being close to 1 nm. The main results of our
investigations are the following:

(1) Microhardness increases of up to 250% after furnace cooling, further processing by HPT and/or
heat treatment could be reached.

(2) After those treatments, SEM and STEM investigations revealed complex precipitates, which
contribute only ~16% to the hardness increase; this is the result of estimations applying the
Orowan equation for precipitation hardening.

(3) Trying for the first time quantitative analyses of HPT-induced defects, DSC and XPA measurements
were undertaken which showed very large concentrations of vacancies (up to ~10−3;) in the
furnace-cooled/HPT-processed/heat-treated samples. These started to migrate/agglomerate/anneal
at the very temperature (70–100 ◦C) at which the largest microhardness appeared. Kissinger
analyses confirmed that conclusion, as they exhibit a vacancy migration enthalpy between
Q = 0.7–1.3 eV which agrees well with literature values for Mg and Mg alloys.
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(4) Theoretical calculations using Kirchner’s model indicated that about 1% of the HPT-induced
vacancies formed vacancy agglomerates which could account for the significant thermally-induced
hardness increases.

(5) Tensile tests showed that the samples were rather brittle due to the high number of vacancies
after HPT deformation and heat treatment. Elongations did not exceed 5%.

(6) The Young’s modulus varied slightly during the processing history because of deformation,
thermal treatment and second phase formation due to the evolutions of deformation textures and
precipitates, but still remained too small to cause stress shielding; its maximum increase with
regard to the homogenized state amounted to 15%.

(7) Corrosion tests showed that neither the formation of vacancy agglomerates, dislocations and
grain boundaries nor that of precipitates has a significant effect on corrosion rate. Mainly, the
composition of biomedical binary or ternary Mg-alloys controls the corrosion rate.
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