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Abstract
Mg-Zn-Gd have great potential for biomedical applications owing to excellent bioactivity and non-
toxicity properties. In the present study, laser surfacemelting (LSM)was carried out on newly
developedMg-1Zn -2Gd (wt%) alloy. Effects of laser energy onmicrostructural evolution, corrosion
properties, surface energy, and hardness have been investigated. The surfacemodified sample
processed at different energy densities showed fine grain structure in themelt zone compared to the
untreated substrate. Grain refinement in the lasermelted region improved the hardness by 60%. The
surface roughness was found to be increasedwith increasing laser energy density. At higher energy
density, removal ofmaterials from the surface is enhanced, resulting in deeper grooves and higher
surface roughness. Thewettability studies indicated that the variations in surface geometry, grain size
and surface roughness of LSM samples strongly influence the surface energy and hydrophilicity.
Improvedwetting of LSM samplewas achieved owing to grain refinement and low surface roughness.
The corrosion resistance determined by immersion and electrochemicalmethods of lasermelted
sample inHank’s balanced salt solution improved considerably due to grain refinement,meltpool
depth and uniformdistribution of secondary phases.

1. Introduction

Commonbiomedicalmetallicmaterials (Ti-6Al-4V, Stainless steel, Co-Cr based alloys) have elasticmoduli
higher than that of human bone leading to stress shielding [1]. In the case of temporary implantsfixations, these
materials are not biodegradable and therefore require second surgery to remove themonce the bone healing is
complete. Therefore,magnesium (Mg) basedmetallicmaterials are being studied extensively as potential
candidatematerials for biodegradable temporary osseosynthetic implants. SinceMgbased implants are
resorbed by the body and theirmechanical properties such as low density (1.7 g cm−3), elasticmodulus
(41–45 GPa) are close to those of human bone, these alloys can became attractive since they addressed the
drawbacks of existingmetallic implantmaterials [2]. However,Mg alloys are electrochemically very active due to
their low potential (−2.363 V versus SHE) and are prone to accelerated degradation in the physiological
environment [3]. To overcome this, several research activities have been focused on alloy development and
surfacemodifications. Among differentmagnesium alloys,Mg-Ca [4], AZ63 [5], AZ91D [6],WE43 [7], LAE442
[7], AZ31 [8] are few alloys that have been extensively studied for biomedical applications. From these studies it
became known that the addition of rare earth elements (REE) to baseMg alloys has a profound influence on their
mechanical and corrosion properties. Recent studies onMg containing gadolinium (Gd) and other REE’s
revealed that themechanical properties can be tailored via precipitation strengthening and considerable
improvement in vivo corrosion performance can also be achieved [1]. Feyerabend et al [9] investigated in vitro
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cytotoxicity of fewREE’s such as lanthanum (La), cerium (Ce), gadolinium (Gd), neodymium (Nd), dysprosium
(Dy), yttrium (Y) and among theseGd andDy are reported non-toxic (All together 3.4 wt%of REE) in nature.
Zinc (Zn) is another important alloying element toMg-REE alloys which can improve strength and toughness
due to formation of Long Period StackingOrder (LPSO) phase combinedwithfine grainedmicrostructures [10].

Since the corrosion resistance is essentially a surface dependent property, it can be controlled by tailoring the
surface characteristics such asmicrostructure and near-surface chemical composition. Among different surface
modification techniques such as ion implantation, friction stir processing, chemical passivation etc [11], laser
surfacemelting (LSM) is very attractive due to its ability tomodify the surface precisely and locally by tailoring
laser energy. In LSM, the rapid heating and cooling rates would homogenize and refine themicrostructures in a
shallowmelted region [12]. Furthermore the surfacemelting can also be used to dissolve secondary phases that
would help in enhancing the corrosion resistance [13]. So far, some efforts have beenmade to understand the
effect of LSMon corrosion performance ofmagnesium alloys [14]. Abbas et al studied [15] continuouswave
CO2 lasermelting of AZ31, AZ61 andWE43, and reported that the improvement in corrosion resistancewas
mainly due tomicrostructural refinement and uniformdistribution of corrosion resistantβ phase. In case of
AZ91D andAM60B processed byNd:YAG laser the corrosion resistancewas unaffected, but significant
refinement of themicrostructure has been recorded in both alloys [16]. Similarly, laser surfacemodification of
AZ91D alloywas carried out using a high power diode laser and differentmicrostructures were observed
depending on the energy inputs. At low energy input selectivemelting of the surface resulted inmodification of
only one phase of the alloy and effectivemelting of phases was reported at high energy input. It was also observed
that the depth of treatment was insensitive to scan speed at high laser power [17]. In another study, the corrosion
rate of lasermelted AZ91Dwas found to increase with increasing laser power and decreasing laser scanning
speed [18]. However LSMof ZE41 did not show any improvement in the corrosion resistance [19]. A study on
lasermelting ofMEZ alloy byMajumdar et al [20] showed significant improvement in themicrohardness and
pitting corrosion resistance.

For implant applications, surface characteristics of these alloys play an evident role in protein absorption and
cell/osteoblast growth [21]. The quality and amount of cells that attach on to the surface are substantially
influenced by the surface characteristics such as roughness, chemical composition, surface energy and
compositional heterogeneity of the surface [22]. For example, nanoscale surface roughness of Ti was
demonstrated to be very effective in enhancing osseo integration [23]. Osteoblast proliferation and
differentiation aswell as production of local growth factors are also influenced by surface roughness. Guan et al
found that AZ31B alloy surfacemodified using femtosecond pulse laser irradiation causesmicro and nano
ripples. The combined effect of surface roughness and interference of laser leads to the surface topographical
changes in the alloy [24]. Use of ns-pulsed fiber laser for surfacemelting of AZ31B alloy led to changes in surface
roughness aswell asmechanical properties. It is concluded that control in laser process parameters allows
changes in surface roughness values (Ra). Surfaces withmonodirectional, homogenous and nanofibrous
structure were observed aftermelting [25].Wettability is another important surface property that dictates
biological interaction through cell adhesion on the surface [26]. The nature of thewater contact angle on laser
surface texturedAZ31, with cauliflower type of surface roughness, were found to be hydrophilic and ismainly
attributed to the surface topography and chemistry [27]. Surface energy is generally directly related to the
wettability of a surface [22]. Thematerials with highwettability/surface energy (hydrophilicity) promote rapid
cell adhesion, growth and better biocompatibility [28]. Therefore, the surfacewettability of an implantmaterial
helps in estimating the overall cell-materials interactions and long termor short term stability [29]. The results
showed that laser treatment is a promising technique for tailoring biodegradation behavior andwettability ofMg
alloys by changing the surface structure [30]. In this context, laser surfacemodification is very efficient for phase
modification, grain refinement on the surface without changing the bulk properties of thematerial [31]. The
present work is aimed at understanding the influence of laser surfacemelting (LSM) ofMg-1Zn-2Gd (wt%) alloy
onmicrostructures and in vitrowettability and degradation. LSMprocessingwas carried out usingOptomec
MR-7 System. The effect of laser energy density on surface characteristics of treated samples was investigated by
changing the laser power and scan velocity. The changes in the surface characteristics such asmicrostructure and
roughness were correlatedwithwettability, degradation and hardness ofMg-1Zn-2Gd alloy. The cytotoxicity
study of the prepared alloywas carried out and the result proven that there is no adverse effect caused by this
alloy on cells (This paper is in the process of publication).

2.Materials andmethods

2.1. Preparation of alloy and laser surfacemelting
Mg-1Zn-2Gd (wt%) alloywas prepared by conventional casting routewhichwas performed in amild steel
crucible under protective atmosphere (Ar+2%SF6). InitiallyMg-Znmelt was prepared followed by addition of
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required amount ofGd (99.9%pure,Metal Industries,Mumbai) at 750 °C. Zr of 0.8 wt%was also added to the
molten pool for grain refinement. Then themelt was held for 20 min, to achieve complete dissolution of the
alloying elements, and stirred for 2 min. The stirredmelt was then poured into a preheated (250 °C) cast iron
mould (200 mm×110 mm×20 mm). The elemental composition of the cast alloywas determined using
Inductively Coupled Plasma-Atomic Emission spectroscopy (ICP-AES) (IRIS INTREPID II XSPDUO,Thermo
Electron, Australia) and the composition found to be for the prepared alloy isMg-1%Zn-2%Gd (wt%).

The castMg-Zn-Gd alloy blockwas cut into smaller pieces (100 mm×30 mm×8 mm) and one surface
with 90 mm×20 mmareawas used for laser surfacemelting (LSM). The sample surfacewere ground using SiC
abrasive papers ranging from grade 220 to 2000 (grit size). LSMwas carried out usingMR-7 equipment from
Optomec Inc., USA. LSMwas carried out in high purity argon purged glove boxwith oxygen content less than
10 ppm. A continuouswave Ytterbiumdoped fiber laser with beamdiameter of 500 μmwas used for LSM. The
focal position is approximately 1 mmbelow the surface of the sample. Different laser powers (125, 175, 225W)
were used at scan velocities of 10 and 20 mm s−1 to achieve different laser energy densities (12.5, 17.5, 22.5, 25,
35, 45 J mm−2). The energy density was calculated as E=P/ν.d, where P is laser power (W), ν is scan velocity
(mms−1) and d is laser beamdiameter (500 μm). The distance between two successive laser scanswas
maintained at 0.5 mm. The laser processing conditions weremarked as power and scan speed (i.e., 225Wpower
and 10 mm s−1 velocity) represented as 225/10 in the following explanation. Table 1 shows the composition of
the processed samples.

2.2.Microstructures, phase constituents, roughness andwettability
The cross section of the LSM samples was groundwith emery paper of various grades (300 to 2000) followed by
velvet cloth polishingwith diamond paste. The polished surfaces were etched using acetic picrol for
microstructural observation. The cross sectionalmicrostructures andmelt pool depthwere analyzed using field
emission scanning electronmicroscopy (SEM) in conjunctionwith energy dispersive spectroscopy (EDS)
(CARLZEISS, FESEM,Germany). The formation of different phases in the LSM regionswas identified by
glancing incident x-ray diffractometry (GIXRD) (Rigaku smart lab, Japan) operating at a voltage of 40 kV and
current of 30 mA. The datawas collected using amonochromatic CuKα radiation (λ=0.154 nm)with a scan
speed of 2° perminute, step size of 0.02° and over a range of 40 to 80°. Themicro hardnessmeasurements were
carried out on polished surfaces of the alloys usingVickersmicro hardness tester (HMV-G20 Shimadzu, Japan).
The applied loadwas 25 gwith a dwell time of 15 s and an average of 10measurements on each sample was
reported.

Non-contact laser profilometer (OLYMPUS-LEXT 3D lasermeasuringmicroscope, OLS4000, Japan)was
used tomeasure the surface roughness of laser treated and untreated alloys in terms of Sq (rootmean square
height,μm) and Sa (arithmeticmean height,μm). Aminimumof three positions on each lasermelted surface
with 1 cm2 areawas scanned. Sessile drop techniquewas used tomeasure the surfacewettability ofMg-1Zn-2Gd
(wt%) alloy in LSMand polished condition. One set of LSM samples were polished to eliminate the effect of
surface roughness onwettability. All samples were pre-cleaned by ultra-sonication in alcohol bath. Polar liquid
(DIwater) and non-polar liquid (Diidomethane)were used to determine the surface energy of the surface using
contact anglemeasurement by dropping 1 μL volume of liquid onto the surface of the lasermelted and polished
samples. The angle formed between the droplet of liquid and the surface of the sample was captured by the
camera attachedwith the goniometer. The surface energy of the sample was calculated by using Fowkes
equation [32].

2.3. In vitro degradation behavior
In vitro degradation/corrosion behavior of LSM samples wasmeasured using immersion and electrochemical
methods. In immersion corrosion study, weight loss and hydrogen evolutionmeasurements were performed.
All LSM samples were groundwith 2000 grit paper followed by fine polishing on velvet cloth to eliminate the
surface roughness effect on corrosionmeasurements. A standard inverted funnel and burette set up proposed by
Song et al [33]was used for this study. Static long term immersion studywas carried out in 300 mlHanks

Table 1.Typical composition of laser treated zone and as castMg-Zn-Gd
alloys analyzed by EDS (wt%).

Sample conditions

(Within the grain) Mg Zn Gd

As cast alloy 96.9±0.8 1.2±0.4 1.7±0.6
12.5 J mm−2 95.8±0.5 1.8±0.6 2±0.8
45 J mm−2 94.7±0.5 2.2±0.8 2.8±0.6
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balanced salt solution (HBSS) (HIMEDIA Labs, Bangalore)with initial pHof 7.4. All samples were encapsulated
in a resinmouldwith LSM surface (1 cm2) exposed to theHBSS for a period of 180 h at room temperature. The
amount of hydrogen evolutionwasmeasured at every 12 h of immersion time and 10 ml ofHBSSwere used to
analyzeMg ion release using atomic absorption spectrometer (932 Plus, GBC Scientific Equipment Ltd). No
makeup solution added during the total period of immersion. After immersion, the degradation products from
the surface of the samples were cleanedwith a solution containing chromic acid (200 g L−1) and silver nitrate
(10 g L−1). Then the samples were cleanedwith distilledwater and ethanol followed by drying inwarm flowing
air. The initial and finalmasses of the samples weremeasured using a four-digit precision balance. The
degradation ratewas calculated using the following relation[ASTMG31-72] [34].

=
´ ´
´ ´

( ) ( ) ( )C.R
8.76 10 W

D A T
1w
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where (C.R)w is the corrosion rate (mm/year ormmpy),W is the change inmass between initial andfinal
condition (g), A is the exposed area (cm2), D is the density of thematerial (g/cm3) andT is the time in hours (h).
The characteristics of degradation products and the surface features of the samples after corrosionwere
examined using SEM/EDS andXRD.

The electrochemicalmeasurements on as-cast and LSM samples were carried out using an electrochemical
workstation (ECLab-Biologic, SP-150, France.) at room temperature. The set up consisted of saturated calomel
electrode (SCE) as a reference electrode, a platinumwire as counter electrode and test samples as working
electrode (1 cm2). To understand the current responsewith applied potential a linear polarization studywas
performed at 100 mVabove and below the corrosion potential at a scan rate of 0.5 mV s−1. The corrosion
current (icorr) of the samples was determined using Tafel extrapolation, whichwas used to estimate the corrosion
rate of the samples using following relation [ASTMG102-89].

r
=( ) ( )i

C.R
K1. .EW

2corr
i

where (C.R)i is rrosion rate inmm/year or (mmpy), icorr is corrosion current density inμA cm2, EW is the
equivalentmass ofmetal being tested and ρ is the density of the alloy in g/cm3. The constant K1 is 3.27×10−3

mmg (μA)−1 cm−1 y−1.

3. Results and discussion

3.1.Microstructural and phase analysis
Figures 1 and 2 show typical cross sectionalmicrostructures of LSMMg-Zn-Gd alloy processed at different
energy density conditions. Significant changes of themicrostructures were observed in the LSMzone compared
to the untreated substrate. LSM is characterized by rapid heating and cooling rates, which resulted in noticeable
refinement in themicrostructural features ofmelted region compared to the substrate. Themicrostructure of
castMg-Zn-Gd alloy typically consist ofα-Mg dendrites (markedA infigure 2(a)), a eutecticmixture ofα-Mg
and LPSOphases (marked B infigure 2(a)) andMgZn2/Mg7Zn3 [35] intermetallic phases. The semi-elliptical
regionmarked infigure 2(b) is the laser-melted region. The depth of thismelted region increased from75 μmto
150 μmwith increasing laser energy input (table 2, figure 1). In addition themelt depth increasedwith the
increasing laser power and decreasing scan velocity. Aminimumdepth of 75 μmwas observed at 125W,
20 mm s−1 (12.5 J mm−2) andmaximumdepth of 150 μmwas recorded at 225W, 10 mm s−1 (45 J mm−2). The
depth of themelted region can potentially have strong influence on the corrosion frontmovement from the
surface towards the substrate and therefore overall degradation of the alloy under physiological conditions
changes depend on the depth of LSM region. Themicrostructure of themelt pool, shown figure 2(b), is found to
contain an extremely fine equiaxed dendrite (enlarged viewfigure 2(c)) network at the top region and columnar
network (enlarged view figure 2(d)) in the bottom region of themeltpool. In this highly refined zone the grain
sizewas in the range of 1–2 μmand laser processing parameters appear to havemeasurable influence (table 2).
The results showed that at low energy input the average grain size is slightly larger than higher energy condition.
However, the grain size values are statistically not different as the variation in the grain sizewithin the same
sample is high due to the variation in the cooling rate. The grain size of the substrate was∼20 μm (figure 2(a)),
which is significantly higher than that observed in LSM regions. The observedmicrostructural refinement is
attributable to the high cooling rates associatedwith LSM.The coarser columnar dendritic network in
figures 2(b), (d) at the bottomof themelt pool ismainly due to the reduction in solidification rate with increased
melt pool depth and also due to directional heat extraction through the substrate. As the population of equiaxed
cells increased at higher energy condition, this indicated that high energy density leads to temperature gradient
[36]. A distinct heat affected zone (HAZ)was also seen (figure 2(d)) at the interface of the lasermelted region and
substrate. In theHAZ the extended network offine cells is randomly formed and ismorphologically visible. The
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Figure 1.Cross sectional (SEM)micrograph of LSM samplewithmeltpool at an energy densities of (a) 12.5 J mm−2 (b) 17.5 J mm−2

(c) 22.5 J mm−2 (d) 25 J mm−2 (e) 35 J mm−2 (f) 45 J mm−2.

Figure 2.Typical cross sectional SEMmicrostructures of (a) Laser surfacemeltedMg-Zn-Gd alloy (b) enlarged LSMzone (at
25 J mm−2) (c)Top region of themelt pool (d)Bottom region of themelt pool with heat affected zone (HAZ).
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compositional distribution analysis by EDS shows that there is some enrichment and homogenization of Zn and
Gdwithin the LSM region [37].With the increasing energy density the solute enrichment in themeltpool
increased too. This is evident in the combinations 45 J mm−2 (Zn=2.2±0.8, Gd=2.8±0.6), 12.5 J mm−2

(Zn=1.8±0.6, Gd=2±0.8)where the heat input resulted in enrichments of solutes in themelted region as
compared to as cast alloy (table 1).

Figure 3 shows theXRDpattern of as-cast and LSMMg-Zn-Gd alloy. The results indicate that themajor
peaks of all samples correspond toα-Mg phase (ICDD-PDF file no: 00-004-0770). The remaining peaks of
Mg7Zn3 [38] indicate the secondary intermetallic phases. It is noticed that the dominating diffraction peaks at
2θ=32.19 °, 34.4° and 36.63 ° could be assigned to (100), (002) and (101) planes ofα-Mg respectively. After
LSM the relative intensity of (101) increased, which suggests preferred grain orientation in the LSM region of the
alloy. Some extra peaks were observed for the laser-melted sample alongwith themain peaks. Thismay be due to
the change in lattice constants resulting from rapidmelting and solidificationwhich in turn leads to the
formation of some intermetallic ormetastable compounds [21].

3.2.Hardness, surface roughness andwettability
The influence of LSMon the surface hardness ofMg-Zn-Gd alloy is presented in figure 4. The average hardness
of LSM samples ranged between 82 HV and 120 HV. The improved hardness of LSM samples is due to grain
refinement and solid solution strengthening [39]. The averagemicrohardness of lasermelted alloy changedwith
the laser power and velocity. The samples exhibited lowhardness at lower energy, density conditions
(12.5 J mm−2) (table 2), mainly attributable by the coarsemicrostructural features in themelted zone. Once the
laser power increased to 17.5 J mm−2, the hardness also increased as a result of formation offine grains in the
melt zone.Maximumhardness of 120 HVwas observed in the samples processed at an energy density of
35 J mm−2. This improvement in hardness shows thatmore fine grains were formed at extremely rapid cooling
rates. There is a slight decrease in hardness at an energy density of 45 J mm−2. The reason for this decreasemay
be attributed to the grain size variations with increase in scan speed.

The changes in the surface roughness ofMg-Zn-Gd alloy due to LSMare presented in table 2 andfigure 5.
Figure 5(a)mainly shows the typical SEM image of the laser treated surface. The selected area (white in colour) in
figure 5(a) scanned for surface roughnessmeasurement. In general, the surface roughness increasedwith LSM
and gradual increase in the roughness was also observedwith increasing laser energy density. The surface

Table 2. Laser parameters used and hardness andmelt pool depths of LSMMg-Zn-Gd alloy.

Parameters (Power (W)/Velocity
mm s−1)

Laser energy density

(J mm−2)
Melt pool

depth (μm)
AverageGrain

size(μm) Roughness (Sq) (μm)

As- cast 20±0.5 1.88±0.1
125/20 12.5 75±1 2.41±0.6 4±1
175/20 17.5 111±3 2.34±0.3 4.6±0.5
225/20 22.5 138±5 2.12±0.5 5.3±0.8
125/10 25 140±3 2.01±0.2 4.9±1
175/10 35 148±4 1.92±0.5 5.8±0.3
225/10 45 150±5 1.73±0.4 13±1

Figure 3.XRD results of as-cast and selected laser treatedMg-Zn-Gd alloy.
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roughness (Sq) of LSM samples ranged from4±1 μmto 13±1 μm,when the laser energy density was
increased from12.5 J mm−2 to 45 J mm−2. Various research [5, 31, 34, 35, 40, 41]has reported that recoil
pressure, due to rapid heating, generates hydrodynamicmeltmotion inside themelt pool. Thesemotions of the
liquidmetal are sufficient to ejectmelt towards thematerial interaction zone and lead to the formation of liquid
pile-up. Later on the gravitational force tries to pull back the liquidmetal towards themelt pool [42].When the
cooling rates are high during LSM, the liquidmetal solidifies quickly, forming deep grooves and high peaks on
the LSM surfaces [21]. The increase in the surface roughness with increase in the laser energy density could be
due to high recoil pressure-induced shockwaves at higher energy densities.

The quantitative analysis of surfacewettability of LSM samples, before and after polishing, was carried out
usingDIwater (polar). Table 3 shows the contact angles and surface energy of as-cast, LSMand polished LSM
samples. Growth and adhesion of cells on the surface of the laser processed alloys are influenced by surface
characteristics such as surface energy, surface roughness, surface geometry, chemical composition [22] and
microstructural features such as grain size [27, 31, 36]. At low laser energy densities, the unpolished LSM sample

Figure 4.Hardness variation in as cast and LSM samples.

Figure 5. Surface topographies of laser treatedMg-Zn-Gd alloy (a) SEM image, Roughness (3Dmaps) profiles at (b) 25 (c) 35 (d)
45 J mm−2.
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surfacewas nearly hydrophilic and hence, can promote cellular adhesion. As a result, bettermineralization could
be achieved on these samples with low contact angles and higher surface energy [21]. As the value of contact
angle increased gradually and reached 103±10°with increase in the laser energy density, the surface energy of
these samples was found to be low. At the highest energy density conditions (35 J mm−2, 45 J mm−2), the surface
of the sample showed hydrophobic nature similar to as-cast samples (90±3°), which can led to poor cell
attachment on these samples. The changes in the solidification cooling rate as a function of laser energy density
resulted in variations in the surface roughness,microstructural features and thereby altered thewettability of
present samples [36]. As-cast samples with a roughness of 1.88±0.1 μmand grain size of 20±0.5 μm
exhibited a surface energy of 30±6 mNm−1. However, after LSM the surface roughness of the samples
increased significantly (table 2) and up to 10 times lower grain size was achieved on these samples. Further, some
solute enrichment was also observed in the LSM regions (table 1). All these changes resulted in enhancement in
thewettability of LSM samples. However, it is important to note that the LSM samples showedmore or less
similar wettability and surface energy irrespective of laser energy density. This could be due to small variations
among the samples in terms of surface roughness and grain size (tables 2 and 3). Overall, the LSM samples
showed relatively better wettability and surface energy than as-cast samples. However, it is not clearwhether this
improvement is due to changes in the surface roughness ormicrostructure and small composition variations
due to LSM. Therefore, thewettability of sampleswere assessed again after polishing the samples to ensure
similar surface roughness (∼Sq=1 μm) to understand the effect ofmicrostructural and compositional changes
due to LSMonwetting behavior. Since the polished samples have similar surface roughness the influence of
surface roughness onwettability can be ignored. The results show (table 3) that after polishing thewettability
and surface roughness of as-cast samples did not change as there is no change in themicrostructure and
composition in these samples after polishing. On the other hand, thewettability and surface energy of polished
LSM samples showed distinguishable change, which can be attributable to the changes in themicrostructure
(grain refinement) and solute enrichment in LSM region, which are absent in as-cast samples. Although small,
the LSM samples showed relatively better wettability than as-cast samples. The variation in the contact angle is
influenced by the reduction in average grain size [36] and variations in chemical composition due solute
enrichment, presence ofmultiple phases [31]. The EDS results confirmed that the concentration ofMg, Zn and
Gd in the grains and grain boundaries varywith different laser energy densities and therefore, the grain and grain
boundary interactions with awatermolecule appears to be different. These results also indicate that relatively
better wettability on LSM samples can be achieved after polishing, where the direct influence of grain refinement
and solute enrichment was observed.

3.3. In vitro degradation
3.3.1. Immersion corrosion behavior
Overall degradation kinetics of laser treatedMg-Zn-Gd alloywas assessed in terms of hydrogen evolution and
Mg ion release during static immersion inHBSS as represented infigure 6. All samples including as- cast alloy
werefine polished andmaintain a Sq of∼1 μmto eliminate the influence of surface roughness on corrosion. The
measured hydrogen evolution of LSM samples compared to as-castMg-Zn-Gd during immersion inHBSS is
represented in the figure 6(a). At all processing conditions the release of hydrogen volume increases with
increase in immersion time. The same trends have been reported inAZ91D alloy also [18]. The sample processed
at 125–20 (processed using lower energy density (12.5 J mm−2) exhibited highest hydrogen evolution
(1.35 ml cm−2) suggesting its low corrosion resistance than as castMg-Zn-Gd. This could bemainly due to the
unstable passivefilm formation during immersion inHBSS and the lower overlapping ofmeltpool (figures 8(d),
(e)). The rate of hydrogen evolutionwas found to be high during initial∼100 h of immersion for samples treated
with 12.5 J mm−2 and 25 J mm−2 laser processing conditions, which showed 1.35 ml cm−2 and 1.6 ml cm−2

Table 3.Effect of LSMat different laser energy densities on the surface energy and contact angle of as cast, as-LSMand polished LSM sample.

LSM sample Polished LSM sample

Parameters (J/mm2)
Contact angle (°)DI

water

Surface free energy

(mN m−1)
Contact angle (°)DI

water

Surface free energy

(mN m−1)

As cast 90±3 30±6 90±3 30±6
12.5 72±7 39.0±8.3 75±8 40±5
17.5 79±9 34.3±5.6 75±8 39±4
22.5 83±6 35.3±3.7 77±4 37±5
25 83±8 33.5±5.9 80±10 37±3
35 91±7 28.01±4.9 84±8 37±3
45 103±10 32.2±3.5 89±8 35±2
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hydrogen evolution, respectively. The slope of hydrogen evolution curves was relatively low for the samples
processed at high energy density and exhibited a lower corrosion rate. For example, after 140 h of immersion the
hydrogen evolution almost became stable for samples treated at 45 J mm−2, 35 J mm−2 and 22.5 J mm−2.
Among all the processing conditions 45 J mm−2 had higher corrosion resistancewith lowest hydrogen evolution
could be due to a persistent stable passive film on its surface. At higher energy densities, whichwill try to further
inhibit corrosion propagation. The range of passivation is better in these conditions by the linear polarization
studywhich is explained later in this work. The rate of hydrogen evolution up to 100 h (slope of hydrogen
evolution versus time) for 45 J mm−2 also shows a lower value 0.0024 ml cm−2 h−1 compared to 12.5 J mm−2

(0.02 ml cm−2 h−1) and as-cast (0.16 ml cm−2 h−1) conditions. Similarly, the hydrogen evolution at
22.5 J mm−2 is 0.006 ml cm−2 h−1 which is verymuch lower than the 0.29 ml cm−2 h−1measured at 35 J mm−2

condition.
The anodic reaction ofMg results in the formation ofMg2+ ions and therefore, analysis ofMg2+ ion release

during immersion can give extent of alloy degradation. Figure 6(b) shows the cumulativeMg2+ ion release of
different samples as a function of immersion time, the ion release trendwas found to be in line with the
hydrogen evolution trend. There is a sharp increase in ion release during the initial 20 h of immersion for all
processed samples. This could bemainly due to high rate of anodic dissolution. Samples processed at 225/10
(higher energy density-45 J mm−2) showed lower ion release (13.9 ppm)whichmatches the trend of the
hydrogen evolution plot. This lower ion release could be due to the stability of the passive filmwhich is formed
and persistent after 140 h of immersion. As compared to the as cast samples there is strong reduction (∼130%) in
Mg2+ions release for sample processed at higher laser energy condition. ThemaximumpossibleMg2+ release of
23 ppmwas observed for 12.5 J mm−2 conditionwithmaximumdamage on the surface aswell as cross section
(figures 8(b), 9(a))

The highly reactive nature ofMg causes fast surface corrosion.Hence it is essential to provide for a thicker
LSM layer for extended corrosion protection. The corrosion rate of different samples, calculated using the
weight lossmethod, is summarized infigure 7. The in vitro degrdation rates of LSM samples after surface
polishingwere found tomatch verywell the hydrogen evolution andMg2+ ion release data. The data clearly
showed that LSMdecreases the corrosion rate ofMg-Zn-Gd alloy. The corrosion rate of laser processed sample
decreased by 53% for 45 J mm−2 samples compared to as-cast alloy. The decrease in trend could be due to the
reduction in active ionic concentration and the reduction of any oxide layer which is formed during LSM.At
high power and scan velocities of 10 mm s−1 and 20 mm s−1, the corrosion rate decreased due to the
homogenous chemical composition, higher enrichment of Zn andGd in themelt zone and enhancedmelt pool
depth. This prolongs to the corrosion front propagation to reach themelt pool boundary. The samples
processed at low laser power (125W) showed no improvement in corrosion resistance owing to solidification
crack, insufficientmelt pool track overlapping and shallowmeltpool depth (figures 8(d), (e)). The corrosion in
the current LSMMg-Zn-Gd alloy ismainly due to the active ions present at the laser track, corrosion due to the
formation of galvanic cell betweenα-Mg and secondary phases (between the remelted and unmelted region of
the alloy). Once the corrosion starts, the propagation of corrosion front presumed to advance due to (i) the
corrosion potential between themeltpool,meltpool boundary and the substrate (ii) differences in internal stress

Figure 6. (a)Rate of hydrogen evolution (b)CumulativeMg 2+ ion release fromLSM samples during immersion inHBSS (All the LSM
units are in J/mm2).
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between substrate andmeltpool, which could initiate stress corrosion. Therefore sampleswith a lowmelt pool
depth sampleswould experience higher degradation rates. Inmeltpool region of LSM, equiaxed and fine grains
with orwithout secondary phases at the grain boundaries and extended enhanced solid solubility of alloying
element leads to increased corrosion resistance [38, 39, 43].Moreover, suitablemelt depth is required tomake
use of such benefits in the long time corrosion tests. However the results shows that 25 J mm−2 and 12.5 J mm−2

samples have the corrosion rates of 1.8±0.4 and 2.1±0.3 mmpywhich is higher than that of as-castMg-Zn-
Gd (1.7±0.4mmpy)mainly due to their shallowmeltpool depthwith lower overlapping and possible presence
of cracks (figures 8(d), (e) [44]. At high heat input resulted enrichment of solute atoms inα-Mgmatrix increased
the resistance against the pitting corrosion [45].When compared to 45 J mm−2 (0.8±0.2mmpy) and
22.5 J mm−2 (1.2±0.2mmpy) conditions as-castMg-Zn-Gd alloy (1.7±0.4mmpy) shows no higher
enrichment of solute atoms leads to lower resistance to pittingmode of corrosion.

Figure 7.Corrosion rate of as cast and LSM samples byweight loss after 180 h immersion inHBSS.

Figure 8.Cross sectional view of the corroded surface after the immersion inHBSS for 180 h(a)As- castMg-Zn-Gd alloy and laser
treated at (b) 12.5 J mm−2 (c) 45 J mm−2 andmeltpool overlapping variations at (d)12.5 J mm−2 (e) 45 J mm−2.
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Todetermine the depth of corrosion penetration and its correlationwithmeltpool depth, the
microstructure of cross sectional samples of as-cast, 12.5 J mm−2 and 45 J mm−2 samples after 180 h of
immersionwere studiedwith SEM.The corroded area extended deeply into the interior and formed a pit of 1.3
mmwidth and 1.1 mmdepth in as-castMg-Zn-Gd alloy. The 12.5 J mm−2 LSM samples showed that themelt
pool tracks did not significantly overlap (figure 8(d)). This will lead to the faster corrosion propagation through
the interface of the two successive laser scans. Figure 8(d) shows that corrosion front slowlymoves through the
substrate by crossing themelt pool region.Owing to the difference in the anodic and cathodic ratio between the
substrate andmeltpool boundary,many corrosion sites will form. These corrosion sites will further lead to pit
formation (figure 8(b)). However, for samples treated at 45 J mm−2 conditionsfigures 8(c), (e) increased
overlapping ofmeltpool and enhancedmeltpool depth prolonged long term corrosion ratewithout visible
penetration of corrosion thus, indicating their superior corrosion resistance.

Statistical analysis on corrosion rate byweight lossmethodwith respect to the as cast conditionwas carried
out by considering alpha (α) value of 5% and the results are shown in table 4with p values. These results indicate
that at a laser energy density of 35 J mm−2 the corrosion rate is considered to be not statistically significant
compared to all other processing conditions where the corrosion rates are either statistically significant or nearly
statistically significant.

To gain improved understanding of themechanism of corrosion, powder scrapped off the corroded sample
surfaces (25 and 12.5 J mm−2)were examined byXRDand SEM+EDS. Figures 9(a)–(c) show the SEM
micrographs of top surface of lasermelted samples after immersion inHBSS for 180 h. It is observed that the
entire surface has undergone localized corrosion.

The SEM images show a porous layer covering the entire surface of the samples. Some samples also exhibited
cracks on the surface (figure 9(b)).WhenMg alloy specimen are exposed toHBSS, the anodic reaction resulted
in increasedMg2+ dissolution and the presence of Cl− concentration in the solution [46]. The presence of
aggressive Cl− transform the passive filmMg (OH)2 intomore solubleMgCl2. This breakdownofMg (OH)2
reduces the protected area, finally promoting further corrosion of substrate [47]. The formation ofMg (OH)2
was confirmed byXRD analysis shown infigure 9(d). At low laser power and velocity (figure 9(a)), the corroded
surface revealed afilmwith large size pits and increased corrosion products. On the other hand, the samples
processed at high laser power and scan velocity (figure 9(c)), the amount of corrosion products was noticeably
reduced less with isolated regions of loosely bound corrosion products. A crack, visible on the surface of corrode
sample 35 J mm−2 is shown infigure 9(b). This indicates that the oxide films became porous and starts to peel off
from the surface during long-term immersion inHBSS. The passivefilm ofMg(OH)2 ismore stable and further
movement of corrosion front towards the substrate can be impeded by this layer.

A typical XRD spectrumof corroded surface is presented infigure 9(d). TheXRD results confirms the
formation ofHAp (ICDD-PDF file no: 00-009-0432),Mg(OH)2 (ICDD-PDFfile no: 00-044-1482) and
Ca3(PO4) (ICDD-PDFfile no: 00-009-0348). After immersion inHBSS for 180 h. Figure 9(a.1) indicates the
formation offlower like structure [48]. The EDS analysis of these products showed the presence of Ca, P, O and
Mg suggesting the formation of apatite whichwill support bone healing [44]. The surface layer also quantifies the
Mg andO atomic ratio of 1:2, that implies the presence ofMg(OH)2 [49]. The emergedMg(OH)2filmwith
different layer density favors the effective corrosion protection by slowing down theMgdissolution. Therefore
considerable amounts ofMg(OH)2 precipitated on the lasermelted surfacemay act as a protection by preventing
the direct contact withHBSS.

3.3.2. Electrochemical corrosion behavior
The corrosion current density (icorr) and corresponding corrosion potential (Ecorr) derived fromTafel
extrapolation curves and are summarized in table 5. The results suggest that as-castMg-Zn-Gd alloy has amore
negative potential (−1.56±0.3 V v/s SCE) than the LSM samples. The corrosion potential (Ecorr) of LSMat
45 J mm−2 and 22.5 J mm−2 were−1.36±0.03 V v/s SCE,−1.32±0.04 V v/s SCE, which is relatively nobler

Table 4.Corrosion and statistical analysis results of samples after 180 h of
immersion.

Laser processing para-

meters (J mm−2)
Corrosion rate byweight

loss (mm/year) P values

25 1.8±0.4 0.021

12.5 2.1±0.3 0.062

35 1.6±0.2 0.385

17.5 1.4±0.3 0.098

45 0.8±0.2 0.004

22.5 1.2±0.2 0.004
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thanmaterial processed at 25 J mm−2 (−1.53±0.1 V v/s SCE) and as cast system. But there is no large
difference in Ecorr value between as cast and LSMat 25 J mm−2 condition.Moderate range of potential
−1.44±0.02 V v/s SCE and−1.43±0.06 V v/s SCEwere exhibited LSMat 35 J mm−2 and 17.5 J mm−2.
From the results of corrosion current density, it appears that corrosion current icorr decreasesmarginally with
respect to the change in power and velocity. LSM sample at 45 J mm−2 shows a lower value of icorr
0.0013±0.02 mA cm−2 as compared to as cast 0.008±0.5 mA cm−2. The trends of the electrochemical
corrosion test andweight lossmethod agrees with each other. However, the corrosion ratemeasured by the
weight lossmethodwere always higher than that rate obtained from the electrochemicalmeasurement due to
the following reasons [50, 51].Measurement of corrosion rate byTafel plot is fundamentally an instantaneous
techniquewheremeasurement can be taken for a particular time. But in the case ofmagnesium alloys, corrosion
is not constant with time in solution. Typically corrosion initially starts at localized regions and after a period of
immersion it slowly expand over the surface. In this aspects weight lossmeasurement record the average values
of corrosion rate over the period of immersion. Thismainly shows that a short term test requires stringent

Figure 9. Surfacemorphology of degradedMg-Zn-Gd alloy (a) 12.5 J mm−2 (b) (a.1)Enlarged view of the surface product (b)
35 J mm−2 (c) 45 J mm−2 (d)XRD spectra of corrosion product extracted from25 J mm−2 lasermelted sample immersed inHBSS
for 180 h.

Table 5.Electrochemical parameters and corrosion rates determined using
electrochemical andweight lossmethod.

Plot extrapolation

Parameters

(J mm−2)
Ecorr (Vver-

sus SCE) icorr (mA cm−2)

Corrosion

rate

(mm/year)

As-cast −1.56±0.3 0.008±0.5 0.41±0.15
25 −1.53±0.1 0.0051±0.04 0.13±0.08
12.5 −1.48±0.07 0.0024±0.04 0.29±0.13
35 −1.44±0.02 0.0026±0.03 0.08±0.05
17.5 −1.43±0.06 0.0023±0.02 0.07±0.2
45 −1.36±0.03 0.0021±0.01 0.06±0.1
22.5 −1.32±0.04 0.0013±0.02 0.07±0.2
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evaluation of Tafel extrapolation under condition that gives ameasurement that is comparable to immersion
studies

The improved corrosion resistance of laser treated alloy at 225/10 (45 J mm−2) is attributed to the formation
of protective hydroxide film (Mg(OH)2) on these samples. In as-castMg-Zn-Gd alloy the formation of oxide
film starts at the region adjacent to grain boundary adjacent region and furthermove towards the interior [20].
The precipitated fine intermetallic phase inMg-Zn-Gd [35] lasermelted samples along the grain boundary act as
a cathode to the grain. At the initial stages of corrosion grain boundary precipitates remain unaffected. Later on,
corrosion initiates from thematrix-precipitate interface. Hence the galvanic couple effect between grain and
grain boundary leads in time to the increase in corrosion attack on the grain. The large anode to cathode ratio of
the precipitate phase noticeably influences the corrosion performance of the alloy system. In this regard, LSM
positively influences the corrosion resistance bymaking a significant change in grain refinement and
redistribution of precipitates along the grain boundary. Formation of smaller grains results in higher grain
boundary areas and thereforemore precipitates along the grain boundaries, which decreases the cathode to
anode area ratio. This result in a decrease in the corrosion rate of LSM samples. In this study the alloy processed
with higher laser power conditions (225/10 and 225/20) showed comparatively lower corrosion rate than as cast
Mg-Zn-Gd alloy (table 5). This could bemainly due to better fraction of grain size reduction as comparedwith
the lower power condition and the barrier effect of secondary phase (Mg3Gd) [52] inMg-Zn-Gd alloy. Also
duringmelting, rapid heating and cooling leads to the increase in the alloying element concentrationwhich is
present in the solid solution [15] and provides a passive behavior to themelted surface. Higher corrosion rate of
0.41 mm/year and 0.31 mm/yearwere observed at 25 J mm−2 and 12.5 J mm−2 processing conditionswere
mainly due to the lower grain refinement zone (melt pool). As it is seen in the cross sectional image (figures 8(b),
(d)) the lower overlapping percentage between themelt pool acts as a corrosion initiation sites.When the
samples exposed toHBSS (samemechanismhas observed during immersion corrosion study), the chloride ion
present in the electrolyte entrapped to these corrosion sites and further damages the passive film (Mg (OH)2).
Later on the exposed area undergoes self-dissolution and thereby corrosion rate has increased largely. On the
other handmoderate corrosion resistancewhichwas observed for 175Wpower and 20 mm s−1 scan velocity. At
this condition the passive filmwhich is formed on the LSM surface is comparatively stable due to the grain
boundary anchoring effect for small interval of time [20]. As compared to the untreatedMg-Zn-Gd alloy LSM
samples showedmaximumof 82% enhancement in corrosion resistance for 45 J mm−2. The as castMg-Zn-Gd
alloymainly consist of coarse grainα-Mg andMg3Gd phase. The non-uniform and bigger sized secondary phase
distributed in theα-Mg grain boundaries act as a galvanic couple with thematrix [53]. The increased in cathodic
to anodic area ratio further promotes the corrosionmovement by breaking the barrier film andfinally leads to
higher corrosion rate (0.41 mm/year).

The study reveals that surface properties such aswettability, biodegradation of developedMg-Zn-Gd alloy
was tailored effectively by LSM.Controlling the laser process parameters such as laser power and scan speed also
controls themelt pool depth, surface roughness and crack density. Consequently these propertiesmust be
tailored to ensure the effective use of prepared alloy for temporary implant application.

4. Conclusions

The effect laser surfacemeltingwith different power and scan velocities onmicrostructure,mechanical
properties, surface energy and degradation properties ofMg-Zn-Gd alloywas investigated. Based on the results
following conclusions were drawn.

1. Grain refinement and high degree of homogenization was observed due to LSM and is attributed to the
rapid cooling rates associatedwith laser processing. Themeltpool depth increasedwith increasing the laser
energy density.

2. LSMgenerates a rougher surface texture of theMg alloy. The surface became rougherwith increasing energy
densities. Due to the rapidmelting and vaporization, the induced recoil pressure at the lasermaterial
interaction zone generate high velocitymeltflow, leading to the deeper valleys and peaks.

3. The LSM samples exhibited improved wettability compared to as-cast alloy when treated with low energy
density. Amaximum surface energy of 40±5 mNm−1 was obtained for polished sampleswith lowest
contact angle of 75±8°, which is expected to facilitate cell adhesion, proliferation and bio-mineralization
on LSM-treated alloy surfaces.

4. In vitro degradation evaluation by immersion and electrochemical studies showed clear improvement in
corrosion resistance due to LSM.When the alloywas treated at 45 J mm−2 the corrosion resistance
increased by 53%.
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