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INFLUENCE OF HEAT TREATMENT ON
MICROSTRUCTURE AND CORROSION BEHAVIOR OF
BIODEGRADABLE Mg-Ca ALLOY

Tiberiu BITA?, luliana CORNESCHI?, Elena UNGUREANLP, Ana-lulia BITAY,
Nicoleta-Daniela IGNAT®, Horatiu DURA?®, loana Dana CARSTOC/, Pantelie
NICOLCESCU®

Until now, different categories of metallic materials have been studied for
their use in the manufacture of implants. Magnesium and its alloys are highly
desirable for the production of biodegradable implants, but they corrode too quickly
in the human body, necessitating the development of a number of techniques to slow
down this phenomenon.

The properly used alloying elements and subsequent heat treatments lead to
microstructural changes that improve their functional properties. In the context of
biodegradable materials, calcium is a special alloying addition to magnesium. Two
alloys from the Mg-Ca system were used (MgCa0.8 and MgCal.l) in order to
examine the effects of heat treated structure on in some simulated body fluids.

Keywords: Mg-Ca alloys, biodegradable material, heat treatment, corrosion,
microstructure

1. Introduction

For the production of implants, various kinds of metallic materials have
been researched up until this point. Magnesium and its alloys are beginning to
offer solutions that are of considerable interest in this field, despite the fact that
titanium alloys and stainless steels are well known for their application in the field
of implants [1-5]. Magnesium and its alloys combine mechanical properties and
biological compatibility to have the features needed for a biodegradable implant
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[6]. However, magnesium corrodes prematurely in the implanted tissue [7-9], thus
numerous attempts have been made to find the optimal solution for their use
[10,11]. It's also possible to control how effectively biodegradable magnesium
alloys resist corrosion by adjusting other alloying components as well [12].
Surface coatings, mechanical treatments, and heat treatments are among the
different types of treatments that are applied. Numerous surfaces coating
procedures, including fluoride coatings of Mg-Ca alloys [13-15], alkaline heat
treatment [16,17], calcium phosphate coatings created by electrochemical
deposition [18-20], and TiO. coating, have been used on magnesium alloys
containing calcium. These processes have all shown improved corrosion
resistance. The rate of corrosion must be taken into consideration when employing
biodegradable magnesium alloys [21-26]. Some studies have used their processing
employing mechanical treatments like hot rolling or equal channel angular
pressing [27] for the same reason. These treatments not only control bio-corrosion
but also improve mechanical qualities by refining the grain.

The purpose of heat treatments is to increase strength, which leads to
greater toughness, shock resistance, hardness, and yield strength. In this study, the
influence of heat treatment on the corrosion rate is assessed using two types of
heat treatments (T1, T2) with various parameter values. Additionally, MgCa0.8
and MgCal.l magnesium calcium alloys were used in the examination of the
impact of alloying component content on experimental specimens subjected to
heat treatments [28, 29].

Due to its low toxicity and quick elimination from the body, magnesium
has a good tolerability in the body. Different tests were conducted utilizing a
variety of conditions that mimic the human environment as well as solutions that
have a high chloride content in order to identify the precise constituents and the
amount to which they affect the corrosion of magnesium. Regardless of the
medium employed, several pertinent findings regarding the behavior to corrosion
of biodegradable magnesium alloys could be made in the end [30-32]. The best
possible biocompatibility, adequate mechanical capabilities, and higher resistance
to corrosion are requirements when using for biodegradable implants magnesium
alloys as materials, so finding suitable elements for alloying is a top priority [33].
However, some alloying elements have the potential to be toxic, which poses a
serious issue when dealing with the alloying process [33-36]. Due to the
importance of both Mg?* and Ca?* to human body, calcium is a particular alloying
addition to magnesium in the context of biodegradable materials, and Mg-Ca
alloys exhibit exceptional biocompatibility [37].

The presented study aims to analyze two magnesium alloys in which the
calcium content varies (MgCa0.8 and MgCal.1), after heat treatments, to observe
the microstructure regarding the corrosion behavior in two simulated body fluids.
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2. Experimental Methods
2.1. Materials. Development and casting of experimental alloys

The raw materials used in this study consisted of ingots made from high
purity, commercially available, magnesium (99.96%) and calcium (99.8%)
powder. The casting was made in an electric melting pot furnace using a Diamant
type graphite crucible. Using a mixed gas protective environment of sulphur
hexafluoride (SFe), magnesium was melted and cast at 680°C to obtain alloys
from the Mg-Ca system. The magnesium melt was cast into a permanent mold to
produce rods with a diameter of 10 mm when calcium was added at a higher
temperature, which depended on the calcium ratio in the Mg-Ca alloys.

The heat treatments were performed in a furnace that allowed the
electronic programming of the heat treatment parameters (UTTIS). The
temperature variation was controlled in the range + 2 °C. The experimental Mg-Ca
alloy samples for heat treatment had the dimensions: 10 mm x 10 mm x 3 mm.

Table 1
Chemical composition for the experimental Mg-Ca alloys.
Alloy Ca (wt.%) Mg (wt.%)
MgCa0.8 0.8 99.2
MgCal.1 1.1 98.9

For both experimental alloys the selected heat treatment was solubilizing
followed by ageing. Heating of the material is made to reach the temperature
(temperature designation T1) in which the phase that initially occurs at the grain
boundary is dissolved into solid solution. During rapid cooling in water this
secondary phase is kept in solution, obtaining a supersaturated solid solution, out
of equilibrium. The second treatment applied was ageing. This one involves the
heating of the supersaturated solid solution at a suitable temperature (temperature
designation T2) in order to obtain a controlled precipitation of solubilized phases
in solid solution. As a result of the dispersion hardening mechanism, the
mechanical characteristics are enhanced in this way. In order to achieve the
desired outcomes -yield strength and hardness- the parameters -time and
temperature- are selected based on the composition and other considerations.

The samples were heat-treated in a resistance furnace using a heating rate
of 10°C/min. Solubilizing quenching (T1) of the alloy was made at 550 °C for 5h
in argon atmosphere for preventing surface oxidation (which can lead to strength
decrease). The cooling was done in water. Aging treatment (T2) of the solution-
treated samples was made at 150°C for different holding times: 3 h - type | and for
6 h - type I, to produce different aged microstructures and then cooled in air. The
heat treatment parameters are listed in table 2.
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Table 2
Parameters of the heat treatments applied to the experimental Mg-Ca alloys.
Treatment Type | Type Il
Solubilization quenching T1: 550°C,5h T1: 550°C,5h
Ageing T2: 150°C,3h T2: 150°C,6h
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Fig. 1. Graphical representation of heat treatments applied to the experimental alloys: a. thermal
regime for MgCa0.8 and b. MgCal.1.

The equilibrium microstructure of both alloys should consist of a primary

phase - amg and a precipitated compound, Mg2Ca, corresponding to the Mg-Ca
binary diagram illustrated in Fig. 2.
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Fig. 2. Positioning of experimentally developed Mg-Ca alloys in the Mg-Ca phase diagram.
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2.2. Microstructural observation

Sample preparation is an essential aspect for metallographic examination.
CarbiMet™ silicon carbide grinding paper in grit sizes P180 to P2000 was used
for the grinding. The processes for polishing were carried out using the Buehler
SumMet™ kit for magnesium. Polishing of the surface of the experimental
samples was made using oil-based lubricants in combination with abrasive
diamond suspensions and cleaned with ethanol between polishing steps. The
abrasive particles sizes were 9, 3 and 1um, respectively. The metallographic
etching was made by immersion in picric acid 3% for 2-3 s, then rinsed with
ethanol and dried in cold air. Optical microscopy was used to evaluate the
microstructural characteristics, using an Olympus BX51 microscope. The surface
and macrostructure details of the sample were obtained with an Olympus type
SZX7 stereomicroscope. Scanning electron microscope coupled with EDS for
elemental composition was used for advanced microstructural features
investigation.

2.3. Corrosion testing

The samples were prepared so that the usual 1 cm? analysis surface for
corrosion behavior was achieved, according to the standard. Electrochemical
examination of generalized corrosion was used to analyze corrosion behavior
[38]. For the tests, an Autolab PGSTAT 128N potentiostat was employed. A
corrosion cell made up of the working electrode (sample) (WE), reference
electrode (RE) (Ag/AgCl), and recording electrode (CE) made of platinum was
used to test the corrosion resistance using electrochemical techniques. As the
electrolyte, Simulated Body Fluid and Dulbecco's Modified Eagle's Medium (SBF
and DMEM) were both used at 37 = 0.5 °C.

The corrosion assessment was made by recording the Eoc open circuit
potential by immersing for 16 hours in the electrolyte. The polarization curves
(Mansfeld curves) were recorded at + 20mV vs Ag/AgCl against the Eoc and the
polarization resistance Rp was calculated at a scanning rate of 0.4 mV/s. Further,
the Tafel curves, the corrosion current (lcorr) and corrosion potential (Ecorr) Were
obtained [38]. The calculation of the corrosion rate followed ASTM G102-89
(2004).

3. Results

3.1. Microstructure characterization

The microstructure of the analyzed magnesium alloys is presented in Fig.
3.a. and 3.b. The equilibrium structure of both alloys is formed by differently
colored grains of a solid solution and precipitated secondary phases at the grain
boundary of the Mg.Ca compound. The difference between the two alloys
(MgCa0.8 and MgCal.1) consists in the fact that the second-one contains a larger
amount of secondary Mg.Ca phases, this alloy being closer to the concentration
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where the solvus line starts in the equilibrium diagram. The presence of secondary
phase at grains boundary induces fragility, so that both alloys, although they have
an equilibrium structure, do not ensure high mechanical properties.

b.
Fig. 3. Microstructure of: a. MgCa0.8 alloy before heat treatment and b. MgCal.1 alloy before
heat treatment.

Fig. 4 illustrates the microstructure of Mg-Ca alloys after heat treatment
type | (Fig. 4a and 4b) and type Il (Fig. 4c and 4d) respectively. The structures
present grains of a solid solution and Mg.Ca secondary phases that precipitated
during aging. No major changes are observed in the structures corresponding to
type | or type Il heat treatments. However, a longer holding time corresponding to
type 11 has locally determined some globulization phenomena of the precipitated
secondary phases.

For MgCal.l alloy, after heat treatment (Fig. 4e, f, g, h) the structure
seems coarser, a solid solution grains probably had a higher growth tendency
during solubilization. Regarding the structural difference obtained after the
application of aging (type | and Il heat treatments), this is manifested by a higher
density of secondary phase particles (Mg2Ca) which precipitated as the holding
time was longer. The phenomenon is considered normal, if the chemical
composition of the alloy is taken into account. It has a larger amount of secondary
phase in its structure, which required a longer holding time to precipitate in a
controlled way during aging. The effects on mechanical properties are more
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beneficial because the phenomena of precipitation hardening took place with
higher intensity.

® o
o

. h.
Fig. 4. Microstructure of: MgCa0.8 alloy after heat treatment type | (a. and b.) and type Il (c. an
d.); MgCal.l alloy after heat treatment type | (e. and f.) and type Il (g. and h.).
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Fig. 5 and Fig. 6 illustrate the scanning electron micrographs of the

MgCa0.8 and MgCal.l alloys respectively.
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Fig. 5. Scanning electron micrographs of MgCa0.8 alloy before heat treatments (a), after heat
treatment type | (b) and after heat treatment type I1 (c).
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MgCal.l alloy before heat treatment
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Fig. 6. Scanning electron micrographs of MgCal.1 alloy before heat treatments (a), after heat
treatment type | (b) and after heat treatment type 11 (c).
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In the case of the untreated samples, it can be seen that the secondary
phase which like a white network at the grain boundary or lamellar appearance
(Fig. 5a), short bar and tiny dot shapes (Fig. 6a).

After the heat treatment the Mg.Ca phase dissolved and precipitated into
the matrix. The distribution of calcium in treated samples was found to be more
homogeneous than that in the cast alloy. The surface morphology of the
experimental samples subjected to heat treatments was studied using SEM, and
one notable finding was the formation of cracks when the second type of heat
treatment was applied to both Mg-Ca alloys. From the microstructural point of
view, it could be concluded that the application of selected heat treatments has
beneficial effects on the finishing of the microstructure of MgCa0.8 and MgCal.1l
alloys. However, the experimental research highlighted that the application of a
heating temperature higher than 550 °C can have negative effects on the surface of
the experimental MgCa0.8 alloy.

3.2. Corrosion resistance determination by electrochemical methods
Table 3 summarizes the essential parameters of the corrosion process for
the samples in SBF and in DMEM.

Tabel 3
The main parameters of the corrosion process of the samples in SBF and in DMEM
Eoc Ecorr icorr Rp Corrosion rate
Sample M | M |wAemd| @ | [mgm?iday]
MgCa0,8 heat treated alloy (in SBF) -1,591 | -1,584 2,99 474,2 79,2
MgCal.l heat treated alloy (in SBF) -1,556 | -1,549 6,98 710,8 186,0
MgCa0.8 heat treated alloy (in DMEM) | -1,478 | -1,476 0,81 4304,5 21,4
MgCal.1 heat treated alloy (in DMEM) | -1,526 | -1,521 1,12 4410,9 29,60
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By contrasting the polarization curves produced for the alloys immersed in
SBF, it can be seen that the alloy MgCa0.8, which has the highest electropositive
value of the corrosion potential (Ecorr), IS the most corrosion-resistant. Using the
same comparison criterion, it is observed in the case of immersion in DMEM that
also MgCa0.8 alloy has the most electropositive value of Ecorr.

According to the current intensities, it can be observed that by immersion
in both SBF and DMEM the MgCa0.8 alloy has better corrosion resistance.
Comparing the different corrosion rates obtained for different testing medium,
respectively SBF and DMEM, it can be mentioned that SBF is not so aggressive
medium due to the absence of proteins in his composition. DMEM is more
appropriate to the human body medium [39].

c. ' ] o ) d.
Fig. 8. Stereomicroscopy images after corrosion test in SBF of MgCa0.8 heat treated alloy (a) and
of MgCal.1 heat treated alloy (b) and in DMEM MgCa0.8 heat treated alloy (c) and of MgCal.1
heat treated alloy (d).

4. Conclusions

It was found that both heat treatments used on the Mg0.8Ca alloy
improved the grain size to be uniform. The precipitated particles are more evenly
distributed contributing to the increase of mechanical performances by dispersion
hardening mechanism.



258 T. Bita, I. Corneschi, E. Ungureanu, A.-1. Bita, N.-D. Ignat, H. Dura, I. D. Cérstoc, P. Nicolcescu

According to the results obtained by microscopical techniques, it was
observed that the change in the morphology of the phase (Mg.Ca) was present at
the grain boundary after heat treatments. In the sense that the Mg.Ca phase
dissolves and is distributed in the Mg matrix. Also, the distribution of calcium in
treated samples was found to be more homogeneous than that in the cast alloy.

The Mg.Ca phase uniformly precipitated by solubilization and ageing
should not be in large quantities because the increase in hardness is accompanied
by internal tension acting in the elastic domain. In this situation, the corrosion
resistance decreases. The decrease in corrosion resistance is explained by the
creation of alternating anodic and cathodic zones resulting from precipitation
hardening. They act like galvanic micropyles priming the corrosive process. That
IS why analyzing the results obtained from the corrosion point of view, apart of
the testing medium, the MgCa0.8 alloys shown a better resistance to corrosion,
especially in DMEM.
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