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Abstract

In the last decades, the interest in magnesium (Mg) and its alloys for biomedical

implant devices has been continuously increasing due to their excellent biological

and mechanical compatibility with human bones. However, their susceptibility to

corrosion-assisted cracking phenomena, such as stress corrosion cracking (SCC) and

corrosion fatigue, in presence of the simultaneous action of corrosive human-body-

fluid and mechanical loadings has hampered their use in these applications. Develop-

ments in this field are thus highly claimed, and this work aims to respond to this need.

The effect of a 100-nm-thick zirconia coating produced by means of atomic layer

deposition on the SCC susceptibility of AZ31 alloy has in fact been investigated car-

rying out slow strain rate tests at a strain rate equal to 2.6 × 10-6 s-1. The samples

were immersed in simulated body fluid at 37�C for the whole duration of the tests.

The presence of the coating has revealed to provide a reduction in the SCC suscepti-

bility, measured by means of the ISCC indexes. The improved SCC behavior of the

coated samples has been explained by means of corrosion experiments, ie,

potentiodynamic polarization curves and hydrogen evolution experiments.
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1 | INTRODUCTION

In the past years, due to the increased lifetime in today's world population, the amount of people undergoing surgical procedures involving the

implantation of medical devices is continuously growing 1. In particular, orthopedic surgery is the most important 2–4. Nowadays, the materials

mainly used in orthopedic surgeries are permanent metallic materials, such as stainless steel, titanium, and cobalt-chromium alloys 5. These mate-

rials are characterized by high strength and good corrosion resistance, and they are thus widely used in load-bearing applications 6–8. However,

these permanent materials are characterized by two main drawbacks. First, their elastic modulus is much greater than that of human bone,

resulting in the occurrence of the stress-shielding phenomenon 9–15. Second, permanent metals must be removed from the body when the bone

has healed, using a secondary surgical intervention. In fact, even though additional surgeries represent additional costs to the health care system,

the prolonged presence of the implant inside the human body can lead to long-term complications, such as local inflammations due to the poten-

tial release of cytotoxic ions as a consequence of corrosion or wear processes 16–20. To overcome these drawbacks, biodegradable materials have

been studied, with a particular interest in Mg and its alloys due to their excellent biomechanical compatibility with human bones 21–24. However,

despite their advantages, Mg and its alloys have not yet been used as implant materials because of their high corrosion rates, which may lead to a
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loss of mechanical integrity and in hydrogen evolution at a rate that is too fast for the bone tissue to accommodate it. In particular, when high cor-

rosion rates acts concurrently with mechanical loadings, for example, in orthopedic applications, Mg and its alloys are reported to be subjected to

corrosion-assisted cracking phenomena, such as stress corrosion cracking (SCC) and corrosion fatigue 25–30. In particular, SCC is particularly dan-

gerous because it leads to a sudden and catastrophic fast failure under mechanical loading conditions otherwise considered to be safe. Therefore,

the development of Mg implants characterized by strength and corrosion resistance high enough to avoid corrosion-assisted cracking phenomena

is highly claimed. However, literature in this regard is quite lacking. Peron et al investigated the effect of cryogenic machining on the SCC of AZ31

alloys and reported that the nanosurface layer obtained by the cryogenic machining reduced the SCC susceptibility of more than 10% 31. More

effective in the reduction of the SCC susceptibility has revealed to be the applications of coatings, with a reduction of about 80% in the SCC sus-

ceptibility provided by hydroxyapatite coating containing multiwalled carbon nanotubes 32. Recently, a new coating technique called atomic layer

deposition (ALD) has emerged due to its ability to provide dense, high conformal, and pin-hole free films 33,34. These characteristics result in an

efficient improvement in the corrosion resistance of Mg alloys 35. For example, a 10-nm-thick ZrO2 coating reduced the corrosion current density

of a commercial AZ31 Mg alloy from 5.1 × 10-4 A/cm2 to 2.7 × 10-7 A/cm2 36. The same decrease of three order of magnitudes has been obtained

by Yang et al 37 after coating a Mg-1Sr alloy with 40 nm of ZrO2. In addition, they reported that the thicker the coating layer, the better the corro-

sion resistance. However, to the best of the authors' knowledge, the effects of ALD coatings on the SCC susceptibility have not been assessed

yet, and thus this work aims to fill this gap. To this aim, AZ31 Mg alloy cylindrical dog-bone samples have been coated with a 100 nm ZrO2 layer

and slow strain rate tests (SSRTs) at strain rate equal to 2.6 × 10-6 s-1 have been carried out. The samples were immersed in simulated body fluid

(SBF) at 37�C for the whole duration of the tests, and, as reference, the same tests were carried out also in air. The ALD coated samples are found

to be less susceptible to SCC than bare samples, and, to understand this different mechanical behavior, the corrosion behavior has been assessed

using potentiodynamic polarization curves and hydrogen evolution experiments.

2 | MATERIALS AND METHODS

2.1 | Materials and environments

The material studied in this work is an AZ31 Mg alloy, consisting of a quite homogeneous α matrix and an initial grain size equal to 13.2 ± 8 μm

(Figure 1).

The test medium was a SBF prepared according to Ref. 38.

2.2 | Atomic layer deposition

The deposition of a ZrO2 layer was performed in a commercial ALD reactor (Savannah S200, Veeco Instruments Inc., Massachusetts, USA)

through 926 successive cyclic reactions for a total thickness of 100 nm. Each cycle was composed of two parts. The first part consisted of a

250-ms Tetrakis (dimethylamino) zirconium (TDMAZ) precursor pulse and a 10-s Hi-purity N2 purge with a flow rate of 20 sccm to remove resid-

ual reactants and by-products from the chamber so as to prevent any additional chemical vapor deposition reactions. The second part comprised

a 150-ms deionized water H2O precursor pulse and a 15-ms Hi-purity N2 purge. In the process of deposition, theTDMAZ precursor, H2O precur-

sor, and delivery lines were heated to 75, 25, and 160�C, respectively.

F IGURE 1 Microstructure of the AZ31 alloy in the as-received
condition
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2.3 | Corrosion tests

2.3.1 | Potentiodynamic polarization curves

The material was received in the form of bars, and these bars were manufactured into disks with a diameter of 29 mm and a thickness of 2 mm

using a lathe. The samples were then grounded using a 2000 grit silicon carbide paper and then cleaned with acetone and ethanol. Some of these

samples were then coated as described in Section 2.2. The samples so obtained were then electrochemically tested by means of a Gamry Refer-

ence 600+ potentiostat using a three-electrode equipment. The bare or the coated samples were immersed in SBF and used as working electrode,

while a Hg/Hg2SO4 electrode was used as a reference electrode, and a platinum plate electrode as a counter electrode. The area of the samples

exposed to SBF was 1 cm2. The potentiodynamic polarization test was conducted at a stable open-circuit potential after a stabilization period of

30 min. The scan rate of the potentiodynamic polarization test was 0.5 mV/s.

2.3.2 | Immersion tests

According to the procedure described in Ref. 39, the corrosion rate of Mg and its alloys can be assessed by monitoring the hydrogen evo-

lution. In fact, from the corrosion process, one mole of dissolved magnesium release one mole of hydrogen, according to the following

equation:

Mg+2H2O!Mg OHð Þ2 +H2 ð1Þ

To this aim, cubic samples of side 5 mm were machined from the as-received material and then prepared as described in the previous section.

The immersion tests were carried out in SBF at 37�C for 7 days individually.

2.4 | Slow strain rate tests

SSRTs are a common technique used for studying the synergistic effect of stress and corrosion/degradation process on the mechanical properties

of a material, and they have been used in this work to investigate the SCC susceptibilities of bare and ZrO2-coated AZ31 alloy. The tests were car-

ried out using cylindrical dog-bone–shaped samples, whose dimensions are reported in Ref. 31, at a strain rate of 3.5 × 10-6 s-1 in SBF solution at

body temperature (37 ± 1�C). The tests were carried out according to the standard 40. The strain rate value was chosen in order to render the Mg

alloy susceptible to SCC according to 41, and the experimental set-up is described in details in Ref. 31. In order to quantify the AZ31 SCC sensitiv-

ity, the susceptibility indices IUTS and Iɛ were calculated according to Equations (2) and (3) 42:

IUTS =
UTSair −UTSSBF

UTSair
ð2Þ

Iε =
εair −εSBF

εair
ð3Þ

where UTS is the ultimate tensile strength and ε the elongation at failure, both evaluated during tests conducted in SBF and air. When the value

of the susceptibility index approaches zero, the material is considered to be highly resistant to SCC, namely, the greater the index, the greater the

susceptibility to SCC.

3 | RESULTS

3.1 | Potentiodynamic polarization curves

Due to the fact that the corrosion current density (icorr) and the corrosion potentials (Ecorr) are closely related to the corrosion situation of the

sample, the potentiodynamic polarization test has been used to investigate the corrosion properties of materials. The potentiodynamic polariza-

tion curves of the coated and bare samples are reported in Figure 2.
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Compared with the uncoated alloy, the corrosion current densities of the coated samples display declining trends (Figure 2). Since the lower

the corrosion current density, the lower the corrosion rate, a 100-nm ZrO2 coating is shown to protect Mg alloys from corrosion, which is consis-

tent with previous reports 36,37,43.

3.2 | Immersion tests

As shown in Equation (1), from the dissolution of one mole of magnesium, one mole of hydrogen evolves. In this way, it is possible to assess the

corrosion rate of Mg and its alloys by measuring the volume of hydrogen evolved, overcoming the drawbacks of the weight loss method and of

the electrochemical techniques can be overcome 39. From the results of the hydrogen evolution tests (Figure 3), it can be further seen that a

100-nm-thick ZrO2 coating can prevent the degradation of AZ31 alloy.

3.3 | Slow strain rate tests

The engineering stress-strain curves for the bare and coated AZ31 samples tested in air and in SBF are reported in Figure 4A,B, respectively, with

the corresponding UTS and elongation at failure values.

As it can be seen, when tested in air, both the bare and coated samples are characterized by an excellent and comparable combination of

strength and ductility. However, when tested in the SBF, the coated samples are characterized by a considerably higher elongation to failure than

the bare counterparts.

F IGURE 2 Potentiodynamic polarization
curves of bare (blue) and coated (red) AZ31 alloy
in SBF

F IGURE 3 Hydrogen evolved from the
immersion of bare and coated AZ31 alloy in SBF
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To quantify the SCC susceptibility of the bare and coated samples, the IUTS and Iɛ indices were evaluated and are reported inTable 1.

The SCC indices of the coated samples are lower than those of the bare samples, thus suggesting a higher resistance to SCC in SBF when a

100-nm-thick ZrO2 coating is applied.

4 | DISCUSSION

The 100-nm thick ZrO2 coating is shown to highly increase the mechanical performances in presence of a corrosive environment. The IUTS and Iε

were in fact reduced of 70.1% and 75.6%, respectively (Table 1). Since SCC in Mg alloys has been attributed to the combination of anodic dissolu-

tion and hydrogen embrittlement (HE), it is easily understandable why the coated samples are characterized by a lower SCC susceptibility. Being

in fact less hydrogen evolved and being the corrosion less pronounced in the coated samples (Figures 2 and 3), the HE is less pronounced in this

samples and thus the material is characterized by a more ductile behavior (Figure 4), providing lower ISCC indices (Table 1). To provide further evi-

dences of this statement, fracture surfaces analyses are now undergoing and will be provided in the future.

5 | CONCLUSION

In this work, to study the effect of a 100-nm-thick ZrO2 coating on the SCC susceptibility of the AZ31 Mg alloy, SSRTs were carried out in SBF at

37�C on bare and coated samples. In addition, potentiodynamic polarization curves and hydrogen evolution experiments have been carried out to

provide an explanation of the observed behavior. The coated samples result to be characterized by a lower SCC susceptibility, in particular, the

elongation to failure is more than two times higher than the bare counterparts. This is due to the better corrosion performances provided by the

ceramic coating, that, reducing the corrosion rate, allows to reduce the HE phenomenon. To provide further evidences of a lower effect of HE on

the coated samples, fracture surfaces analyses are required.
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