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a b s t r a c t 

The influence of amount of intermetallics on the degradation of as-extruded Mg-Nd alloys with different 

contents of Nd was investigated via immersion testing in DMEM + 10% FBS under cell culture conditions 

and subsequent microstructural characterizations. It is found that the presence of intermetallic parti- 

cles Mg 41 Nd 5 affects the corrosion of Mg-Nd alloys in two conflicting ways. One is their negative role 

that their existence enhances the micro-galvanic corrosion. Another is their positive role. Their existence 

favours the formation of a continuous and compact corrosion layer. At the early stage of immersion, their 

negative role predominated. The degradation rate of Mg-Nd alloys monotonously increases with increas- 

ing the amount of intermetallics. Mg-5Nd alloy with maximum amount of intermetallics suffered from 

the most severe corrosion. With the immersion proceeding ( ≥7 days), then the positive role of these 

intermetallic particles Mg 41 Nd 5 could not be neglected. Owing to the interaction between their positive 

and negative roles, at the later stage of immersion the corrosion rate of Mg-Nd alloys first increases with 

increasing the content of Nd, then reaches to the maximum at 2 wt. % Nd. With a further increase of 

Nd content, a decrease in corrosion rate occurs. The main corrosion products on the surfaces of Mg- 

Nd alloys include carbonates, calcium-phosphate, neodymium oxide and/or neodymium hydroxide. They 

are amorphous at the early stage of immersion. With the immersion proceeding, they are transformed 

to crystalline. The existence of undegradable Mg 41 Nd 5 particles in the corrosion layer can enhance the 

crystallization of such amorphous corrosion products. 

Statement of significance 

Many of the current developed biodegradable magnesium alloys contain intermetallics due to 
the requirements by improving their strength. The existence of intermetallics is normally con- 
sidered to have a negative effect on the corrosion resistance of magnesium alloys owing to 
the occurrence of micro-galvanic corrosion. Understanding how to balance the corrosion re- 
sistance and mechanical properties through the control of intermetallic microstructure plays a 
key role in developing new biodegradable magnesium alloys with high performance. Therefore, 
the present work selected Mg-Nd alloys to investigate the influence of intermetallic amount 
and distribution on their corrosion properties. The “coin effect” of intermetallics on corrosion 

resistance was concluded: one well-known negative role enhancing the corrosion and another 
positive role alleviating the corrosion. 

© 2020 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Numerous recent studies have emphasized that magnesium and 

ts alloys could work as temporary implants due to their good 

iocompatibility, density (1.74-2.0 g/cm 

3 ), compressive yield stress 

65-100 MPa) and elastic modulus (41- 45 GPa), which are fairly 

lose to that of natural bones [1–3] . The main obstacle for their 

pplications is to balance the strength and degradation rate. The 

mprovement of strength of magnesium alloys can be achieved 

hrough grain refinement, solid solution and precipitation strength- 

ning [4–6] . Among them, precipitation strengthening is one of 

he most popular approach [7] . Many of the already developed 

iodegradable magnesium alloys contain intermetallics [8–11] . The 

ntermetallic phases can act as either a continuous network bar- 

ier to retard corrosion propagation [12] , or as a galvanic cathode 

o accelerate corrosion of the Mg matrix [9] , or as a micro-anode 

o dissolve preferentially at the initial corrosion stage [10] . 

The intermetallics inside the alloys greatly influence the cor- 

osion resistance related to their microstructure (amount, distri- 

ution and electrochemical property (cathodic or anodic) etc.) 

 11 , 13 , 14 ]. For example, in as-cast Mg-Al alloy, if the cathodic

g 17 Al 12 phase possesses a small fraction, an increase of Mg 17 Al 12 

hase will lead to a higher corrosion rate due to the micro-galvanic 

orrosion in NaCl solution. If there is a high percentage of Mg 17 Al 12 

hase with a net-like distribution along the grain boundaries, it 

ill act mainly as a barrier against the corrosion of the matrix 

 15 , 16 ]. Similar features were found for both as-cast and extruded 

g-xZn alloys (x ≤ 5 wt. %) immersed in the NaCl solution [ 17 , 18 ].

hen the volume fraction of cathodic MgZn phase is low, an in- 

rease in its amount has a detrimental effect on the corrosion re- 

istance because of an increase in the galvanic effect between the 

atrix and MgZn phase. Contrary to this, in simulated body fluid 

SBF), an increase of small amount of intermetallics has a positive 

ffect on the corrosion resistance of as-cast Mg-xZn alloys (x ≤
 wt. %) due to the formation of a protective Zn-containing film. 

owever, a high volume fraction of continuous MgZn phase accel- 

rates the corrosion rate of as-cast Mg-7Zn alloy due to the pres- 

nce of more anode-cathode sites [19] . While in as-cast and as- 

xtruded Mg-xCa alloys (x ≤ 3 wt. %), their corrosion resistance 

ecreases with increasing volume fraction of both continuous and 

iscontinuous anodic Mg 2 Ca phase in Hank’s solution [20] . 

Besides the above-mentioned RE (Rare earth)-free alloys, the 

ntermetallic amount also affects the corrosion properties of RE- 

ontaining magnesium alloys. In the as-cast Mg-La, Mg-Ce, Mg-Nd 

nd Mg-Y alloys, an increase of intermetallics leads to an increase 

f their corrosion rate in NaCl solution [21–23] . However, different 

esults were also reported for as-cast Mg-xNd alloys (x = 1, 4 wt. 

). In these alloys [24] their corrosion rate changed inversely. It 

ecreased with an increasing amount of Mg 12 Nd phase when im- 

ersed in NaCl solution. The assumption was that Nd ions were 

ncorporated into the surface hydroxide layer which protected the 

atrix from the aggression of Cl ̄. Regarding this Mg-Nd binary 

ystem, when further increasing the content of Nd to more than 

.0 wt. % the corrosion rate increased again with increasing the 

olume fraction of Mg 12 Nd phase. The influence of intermetallic 

mount on the corrosion also depends on the corrosion environ- 

ent. The uses of different corrosion media could change the cor- 

osion behaviours for the same alloy. For example, in the swage 

orged Mg-Y alloys with increasing the intermetallic amount, their 

orrosion rates increased in NaCl solution but decreased in Na 2 SO 4 

olution. The different evolutions of corrosion rates are attributed 

o the enhanced formation of Y-containing protective surface film 

hen these alloys were immersed in the Na 2 SO 4 solution [25] . 

Although the influence of intermetallic amount on the corrosion 

as investigated, it was normally performed using as-cast samples. 

egarding these as-cast alloys which contain high contents of al- 
696 
oying elements, large amount of intermetallics could be formed at 

he dendritic and grain boundaries. They are distributed continu- 

usly at these places. Previous investigations indicated that such a 

ontinuous distribution at boundaries possibly creates barriers to 

he propagation of corrosion, and consequently improve the corro- 

ion resistance. That is to say, the intermetallic amount could affect 

ts distribution, and then further influence corrosion resistance. In 

ddition, the effects of intermetallic amount on the corrosion be- 

aviour was previously investigated using simple electrolytes such 

s NaCl solution, which is far away from our body fluid. More- 

ver, as aforementioned, when investigating the influence of in- 

ermetallic amount on the corrosion of magnesium alloys differ- 

nt results were obtained by different investigators, even some of 

hem were controversial. In order to further clarify these points 

nd to avoid the disturbance caused by the intermetallic distribu- 

ion, in the present investigation as-extruded Mg-xNd alloys were 

elected. The applied corrosion agent is much more complicated 

sing DMEM (Dulbecco’s modified eagle’s medium) with 10% FBS 

Fetal bovine serum) under cell culture conditions. The influence of 

d-containing intermetallic amount on the corrosion of Mg-Nd al- 

oys was systematically explored using the immersion test, SKPFM 

Scanning kelvin probe force microscopy), ToF-SIMS (Time of flight 

econdary ion mass spectroscopy) and synchrotron radiation. The 

elated mechanisms are discussed. 

. Experimental 

In order to investigate the influence of amount of intermetallics 

n the degradation of as-extruded Mg-Nd alloys with different 

ontents of Nd in DMEM + 10% FBS under cell culture conditions, 

he following experiments were performed. A detailed procedure 

as schematically shown in Fig. 1 . 

.1. Materials 

Mg-xNd alloys (x = 0, 0.5, 2, 5 wt. %) were prepared using per- 

anent mould direct chill casting [26] . Pure Mg (Magnesium Elec- 

ron, Manchester, UK, 99.94 wt. %) was first melted in a mild steel 

rucible (1.0044, EU Grade) with an atmospheric protection cover 

as of Ar + 2% SF 6 . Then pure Nd (Grirem, Beijing, China, 99.5 wt.

) was added to the melt at a temperature of 750 °C. After being 

tirred at 200 rpm for 20 minutes, the melt was then poured into a 

reheated mild steel mould (500 °C) covered with a mould release 

gent (boron nitride). The diameter of the mould was 100 mm and 

ts length was 220 mm. The filled mould was held at 670 °C for 30

inutes under protective atmosphere (Ar + 2% SF 6 ), then lowered 

nto circulating cooling water at a rate of 10 mm/s for solidifica- 

ion. When it was fully immersed, the mould was held in cooling 

ater for 10 seconds and then removed from the water tank. 

The as-cast ingots were machined to extrusion billets with a di- 

meter of 93 mm and a length of 200 mm. After being homoge- 

ized in an electromagnetic induction furnace at 440 °C for 30 min- 

tes, they were indirectly extruded to cylindrical bars with a di- 

meter of 12 mm at 450 °C, followed by air-cooling. The extrusion 

atio was 1: 63 and the ram speed was 0.6 mm/s. After extrusion, 

ne sample from the middle of extruded bar was used for chemical 

nalysis using spark discharge optical emission spectroscopy (SD 

OES, Spectrolab, M. Spectro Analytical Instrument GmbH, Kleve, 

ermany) with “Spark Analyse Vision” software. 

.2. Microstructural observations 

At least four samples were duplicated for microstructural ob- 

ervations for each alloy. Three of them were prepared by grind- 

ng, mechanical polishing and etching according to that reported 
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Fig. 1. Schematic illustration of the experimental procedure performed in this work. 
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y Kree et al. [27] and Hort et al. [28] . The etchant was a mix-

ure of 8 g picric acid (Sigma-Aldrich Chemie GmbH, Munich, 

ermany), 5 mL acetic acid (Avantor Performance Materials B.V., 

rnhem, Netherlands), 10 mL distilled water and 100 mL ethanol 

REHER & RAMSDEN NACHFLG. GmbH & Co. KG, Hamburg, Ger- 

any). Microstructures were characterized by an optical micro- 

cope (LEICA DMLM, Leica Microsystems Wetzlar GmbH, Wetzlar, 

ermany) equipped with a digital camera and a scanning elec- 

ron microscope (SEM, Tescan Vega3 SB, Brno, Czech Republic) 

quipped with an energy dispersive X-ray analyser (EDS, Eumex 

nstrumentebau GmbH, Heidenrod, Germany). Grain size analysis 

as performed using the linear intercept method according to 

STM E 112-13 [29] . The volume fraction of intermetallics was 

tatistically measured using backscattered electron (BSE) micro- 

raphs captured from different regions and calculated by ImageJ 

oftware (National Institutes of Health, Version 1.51k). Thermody- 

amic predictions were performed using Pandat software (Compu 

herm LLC, Version 2017) with the database PanMg2017. During 

hermodynamic prediction, the non-equilibrium Scheil solidifica- 

ion model was used to calculate the volume fraction of the in- 

ermetallic phase in Mg-Nd alloys. The detailed descriptions about 

he non-equilibrium Scheil solidification model can be found else- 

here [30] . The remaining sample was used for transmission elec- 

ron microscopy (TEM) observations with a CM200 (Philips & Co., 

indhoven, Netherland) operating at 200 kV. TEM foils were pre- 

ared by electropolishing in a twin jet system using a solution of 

.5% HClO 4 and 98.5% ethanol at -50 °C and a voltage of 50 V. 

.3. Localized potential distribution 

Scanning kelvin probe force microscopy (SKPFM) based on an 

tomic force microscopy (AFM, NanoWizard® AFM, JPK Instru- 

ents AG, Berlin, Germany) was used to measure the relative Volta 

otential difference between the intermetallic phase and Mg ma- 

rix in alternating current (AC) mode. A silicon probe (Budgetsen- 

ors, Multi75E-G, Innovative Solutions Bulgaria Ltd., Sofia, Bulgaria) 

oated with Pt-Cr layer was used for SKPFM tests. The resonance 

requency and force constant of the silicon probe were 75 kHz and 

 N/m, respectively. The distance between the sample surface and 

robe was set at 100 nm. Data were analysed by JPK Data Pro- 
697 
essing software (JPK Instruments AG, Version spm-6.1.49). Prior to 

KPFM tests, one sample was prepared by grinding and polishing 

ccording to the same method used for microstructural analysis. 

fter polishing it was then immediately stored in a vacuum desic- 

ator to avoid oxidation. SKPFM tests were conducted in ambient 

ondition. 

.4. Immersion test 

The schematic outline of similar immersion test procedure em- 

loyed in the present work could be found in Ref. [31] . Discs with

 dimension of 10 × 1.5 mm (diameter × height) were machined 

rom the extruded bars for immersion tests. After ultrasonically 

leaned by n-Hexane, acetone and 100% ethanol in sequence (each 

or 20 minutes), they were sterilized in 70% ethanol and dried 

n a clean bench (Heraeus BBD 6620, Thermo Fisher Scientific, 

chwerte, Germany) under sterile conditions. The selected immer- 

ion medium is DMEM + Glutamax (Dulbecco’s modified eagle’s 

edium, ( + ) 4.5 g/L D-Glucose, ( + ) Pyruvate, Life Technologies, 

armstadt, Germany) together with 10% FBS (Fetal Bovine Serum, 

AA Laboratories, Linz, Austria) in an incubator (Heraeus BBD 6620, 

hermo Fisher Scientific, Schwerte, Germany) under cell culture 

onditions (37 °C, 20% O 2 , 5% CO 2 and 95% relative humidity). The 

etails of this medium compositions were given by Fischer et al. 

32] . 

Prior to immersion, the initial weight of samples was recorded. 

t least six samples were averaged for each alloy. According to 

he standard ISO 10993- 12 (2008), each sample was immersed in 

he medium at a ratio of 10 mL/g (medium: sample) [33] . Dur- 

ng immersion, the immersion medium was changed every 2-3 

ays to keep semi-static immersion test conditions. The pH value 

measured using a SENTRON ARGUS X pH-meter, Fisher Scientific 

MBH, Schwerte, Germany) and the released Nd ion concentration 

using ICP-MS, Inductively coupled plasma quadrupole mass spec- 

rometry, iCAP Q, Thermo Fisher Scientific Inc., Waltham, USA) of 

mmersion medium were measured before each medium change. 

he medium without samples was served as a control. After im- 

ersion, the corroded samples were cleaned with distilled wa- 

er and 100% ethanol. Regarding the degradation rate analysis, a 

inimum of four specimens per incubation time was statistically 
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Fig. 2. Schematic illustration of phase identification by high-energy X-ray beamline 

HEMS P07B at PETRA Ⅲ , DESY. 
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Table 1 

Actual chemical compositions of alloys (wt. %). 

Alloys Nd Fe Cu Ni Mg 

Pure Mg - 0.0015 < 0.0001 < 0.0002 Balance 

Mg-0.5Nd 0.68 0.0082 0.0019 0.0003 Balance 

Mg-2Nd 2.39 0.0026 0.0021 0.0011 Balance 

Mg-5Nd > 4.20 0.0160 0.0024 0.0038 Balance 
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onsidered. The remaining two samples were kept to analyse the 

ompounds and chemical compositions of the corrosion products 

n their surfaces. The degradation products were removed by im- 

ersion in chromic acid (180 g/L chromium (VI) oxide in distilled 

ater, VWR international, Darmstadt, Germany) for 20 minutes at 

oom temperature. After the removal of corrosion products, the 

amples were cleaned by vigorous shaking in distilled water and 

00% ethanol. The additional immersions of initial samples (with- 

ut corrosion) in chromic acid for 20 minutes indicated that their 

eights remained the same before and after immersion, confirm- 

ng that the process of corrosion product removal using chromic 

cid could not bring any damage to the alloys. The degradation rate 

DR) was then calculated according to the standard ASTM G31-72. 

n addition, the mean degradation depth (h) of corroded samples 

n μm was calculated using the following Eq. (1) , which rationale 

as discussed by Nidadavolu et al. [ 31 , 34 ]: 

 = 

10 0 0 0 × �m 

A × ρ
= 

DR × t 

8 . 76 

(1) 

here �m is the weight loss in grams, A is the surface area of 

amples immersed in medium in cm 

2 , t is the immersion time in 

ours, ρ is the density of samples in g/cm 

3 and DR is the degra- 

ation rate in mm/y. The actual densities of as-extruded pure Mg 

nd Mg-Nd alloys were measured according to Archimedes’ princi- 

le using 100% ethanol as a fluid and a balance (Sartorius LA 230S 

nalytical balance, Sartorius Corporate Administration GmbH, Göt- 

ingen, Germany) for weighting. 

.5. Characterizations of degradation products 

EDS mapping analysis was conducted to analyse the distribu- 

ions of related elements in the corrosion layer of specimens. The 

amples immersed for 14 days were selected for evaluations. They 

ere mounted in resin with their cross section oriented upwards, 

nd then ground and polished. The element mapping was per- 

ormed with a resolution of 256 pixels and an acquisition time of 

0 ms per pixel. The data analysis was completed using Iridium 

ltra software (IXRF System, Inc., Version 2.4F). 

In order to identify the corrosion components, the synchrotron 

-ray diffraction experiments were conducted at the side station of 

he High Energy Materials Science beamline (HEMS) of Helmholtz- 

entrum Geesthacht at PETRA III storage ring in DESY (Deutsches 

lektronen Synchrotron, Hamburg, Germany). The wavelength and 

eam size were 0.014235 nm and 5 μm × 10 μm (width × length), 

espectively. Fig. 2 shows the schematic diagram of the experimen- 

al process. 

Firstly, the position of corrosion sample was adjusted so that 

ts corrosion surface aligned with the beam. Then, the sample was 

oved upwards with a step size of 5 μm. At each step, the ra- 

iation diffraction was performed and Debye-Scherrer rings were 

ecorded using a Perkin Elmer XRD 1622 (PerkinElmer, Inc., Santa 

lara, USA) detector with a distance of 1115 mm to the sample 
698 
entre. The integrated intensities of images were calculated using 

IT2D software (Hammersley, V12.077). 

The chemical composition of interfacial regions between the 

orrosion layer and matrix was analysed using ToF-SIMS (Time of 

ight secondary ion mass spectroscopy). It was carried out on an 

rthogonal extraction time-of-flight instrument (C-ToF, TOFWERK 

G, Thun, Switzerland) equipped with a Cobra-FIB LMIS (Liquid 

etal ion source, TESCAN GmbH, Dortmund, Germany). The cham- 

er was maintained at a pressure of 2.5 × 10 −6 mbar. A highly 

ocused primary 69 Ga + ion beam was accelerated at 5 keV with 

 target current of 3.67 nA to scan across the corrosion layer and 

atrix ( Fig. 3 ). The ToF-SIMS analysis was performed as follows: 

rstly, a drop of carbon glue (Ted Pella. Inc., Redding, USA) was 

laced at the edge of sample surface. After its drying, the sample 

as then polished with 1 μm diamond suspension (Schmitz Met- 

llographie GmbH, Herzogenrath, Germany) and cleaned with 100% 

thanol (Reher & Ramsden Nachflg. GmbH & Co. KG, Hamburg, Ger- 

any). Due to the difference in height and hardness between the 

arbon glue and corrosion product layer, a slope surface was then 

repared after polishing, which resulted in the exposure of the in- 

er corrosion layer. The resultant gradient surface was then tilted 

o be vertical to the primary 69 Ga + ion beam. Finally, the primary 

on beam was focused on the specified areas nearby the interface 

etween the matrix and inner corrosion layer (indicated by the red 

ouble arrows). 

.6. Statistical analysis 

All the data displayed as the arithmetical mean ± standard de- 

iation (SD) were obtained from at least three independent and 

eplicate experiments. Statistical analysis for degradation rates was 

erformed using the software Origin 2019 (OriginLab Corpora- 

ion, Northampton, USA). One-way analysis of variance (ANOVA) on 

anks with Dunn’s multiple comparison post hoc tests was applied. 

. Results 

.1. Chemical compositions 

Table 1 lists the actual chemical compositions of investigated 

lloys. As the upper limit of Nd detection using Spark analyser 

s 4.2 wt. %, it is difficult to determine the Nd content for the 

s-extruded Mg-5Nd alloy accurately. Compared with the nominal 

ompositions, all alloys show a slightly higher Nd-content than the 

ominal one. A little high amount of Fe was detected in Mg-5Nd 

lloy. It most likely derived from the raw materials or the tools 

sed for melting and casting such as the steel mould and stirring 

ool. 

.2. Microstructural characterizations 

The matrix compositions and microstructures of as-extruded 

g-Nd alloys are shown in Table 2 and Fig. 4 (a-d), respectively. 

he matrix of as-extruded Mg-0.5Nd (indicated by M1 in Fig. 4 (b)) 

ontains less Nd than the as-extruded Mg-2Nd (indicated by M2 in 

ig. 4 (c)). When the addition amount of Nd is more than 2 wt. %

n Mg, the Nd content in the matrix remains stable with a value of 
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Fig. 3. Schematic diagrams of sample preparation for ToF-SIMS analysis. 

Fig. 4. BSE and optical micrographs of as-extruded pure Mg and Mg-Nd alloys along the extrusion direction: (a) pure Mg, (b) Mg-0.5Nd, (c) Mg-2Nd and (d) Mg-5Nd; 

together with (e) measured and simulated volume fraction of intermetallics in the as-extruded Mg-Nd alloys. The microstructure was observed on the longitudinal section. 

699 
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Table 2 

EDS results of as-extruded Mg-Nd alloy matrices and the impurity particle in- 

dicated in Fig. 4 (d). “M” means the matrix and “P” the impurity particle. 

Analysed locations Alloys Elements (wt. %) 

Mg Nd Fe Si 

M1 Mg-0.5Nd 99.6 ± 0.1 0.4 ± 0.1 - - 

M2 Mg-2Nd 98.6 ± 0.1 1.4 ± 0.1 - - 

M3 Mg-5Nd 98.6 ± 0.1 1.4 ± 0.1 - - 

P1 48.8 25.3 16.5 9.4 

Table 3 

Grain sizes of as-extruded pure Mg and Mg-Nd alloys along the extrusion direc- 

tion. 

Alloys Pure Mg Mg-0.5Nd Mg-2Nd Mg-5Nd 

Grain size ( μm) 131.4 ± 76.0 24.7 ± 9.8 19.8 ± 8.0 9.5 ± 3.6 
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Fig. 5. Synchrotron radiation diffraction patterns of as-extruded Mg-Nd alloys. 

Fig. 6. TEM micrographs of as-extruded (a) Mg-0.5Nd, (b) Mg-2Nd, (c) Mg-5Nd and 

(d) the selected area electron diffraction of second phase A in Figure 6 (c). The beam 

direction and zone axis are [ ̄1 11 ]. 
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.4 ± 0.1 wt. %, demonstrating that the solid solution of Nd in Mg 

atrix was saturated. According to the binary Mg-Nd phase dia- 

ram, the maximum solubility of Nd in Mg is 3.6 wt. % at the Mg-

d eutectic temperature [35] . At the present extrusion temperature 

50 °C, the solubility of Nd is approximately 1.2 wt. % in Mg. This

alue is close to the measured Nd content in the matrix of Mg- 

Nd and Mg-5Nd alloys. In both the Mg-2Nd and Mg-5Nd alloys, 

he additional amount of Nd is more than its solubility limit. The 

art of Nd not going into solid solution in Mg matrix then exists 

n the form of second phases. These second phase particles are dis- 

ributed along the extrusion direction. Most of them locate at grain 

oundaries ( Fig. 4 ). With increasing the addition amount of Nd, 

oth the experimental measurements and thermodynamic predic- 

ions show that their volume fraction increases ( Fig. 4 (f)). Experi- 

ent measurements demonstrated that the volume fraction of sec- 

nd phase increases from 0.5 ± 0.1% in the as-extruded Mg-0.5Nd 

o 10.3 ± 1.0% in the as-extruded Mg-5Nd. Fig. 4 (f) further indi- 

ates the difference in the volume fraction of intermetallic com- 

ound exists between the experimental measurements and ther- 

odynamic predictions. The volume fraction of intermetallic com- 

ound measured by the former is less than that predicted by the 

atter. Besides these intermetallic particles, a bright particle (indi- 

ated by the red arrow in Fig. 4 (d)) containing impurity Fe and Si

as detected in Mg-5Nd alloy ( Table 2 ). It is likely a (Fe,Nd,Si)-

ontaining compound. After adding the alloying element Nd into 

g, the average grain size of as-extruded Mg-Nd alloys signifi- 

antly reduces ( Table 3 ). It decreases with increasing the content of 

d. When the content of Nd increases to 5 wt. %, the as-extruded 

g-5Nd has the smallest grains. 

Fig. 5 displays the synchrotron radiation diffraction patterns 

f as-extruded Mg-Nd alloys. All the as-extruded Mg-Nd alloys 

re mainly composed of two different phases, i.e. α-Mg and β- 

g 41 Nd 5 . This result is in agreement with that shown by the 

inary Mg-Nd phase diagram [35] . Mg 41 Nd 5 is a eutectic phase 

hich is an equilibrium phase in the binary Mg-Nd system. Among 

ll the alloys, Mg-5Nd alloy has the highest intensity of β-Mg 41 Nd 5 

eaks, indicating this alloy has the maximum volume fraction of 

ntermetallic compound. TEM observations ( Fig. 6 ) showed that 

hese globular Mg 41 Nd 5 particles have a size of about 1 μm. As 

bserved by SEM, they were mostly distributed at grain bound- 

ries. A few of them can also be found inside grains. Further iden- 

ification of selected area diffraction pattern confirms that they 

re Mg 41 Nd 5 phase with a space group of I4/m and lattice pa- 

ameters of a = 1.4743, b = 1.4743 and c = 1.0393 nm. This re-

ult is consistent with that identified using radiation diffraction 

atterns. 
700 
.3. Degradation properties 

.3.1. Localized potential distribution 

In the present investigation, Mg-5Nd alloy was selected for 

KPFM characterizations since it has the highest amount of inter- 

etallic compound and which makes it is easier to find Mg 41 Nd 5 

articles. Fig. 7 presents the topography map and its correspond- 

ng map of Volta potential distribution. Although the micro- 

onstituents of the alloy are vague in the AFM topography image 

 Fig. 7 (a)), they can still be differentiated distinctly based on their 

ontrast difference (see the yellow arrows). Under the mode of 
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Fig. 7. SKPFM results of as-extruded Mg-5Nd alloy: (a) topography map, (b) surface Volta potential map, and (c) line-profile analysis of relative Volta potential through 

intermetallic Mg 41 Nd 5 phase and Mg matrix. 
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olta potential distribution, such contrast difference becomes very 

pparent between the intermetallic particles Mg 41 Nd 5 and Mg ma- 

rix ( Fig. 7 (b)). The intermetallic particles exhibit much brighter 

ontrast. In order to further understand the difference in Volta 

otential between the Mg 41 Nd 5 particles and Mg matrix, a line- 

rofile analysis was performed, along which three intermetallic 

articles exist (indicated as 1, 2 and 3 in Fig. 7 (b)). Its correspond-

ng profile of Volta potential difference was shown in Fig. 7 (c). It 

an be seen clearly that the magnesium matrix has a lower Volta 

otential. The Volta potentials of all three particles are close with 

 value of about 35 mV. 

.3.2. Degradation rate 

The degradation rate and mean degradation depth measured by 

mmersion tests are given in Fig. 8 (a-b), respectively. When the im- 

ersion time is short (5 hours and 1 day), the degradation rate 

ncreases with increasing content of Nd ( Fig. 8 (a)), indicating that 

he corrosion accelerates with an increase in the volume fraction 

f intermetallic compound Mg 41 Nd 5 . The as-extruded Mg-5Nd al- 

oy exhibited the greatest level of degradation. With the immer- 

ion proceeding to 7 and 14 days, this situation changed, i.e. the 

orrosion rate did not change with the volume fraction of inter- 

etallics monotonously any more. The as-extruded Mg-5Nd alloy 

id not have the highest corrosion rate. Its degradation rate con- 

inuously reduced, which is nearly half of that for the as-extruded 

g-2Nd alloy. Even after immersion for 14 days, its degradation 

ate 0.15 ± 0.02 mm/y is still half of that for Mg-2Nd alloy, which 

s comparable for that of the as-extruded pure Mg (0.12 ± 0.01 

m/y). At the later stage of immersion ( ≥ 7 days), Mg-2Nd alloy 

as the maximum corrosion rate instead of Mg-5Nd alloy. 

Besides the determination of degradation rate, the mean degra- 

ation depth of each alloy was also calculated ( Fig. 8 (b)). At the

eginning of immersion (5 hours and 1 day), the depth of the 

egradation layer is not so different for each alloy, but at the 

ater stage of immersion, its difference becomes increasingly ap- 

arent. Mg-2Nd alloy shows a much higher value of mean degrada- 

ion depth. With increasing the immersion time, the mean degra- 
701 
ation depth linearly increases. The univariate linear regression 

odel was therefore used to fit the experimental data and the ob- 

ained coefficient of determination (R 

2 ) shows the goodness of fit. 

he slope of fitted curve could be considered as the mean degra- 

ation rate (μm/day) during 14 days immersion. Compare these 

our alloys, the Mg-2Nd alloy has the highest mean degradation 

ate with a value of 0.93 μm/day. The corrosion rates of the other 

hree alloys are close with a value of approximately 0.32 ~ 0.38 

m/day. 

The increase of pH value was monitored during each change 

f fresh medium ( Fig. 8 (c)). At the beginning of degradation, it 

as a high value for all alloys. With the degradation proceeding, 

t tends to be stable. After short immersion for less than1 day, the 

ncrease of pH value increases with the addition of Nd ( Fig. 8 (c)).

g-5Nd alloy exhibits an increase of pH with a value of about 0.6 

fter immersion for 1 day. While for Mg-0.5Nd alloy the increase 

f pH value is only 0.3. However, after a longer immersion with 

ore than 7 days, the evolution of pH increase is changed. The 

s-extruded Mg-5Nd shows a slower increase in pH than other 

lloys with lower Nd contents. After immersion for 14 days, the 

H increase of Mg-5Nd alloy has a minimum value. Besides the 

ncrease of pH value, the degradation of Mg-Nd alloys was ac- 

ompanied with the release of metal cations such as Mg 2 + and 

d 

3 + . The released Nd ion concentration in the medium for the 

s-extruded Mg-2Nd and Mg-5Nd at different immersion durations 

as shown in Fig. 8 (d). These two alloys shows quite different evo- 

utions of the released Nd concentration with the degradation pro- 

eeding. For the as-extruded Mg-2Nd alloy, the dissolution of Nd 

rogresses with the immersion. The concentration of released Nd 

on increases from 3.2 ± 0.1 ppb after immersion for 1 day to 

711.4 ± 15.3 ppb after immersion for 14 days. In contrast, it al- 

ost keeps unchanged with a value of ~ 1.0 ± 0.1 ppb during the 

hole immersion duration for Mg-5Nd alloy. It should be noticed 

hat at the beginning of degradation with immersion for less than 

 days, the evolution of Nd ion concentration for both alloys is 

uite stable. With the immersion proceeding no apparent increase 

as observed (see the grey box shown in Fig. 8 (d)). 
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Fig. 8. (a) Degradation rate, (b) mean degradation depth, (c) increase in pH, (d) released Nd ion concentration in the medium. In Fig. 8 (a), the statistical significance level 

is: ∗ = p < 0.05 and ∗∗ = p < 0.01. Fig. 8 (b) displays both experimental values and fitted lines. In Fig. 8 (d), the magnified grey solid box corresponds to the grey dot box. 

Table 4 

Element compositions at the selected points in Figure 9 by EDS anal- 

ysis. “P” means the indicated particle. 

Analysed locations Elements (at. %) 

O Mg C P Ca Nd 

P1 54.3 19.0 18.1 4.6 3.8 0.2 

P2 18.4 71.0 4.5 0.8 0.5 4.8 
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.3.3. Degradation morphology and composition 

BSE micrographs of sample surfaces after degradation are de- 

icted in Fig. 9 . Cracks were observed on the surfaces of all sam-

les due to the dehydrating when the samples were taken out of 

he immersion medium. Two corrosion product layers were ob- 

erved on the surfaces of pure Mg, Mg-0.5Nd and Mg-2Nd alloys 

fter their immersion for 1 day, i.e. inner layer and outer layer. On 

he top of inner layer in the Mg-2Nd alloy some small white prod- 

cts (indicated as P1 in Fig. 9 ) were found. These white products 

omprise high contents of Ca, P, C and O ( Table 4 ), suggesting the

ormation of calcium-phosphate and carbonate particles. After long 

erm immersion for 7 or 14 days such products grew and fully cov- 

red the inner layer. As for Mg-0.5Nd alloy, after immersion for 1 

ay the inner layer was nearly fully covered by the outer layer. Its 

urface was then completely covered by the corrosion layer dur- 

ng the subsequent immersion. The rough surface of sample after 

mmersion for 7 days was caused by the processing procedure. In 

ontrast, on the surface of Mg-5Nd alloy with high content of Nd 
702 
nly the outer layer was observed at different immersion time. The 

urface of the Mg-5Nd sample was covered by the growth of cor- 

osion products after immersion for 7 or 14 days. The white parti- 

les (indicated as P2 in Fig. 9 ) were also observed on the corrosion 

ayer after short immersion for 1 day. Unlike such white particles 

bserved in Mg-2Nd alloy, they contain a higher content of Nd and 

g ( Table 4 ), indicating that they were primarily Mg 41 Nd 5 inter- 

etallics rather than corrosion products. These intermetallic parti- 

les were exposed to the immersion medium as their surrounding 

atrix was corroded ( Fig. 9 ). This result demonstrates that the in- 

ermetallic Mg 41 Nd 5 cannot be degraded under the present corro- 

ion condition. 

The Nd content, Ca content and Ca/P ratio in the outer corro- 

ion products on the surface of Mg-Nd alloys (0.5, 2 and 5 wt. % 

d) are shown ( Fig. 10 ). First, at the beginning of corrosion, the 

uter layers of Mg-Nd alloys displayed a similar Ca/P atomic ratio 

ith a value range of 0.5 ~ 0.7. The outer corrosion layer of Mg- 

Nd alloy contained a higher content of Ca compared to other al- 

oys with lower Nd contents. The Nd content in the outer corrosion 

ayer increases with increasing the amount of Nd in Mg-Nd alloys. 

mong all alloys, the outer corrosion layer of Mg-5Nd alloy has 

he highest content of Nd, which is nearly twice of that for Mg- 

Nd alloy. The obtained results illustrate that more Ca-Nd contain- 

ng products should be formed in the outer surface corrosion layer 

f Mg-5Nd alloy at the initial stage of corrosion. Second, with the 

egradation proceeding, the content of Ca increases in the outer 

orrosion layer on the surfaces of Mg-Nd alloys. The evolution of 
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Fig. 9. BSE micrographs showing the surface morphologies of corrosion layers on the surfaces of as-extruded Mg-Nd alloys after different immersion durations. 
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d content in the outer corrosion layer of Mg-5Nd alloy is simi- 

ar. But for those alloys with lower contents of Nd, the content of 

d in their outer surface corrosion layers has no apparent change. 

t keeps quite stable. Regarding the ratio of Ca/P in the outer sur- 

ace corrosion layers, when immersed for 1 day or 7 days, it is 

ery close for all alloys. However, after immersion for the longer 

ime of 14 days, it increases almost double for Mg-5Nd alloy with 

 value of 1.3. Interestingly, the ratio of Ca/P in the outer surface 

orrosion layers still seems to remain unchanged for Mg-0.5Nd and 

g-2.0Nd alloys. 

Fig. 11 shows the cross sectional BSE micrographs and corre- 

ponding elemental mappings for these samples after immersion 

or 14 days. It can be found that a compact corrosion layer was 

ormed on the surfaces of bulk materials, which is strongly ad- 

ered to the matrix. Several interesting results can be summarized 

ased on these morphologies of cross sectional corrosion layers 

nd their elemental mappings. Firstly, with increasing the content 

f Nd to 2.0 wt. % the thickness of degradation layer increases, and 

hen decreases with further increasing to 5.0 wt. % Nd ( Fig. 11 (d)).

his result is consistent with that characterized by the degradation 

ate. Secondly, as shown by elemental mappings, the degradation 

roducts mainly contained Mg, Ca, P, C and O, indicating the for- 

ation of calcium-phosphate products and/or carbonate salts. Be- 
703 
ides these elements, the alloying element Nd was also identified 

n the corrosion products. This is in agreement with that obtained 

y the EDS analysis of the corrosion surface ( Table 4 ). Thirdly, the

istributions of elements Ca, P and Nd in the corrosion layers are 

ifferent for the different alloys. In the outer corrosion layer of all 

lloys the enrichment of Ca and P was observed. An Nd-rich cor- 

osion layer was only detected in the as-extruded Mg-2Nd alloy, 

ut in other alloys it could not be found ( Fig. 11 (b) and (d)). This

d-rich corrosion layer is present near the interface between the 

atrix and inner degradation layer (as marked by the red arrow in 

ig. 11 (c)). Moreover, it should be noted that on the surface of as- 

xtruded Mg-2Nd alloy the outer formed Ca-P rich layer was dis- 

ontinuous. In contrast, a continuous Ca-P rich layer was observed 

n the surface of other alloys. Finally, as indicated by Fig. 11 (b-d), 

he intermetallic particles Mg 41 Nd 5 remained at their original sites. 

fter corrosion they were integrated in the degradation product 

ayer. When the Mg matrix was preferentially dissolved these “iso- 

ated” intermetallic particles were then embedded by the growth 

f corrosion products. 

.3.4. Characterizations of degradation products 

Fig. 12 shows the synchrotron radiation diffraction spectra of 

orrosion products on the surfaces of as-extruded Mg-Nd alloys 



Y. Zhang, Y. Huang, F. Feyerabend et al. Acta Biomaterialia 121 (2021) 695–712 

Fig. 10. Ca content, Nd content and Ca/P ratio in the corrosion products on the 

surface. The black “Line and Symbol” series correspond to the Ca content and blue 

“Scatter” series the Nd content. The magnified black solid box corresponds to the 

blue dot box. 
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fter immersion for 1, 7 and 14 days. After short immersion for 

 and 7 days (indicated by green and blue dot lines with arrows 

n Fig. 12 , respectively), fewer degradation products were formed 

n the surfaces of these samples. Their corrosion layers were very 

hin. The inner and outer layer could not be separated to be iden- 

ified by the selected beam with a size of 5 μm × 10 μm. As 

or the same alloy, the same diffraction patterns were obtained 

or both the inner and outer corrosion layers. No different peaks 

ould be identified. On such diffraction patterns, a broad diffrac- 

ion peak with low intensity (marked by light blue background 

n Fig. 12 ), which is located at about 0.3~0.7 °, was observed for 

ll the corrosion layers. This indicates that the resultant corrosion 

roducts could be amorphous-like and/or contain nano-crystallites, 

s previously shown by Agha et al . [36] and Hou et al . [37] . With

earching the crystallographic database of inorganic materials, this 

road peak possibly corresponds to magnesium carbonate, magne- 

ium phosphate or calcium phosphate. If only based on this broad 

iffraction peak it is difficult to distinguish and identify the degra- 

ation products accurately. After degradation for 14 days (labelled 

y the dotted red line in Fig. 12 ), with the thickness of corro- 

ion layer increasing, more information could be obtained from the 

iffraction spectra. Firstly, the broad peak located at about 0.3~0.7 °
as still observed, indicating the main corrosion products for all 

lloys are the same, possibly being magnesium carbonate, magne- 

ium phosphate or calcium phosphate. Even for pure magnesium, 

uch a broad peak always exists, demonstrating that the alloying 

lement Nd has no influence on its formation. Interestingly, al- 

hough both the inner and outer corrosion layers still have similar 

iffraction patterns, indicating that their corrosion products should 
704 
e the same, if the “broad” peak of inner corrosion layer is com- 

ared with that of outer layer located at 0.3~0.7 °, the former has a 

mall width. Such a phenomena indicates that crystallization could 

ccur for the corrosion products from the outer to the inner of cor- 

osion layer. Secondly, besides this aforementioned broad peak lo- 

ated at 0.3~0.7 °, one additional small peak labelled with red heart 

ppeared. It was identified as Dypingite (Mg 5 (CO 3 ) 4 (OH) 2 • 8H 2 O). 

t should be noticed that the diffraction pattern of this corrosion 

roduct also includes this broad peak located at 0.3~0.7 °. Espe- 

ially, the strongest peaks of Dypingite (Mg 5 (CO 3 ) 4 (OH) 2 • 8H 2 O) 

atch with the broad peak. Finally, a comparison between the 

iffraction patterns of outer and inner corrosion layers for all four 

lloys after immersion for 14 days, showed that with an increase 

f Nd content the intensity of this additional small peak located 

t about 0.25 ° increases. However, the identifications of diffraction 

atterns indicated that no Nd, Ca and P containing corrosion prod- 

cts existed. This inconsistency with above mentioned EDS analysis 

esults might be caused by their presence in the amorphous state 

r their amount less than the limit of synchrotron radiation detec- 

ion. 

In order to identify whether Nd-containing products were 

ormed in the corrosion layer, the as-extruded Mg-2Nd and Mg- 

Nd samples after immersion for 14 days were selected for ToF- 

IMS analysis ( Fig. 3 ). Fig. 13 shows their BSE micrographs, Nd- 

elevant positive mass spectra and secondary ion maps in their lo- 

al areas (indicated by blue dot rectangle). Owing to the limitation 

f the ToF-SIMS instrument, the elements with their mass up to 

72 (m/Q) can only be detected. In the mass spectra of both the 

s-extruded Mg-2Nd and Mg-5Nd samples, peaks associated with 

a ions (primary ion source) and Nd-containing ions (Nd 

+ , NdH 

+ , 
dO 

+ , NdOH 

+ ) were observed. Among these ions, the secondary 

ons of 142 Nd 

+ , 142 Nd 

16 O 

+ , 146 Nd 

1 H 

+ and 

146 Nd 

16 O 

1 H 

+ , which

ave a higher intensity than other isotopes, were selected for fur- 

her mapping. Their map results showed that for the as-extruded 

g-2Nd sample 142 Nd 

+ , 142 Nd 

16 O 

+ and 

146 Nd 

16 O 

1 H 

+ ions were 

nriched in the area close to the interface between the matrix and 

orrosion (indicated by red arrows in Fig. 13 ). As for 146 Nd 

1 H 

+ ion

ith its lower intensity, its distributions is quite homogeneous. No 

egions enriched with this ion was characterized. The similar map 

esults were obtained for the as-extruded Mg-5Nd sample. Like in 

g-2Nd alloy, both the 146 Nd 

+ and 

146 Nd 

16 O 

+ signals were also 

tronger in the area close to the matrix (indicated by red arrows, 

ig. 13 (b)). In contrast, the signals of 146 Nd 

1 H 

+ and 

146 Nd 

16 O 

1 H 

+ 

ons were very weak making it difficult to observe their distribu- 

ions in the surface corrosion layer. Considering the type of de- 

ected Nd ions, the Nd-containing corrosion products in the in- 

er layer (close to the matrix) should be neodymium oxide and/or 

eodymium hydroxide. 

. Discussion 

.1. Microstructure 

According to the Mg-Nd phase diagram [35] , Nd has a low solid 

olubility with a value of 3.67 wt. % at the eutectic temperature 

nd nearly zero at room temperature in Mg matrix. If the con- 

ent of added Nd is over this limit it precipitates out to form 

g 41 Nd 5 or Mg 12 Nd. In the present as-extruded Mg-Nd alloys, only 

he Mg 41 Nd 5 phase was identified. Our previous investigation in- 

icated that Mg 12 Nd phase was formed during solidification [38] . 

t transformed to Mg 41 Nd 5 phase during hot extrusion. This result 

as further confirmed by the identifications of present synchrotron 

adiation diffraction and TEM observations ( Figs. 5 and 6 ). 

During solidification, the solute Nd atoms segregated at the 

olid / liquid interface, resulting in constitutional supercooling in 

he diffusion layer ahead of the advancing solid / liquid interface. 
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Fig. 11. Cross-sectional BSE micrographs and corresponding element mappings of as-extruded (a) pure Mg, (b) Mg-0.5Nd, (c) Mg-2Nd and (d) Mg-5Nd alloys exposed to 

DMEM + 10% FBS under cell culture conditions for 14 days. Red arrow marks Nd-rich corrosion product. 

705 
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Fig. 12. Synchrotron radiation diffraction patterns of degradation products by line scan analysis after 1, 7 and 14 days of immersion. The images and arrows on the right 

mark the positions where detected. 
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his constitutional supercooling is a major driving force for the nu- 

leation of α-Mg [39] . Owing to the present high cooling rate as- 

ociated with direct chill casting, the diffusion of solute Nd in the 

elt was possibly retarded. The proceeding of present solidifica- 

ion was considered to be under a non-equilibrium condition. Thus, 

he non-equilibrium Scheil solidification model was used to cal- 

ulate the volume fraction of intermetallic phase in Mg-Nd alloys. 

omparing the experimental and theoretical data in Fig. 4 , it can 

e found that the amount of intermetallics measured based on the 

SE micrographs is relatively lower than the calculated value. This 

an be explained by the following two aspects. Firstly, it can be at- 

ributed to the statistical error due to the non-uniform distribution 

f second phase, especially in the Mg-Nd alloys with low contents 

f Nd ( Fig. 4 ). Secondly, a homogenization annealing treatment at 

40 °C was performed before the hot extrusion. During this treat- 

ent a part of second phase was dissolved. In the subsequent hot 

xtrusion at 450 °C, this part of Nd could not be precipitated out 

et. 
706 
After hot extrusion, the grains were greatly refined. The extru- 

ion temperature was 450 °C. Under such a high temperature and 

t an extrusion ratio of 1: 63, the dynamic recrystallization (DRX) 

hould occur. In fact, Fig. 4 verifies that equiaxed grains were ob- 

ained for all alloys due to the occurrence of dynamic recrystal- 

ization. In addition, with increasing the content of Nd the grain 

ize reduces. This should be caused by the increased amount of 

g 41 Nd 5 particles in Mg-Nd alloys. During hot extrusion, the ex- 

stence of undissolved Mg 41 Nd 5 particles could enhance the nu- 

leation of dynamic recrystallization. A strain gradient occurred 

etween the thermally stable Mg 41 Nd 5 particles and surrounding 

atrix, which created a region with high dislocation density and 

arge orientation gradient. DRX nucleation was therefore acceler- 

ted based on a typical particle stimulating nucleation (PSN) mech- 

nism [ 40 , 41 ]. Moreover, the existence of these Mg 41 Nd 5 particles

ould act as obstacles to the grain boundary migration and re- 

arded the grain growth. 
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Fig. 13. BSE micrographs, Nd-relevant positive mass spectra and secondary ion maps of local areas between the matrix and inner corrosion layer in the extruded (a) Mg-2Nd 

and (b) Mg-5Nd alloys after immersion for 14 days. Red arrows indicate the areas with ion signals. 

707 
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.2. Degradation properties 

.2.1. Factors influencing the corrosion of Mg-Nd alloys 

In this section, the possible factors to affect the corrosion of 

g-Nd alloys are discussed. The aim is to clarify that the inter- 

etallic microstructure including its amount and distribution plays 

 dominant role in influencing the corrosion of Mg-Nd alloys. In 

ontrast, the effects of other factors on corrosion of Mg-Nd alloys 

ould be neglected or they do not disturb or confuse the obtained 

esults and final conclusions. 

Regarding the present as-extruded Mg-Nd series, the factors to 

ffect their corrosion include the following factors, the impurities 

uch as iron, second phase, solubility of solute Nd in Mg, grain size 

nd texture. The degradation rate of Mg-Nd alloys can be described 

s: 

R = D R Mg + �D R Pre + �D R CP + �D R GS + �D R SS + �D R Tex 

+ �D R IMP (2) 

here DR is the degradation rate of Mg-Nd alloys in a corrosive 

edium, DR Mg is the intrinsic reactivity of Mg, �DR Pre is the effect 

f precipitates or second phases on the corrosion rate, �DR CP is 

he influence of corrosion products, �DR GS is the influence of grain 

ize on the corrosion rate, �DR SS is the influence of alloying ele- 

ents with solid solution in Mg matrix, �DR Tex is the effect from 

exture, and �DR IMP is the effect from impurities such as iron. 

Our previous investigations demonstrated that the textures in 

g-Nd alloys were quite weak because of the existence of alloy- 

ng element Nd [42] . Their influence on the corrosion could be ne- 

lected [38] . As shown by Table 1 , in both the present Mg-0.5Nd

nd Mg-5Nd alloys, the contents of impurity Fe are relatively high. 

efore discussing the effects of intermetallic amount on the cor- 

osion of Mg-Nd alloys, it is necessary to clarify whether its exis- 

ence disturbs the obtained results and final conclusions. After de- 

iberating about the following points, its disturbance is also consid- 

red to be disregarded. Firstly, as mentioned in the previous work 

 21 , 38 , 43 ], iron could react with Nd to form (Fe, Nd)-containing

ntermetallics, which was supported by EDS analysis ( Table 2 and 

ig. 4 ). Its harmful influence on the corrosion was then weakened. 

econdly, previous results that the existence of iron in magnesium 

eteriorates its corrosion resistance sharply were obtained based 

n the investigations in such corrosion media NaCl solutions. Our 

reliminary results indicate that when iron containing magnesium 

lloys was immersed in DMEM + 10% FBS, its harmful effect on the 

orrosion resistance was not so apparent as that observed in NaCl 

olution [44] . The detailed results will be published later. Thirdly, 

he corrosion of alloys did not follow the previous conclusion: the 

igher content of impurity Fe their higher corrosion rate. For ex- 

mple, comparing the as-extruded Mg-0.5Nd and Mg-2Nd alloys, 

he former with a lower amount of intermetallics has a higher 

ontent of Fe ( Table 1 ), but shows a lower degradation rate than

g-2Nd alloy with more intermetallics ( Fig. 8 (a)). This demon- 

trates that, the corrosion was mainly influenced by micro-galvanic 

orrosion between Mg 41 Nd 5 particles and Mg matrix rather than 

y that between impurity particles and Mg matrix. Moreover, at 

he later stage of corrosion ( Fig. 8 ), although Mg-5Nd alloy has 

he highest content of iron its corrosion rate is much lower than 

hat of Mg-2Nd alloy. This result further elucidates that iron did 

ot play a main role in affecting the corrosion of present Mg-Nd 

lloys. 

It is well known that grain size influences the corrosion re- 

istance [ 45 , 46 ]. Previous investigations concluded that a fine mi- 

rostructure is beneficial for improving the corrosion resistance of 

agnesium alloys [ 47 , 48 ]. After hot extrusion the grains of Mg-

d alloys were refined. The grain size reduces with an increase 

f Nd content, i.e. decreases with increasing the amount of inter- 

etallics. Unlike the previous results, the present corrosion results 
708 
id not show that the corrosion resistance of Mg-Nd alloys im- 

roves with reducing the grain size not only at the earlier stage 

f corrosion but also at the later stage of corrosion. At the ear- 

ier stage of corrosion, the degradation rate ( Fig. 8 (a)) increases 

ith increasing the content of Nd even though the grain size re- 

uces. While at the later stage of corrosion, i.e. after immersion 

or 7 days or 14 days, the as-extruded Mg-2Nd alloy having the 

ne grains shows the highest degradation rate ( Fig. 8 (a)). It could 

e concluded that �DR GS has a very small effect on corrosion be- 

aviour of binary Mg-Nd alloys compared to the factor of inter- 

etallic factor �DR Pre . 

The solid solution of solutes in the Mg matrix could change 

ts chemical potential, and consequently they affect the corrosion 

esistance of magnesium alloys. In the present investigation, EDS 

nalysis indicated that the solubility limit of Nd in Mg matrix is 

bout 1.4 wt. % ( Table 2 ). When the addition of Nd is more than

 wt. %, the content of Nd in Mg matrix remains unchanged. In 

he as-extruded Mg-0.5Nd alloy, almost all Nd atoms went into so- 

ution in Mg matrix. Based on the previous results [ 24 , 38 , 49 ], the

olid solution of Nd in Mg matrix could improve its corrosion re- 

istance. The improvement of corrosion resistance is proportional 

o the solid solubility of Nd. In this way, with increasing the con- 

ent of Nd from 0 to 2 wt. % in Mg-Nd alloys, their corrosion resis-

ance should be improved. Moreover, if the aforementioned point’s 

nfluence caused by grain size is considered, their improvement of 

orrosion resistance should be significantly more apparent [ 47 , 48 ]. 

ctually, that is not the truth. At the earlier stage of corrosion, with 

ncreasing the content of Nd the corrosion resistance conversely 

ecreases ( Fig. 8 (a)). This further elucidates that the solid solubil- 

ty of Nd and grain size are not the dominant factors to influence 

he corrosion of Mg-Nd alloys. 

In summary, the intermetallic microstructure including its 

mount and distribution plays a key role in affecting the corrosion 

f present Mg-Nd alloys. The Eq. (2) is then simplified: 

R = D R Mg + �D R Pre + �D R CP (3) 

In the following sections, the discussion about the influence 

f intermetallic microstructure on corrosion is focused, including 

ts amount and distribution. In fact, the intermetallic distribution 

s closely related with its amount. Thus, they were discussed to- 

ether. 

.2.2. Effects of intermetallic amount and its distribution on the 

orrosion 

.2.2.1. Role of intermetallic microstructure at the earlier stage of cor- 

osion (immersion for 5 hours or 1 day). Microstructural observa- 

ions indicated that only one second phase Mg 41 Nd 5 existed in the 

s-extruded Mg-Nd alloys ( Figs. 5 and 6 ). Compared with the Mg 

atrix, this phase has a higher localized potential ( Fig. 7 ). It can

erve as a local cathode. When immersed in DMEM + 10% FBS, the 

icro-galvanic corrosion could initiate in Mg matrix around these 

isolated” Mg 41 Nd 5 particles [50] : 

g + 2 H 2 O → M g 2+ + 2 

(
O H 

−)
+ H 2 (4) 

The degradation of magnesium matrix promoted the pH value 

f corrosion media ( Fig. 8 (c)). This was also confirmed by our pre-

ious investigation [38] . When such galvanic corrosion started, the 

g matrix also started its degradation accompanied by the forma- 

ion corrosion products and the corrosion layer. Apparently, such 

alvanic corrosion is proportional to the amount of Mg 41 Nd 5 par- 

icles. That is to say, it increases with increasing the amount of in- 

ermetallics. Owing to the fact that the formation of the corrosion 

ayer was incomplete and discontinuous on the surface of Mg-Nd 

lloys ( Fig. 9 ), its influence on the corrosion proceeding was not 

o apparent. It can be believed that at the earlier stage of cor- 

osion, the degradation of Mg matrix proceeded by such galvanic 
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orrosion should be dominant. Correspondingly, the intermetallic 

mount plays an important role in influencing the corrosion initia- 

ion and proceeding. That is why when immersed for 5 hours or 1 

ay with increasing the content of Nd the corrosion resistance was 

eteriorated. 

.2.2.2. Role of intermetallic microstructure in affecting the formation 

f corrosion layer. As the corrosion proceeds, the corrosion prod- 

cts and corrosion layer are formed on the surface of Mg-Nd alloys. 

specially for such alloys with higher content of Nd, their forma- 

ions should be much quicker. Once the complete and continuous 

orrosion layer was formed on the surface, its effects on the sub- 

equent corrosion should not be neglected. It could affect the dif- 

usion of ions coming from the degraded Mg matrix and corrosion 

edia, and consequently influence the corrosion proceeding. Based 

n the present results, it can be concluded that both the continu- 

ty and compactness of the corrosion layer are closely related with 

he amount of intermetallic particles Mg 41 Nd 5 in Mg-Nd alloys. 

The amount of intermetallic particles Mg 41 Nd 5 affects the 

icro-galvanic corrosion and the speed to form a connected cor- 

osion layer on the surface of as-extruded Mg-Nd alloys. After im- 

ersion for 1 day, a complete corrosion layer was observed on the 

urface of Mg-5Nd alloy, but not on the surfaces of other alloys 

 Fig. 9 ). In this alloy with 5 wt. % Nd the amount of intermetallic

articles Mg 41 Nd 5 is maximum. The separation distance between 

ach particle is the shortest. As a result, the corrosion proceeding 

round such densely distributed particles made it quick to connect 

orrosion products with each other and to form the continuous 

orrosion layer, which were mainly the carbonates (discussed in 

etail later). Accompanying the quick corrosion at the beginning, 

he release of Nd 

3 + was also higher for Mg-5Nd alloy than that for 

ther alloys ( Fig. 10 ). ToF-SIMS results verified that in the corro- 

ion layer Nd was detected, demonstrating that during immersion 

he alloying element Nd interacted with corrosion media to form 

d-containing corrosion products. They are possibly neodymium 

xide and/or neodymium hydroxide, i.e. Nd 2 O 3 and Nd(OH) 3 [51–

3] formed by the following reactions: 

 Nd + 3 H 2 O → N d 2 O 3 +3 H 2 (5) 

 Nd + 6 H 2 O → 2 Nd ( OH ) 3 + 3 H 2 (6) 

Nd 2 O 3 is insoluble in water. Nd(OH) 3 is slightly soluble with 

 solubility of approximately 1.3 × 10 −33 , which is much smaller 

han that of Mg(OH) 2 (5.6 × 10 −12 ) [ 54 , 55 ]. Owing to their insol-

bility, Nd 2 O 3 and Nd(OH) 3 remained in the corrosion layer dur- 

ng corrosion. It was reported that the presence of neodymium ox- 

de in the corrosion layer could enhance the corrosion resistance 

 51 , 56 ]. Such a Nd-containing corrosion layer greatly inhibited the 

enetration of the detrimental Cl − [ 24 , 57 ]. In addition, Nd 2 O 3 has

 Pilling-Bedworth ratio with more than 1. Its presence is benefi- 

ial for improving the compactness of the corrosion layer and for 

rotecting the alloy matrix from further corrosion [58] . Thus, re- 

arding the role of intermetallic particles Mg 41 Nd 5 in affecting the 

orrosion, very interestingly two conflicting roles can be summa- 

ized, which was termed as “coin effect”. One is their negative role, 

.e. their existence enhances the micro-galvanic corrosion. Another 

s their positive role, their existence, especially for the existence of 

he high amount of intermetallic particle, favours the formation of 

ontinuous and compact corrosion layer. 

The amount of intermetallic particles Mg 41 Nd 5 influences 

hether a compact corrosion layer could be formed on the sur- 

aces of Mg-Nd alloys. When the content of Nd is less than 2 wt. 

, at the earlier stage of immersion the less galvanic corrosion 

round the sparsely distributed Mg 41 Nd 5 particles could not pro- 

uce enough corrosion products to cover the alloy surface com- 

s

709 
letely ( Fig. 9 ). Under such a situation, the incomplete surface cor- 

osion layer could not block the inward and outward diffusion of 

ons effectively. The Nd 

3 + released by the degradation of matrix 

ould easily diffuse into the corrosion solution. Indeed, the mea- 

urement of Nd 

3 + concentration in the corrosion solution of Mg- 

Nd alloy indicated that it continuously increased with the corro- 

ion proceeding ( Fig. 8 (d)). While the content of Nd is lower in the

urface corrosion layer and kept unchanged in the whole immer- 

ion ( Fig. 10 ). Both of these two phenomena elucidates that less 

d 

3 + could be frozen and less Nd-containing corrosion products 

ould be formed in the corrosion layer on the surface of Mg-2Nd 

lloy. Even at the later stage of immersion, the formed corrosion 

ayer was not compact. It could not block the diffusion of Nd 

3 + ef- 

ectively. In contrast, when the content of Nd reaches to 5 wt. %, a 

omplete corrosion layer could quickly be formed after immersion 

nly for 1 day ( Fig. 9 ). In this alloy, the distribution of intermetal-

ic particles is quite dense. The large amount of galvanic corrosion 

round Mg 41 Nd 5 particles allowed the corrosion products to con- 

ect with each other easily and quickly. In addition, the present re- 

ults prove that the corrosion layer on the surface of Mg-5Nd alloy 

as also compact. Unlike in Mg-2Nd alloy, it could effectively block 

he release of Nd 

3 + into the corrosion solution. This is supported 

y EDS analysis of the surface corrosion layer with high content 

f Nd detected ( Fig. 10 ) and the measurement of the Nd 

3 + con-

entration in the corrosion medium that was remained unchanged 

uring the entire immersion ( Fig. 8 (d)). 

The compactness of the corrosion layer formed on the surface 

f Mg-Nd alloys subsequently influenced the outward diffusion of 

d 

3 + and Mg 2 + and inward diffusion of corrosive agent ions. Such 

n influence resulted in the formation of Ca-P layer on the sur- 

ace of the corrosion layer and the occurrence of a Nd-rich layer at 

he interface between the corrosion layer and Mg matrix ( Fig. 11 ). 

he present investigation results indicated that the Nd-containing 

orrosion layer is quite compact. It could effectively hinder the dif- 

usions of ions such as Nd 

3 + , Ca 2 + , PO 4 
3 − and HPO 4 

2 − etc. [ 24 , 57 ].

s for the Mg-5Nd alloy, due to the fact that a complete and com- 

act corrosion layer was formed on its surface early, the ions Ca 2 + , 
O 4 

3 − and HPO 4 
2 − etc. could not diffuse inwards easily. They de- 

osited on the surface of the corrosion layer to form a continuous 

a-P layer ( Fig. 11 ). In fact, the present EDS analysis of surface cor-

osion layer demonstrated that with the corrosion proceeding the 

atio of Ca/P increased ( Fig. 10 ). It is reasonable to expect that it

as significantly more difficult for the Ca 2 + with a larger atomic 

adius to diffuse through the corrosion layer. As a result, more Ca 

as detected on the surface of corrosion layer. In contrast, as for 

he other alloys, owing to the fact that a compact corrosion layer 

ould not be formed on their surface, the formed Ca-P layer on 

ts top was discontinuous. That the Ca-P rich layer was formed 

n the top of corrosion layer is in agreement with that obtained 

y many previous in vitro [ 34 , 37 , 59 ] and in vivo degradation [60–

2] investigations. According to the compositions of DMEM [32] , 

t is known that Ca 2 + , PO 4 
3 − and HPO 4 

2 − ions exist. When mag- 

esium alloys were exposed to the DMEM, the following reaction 

ccurred [ 37 , 63 , 64 ]: 

 M g 2+ + y C a 2+ + z PO 

3 −
4 → M g x C a y ( P O 4 ) z (7) 

The corrosion product M g x C a y ( P O 4 ) z was then formed in the 

orrosion layer. Moreover, for Mg-2Nd alloy after immersion for 

4 days an Nd-rich layer near the interface between the corrosion 

ayer and Mg matrix was observed ( Fig. 11 (c)). For this alloy, it was

asier for the agent ions to diffuse through its corrosion layer be- 

ause of its looseness. The inward corrosion therefore proceeded 

uickly at the interface. In such a region more Mg-Nd solid solu- 

ion was degraded. Consequently, more Mg 2 + and Nd 

3 + were then 

eleased. Owing to the much faster diffusion of Mg 2 + in the corro- 

ion layer, it made Nd 

3 + remain at the interface. 
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Fig. 14. Schematic illustration of the degradation of as-extruded Mg-Nd alloys with different amount of intermetallic phases at the later stage of immersion. 
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In summary, a schematic model is suggested to depict the 

egradation of as-extruded Mg-Nd alloys under physiological con- 

itions ( Fig. 14 ). Fig. 14 (a) depicts the dissolution of pure Mg

nd Mg 2 + going into the solution. Fig. 14 (b) and (c) indicate 

hat Mg 41 Nd 5 particles in Mg-Nd alloys remain undegradable un- 

er physiological conditions. With the existence of these cathodic 

g 41 Nd 5 particles, magnesium dissolution was promoted due to 

he micro-galvanic corrosion. The corrosion of Mg-Nd alloys is con- 

rolled by the aforementioned “coin” effect of Mg 41 Nd 5 intermetal- 

ic amount, i.e. high cathodic activity of these intermetallic par- 

icles (micro-galvanic corrosion) and their favour for the forma- 

ion of protective surface layers. Fig. 14 (b) shows that the protec- 

ive effect of corrosion products cannot counteract the deteriora- 

ion caused by galvanic corrosion. Corrosion propagates towards 

he matrix with the enrichment of Nd at the interface between the 

atrix and corrosion layer. In Fig. 14 (c), the protection from the 

ompact corrosion layers is balanced with the deterioration caused 

y the intermetallic particles Mg 41 Nd 5 , resulting in the uniform 

istribution of Nd in the corrosion layers. 

.2.3. Influence of intermetallic amount on the microstructure of 

orrosion products 

Microstructural characterizations indicated that the present cor- 

osion products are mainly the carbonate and calcium-phosphate 

roducts. At the earlier stage of immersion, it is difficult to iden- 

ify their crystal structures ( Fig. 12 ). They are amorphous existing 

n the corrosion layer, as proven by previous work [ 36 , 37 ]. In the

resent work, after immersion for the long duration of 14 days, the 

rystallization of carbonate products was also detected in the in- 

er layer. These carbonate products were then identified as dypin- 

ite (Mg 5 (CO 3 ) 4 (OH) 2 • 8H 2 O). In fact, many previous in vitro tests

ave indicated the carbonate products formed under physiologi- 

al conditions were primarily nesquehonite (MgCO 3 • 3H 2 O) and/or 

g 5 (CO 3 ) 4 (OH) 2 • xH 2 O [ 37 , 65 , 66 ]. It was reported that nesque-

onite can transform to dypingite after heating at 35 °C for 224 

ours. It transforms faster at a higher temperature [67] . It is rea- 

onable to deduce that nesquehonite was formed at the early 

tage of immersion (1 and 7 days). With increasing the immer- 

ion time to 14 days at 37 °C, it finally transformed to dypingite. 

esides these carbonate products, EDS analysis and ToF-SIMS re- 

ults show that other corrosion products also existed, including 

alcium-phosphate, neodymium oxide and/or hydroxide. However, 

hey could not be identified by synchrotron radiation owing to 

heir peak’s broadening. They should exist in the corrosion layer 

n amorphous or nano-crystallized state. 
710 
Present microstructural characterisations demonstrated that the 

ntermetallic particles Mg 41 Nd 5 remained in the corrosion layer. 

hey were undegradable. Their existence in the corrosion layer 

eems to enhance the crystallization of corrosion products ( Fig. 12 ). 

ith increasing the content of Nd, the amount of intermetallic 

articles Mg 41 Nd 5 increases. As a result, the amount of sites sup- 

lied for inhomogeneous nucleation of corrosion products also in- 

reased. This is beneficial for the crystallization of corrosion prod- 

cts with immersion proceeding. Correspondingly, the peak located 

t 0.3~0.7 ° (marked by the second red heart) becomes increasingly 

arrower. 

.2.4. Influence of Nd content (intermetallic amount) on corrosion 

esistance 

Based on the aforementioned discussion, the amount of inter- 

etallic particles Mg 41 Nd 5 plays an important role in affecting the 

nitiation of micro-galvanic corrosion, the formation of a compact 

orrosion layer, the outward diffusion of ions released by the ma- 

rix degradation and the inward diffusion of corrosion agent ions. 

fter understanding such effect mechanisms, it is not dificult to ex- 

lain how the content of Nd or the amount of intermetallic com- 

ounds in Mg-Nd alloys affects their corrosion resistance. The in- 

uence of Nd on the corrosion resistance of Mg-Nd alloys mainly 

epends on which “coin effect” of intermetallic particles, the neg- 

tive role or positive role, is dominant. At the early stage of im- 

ersion, the negative role of intermetallic particles Mg 41 Nd 5 , i.e. 

he micro-galvanic corrosion, predominated. Thus, with increasing 

he content of Nd, the amount of intermetallic particles Mg 41 Nd 5 

ncreases, the corrosion resistance of Mg-Nd alloys was then dete- 

iorated ( Fig. 8 ). 

At the later stage of immersion, when the corrosion product 

as connected with each other and a continuous layer covered 

he surface of Mg-Nd alloys, besides the negative role of these in- 

ermetallic particles, their positive role in influencing the corro- 

ion resistance must also be considered. When this positive role 

as dominant, the compact corrosion layer mainly influences the 

ubsequent corrosion proceeding. Mg-5Nd alloy has the greatest 

mount of intermetallic particles. Among all alloys, the formation 

f continuous and compact corrosion layer is the earliest. Its Ca-P 

ayer on the top of the corrosion layer is continuous. Consequently, 

t the later stage of immersion, this Mg-5Nd alloy shows the best 

orrosion resistance. Under such a “coin effect” of intermetallic 

articles Mg 41 Nd 5 , i.e. the interaction of their positive and nega- 

ive roles in affecting the corrosion resistance, at the later stage of 

orrosion, the corrosion rate of Mg-Nd alloys first increases with 
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ncreasing the content of Nd, then reaches a maximum, and with 

 further increase of Nd content, it begins to decreases ( Fig. 8 ). 

. Conclusion 

The influence of intermetallic amount on the corrosion resis- 

ance was investigated by immersing Mg-Nd alloys with different 

ontents of Nd into DMEM + 10% FBS. The following conclusions 

ere reached: 

• In the as-extruded Mg-Nd alloys, Mg 41 Nd 5 particles are dis- 

tributed throughout their matrix with a size of about 1 μm. 

Their amount increases with increasing the content of Nd. 

• The existence of intermetallic particles Mg 41 Nd 5 affects the cor- 

rosion of Mg-Nd alloys in two conflicting ways. One is their 

negative role that their existence enhances the micro-galvanic 

corrosion. Another is their positive role that their existence 

favours the formation of a continuous and compact corrosion 

layer. 

• At the early stage of immersion, the negative role of intermetal- 

lic particles Mg 41 Nd 5 in influencing the corrosion is dominant. 

The corrosion resistance of Mg-Nd alloys is deteriorated by in- 

creasing the content of Nd or the amount of intermetallic par- 

ticles Mg 41 Nd 5 . 

• At the later stage of corrosion, owing to the interaction be- 

tween the positive and negative roles of intermetallic parti- 

cles Mg 41 Nd 5 in affecting the corrosion resistance, the corrosion 

rate of Mg-Nd alloys first increases with increasing the content 

of Nd, then reaches the maximum at 2 wt. % Nd. With a further 

increase of the content of Nd it begins to decreases. 

• The main corrosion products include carbonates, calcium- 

phosphate, neodymium oxide and/or neodymium hydroxide. 

They are amorphous at the early stage of immersion. With the 

immersion proceeding, they are transformed to crystalline. The 

existence of undegradable Mg 41 Nd 5 particles in the corrosion 

layer can enhance the crystallization of amorphous corrosion 

products. 
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