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a b s t r a c t

Magnesium (Mg) and its alloys are currently under consideration for use as temporary

implants. However, early degradation and maintaining mechanical integrity is a significant

concern. Surface modification techniques are used to improve mechanical and corrosion

properties of Mg based alloys. In the present study, friction stir processing (FSP) was used to

tailor the surface characteristics of Mg-1Zn-2Dy (wt.%) alloy for temporary implant appli-

cations. The FSPed alloy was characterized using EBSD to understand the influence of FSP

on crystallographic texture, grain size and grain boundaries and thereby their effect on

corrosion, wettability and hardness. Results showed that the grain size of stir zone (SZ) was

refined to less than 3 mm, as a result of dynamic recrystallization (DRX) during FSP and the

FSPed alloy exhibited better wettability than as-cast alloy. An increase in the hardness

(11.7%) and elastic modulus (6.84%) of FSPed alloy were also observed. Electrochemical

corrosion and weight loss methods were conducted in Dulbecco’s Modified Eagle’s Medium

(DMEM) with, 10% Fetal Bovine Serum (FBS) physiological solution. The lower degradation

rate (0.72 mm/yr) of FSPed alloy has been attributed to the fine grains and evenly distrib-

uted secondary phase particles. Further, the influence of grain boundary characteristics

and crystallographic texture on the corrosion behavior have been investigated.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In recent years, osteosynthesis related surgeries are becoming

more and more common in both young and adult people.

Metallic implants such as screws, plates, nails or wires are

used in orthopaedic surgeries as bone fixatives, substitutes

and supporting devices of fractured bones as well as for

anterior crucial ligament repair [1,2]. Currently,most implants

are non-absorbable and are considered as permanent im-

plants. These include implantsmade out of cobalt-chromium,

stainless steel and titanium with good biocompatibility and

mechanical strength [3]. However, these implants remain

permanently in the human body and need a second surgery

for their removal after complete healing of bone. Secondary

surgery results in extra costs for medical care, and also the

rate of infectionswill be higher. Further, stress shielding often

occurs due to the high stiffness of these implants compared to

that of natural bone [4]. As a result, temporary implants such

as absorbable implants were introduced and studied in the

recent years. The most popular absorbable implants are

manufactured from polymers [5]. In recent past, studies have

been carried out to analyse these polymer implants. These

studies have reported issues such as implant breakage, early

degradation of implants and inflammation, etc [6,7].

To this end, magnesium (Mg) has been extensively

considered as a bio-absorbable material. Mg will reduce

stress-shielding as its elastic modulus is reasonably closer to

that of human bone when compared to other permanent

implant materials [8]. However, Mg is susceptible to rapid

degradation rate in the physiological environments, which

can lead to premature failure of the implants before complete

bone healings. In recent years’ significant efforts have been

devoted by researchers to address these drawbacks [9]. One

approach of improving mechanical properties, corrosion rate

and biocompatibility of Mg is to alloy it with different metals

such as Zn, Ca, Zr and rare earth elements (REE’s) [10e12].

Among these, addition of REE’s have been found to improve

mechanical strength and corrosion properties. Alloying Mg

with REE’s can also enhance ductility and thus ensure better

formability even at room temperature [13]. However, all REE

additions are not suitable for implant applications due to

associated toxicity risks. To this end, dysprosium (Dy) having

high solid solubility (25.3%) inMg and also having a favourable
Table 1 e Corrosion rates of FSPed Mg alloys tested in various

Authors Year Alloy Medium

Ti-jun et al. 2010 AZ91D 3.5% Na

Agrade et al. 2012 Mg-Y-RE 3.5% Na

Agrade et al. 2012 Mg-Y-RE 3.5% Na

Arora et al. 2012 AE42 3.5% Na

Saikrishna et al. 2016 AZ31 0.6% Na

Saikrishna et al. 2016 AZ31 0.6% Na

Liu et al. 2018 AZ91 3.5% Na

Liu et al. 2018 AZ91 3.5% Na

Liu et al. 2019 Mg-9Li-1Zn 3.5% Na

Zhang et al. 2019 Mg-Nd-Zn Hanks s

Zhang et al. 2019 Mg-Nd-Zn Hanks s

Qu et al. 2021 Mg-9Al-xRE 3.5% Na
effect on strengthening is considered to be biocompatible [14].

In a recent study, Rakesh et al. [15] reported that Mg-Zn-Dy

alloy exhibits good cytocompatibility with improved ductility

due to the formation of long period stacking ordered phase

(LPSO) [16]. However, early degradation of these implants is

still a challenging task that needs to be addressed.

To control the degradation of absorbable implants, several

surface modification techniques have been evaluated to

modify the microstructure and chemical composition of Mg

alloys [17,18]. Laser processing, coatings and friction stir pro-

cessing (FSP) are some of the techniques used for surface

modification of Mg alloys. Among these, FSP is a useful tech-

nique for grain refinement, texture modification, and uniform

distribution of secondary phases [19].

Several authors investigated the influence of FSP on the

microstructure and mechanical properties of Mg-Al-Zn and

Mg-Zn-Zr alloys [20e22]. Wang et al. [23] performed the FSP on

cast Mg-6Zn-1Y0.5Zr. This study reported considerable grain

refinement and dissolution of the coarse eutectic I-phase

network thus improving the tensile properties. Jin et al. [24]

reported the effect of FSP on microstructure and mechanical

properties of the as-cast Mg-Al-REE (AE42) alloy. They re-

ported an increase in mechanical properties due to FSP.

Research has also been reported on the influence of FSP on the

degradation behavior of Mg alloys [22,25,26] Liu et al. [27]

stated that FSP can improve the corrosion behavior due to the

change in corrosion pattern resulting from grain refinement.

Zhang and co-authors [28] demonstrated that FSP resulted in a

decrease in corrosion rate, which was attributed to the grain

refinement and formation of basal plane texture. Arora et al.

[29] reported that FSP resulted in decrease in the corrosion

rate of AE42 in (3.5 wt. % NaCl solution) due to grain size

refinement and presence of fine precipitates. Several authors

have reported the effect of FSP on corrosion rate of Mg alloys

in different physiological solutions and their results are

documented in Table 1. Majority of the authors have used

NaCl solution (0.5e3.5%) for analysing corrosion behaviour of

FSPed Mg alloys. However, NaCl solution may not simulate

conditions close to actual physiological environments [30]. In

general, simulated body fluids are mostly preferred for

measuring biocorrosion of Mg alloys. Wettability is another

parameter which needs to be considered while designing

bioabsorbable implants [31]. FSP can modify the surface

wettability very effectively. Prior work published on surface
solutions.

and duration M CR (mm/yr) Ref

Cl, 4 h PW 1.05 [22]

Cl, 2 weeks PW 3.6 [25]

Cl, 48 h Pi 2.28 [25]

Cl, 24 h Pi 7.3 [29]

Cl, 3 days PW 4.6 [26]

Cl, 1 h Pi 2.0 [26]

Cl, 168 h PW 0.44 [34]

Cl, 20 h Pi 0.06 [34]

Cl, 24 h Pi 2.29 [27]

olution, 2 weeks PW 0.22 [28]

olution Pi 4.6 [28]

Cl, 24 h PW 1.2 [35]
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Fig. 1 e Schematic of friction stir process.
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modification using FSP have shown improved wettability

which leads to enhanced adhesion of cells on the surface

[32,33]. Even though studies have been reported on improve-

ment in corrosion and mechanical behavior due to grain

refinement and texture, the effect of grain boundary and

texture on wettability behaviour of Mg-Zn-REE alloys is yet to

be explored.

In Table 1, variable ‘M’ represents the method used for

corrosion rate measurement. PW represents corrosion rate

calculated using weight loss method. Pi represents corrosion

rate calculated using Tafel plots and CR represents corrosion

rate.

Mg-Zn-Dy alloy with low content of Dy (2 wt. %) and Zn

(1 wt. %) was selected for the present investigation. FSP was

carried out on as-cast alloy at constant travel speed and

varying tool rotation speed. Microstructural analysis, wetta-

bility behavior, mechanical properties of FSPed alloy were

evaluated. Invitro corrosion studies were performed using

DMEMwith 10% FBS physiological solution. Also, the influence

of grain size, texture and second phase particles on mechan-

ical and degradation behavior of Mg-Zn-Dy alloy were also

evaluated.
2. Experimental procedure

2.1. Friction stir processing

The Mg-1Zn-2Dy (Wt. %) alloy used in this work was pre-

pared using a conventional casting process following pro-

cedures reported in a prior work of authors [36]. FSP was

carried out on 6 mm thick cast plate of Mg-Zn-Dy alloy at

300 rpm tool rotation and 100 mm/min tool travel speed.

The plunge depth was 0.5 mm, and the tool’s tilt angle was

1.5�. These process parameters (rotational speed and tra-

verse speed) were optimized by carrying out trial experi-

ments. The FSP tool was fabricated using H13 tool steel, and

its geometry is shown in Fig. 1.
2.2. Microstructural characterization

The cross section of the stir zone was mechanically polished

using abrasive sheets (SiC). This was followed by cloth pol-

ishing using diamond paste (1.5e0.5 mm). After polishing, the

samples were etched using a solution comprising of 60 mL

ethylene glycol, 20 mL acetic acid, 20 mL distilled water and

1 mL nitric acid for 10e20 s. The microstructure of these

samples was observed using Optical Microscope (OM: Carl

Zeiss), Scanning Electron Microscope (SEM) conjunction with

Energy Dispersive X-Ray Spectroscopy (EDX) (SU3500, HITA-

CHI Japan) and Electron Back Scattered Diffraction (EBSD,

FEI™ NOVA Nano FESEM) detectors. EBSD analysis was per-

formed at the centre of stir zone over an area of 25 � 25 mm.

The samples were electropolished with a solution containing

15 mL perchloric acid, 41.5 g sodium thiocyanate anhydrous,

75 g citric acid, 800 mL ethanol, and 100 mL proponal. After

electropolishing, the samples were subject to low angle ion

milling. The pole figures, inverse pole figures, and boundary

mapping were generated using TSL orientation imaging mi-

croscopy software. The grain size of stir zone was determined

using Image J software by utilizing linear intercept method.

Different phases in as-cast and FSPed alloy were analyzed

using data obtained over the range of 2q from 20� to 80� using
an X-ray diffractometer (Rigaku smart lab, Japan).

2.3. Wettability measurement

Wettability of the samples was assessed using sessile drop

technique (DSA25E, Krüss GmbH, Germany). The samples

were mirror polished and cleansed with ethanol before mea-

surement. An average of three different readings was re-

ported. The surface energy of the samples was evaluated by

measuring contact angles using DI water and diiodomethane

liquids. A liquid volume of 1 mL was dropped on the samples

and the angle formed by the droplet of liquid was captured

using Goniometer attachedwith a camera. Surface energywas

calculated using the Fowkes equation [37].
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Fig. 2 e (a) As-cast microstructure and (b) enlarged view of eutectic phase.
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2.4. Mechanical properties

Mechanical properties of the FSPed alloy were evaluated using

nanoindentation testing (Agilent technologies Model: G200).

In this study, the nanoindentation was carried out using a

calibrated Berkovich indenter tip, at a constant load of 40 mN

resulting in an indentation depth of 1400 nm. From the load-

displacement (p-h) data, mechanical properties such as

hardness and elastic modulus were obtained. The hardness

and elastic modulus were calculated using Oliver and Pharr

method [38]. An average of five indentations made on each

sample at different locations was reported.

2.5. Invitro corrosion studies

Invitro corrosion studies were evaluated using electro-

chemical corrosion and weight loss methods. Electro-

chemical corrosion studies were performed in DMEM with

10% FBS (HIMEDIA Labs) solution at 37 ± 0.5 �C with an

initial pH of 7.4. The media volume to surface area ratio was

maintained at 30 mL/cm2. The exposed area (1 cm2) of the

samples was mounted in an epoxy resin and was finely

polished using abrasive sheets (200e5000 grit size), followed

by mirror polishing using velvet cloth with diamond paste

(1.5e0.5 mm). The electrochemical corrosion testing was

conducted using Gill AC electrochemical work station (ACM

instruments, U.K). A traditional three-electrode cell was

used in the current investigation. It consists of a working

electrode (Mg-Zn-Dy alloy), counter electrode (platinum)

and reference electrode (saturated calomel electrode).

Electrochemical impedance spectroscopy (EIS) and poten-

tiodynamic polarization (PDP) tests were carried out in a

sequential order without changing the samples. The sam-

ples were dipped in the physiological solution for 30 min to

obtain a steady state open circuit potential (OCP). Then the

EIS measurements were carried out from 100 kHz to 0.01 Hz.

Nyquist plots were used to explicate the characteristics of

corrosion. PDP tests were then carried out with a scan rate

of 1 mV/s after the EIS measurements. From the current

density-potential data, Tafel plots were generated. After

electrochemical corrosion testing, both as-cast and FSPed

samples were cleansed with a solution, containing 10 g/L

AgNO3 and 200 g/L H2CrO4, to remove corrosion products

from the surface. The surface morphologies of corroded

surface were observed using SEM.
Weight loss method was carried out using DMEMwith 10%

FBS which maintains physiological conditions (5 vol.% of CO2

atmosphere and 37 ± 0.5 �C) for 24, 48 and 72 h of duration.

Before immersing the samples in solution, initial weight of the

samples was recorded using a digital weighing balance. After

every 24 h, the samples were removed from the solution and

cleansed with a solution containing 10 g/L AgNO3 and 200 g/L

H2CrO4, to erase corrosion products from the surface. After a

thorough cleaning, the samples were dried and the final

weight was measured. The corrosion rate was calculated as

[39].

CR¼ K:W
D:A:T

(1)

where CR is the corrosion rate in mm/yr. K is a constant

(8.76 � 104 mm/yr), W is the difference between the initial

weight and final weight of the samples in grams, D is the

density of the material in g/cm3, A is exposed area in cm2, T is

the immersion period in hours.
3. Results and discussion

3.1. Microstructural and phase analysis

The microstructure of as-cast Mg-Zn-Dy alloy is shown in

Fig. 2(a). The microstructure was found to contain coarse

equiaxed a-Mg grains with an average size of 60 ± 2 mm. The

secondary phases were distributed along these a-Mg grain

boundaries. The high magnification microstructure of the

alloy clearly showed the eutectic phase (Mg8ZnDy), which

exhibits a long-period stacking ordered structure as shown in

Fig. 2(b). Similar kind of morphologies with LPSO structure

was identified by Zhang et al. and Rakesh et al. for Mg-Zn-Dy

alloy [36,40].

The cross-sectional view of the FSPed zone is similar to a

basin-shaped nugget in geometry as shown in Fig. 3(a). De-

fects such as porosity and cracks were not found in the pro-

cessed zone. Based on the microstructural observations,

different zones namely Base Metal (BM), Heat Affected Zone

(HAZ), Thermo Mechanically Heat Affected Zone (TMAZ) and

Stir Zone (SZ) were identified in FSPed alloy [41].

The measured grain size in the SZ (Fig. 3(b)) was

3.0 ± 0.1 mm, which is about 20 times smaller than the grain

size of base metal which is 60 ± 2 mm. The observed grain

https://doi.org/10.1016/j.jmrt.2021.03.057
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Fig. 3 e (a) Optical microscope image showing cross-sectional microstructure of the FSP alloy. SEM images showing the

microstructures of (b) SZ (c) TMAZ (d) HAZ and (e) BM.
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refinement in the SZ is due to severe plastic deformation and

DRX. There is a significant change in the microstructural

features of FSPed alloy when compared to the basemetal. The

coarse a-Mg grains in the as-cast alloy were completely

replaced by extremely fine grains. The secondary phases

(Mg8ZnDy) were also fragmented into fine particles with uni-

form distribution due to the spinning action of the threaded

pin during FSP.

The combination of tool speed and travel speed is themost

important process parameters which influences the peak

temperature in the SZ for various Mg alloys. So, by optimizing

both the tool speed and travel speed fine grain refinement will

occur in SZ. It is estimated that the peak temperature in SZ for

Mg alloys will be ranging from 460 to 530 �C [42]. Due to rapid

heating and cooling associated with FSP, the microstructural

evolution of FSPed alloy is different from solidification derived

microstructures of as-cast alloy. During FSP, the SZ will

experience maximum temperature and severe plastic defor-

mation. Therefore, the grain refinement and break down of

secondary phase particles occur within SZ [30]. After FSP, the

as-cast microstructure was transformed into equiaxed dy-

namic recrystallized fine grain microstructure as shown in
Fig. 3(b). The microstructure of TMAZ and HAZ were charac-

terized by coarse grains and intergranular eutectic networks

as shown in Fig. 3(c) & (d) respectively. From Fig. 3(b), it can be

observed that TMAZ microstructure is similar to SZ as both

are subjected to plastic deformation and thermal cycling. The

HAZ can be observed beneath the TMAZ region (Fig. 3(a)),

which do not experience plastic deformation, but undergoes

thermal cycling. As a result, the microstructure of HAZ is not

significantly affected and looks analogous to microstructure

of BM as shown in Fig. 3(e).

SEM images and EDS analysis of as cast and FSPed alloy are

shown in Fig. 4. The EDS analysis of as-cast alloy (Fig. 4 a.1)

confirms the presence of Dy along the grain boundaries. XRD

results (Fig. 5), confirm the presence of some secondary pha-

ses along the grain boundary in as-cast alloy. After FSP, the

secondary phase particles were broken and are distributed

uniformly throughout the SZ as shown in Fig. 4(b). The

elemental distribution in the FSP zone through spot and area

analysis are shown in Fig. 4(b.1& b.2). The concentration of Dy

in SZ (Fig. 4(b.2)) is found to be slightly higher than in the as-

cast alloy due to the rapid cooling rates encountered during

FSP.

https://doi.org/10.1016/j.jmrt.2021.03.057
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Fig. 4 e SEM images of (a) as-cast & (b) FSPed alloy, (a.1) Area EDS of as-cast, (b.1) & (b.2) Spot EDS and area EDS of FSPed

alloy.

Fig. 5 e XRD analysis of as-cast and FSPed alloy.
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Fig. 5 shows XRD analysis of as-cast alloy and SZ of the

FSPed alloy. The major phase observed was a-Mg along with

secondary phases such as Mg7Zn3, Mg8ZnDy and Mg0.97Zn0.03.

The major diffraction peaks (2q) observed for a-Mg are 32.74�,
37.25� and 48.41�. The corresponding planes assigned for a-Mg

peaks were (100), (101) and (102). From Fig. 5, it can be noticed

that the full width at half-maximum (FWHM) is increasing and

the intensity decreases for FSPed alloy at 69�, which can be

attributed to grain refinement during FSP [43]. The values of

FWHM at 69� for as-cast and FSPed alloy are 0.1680� and

0.2362� respectively. Further it was found that, for FSPed alloy

the diffraction peak for a-Mg phase had slight shifting towards

the right side due to the decrease in the lattice parameter.

3.2. EBSD analysis of FSPed alloy

The inverse pole figure (IPF) and texture along the {0001},

{1010} and {1120} planes of FSPed alloy in the centre of SZ are

shown in Fig. 6. The microstructure of FSPed alloy in the SZ

was found to have completely recrystallized structure with

equiaxed grains. From Fig. 6(b), it can be observed that {0001}

basal planes are clustered around the normal direction (ND)

and intensity was 72, which is very high. This shows that the

SZ exhibits a strong basal plane texture. The {1010} and {1120}

prism planes are formed like a fibre kind of structure in the

transverse direction (TD). The texture observed in the FSPed

alloy in SZ could be due to the presence of ‘Dy’ in the Mg-Zn-

Dy alloy. It has been reported that during deformation and

recrystallization, the texture can be modified due to the

presence of REE’s in Mg alloys [44].

The misorientation angle distribution of the grains in SZ of

FSPed alloy is shown in Fig. 7(a). It can be observed that the

average grain misorientation angle and the fraction of high
angle grain boundary (fHAGB) of the FSPed alloy were and ~51�

and ~77% respectively. The grain boundarymap of FSPed alloy

in SZ is shown in Fig. 7(b). If the grain boundary angle is � 15�

then, it is considered as low angle grain boundary (LAGB).

Similarly, if the grain boundary angle is � 150 then, it is

considered as high angle grain boundary (HAGB). HAGB’s are

represented by blue lines while LAGB’s are represented by

green and red lines in Fig. 7(b).

The wettability of samples was analyzed based on contact

angles. Generally, when the contact angle is less than 90�, the
surface energy will be high and the nature of the surface is

hydrophilic. The contact angle for as-cast and FSPed alloy are

listed in Table 2. The surface energy of FSPed (46.5 ± 0.2) alloy

is greater than that of as-cast alloy (33± 0.11). The high surface

energy leads to good wettability of the surface. This improves

cell adhesion and enhances the osteointegration. The surface

energy for Mg {0001}, {1010}, {1120} planes is 1.54 � 104,

https://doi.org/10.1016/j.jmrt.2021.03.057
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Fig. 6 e EBSD orientation map with (a) IPF and (b) pole figures of FSPed alloy for SZ region.
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3.04 � 104 and 2.99 � 104 J/mol respectively [45]. Therefore,

from Fig. 6(b), it was observed that, the grains were oriented in

{1010} and {1120} planes, which have higher surface energy.

Hence, the crystallographic texture influences the surface

energy of FSPed alloy. In addition, the increase in surface

energy for FSPed alloy is due to the increase in the fHAGB

resulting from the grain refinement.

There is an improvement in contact angle and surface

energy due to the grain refinement in FSPed alloy. Even-

though the contact angles for both as-cast and FSPed alloy

are less than 90�, the contact angles of FSPed alloy is

significantly lower than that of as-cast alloy. Since, the

grain size in FSPed alloy is decreased, the contact angles

found to be less. The wettability influences the absorption

of protein and cell adhesion on the implant surfaces [46].

The presence of FBS in DMEM leads to improvement in the

cell adhesion due to the high surface energy. This is
Fig. 7 e (a) Distribution of misorientation angle and (b) Grain bo

region. (Blue color represents HAGB’s and Green & Red color re
because of the proteins contained in FBS which will attach

on the surface through a different process that includes van

der Waals interactions, hydrophobic and electrostatic at-

tractions and hydrogen bonding [47]. At higher surface en-

ergy, the adhesion of proteins will affect the electric field on

the metal surface. This is due to the, proteins are polarized

at various potentials by their leftover amino acid [48].

3.3. Mechanical properties

Fig. 8 shows the load-displacement graph of FSPed alloy at

room temperature. Elastic modulus and hardness were

attained from nanoindentation testing and are listed in Table

2. Results indicate that both the TMAZ and SZ zones have

higher hardness and elastic modulus when compared to the

base metal. This is due to the grain refinement in the SZ and

TMAZ.
undary misorientation map of the FSPed alloy for the SZ

presents LAGB’s).

https://doi.org/10.1016/j.jmrt.2021.03.057
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Table 2 e Wettability and nanoindentation results for as-
cast and FSPed alloy.

Samples Contact
angle (�)

Surface energy
(mN/m)

E (GPa) H (Gpa)

As-cast 52.9 ± 0.11 33 ± 0.11 55.40 ± 6.8 0.94 ± 0.131

FSPed

(SZ)

41.9 ± 0.22 46.5 ± 0.22 59.19 ± 3.2 1.05 ± 0.018

(TMAZ) 56.88 ± 6.2 0.96 ± 0.051
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During FSP, both the plastic deformation around the tool as

well as the friction between tool and workpiece will lead to an

increase in temperature of SZ. Studies have reported that the

variation in the hardness depends on the temperature con-

dition, type of cooling process, alloy type and processing pa-

rameters [42]. Due to the refinement of grains and solid

solution strengthening, there is significant increase in hard-

ness and elastic modulus of FSPed alloy [49]. In the present

study, maximum hardness was observed in the SZ, which can

be attributed to the grain refinement (Table 1). Elasticmodulus

is influenced by the crystallographic orientation of a poly-

crystalline materials. It was observed that elastic modulus

increased in SZ due to the texture obtained after FSP (Fig. 6(b)).

The load-displacement curves shown in Fig. 8, represent

material response at different zones in FSPed alloy. Among

the three zones, BM is easily deformed when compared to the

other two zones (TMAZ & SZ). The coarse grains structure of

BM and point of indentation could be on inside the grain

boundary (Fig. 2(a)) led to a higher displacement. The mini-

mum displacement and loading curve behavior for SZ are

attributed to the fine grains and secondary precipitates. In SZ,

the point of indentation might be exactly on the grain

boundary or precipitates. Due to this SZ has relatively lesser

displacement (1293 nm) when compared to BM (1365 nm) at

constant load. From Fig. 8, it can be observed that, the loading

curve for SZ is different from the other zones (TMAZ& BM) due

to the increase in hardness. Present hardness and elastic

modulus results are good agreement with the recent study

[50]. Elastic modulus is one of important mechanical property

to be considered while designing implants. Very few studies
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Fig. 8 e Nanoindentation results for FSPed alloy.
have repored on elastic modulus behaviour of Mg alloys. In

present study, both hardness and elastic modulus results are

promising for temporary implant applications.

3.4. Invitro corrosion behavior

The open circuit potentials of as-cast and FSPed alloy are

shown in Fig. 9(a). It can be observed that, OCP is increasing

linearly for both the alloys, which indicates passive film is

formed on both alloys. However, the FSPed alloy exhibits

noble potential (�1690 mV) compared to as-cast alloy

(�1735 mV). This is due to the grain refinement and uniform

distribution of second phase particles as observed from

Fig. 9(b). But, based on OCP curves, it cannot be concluded that

FSPed alloy had improved corrosion resistance. Hence, after

attaining the steady state of OCP, both PDP and EIS tests were

carried out.

EIS tests were performed to understand the character-

istics of the surface film for both the alloys in DMEM þ 10%

FBS physiological solution. Nyquist plot gives better un-

derstanding of film formation behavior on the alloy surface.

Nyquist plot (Fig. 9(b)) shows two capacitive loop semi-

circles each at higher and medium frequencies. Also, an

inductive loop at lower frequency region was observed in

Nyquist plot for both as-cast and FSPed alloys. The result of

higher frequency capacitance loop is achieved by the charge

transfer between Mg alloy surface and corrosive medium

during electrochemical corrosion process. The medium

frequency loop arises due to diffusion or electrolyte ingress,

through corrosion product layer. The inductive loop might

be related to adhesion of precipitates and Mgþ, Mg(OH)þ

ions on the surface of samples [51]. Nyquist plots shown in

Fig. 9(b) indicates that FSPed alloy had a larger semicircle

radius as when compared to the as-cast alloy. The increase

in the radius of capacitive loop signifies the corrosion

resistance is higher for FSPed alloy. The equivalent circuit

[52] fitted based on present data is shown in Fig. 9 (d). The

values of the equivalent circuit components is listed in

Table 3. In the equivalent circuit, RS implies solution resis-

tance, Rct implies charge transfer resistance and Cdl implies

layer between solution and material. From Table 3, it is

noticed that, RS value for FSPed alloy is slightly higher than

as-cast alloy, which means RS has a negligible effect on the

corrosion rate.

FSPed alloy had an increase in Rct value and decrease in Cdl

value and for as-cast alloy decrease in Rct value and rise in Cdl

value can be observed from Table 3. Generally, a better

impedance sample can show a higher Rct and lower Cdl values.

The Rct value is higher for FSPed alloy, due to microstructural

modification (finer grains and texture) after FSP. Crystallo-

graphic texture and grain refinement can significantly

improve corrosion resistance of Mg alloys [28,53,54]. There-

fore, uniformmode of corrosion can be seen on FSPed alloy as

shown in Fig. 11 (c). The low value of Cdl is attributed to

decrease in dielectric constant (e) and increase in double layer

thickness (d). This relationship is given by Helmholtz model

[51].

Cdl ¼ ε

4pd
(2)
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Fig. 9 e (a) Open circuit potential curves (b) Nyquist plot (c) Tafel plot for as-cast and FSPed alloy in DMEMþ 10% FBS solution

(d) Randle circuit.
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A double layer (d) is formed on surface film for FSPed alloy

due to the intense texture obtained after FSP (Fig. 6(b)).

Corrosion mechanism can be altered by introducing high

fraction of HAGBs. After FSP, there is a significant change in

grain boundaries as seen in Fig. 7(b), which can enhance the

passivation kinetics [55]. Therefore, lower corrosion rate is

exhibited by due to the formation of adhesive passive layer

which is caused by higher fraction of HAGBs [54]. It is well

known that, anodic and cathodic reactions for degradation

process of Mg sample are as given below

Mg/Mg2þ þ 2e� (3)

2H2Oþ2e�/2OH� þH2 (4)

The high fraction of HAGB’s will increase the deposition of

OH� ions on the substrate surface, resulting in the formation

ofMg (OH)2. Further, the protective layer ofMg (OH)2 will act as

a barrier against the inducing Cl� ions into the substrate and

protect against the damage of the surface [56].
Table 3 e Potentiodynamic and equivalent circuit values in DM

Specimen RS (Ohm.cm2) Rct (Ohm.cm2) Cdl (F

As-cast 22.08 663.6 5.13E-

FSPed 36.96 2397 1.46E-
Mg2þ þ 2OH�/MgðOHÞ2Y (5)

Fig. 9(c) shows the potentiodynamic polarization curves for

as-cast and FSPed alloy. Potentiodynamic polarization curves

represent the cathodic and anodic reactions for both as-cast

and FSPed alloy. Cathodic reaction represents hydrogen evo-

lution and anodic reaction represents the dissolution of Mg

matrix [57]. Generally, lower current density (icorr) and noble

corrosion potential (Ecorr) represents a higher corrosion resis-

tance sample. The polarization curves clearly indicate that the

FSPed alloy shows better corrosion resistance in DMEM þ 10%

FBS at 37 �C as when compared to as-cast alloy. As observed in

Fig. 9(c) corrosion kinetics for cathodic reactions is similar for

as-cast and FSPed samples. Corrosion kinetics for anodic re-

action for as-cast alloy was different due to presence of sec-

ondary phase or intermetallic particles. From Fig. 2(a), the as-

cast microstructure consists of high energy areas and it can

lead to decrease in corrosion resistance by formation of

galvanic couple between a-Mg matrix and surrounding
EM þ 10% FBS solution.

) Ecorr (mV) icorr (mA/cm2) CR (mm/year)

05 �1565 0.0118 0.26

04 �1539 0.0033 0.07
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Fig. 10 e Corrosion rate obtained by weight loss method.

Table 4 e Comparison of corrosion rates observed from
electrochemical and weight loss methods for as-cast and
FSPed samples.

Method used Time (hours) Corrosion rate
(mm/yr)

As-cast FSPed

Electrochemical 0.26 0.07

Weight loss 24 5.41 1.88

48 5.27 1.62

72 3.61 0.72
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secondary phases. Therefore, the corrosion rate was higher

for as cast alloy. The corrosion rate can be calculated from the

tafel plot generated data and the relation below [58].

Corrosion rateðCRÞ¼ 22:85icorrmm =year (6)

The current density (icorr) and current potential (Ecorr) ob-

tained from the polarization curves are listed in Table 3. After

FSP, fragmented second phase particles in the a-Mg matrix

acts as micro galvanic couple, which leads to uniform corro-

sion [59,60]. The micron sized secondary phase particles

distributed uniformly in SZ causes more homogeneous
Fig. 11 e Surface morphology (a & b) as-cast and (c & d)
corrosion which can be noticed from Fig. 11(c). Recent study

on ZE41A alloy via ECAP reported that, an enhancement in

corrosion resistance due to the microstructural evolution and

homogenous distribution of secondary phase particles [61].

Hence, the results indicate that the FSPed alloy shows a more

noble corrosion potential and very low current density than

the as-cast alloy. As shown in Table 3, FSPed alloy sample

have lower icorr than as-cast alloy indicating their higher

corrosion resistance. The lower icorr for FSPed alloy is due to

reduced grain size after FSP. A similar trend of corrosion

related to grain size and Icorr was observed by Birbilis et al. [62].

Further, results indicate that crystallographic texture also

influences the electrochemical behavior [55]. The atomic

packing density of Mg for {0001} plane is highest (1.13 � 1019

atoms/m2) followed by {1120} plane (6.94 � 1018 atoms/m2)

and the {1010} plane (5.99 � 1018 atoms/m2) [53]. It is well

known that the closely packed crystallographic planes will

have lower corrosion rate than those with lower atomic

packing because of their low surface energy [63]. From Fig. 6

(a) it can be seen that maximum number of grains are
FSPed alloy subjected to electrochemical corrosion.
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oriented in the {1010} and {1120} planes along the TD.

Further {0001} basal planes are oriented towards the ND in

the form of semicircle (Fig. 6 (b)). The fact that both the

planes ({1010}, {1120}) have similar atomic packing density

as the basal plane {0001}, is an indication that corrosion

resistance will be the same. Texture and packing density

have implications on corrosion resistance. The degradation

rate of FSPed alloy is controlled by modifying the texture

and introducing high fraction of HAGBs.

Fig. 10 shows the weight loss measurements for as-cast

and FSPed samples after 24, 48 and 72 h of immersion. Re-

sults reveal that as-cast sample exhibits significantly higher

corrosion rate when compared to FSPed sample. Corrosion

rates were found to decrease with increase in immersion time

for both the samples. Comparing the corrosion behaviour

between the FSPed and the as-cast alloy (Fig. 10), it can be

observed that the corrosion rate decreases by 61% for FSPed

alloy, while it decreases by 33% for the as-cast alloy over the

span of 72 h. This clearly shows the improvement in corrosion

resistance of FSPed alloy. Next, from Table 4, it can be noticed

that the corrosion rate measured through weight loss method

is significantly higher when compared to electrochemical

corrosion measurements. Similar observations were reported

by Atrens et al. [64]. Further, similar degradation behaviour

was observed for both as-cast and FSPed samples in electro-

chemical and weight loss methods. This illustrates that any

one of these techniques (electro-chemical or weight loss

methods) can be used to understand the degradation behav-

iour. However, to calculate corrosion rate accurately, weight

loss method should be preferred.

Fig. 11 shows SEM images of the as-cast and FSPed alloy

after the electrochemical corrosion testing. Filiform corrosion

morphologies were observed on the corroded surface for both

as-cast and FSPed alloy. However, in the as-cast alloy, a larger

area is affected by the corrosion compared to FSPed alloy.

From Fig. 11(c), it can be observed that, FSPed alloy exhibits

relatively uniform mode of corrosion. The smaller grain sizes

increased the grain boundary area, as a consequence the high

angle grain boundary acts as physical barrier and plays an

important role in corrosion process for FSPed alloy. For as-cast

alloy, the corrosion has been initiated between a-Mg and

secondary phases, which will result in galvanic couple as

shown in Fig. 11(b). From electrochemical corrosion tests and

weight loss method, FSPed alloy shows lower degradation

rate, which can be attributed to crystallographic texture, grain

size and high angle grain boundaries. Similar results were

reported by Ratnasunil et al. [65], Hoog et al. [66], Birbilis et al.

[67]. The corrosion rate obtained from present study is rela-

tively lower than prior study.

From the above discussion, it can be concluded that the,

degradation rate can be controlled by grain refinement, crys-

tallographic texture, grain boundary and uniform distribution

of secondary phases within the matrix. Further, our results

demonstrate that FSP can be used to tailor surface charac-

teristics and thus improve wettability and degradation

behavior of Mg-Zn-Dy alloy.
4. Conclusions

In this study, cast Mg-Zn-Dy alloy surface was tailored using

FSP for bioabsorbable implant applications. The effect of FSP

on wettability, grain size, texture, mechanical properties and

degradation behavior were investigated. The following are the

main conclusions:

� The single-pass FSP processing parameters used in this

investigation reduced, -the average grain size below 3 mm

from 60 mm.

� Hardness improved from 0.96 GPa to 1.05 GPa and elastic

modulus improved from 55.40 GPa to 59.19 GPa for FSPed

Mg-Zn-Dy alloy.

� Wettability of the alloy was improved due to FSP

induced microstructural changes in the SZ. The grain

refinement, texture and high amount of high-angle

grain boundaries found to enhance the surface energy

of the alloy.

� Electrochemical corrosion testing revealed that the fine

grained and uniform microstructure of the FSPed alloy

resulted improved the corrosion resistance in DMEMþFBS

physiological body solution. EIS results shows, the forma-

tion of passive film which protected the surface film from

further corrosion and thus reduced the overall corrosion

rate of FSPed alloy.

� Immersion corrosion study confirmed a decrease in

corrosion rate of FSPed alloy (0.72 mm/yr) when compared

to as-cast alloy (3.6 mm/yr).

� The improved corrosion resistance of FSPed Mg-Zn-Dy

alloy can be attributed to the refined grain structure,

HAGBs and crystallographic texture.
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