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Zusammenfassung 
Die Degradation von Mg Legierungen reagiert sehr empfindlich auf Verunreinigungen und 
Mikrostrukturänderungen. Somit ist die Reinigung der Oberfläche nach der Herstellung für 
alle Anwendungen in korrosiver Umgebung erforderlich. Insbesondere ist eine gleichmäßige 
Degradation bei medizinischer Anwendung essentiell. In früheren Studien stellte sich eine 
Ätzung mit Essigsäure (HAc) in Bezug auf Herabsetzung der Korrosionsrate als 
vielversprechend heraus. Zur Oberflächenbehandlung mittels HAc-Ätzung von Mg-Gd 
Legierungen, die speziell im biologischen Bereich interessant sind, gibt es bislang keine 
systematischen Untersuchungen. Das Ziel dieser Arbeit ist es daher, den Zusammenhang 
zwischen verschiedenen Ätzzuständen und der oberflächennahen Morphologie und 
Mikrostruktur von Mg-Gd-Legierungen sowie deren Einfluss auf das Degradationsverhalten 
zu bestimmen. Dem Ausgangszustand (AR) entsprechende Mg-xGd-Legierungen (x = 2, 5 
und 10) wurden in 5 oder 10 mL Ätzlösung (250 g/L) für 15 oder 150 s geätzt. Händisch 
geschliffene Proben wurden zum Vergleich untersucht. Das Degradationsverhalten aller 
Zustände wurden mittels Immersionsversuch in 2 mL Zellkulturmedium „cell culture 
medium“ (CCM) als halb stationärer Test unter physiologischen Bedingungen bestimmt. Die 
Mikrostruktur von AR und geätzten Proben wurde mit dem Lichtmikroskop untersucht und 
u.a. durch einen von der Herstellung bedingten Deformations- und Zwillingsbereich 
charakterisiert. Die Morphologie der geätzten und korrodierten Oberflächen wurde mittels 
Sekundärelektronenmikroskopie (SEM) und Weißlichtinterferometrie (WLI) bestimmt. 
Flugzeit-Sekundärionen-Massenspektrometrie „Time of flight secondary ion mass 
spectrometry“ (ToF-SIMS) wurde vor und nach dem Ätzen angewandt, um den Fe-Gehalt 
an der Oberfläche zu analysieren. Das Abbauverhalten wurde in Bezug auf Abbaurate, 
Linearität und Homogenität mit Partikel induzierter mikro-galvanischer Degradation (PID) 
bewertet. Ein neues Konzept für die Charakterisierung von homogener Degradation wurde 
mittels des leeren Volumens der Täler „Valley void volume“ (Vvv) entwickelt. Diese Arbeit 
zeigt, dass sich die Parameter des Ätzprozesses auf die Homogenität und die Rate der 
Degradation auswirken. Vor allem ist die Entfernung von Kontamination wie Fe-Partikeln zu 
nennen. Die Entfernung von Deformations- und Zwillingszone spielt eine im Verhältnis 
untergeordnete Rolle. Die Oberflächenmorphologie ist ebenfalls im Vergleich unbedeutend. 
Der größte Einfluss auf die Homogenität der Degradation rührt von Partikeln im 
Materialinneren her, in dieser Arbeit vorwiegend Fe-Partikel und Gd-reiche 
Ausscheidungen, z.B. Hydride. Die Freilegung dieser Partikel durch das Ätzen oder die 
spätere Degradation fördert die Bildung von größeren Löchern und eine inhomogene 
Degradation. Hier ist eine Abhängigkeit vom Gd-Gehalt zu beobachten: Die Degradation 
über die Zeit der Mg-10Gd-Legierung wird zwar durch die Ätzung gleichmäßiger, tendiert 
aber zu späteren Zeiten trotzdem zur Inhomogenität. Diese Inhomogenität ist bei den 
anderen beiden Legierungen nicht zu beobachten. Insgesamt konnte gezeigt werden, dass 
die HAc-Ätzung eine erfolgreiche Methode ist um Oberflächenverunreinigungen wie Fe zu 
entfernen und damit die Reproduzierbarkeit der Abbaurate für alle Legierungen zu 
verbessern. Die Bestimmung der Degradationsrate und der Homogenität ist nötig, um 
zuverlässige Vorhersagen für Legierungen oder Oberflächenbehandlungen von 
abbaubaren Implantaten zu machen. 
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Abstract 
The degradation of Mg alloys is very sensitive to impurities and microstructure changes. 
Thus, surface cleaning after manufacturing is essential for all applications under a corrosive 
environment. In particular for biomedical applications, controlled degradation is crucial. 
Several studies have turned out that HAc etching is a promising surface treatment to 
decrease the degradation rate. To date, there have been no systematic investigations 
concerning the effect of surface treatment on Mg-Gd alloys, which are of particular interest 
in the field of biology. The aim of this work is to determine the relationship between different 
HAc etching conditions and the morphology and microstructure of Mg-Gd alloys in the near-
surface region as well as the impact on the degradation behaviour. As-received (AR) Mg-
xGd (x = 2, 5, 10) samples were etched in 5 or 10 mL of 250 g/L HAc solution for 15 or 150 s. 
Manually ground samples were prepared for comparison. The degradation behaviour of all 
specimens with different surface treated conditions were determined by an immersion test 
in 2 mL cell culture medium (CCM). The degradation tests were performed as semi-static 
test under physiological conditions. The microstructure of the AR and etched conditions were 
analysed by optical microscopy and characterized by a machining-related deformation and 
twinning region. The etched and degraded surface morphologies were examined using 
scanning electron microscopy (SEM) and white light interferometry (WLI). Time-of-Flight 
secondary ion mass spectrometry (ToF-SIMS) investigations were carried out before and 
after etching to determine the amount of Fe on the surface. The degradation behaviour was 
evaluated in terms of rate, linearity, and homogeneity and with respect to particle induced 
micro-galvanic degradation (PID). A new approach for the characterization of homogenous 
degradation behaviour was developed by use of a valley void volume (Vvv) method. This 
work shows, that different etching conditions have an influence on the homogeneity of the 
degradation and the degradation rate. In particular, the removal of Fe surface 
contaminations has to be mentioned. The removal of the deformation and twinning zone 
plays only a relatively minor role. The influence of surface morphology is compared to that 
insignificant. The strongest impact on the homogeneity of degradation arose from particles 
inside the bulk, like Fe impurities or Gd rich precipitations, e.g. hydrides. The exposure of 
these particle by etching or later degradation supports the formation of bigger pits and non-
homogenous degradation. A dependency of Gd content and degradation behaviour is 
observed: The degradation over time for Mg-10Gd have been shown to be linear, despite a 
non-homogenous degradation at a later degradation time. This non-homogeneity in later 
stage have not been observed for Mg-2Gd and Mg-5Gd. It has been shown, that HAc etching 
is an effective method to remove contaminations such as Fe from the surface and improve 
the reproducibility of the degradation rate for all alloys. However, the determination of the 
degradation rate and the homogeneity is necessary to make reliable predictions about the 
suitability of an alloy or treatment for degradable implants.
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1 Introduction 
In recent years, there has been an increasing interest in Mg alloys as a biodegradable 
material for medical applications [1–6]. A key aspect of using magnesium is the 
biocompatibility and biodegradability [7–10]. The degradability of an implant is a 
fundamental property to avoid secondary surgeries. This concept is useful for the younger 
population an older people, where surgery becomes more dangerous with advancing age. 
Pure Mg is a trace element of the human body [11], excess of Mg ions can be excreted 
naturally through the kidneys [12,13]. The initial degradation plays a critical role in the design 
of Mg implants [14]. An initial fast degradation has to be avoided due to the strong evolution 
of hydrogen that results from Mg in a neutral solution [15–17], which was reported to high 
rates of postimplantation mortality in vivo [18]. Kraus et al. [19] reported no detrimental 
effects on the mechanical integrity of the implants in vivo, despite massive hydrogen 
evolution [19]. However, a strong hydrogen evolution in the initial stage of degradation might 
hinder cell adherence and bone-implant interlocking [14]. 
A uniform dissolution of the implant material with a degradation rate, which is adjusted to 
the use of the implant, is important to ensure a feasibility of Mg implants. Several attempts 
have been made to increase the degradation resistance of Mg alloys. By alloying, it is 
possible to improve the mechanical properties and the degradation behaviour of implants, 
depending on the element and the level of alloying. There is a growing body of literature that 
has investigated the alloying of Mg with rare earth elements (REE) [20–31]. Previous 
research has established that REE hydrides or REE phases are formed inside Mg-REE 
alloys [31–40]. The result of these phases on the degradation behaviour is not fully 
understood. There is little published data on the effect of REE rich phases on the 
degradation morphology [34,35].  
Researchers have shown an increased interest in the surface modification of Mg alloys to 
modify the degradation behaviour. Recently, a large amount of literature has been published 
around the theme of coatings [41–50]. A search through this literature has revealed a few 
studies that used etching or acid pickling to improve degradation resistance [51–57]. A full 
understanding of the impact of etching on the microstructure and morphology is still lacking. 
Although investigations have been carried out on the deformation area near to the surface 
region, only a few studies have considered its influence on degradation [58–60]. Previous 
studies have not dealt with the etching morphology. It is now well established that Fe 
impurities can impair the degradation resistance [15,61–63]. However, some of the studies 
failed to specify whether the removal of Fe or impurities was the only reason for the improved 
degradation resistance. The research to date has tended to focus on a degradation rate. Up 
to now, far too little attention has been paid to the overall homogeneity of the degradation 
process.  
The aim of this thesis is to explore the effect of different surface treatments on the 
morphology and degradation behaviour of Mg-Gd alloys. This work will examine the way in 
which the microstructural features influence the dissolution of Mg in acidic and cell culture 
solutions. New insights into the effect of Gd rich particles on the dissolution of Mg-Gd alloys 
in HAc and cell culture medium (CCM) are provided. One purpose was to analyse the impact 
of Fe on the degradation behaviour in terms of degradation rate and homogeneity. 
Data for this study was collected using etching experiments in HAc solution and immersion 
tests in cell culture medium. Quantitative methods were used to provide information about 
the overall pit depth distribution and to compare the homogeneity of degradation for different 
surface treated conditions. Understanding the link between the surface condition and 
degradation behaviour will help in the development and processing of Mg based alloy 
implants for biomedical application. 
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2 State of the Art 
2.1 Mg and its Mg-Gd alloys 
Magnesium (Mg) is a biodegradable and biocompatible element [64], which is suitable to 
use for implant in orthopaedic [65] and cardiovascular applications [66,67]. Mg can dissolve 
completely when immersed in an aqueous solution. The Mg ions from the degradation 
process are reported to support osseointegration and osteoconduction [2,68–72]. Previous 
research has established antibacterial properties of pure Mg, both in vitro and in vivo [73,74], 
that can be further improved by alloying for example with Ag [75].  
Mg has a hexagonal closed packed (hcp) lattice structure which is shown in Figure 2.1. The 
formability of polycrystals is very poor at room temperature [76]. Von Mises [77] reported 
that uniform deformation was possible only for polycrystals which have more than five 
separate slip systems [77]. In the case of pure Mg the basal (0001) plane is the only available 
slip plane up to 225 °C. Dislocation motion is only possible for certain directions on the slip 
plane, as shown in Figure 2.1. Another mechanism for deformation at room temperature is 
twinning [76]. Twinning is defined as a shear deformation, in which atoms are shifted parallel 
to the twin plane [78]. The plastic deformation changes the orientation of the original lattice 
structure but without modifying the atomic structure [79]. The use of higher temperatures 
leads to a higher atom diffusivity, which activates pyramidal or prismatic slip [76,80,81]. 

 
Figure 2.1 Mg lattice structure. The illustration is drawn and modified after [76]. 

Gd is a suitable element for alloying, due to a high solubility of ~23.5 wt.% in magnesium at 
the eutectic point [82]. The high solubility prevents the development of secondary phases 
[82], which are reported to negatively influence the degradation resistance [83–85]. An 
increase in tensile strength is observed with increase in Gd up to 10 wt.% [25,86]. The 
distortion of the Mg lattice becomes severe with more Gd atoms in solid solution, due to the 
difference in atomic size between Gd and Mg [26]. As a result, dislocation movement is 
impaired and the material consolidated. Gao et al. [26], suggested the solid solution 
strengthening by Gd was more effective compared to Al and Zn, due to the mismatching 
atomic size and valency effects [26]. Kim et al. [25] demonstrated an increasing grain size 
with increasing Gd content up to 10 wt.%. An unexpected decrease in grain size was 
observed by alloying Mg with 15 wt.% Gd. They explain this phenomenon by the formation 
of Mg5Gd precipitates, which inhibit grain growth by grain boundary pinning. Kim et al. [25] 
identified an increased tensile strength with 15 wt.% Gd, that was associated with a reduced 
grain size and precipitation formation [25]. According to Stanford and Barnett [27], the 
formability of Mg can be improved by alloying REE. Additions of Gd lead to an increase of 
ductility, this results from stronger grain refinement and texture weakening compared to REE 
free alloys or pure Mg after extrusion [27].  
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Jung et al. [28] assumed the change in stacking fault energy (SFE) of the matrix or the solute 
drag pinning effect as reasons for texture weakening [28]. Al-Samman and Li [29] reported 
a lower grain refinement when alloying ZEK100 with Gd in contrast with other REE like Ce, 
La and Nd. However, alloying with Gd exhibited a strong improvement in room temperature 
ductility [29]. Xu et al. [30] revealed a correlation between amount of Gd in Mg alloys and 
hardness or yield strength. They produced Mg-xGd (x = 2, 5, 10, 15) samples after 
permanent mold direct chill casting and solid solution strengthening or hot extrusion. A linear 
increase of hardness with additional Gd and an linear increase with x1/2 or x1/3 for tension 
and compression yield strength was observed [30]. Detailed examination of binary Mg-Gd 
alloys by Hort et al. [31] showed that the use of different Gd amounts allows to tailor the 
mechanical properties in a broad range. Especially the fracture strain is found to be more 
suitable with values for the cortical bone compared to Ti alloys and stainless steel [31]. 
Different theories exist in the literature [31–33,36,40] regarding Gd rich particles, when 
alloyed Mg with Gd. These particles are often determined as hydrides, formed by surface 
deformation and with contact to aqueous solutions, which may explain the formation of GdH2 
on the alloys due to the higher affinity of Gd to H2 compared to Mg. Due to a higher 
electronegativity discrepancy of Gd to H, compared to Mg and H, the incurrence of GdH2 is 
favoured. The formation of GdH2 has also more negative Gibbs free energy compared to the 
building of H2 at room temperature. It is assumed that the formation of GdH2 in a Mg-Gd-H 
system is most probable as opposed to formation of H2 and MgH2 [40]. Peng et al. [40] 
suggests rectangular shaped and Gd rich particles as GdH2. They investigated, that water-
free electropolishing does not emerge hydrides on the surface, while polishing in aqueous 
environment does. A study of Huang et al. [32] affirms the formation of REE hydrides in Mg 
after polishing in watery environment as well. These studies clearly indicate that there is a 
relationship between aqueous solution and hydride formation. A broader perspective has 
been adopted by Vlček et al. [33] who studied hydrogen absorption in Mg-22Gd. They 
suggested a formation of Gd rich particles to GdH2 during solidification and a formation of 
hydrides caused by grinding, polishing in watery environments. Vlček et al. [33] identifies 
the dissolution of the Mg46Gd9 known also as Mg5Gd phase caused by a 530 °C solution 
treatment as major cause for the formation of GdH2 particles. This can be explained by 
hydrogen being released from Mg as it is heated, which then pushes Gd particles to 
accumulate into deformed areas of the material [33]. By drawing on the concept of Vlček et 
al. [33], Peng et al. [40] has been able to show a higher accumulation of hydrides at grain 
boundaries and an influence of deformation and dislocation movement on formation of 
GdH2. They explained a highly Gd segregation at grain boundaries during solidification. 
Hydrogen is moved by deformation and relocated at grain boundaries, where the building of 
GdH2 is enabled [40]. Unlike previous mentioned studies, Kubásek and Vojtěch [87] found 
Gd oxides, which are assumed as Gd2O3 or GdMg2O4, formed during melting and casting. 
This view is supported by Hort et al. [31], who ascertain a formation of Gd2O3 or GdMg2O4 
during casting, due to a higher affinity of Gd to O [31,88]. Brar et al. [89], however, who have 
looked at the oxidation of Mg-3Gd with pure oxygen, have found MgO and Gd2O3 on the 
surface [89]. In view of all that has been mentioned so far, one may suppose that the affinity 
of Gd with hydrogen or oxygen is higher compared to Mg. 

2.2 Degradation influencing factors  
2.2.1 Degradation characteristics and mechanism 
There is a larger volume of published studies describing the mechanism of Mg degradation 
[1,11,90–95]. Mg in aqueous solution is an electrochemical reaction and is described as 
follows: 
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𝑀𝑔 → 𝑀𝑔 + 2e  (1) 
 2𝐻 𝑂 + 2e → 2𝐻 + 2𝑂𝐻  (2) 
 
The anodic reaction is the dissolution of Mg in Equation (1) and the cathodic reaction is the 
dissociation of water into hydrogen and hydroxide ions in Equation (2) [94]. In total a 
formation of Mg(OH)2 layer and hydrogen evolution is reported:  𝑀𝑔 + 2𝐻 𝑂 → 𝑀𝑔(𝑂𝐻) + 𝐻  (3) 
 
In the case of a chloride containing aqueous solution, chloride is able to destroy the 
protective Mg(OH)2 layer by the formation of MgCl2 and accelerate the degradation process 
[11]: 𝑀𝑔(𝑂𝐻) + 2𝐶𝑙 → 𝑀𝑔𝐶𝑙 + 2𝑂𝐻  (4) 
 
Severe pitting degradation was reported, when the chloride concentrations amounts to 
150 mmol/l in the fluid [11,96,97].  
In vitro degradation experiments under cell culture conditions are performed at 37 °C, 5 % 
CO2, 20 % O2, 95 % relative humidity inside an incubator. The cell culture medium (CCM) 
DMEM as corrosive medium contains inorganic salts like e.g. sodium bicarbonate 
(NaHCO3), calcium chloride (CaCl2·2H2O), sodium chloride (NaCl) and sodium phosphate 
monobasic (NaH2PO4·2H2O) [98,99]. Next to the formation of Mg(OH)2, as shown in 
Equation (3), MgCO3 and possible Ca compounds like hydroxyapatite or tricalcium 
phosphates are formed [98]. The formation of MgCO3 is described by the reaction of solid 
Mg with carbonic acid H2CO3 in Equation (5): 𝑀𝑔 + 𝐻 𝐶𝑂 ↔ 𝑀𝑔𝐶𝑂 + 𝐻  (5) 
 
H2CO3 originates from the combination of carbon dioxide CO2 and water as shown in 
Equation (6): 𝐻 𝑂 + 𝐶𝑂 ↔ 𝐻 𝐶𝑂 ↔ 𝐻𝐶𝑂 + 𝐻  (6) 
 
NaHCO3 from DMEM dissociate in bicarbonate HCO3

- and Na+ represented in Equation (7). 
Bicarbonate can react with H+ to form H2CO3. 
 𝑁𝑎𝐻𝐶𝑂 ↔ 𝑁𝑎 + 𝐻𝐶𝑂  (7) 
 
The combination of HCO3

- and CO2 builds the bicarbonate buffer system, which sustain the 
pH. Due to an ambient CO2 supply, the equilibrium is shifted to the formation of carbonic 
acid H2CO3. With increasing H2CO3, the content on MgCO3 increases [98]. 
Mg dissolving in neutral solution shows an unusual reaction in terms of hydrogen evolution, 
when compared with other base metals reaction. In the case of oxygen degradation, more 
hydrogen is evolved as expected. This phenomenon is called negative difference effect. To 
date several studies revealed explanations for the negative difference effect [15–17].  
The combination of Mg and Fe or another impurity with high potential difference to Mg inside 
an electrolyte is called degradation cell and leads to galvanic degradation. Mg with more 
negative potential acts as anode and is oxidized. The element with less negative potential 
acts as cathode and is reduced. In addition to different metal combinations, there are other 
possibilities for degradation cell forming. Further reasons are various tension or residual 
level stress from machining or processing and different metallographic constituents in a 
heterogeneous alloy [100]. 
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2.2.2 Mg-REE alloy degradation 
One study by Birbilis et al. [101] found an increase in the corrosion rate of as cast Mg on 
increased alloying with La, Ce and Nd (up to 6 wt.%) resulting from the formation of 
intermetallic phases [101]. In contrast to Birbilis et al. [101], Jiang et al. [102] asserted that 
an increase in Nd addition in as cast Mg-7Y-xNd leads to a decrease in weight loss and 
current density Icorr. A decrease in the content of Mg24(Y,Nd)5 phase with increasing Nd was 
mentioned as one key factor [102].  
Tiyyagura et al. [103] tested the degradation behaviour of T4 heat treated and as-extruded 
Mg-5Gd under in vitro conditions in simulated body fluid (SBF). In comparison to pure Mg, 
the corrosion rate of Mg-5Gd is halved after 28 days immersion. After the degradation 
process, the degradation products and morphology vary widely for both alloys. Pure Mg 
showed formation of hydroxyapatite (HAp) and MgO, while Mg(OH)2 is formed on Mg-5Gd 
[103].  
Zidane et al. [104] carried out weight loss and EIS experiments with as cast Mg-xGd alloys 
(x = 2, 5, 10, 15) in 1 wt.% NaCl solution. The corrosion rate is significantly reduced with 
more Gd addition. The lowest corrosion rate is determined for Mg-10Gd. Surprisingly a 
higher corrosion rate was detected for Mg-15Gd [104]. This view is supported by 
Hort et al. [31] who described exactly the same corrosion rate development in as cast Mg-
xGd alloys. 
 
2.2.3 Influence of particles and impurities 
Influence of Fe-impurities 
Matsubara et al. [61] performed immersion tests in 5 % NaCl, using AM50 and AM60 alloys. 
A variation of Fe impurities in both alloys set up five different testing conditions. They 
identified that Fe inclusions initiated a corrosive attack [61].  
In a study conducted by Höche et al. [63], a cathodic active surface film (Mg(OH)2 and Fe 
rich film) formation labelled as dark film was reported (Figure 2.2). The dark film arose from 
redeposited Fe from the Fe reduction process, after the anodic dissolution of Mg [105]. The 
dark area was mentioned as one reason for intensified excess of hydrogen evolution [63], 
based on the study of Curioni et al. [106]. Possible reaction steps after Volmer, Tafel and 
Heyrovski mechanism [107] are suggested.  

 
Figure 2.2 A reduction of Fe particles leads to a formation of cathodic active dark area, which 
increases the hydrogen evolution reaction: a) cross sectional view; b) top view. (obtained from [63], 
published by the PCCP Owner Societies CC by 3.0) 
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Yang et al. [62] varied the content of Fe in pure Mg to study the degradation behaviour. They 
investigated a formation of a surface film initiated by micro galvanic degradation between 
cathodic Fe particles and Mg matrix as anode when reaching a tolerance level of Fe. The 
tolerance level is reached with high population density of Fe particles. They concluded that, 
the pure existence of Fe particles does not induce severe degradation [62]. This view is 
supported by Song et al. [15] who illustrated an acceleration in degradation after a specific 
tolerance level. Moreover, a high number of Fe particles, relating thereto surface film 
formation, increased the degradation potential. With higher degradation potential, localized 
degradation is activated due to a local breakdown of the surface film [62].  
 
Particle induced micro-galvanic degradation 
Most research in the area of REE particle induced micro-galvanic degradation has been 
carried out in the study of Cao et al. [34]. They suggest that the galvanic degradation 
influence of Y rich particles depends on the activity of the particles which act as a cathode. 
Activity is controlled by the protectiveness of a surface film on the matrix. Cao et al. [34] 
offered an explanatory theory for degradation attack, which does not take place directly at 
the particle. Mg hydroxide is formed on the surface around the particle due to a combination 
of H2 and OH-. Hydrogen is released after a cathodic reaction of the particle, while OH- ions 
are a by-product of the matrix degradation. This results in protection of the particle and 
surrounding area, which could cause material degradation around the protective film [34]. 
This view is supported by Kalb et al. [108] who described a similar mechanism of micro-
galvanic degradation for pure Mg and WE43. Instead of particles being present on the 
volcano shaped residue, Kalb et al. [108] found the particles at the bottom of the volcano 
shaped residue. In contrast to Cao et al. [34], Kalb et al. [108] found Fe rich particles inside 
pure Mg and Zr rich particles inside WE43. A broader perspective has been adopted by Kalb 
et al. [108] who argues that the surrounding pH is a key factor for micro-galvanic 
degradation. 
 
2.2.4 Influence of microstructural features  
Deformation and twinning 
Aung and Zhou [109] investigated the influence of grain size and twinning on the degradation 
of AZ31B-H24 alloy sheets. They performed hydrogen evolution tests by immersing the 
samples into 3.5 wt.% NaCl and also confirmed their results using pontentiodynamic 
polarisation. As-received and four heat treated conditions (200 °C, 300 °C, 400 °C, 500 °C) 
were examined. With increasing heat treatment temperature, the grain size increased, and 
the twins dissipated at 300 °C. After 10 h of immersion, the lowest hydrogen content was 
measured for samples heat treated at 200 °C and 300 °C. As-received samples and 
samples with a larger grain size than the samples treated at 300 °C showed higher hydrogen 
evolution and an increase in current density. Aung and Zhou [109] reported that grain 
boundaries prevents corrosion, which is why 300 °C heat treated samples showed the 
slightest degradation rate with smaller grain size compared to 400 °C and 500 °C samples. 
SEM micrographs showed that intragranular corrosion had taken place at twins during 
immersion testing [109]. An anodic dissolution of the matrix surrounding the twins is 
assumed to have taken place [110]. It is expected that twinning affects the homogeneity of 
corrosion with stronger intragranular corrosion preferential compared to the influence of 
grain size [109].  
One study by Zou et al. [111] examined the effect of twinning on the degradation morphology 
and degradation rate of Mg-1Y. Extruded samples were used as non-deformed samples. 
Deformed material was compressed after extrusion and included twinning. Deformed 
samples resulted in a current density which is over three times lower in contrast to non-
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deformed samples. In their analysis, the influence of secondary phases, grain size and 
texture difference can be neglected, which assumes that the lower degradation density and 
higher degradation resistance arise from twinning. Zou et al. [111] explained, that extension 
twinning lead to more homogenous and accelerated formation of an oxide film compared to 
the non-deformed material. Microcracks and pitting occurred for both materials, but a higher 
tendency for pitting is reported for non-deformed material [111].  
This view is supported by Wang et al. [112] who writes that Mg-3Al-1Zn sheets with less twin 
density show more advanced degradation with deeper pits compared to samples with higher 
twin density. Wang et al. proposes galvanic degradation between twinned and non-twinned 
regions emerged from crystallographic orientation difference. A broader perspective has 
been adopted by comparison of the crystallographic orientation inside the twinned area 
toward the matrix for both conditions. They point out, that inside the less twinned sheets, 
planes inside twinned areas are perpendicular to the matrix, which promotes galvanic 
degradation. The stronger twinned regions showed a preferential crystallographic orientation 
of twinning area to the matrix [112]. The crucial factor is not the amount of twins, moreover 
the crystallographic orientation to the matrix is determining.  
Lu et al. [113] showed a stress layer in surface near region in the micrographs after high 
speed cutting of AZ31 alloys, where the grain size was not apparent. The stress layer 
showed a dependence from the cutting speed with a reduction from 40 µm to 25 µm, when 
increasing the cutting speed [113]. Pu et al. [58,114,115] published studies investigating the 
dependence of deformation layer depth on the machining parameters for AZ31. One study 
from Pu et al. [58] investigated the difference in degradation for different machined surfaces. 
Hydrogen evolution tests were performed in SBF for dry and cryogenic machined samples. 
Pu et al. [58] suggest a possible enhancement in degradation resistance through the use of 
cryogenic machining in contrast to dry machining as less hydrogen evolution took place in 
the time range between 2 – 7 days. These results however need to be interpreted with 
caution. One source of uncertainty is that only a minor decrease in hydrogen evolution was 
observed, while there was no difference in hydrogen evolution within the first two days. 
Pu et al. [58] suggested a possible passivation layer on both surfaces, which inhibits the 
initial degradation. The progress of hydrogen evolution for both surface finishes assimilated 
again after 10 days testing. The reason for this is not clear but it may have something to do 
with the complete removal of the deformation layer after several days testing [58].  
 
Grain size and secondary phases 
One study by Mostaed et al. [116] examined the effect of equal channel angular pressing 
(ECAP) on the degradation of Mg and ZK60. The intended grain size reduction had an 
insignificant effect on the degradation potential. In their conclusion, Mostaed et al. [116] 
identified a homogenous second phase distribution in material processed by ECAP as a 
reason for the decrease in pitting degradation [116]. Conversely, Argade et al. [117] reported 
a significant difference in the degradation resistance of Mg–4Y–3Nd with grain sizes of 
70 µm and 0.7 µm. They performed heat treatment at 520 °C for 4 h or friction stir processing 
(FSP) and obtained four different grain sizes (70 ± 58 µm, 20 ± 12 µm, 2.4 ± 2 µm, and 
0.65 ± 0.44 µm). After a three weeks immersion test the weight loss measurements showed 
a reduction in weight loss with decreasing grain size. In addition, the smallest grain size 
resulted in the highest passivation and positive pitting potential, which is an indication for a 
higher resistance to pit formation. From the biggest to the smallest grain size, the 
degradation rate reduced by one order of magnitude [117]. An investigation by Lu et al. [118] 
reached different conclusions, finding the lowest degradation rate for a well-balanced 
combination of grain size and secondary phases in Mg–3Zn–0.3Ca. They varied the volume 
fraction of secondary phases and grain size by use of different heat treatments. 
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Temperatures were adjusted between 310 and 450 °C for 24 or 48 h. Overall, eight different 
grain sizes (97 µm – 214 µm) with corresponding secondary phases volume fractions were 
examined. The lowest grain size was determined for as cast samples which also contained 
the highest volume fraction of secondary phases. The highest heat treatment temperature 
for 48 h resulted in the largest grain size and lowest number of secondary phases [118]. In 
contrast to Argade et al. [117], Lu et al. [118] argued that the smallest grain size did not 
result in the lowest degradation rate. Moreover, secondary phases induced galvanic 
degradation, which resulted in the highest degradation rate of all conditions. The heat-
treated condition with the largest grain size did not result in the highest degradation rate, 
due to it having the lowest number of secondary phases. Both the secondary phases and 
the grain size were reported to be crucial for the degradation rate [118]. A recent systematic 
literature review [119] summarized the reasons for an improvement of the degradation 
resistance by grain size reduction. Ahmadkhaniha et al. [119] concluded that grain 
refinement effects positively influenced the formation of a passivation layer 
(MgO + Mg(OH)2) or reduced pit initiation.  

2.3 Surface characterization  
2.3.1 Degradation homogeneity 
Severe pit forming on the surface of the implant has to be avoided in order to obtain uniform 
degradation. Uniform degradation over the entire surface is necessary to conserve the 
mechanical integrity of the implant and to encourage strong bone-implant interlocking. To 
reach this aim, the characterization of localized and general degradation has been subject 
to several different analyses.  
A large and growing body of literature has investigated the morphology of degraded samples 
using SEM [51,120–130] and/or optical microscopy [52,131] without a standard objective 
criterion. A calculated pitting factor has been reported by Maier et al. [132–134]. In order to 
calculate this factor, the deepest point of the surface must be found. This is obtained by use 
of cross section micrographs. The average degradation depth is also necessary and is 
determined either by mass loss or by dividing the corroded cross sections by the diameter 
of the exposed area [134]. Maier et al. [133] introduced a method where the original surface 
was partly retained in order to calculate the depth difference between the original and the 
degraded surface [133]. Trend analyses of different studies [135–138] were performed on 
pit volumes, pit areas, pit densities and the nearest-neighbour pit distances. These trends 
were obtained through use of a laser profilometry by observing pit growth and surface 
changes over time from a salt spray exposure and an immersion test in 3.5 wt.% NaCl [135–
138]. Chen and Ju [139] developed a four-phase diagram from the average pit depth and 
pitted area percentage and used this to predict the risk of pitting occurring. These depths 
and percentages were measured using infinite focus microscopy. Parameters from the 
Abbot-Firestone curve were also reported as being suitable to characterize surfaces [139]. 
Chen and Ju [139] correlated pit depths and the respective pitted area percentages to the 
functional surface parameters. Comparing different Power Spectral Densities (PSD) was 
also reported as a viable method for degradation behaviour analysis [140–142]. Holme and 
Lunder [143] identified pit depth, area and volume using white light interferometry (WLI). 
They also created semi-logarithmic depth distribution diagrams and fitted curves based on 
the defined geometrical shape of the pits [143]. These techniques helped in describing the 
pitting behaviour, but not the overall surface homogeneity, which is defined as uniform 
distribution of pits over the complete sample surface. 
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2.3.2 Non-destructive surface measurement  
White light interferometry (WLI) which was used in this study works according to the principle 
of the Michelson interferometer. White light is separated inside a beam splitter into two 
beams (Figure 2.3). One beam is reflected on the sample the so called “sample beam”, while 
the other one is reflected on a mirror, the “reference beam”. The combined beams generate 
an interferogram with constructive (light fringes) and destructive (dark fringes) 
interference [144]. Maximum interference with highest fringe contrast occurs when the 
optical path length of the sample beam is identical with the optical path length of the 
reference beam [145]. The head including the beam splitter and mirror is movable and can 
be adjusted in height from -z to + z. The sample is fixed on the stage. Stage knobs are used 
to compensate for a strong tilt of the sample. A sample surface is completely scanned with 
an adjusted height difference (“stitching”). The signal of maximum interference as a function 
of scan position is determined as height data to calculate a 3D surface topography [146].  

 
Figure 2.3 Drawing showing the principle of the Michelson interferometer. 

The surface of samples is laterally separated into three different types, dependent on the 
surface spatial wavelength. The highest spatial wavelength is assigned for the form of a 
surface. The next smaller medium spatial wavelength range describes the waviness of the 
sample. The smallest spatial wavelength range is referred to the roughness of the 
sample [147]. For surface areal parameters the waviness and roughness were determined 
by the parameter Sa. Sa is defined as follows [148]: Sa =  1𝐴 ǀ𝑧 (𝑥, 𝑦)ǀ 𝑑𝑥𝑑𝑦 (8) 

 
Where Sa is the arithmetic mean of the height within a surface area in µm, A the surface 
area in µm² and z in µm the surface height at points within the area. 
In the degradation test of this research, the samples were completely immersed. As such, it 
is not possible to determine the depth difference between the initial and the corroded surface 
and, thus, a different technique has had to be developed.  
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2.3.3 Quantification of surface defects 
Functional parameters are calculated from the Abbot-Firestone curve [149,150], which 
describes the material fraction found at each height difference ranging from the highest 
peak = 0 % material fraction to the deepest valley = 100 % material fraction (Figure 
2.4) [151]. The volume parameter for 3D surfaces are defined from the curve in ISO 25178-
2 [152] as Vmp (peak material volume), Vmc (core material volume), Vvc (core void volume) 
and Vvv (valley void volume) [152].  

 
Figure 2.4 Top view and profile of a surface with a single pit and the corresponding Abbot-Firestone 
curve. 

Void volumes are commonly used in engineering, when for example lubrication, adhesion, 
friction and wear are analysed. It is reported that the progression of the Abbot-Firestone 
curve and the void volume Vvv are representative for every processed surface. The Vv (void 
volumes) are defined as volume of voids per unit area and are calculated by integrating the 
volume between two heights x1 and x2 in the material ratio curve [153]. In ISO 25178-3 [154] 
the heights are set by standard at x1 = 80 % material fraction and x2 = 100 % material 
fraction for Vvv [148,154]. Vvv in particular is stated to quantitatively characterize damage 
to the surface [151]. Thus, Vvv is used to describe damage to the surface by degradation. 
Figure 2.4 shows the top view of a surface with a single pit. The pit is chopped to present 
the pit progress in the profile. Next to the profile the corresponding Abbot-Firestone curve 
for this topography is shown. The highest point of the surface is 9 µm above the zero level. 
The deepest point inside the pit is 69 µm below the zero level. The curved shape between 
80% and 100% material fraction show a Vvv of 2.99 µm³/µm².  
 
2.3.4 Time-of-flight secondary ion mass spectrometry  
One of the most well-known procedure for assessing the chemical composition within the 
outermost surface layers is Time-of-flight secondary ion mass spectrometry (ToF-SIMS) 
(Figure 2.5). Bi+ is used as primary ion beam, because Bi has only one stable isotope 
allowing for straightforward beam pulsing, additionally because of its high atomic weight the 
sputter yields are high. On organic samples low fragmentation of the secondary ions is 
observed, especially for larger Bi clusters. Short pulse lengths allow for good mass 
resolution [155]. For metal depth profiling oxygen erosion and positive secondary ion polarity 
was used due to the reason that electronegative O2

+ is implanted in the top layer of the 
sample, by what the ionization of the metals (M+) is increased. Cs+ for example would 
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decrease the positive signals of metals [156]. Static SIMS is used for high resolution mass 
analysis, where a maximum of 1% of the surface area is affected [157]. The primary ion 
beam is rasterized across a field of view on the sample. The energy from the primary ion is 
transferred to the atoms and molecules in the first 2-3 atom layers [157]. An atom receiving 
higher energy than binding forces to the surface is ejected as a neutral species or being 
usually single charged as a secondary ion.  
The secondary ions are mass separated and detected by a reflectron type time-of-flight 
analyzer with an ultra-high vacuum base pressure of below 5 × 10−10 mbar. Ultra-high 
vacuum is necessary to preserve a clean surface area and avoid collisions of secondary 
ions with residual gas molecules thereby the highest mean free path is found inside the drift 
tube [155]. Inside the tube, all secondary ions are accelerated through an extraction plate, 
so that all ions have the same kinetic energy. Ions with lowest mass arrive sooner at the end 
of the tube, compared to heavier ions. The following equation is necessary to calculate a 
mass spectrum:  E = 12 ⋅ 𝑚 ⋅ 𝑣  (9) 

 
Where E is the kinetic Energy in keV, m the mass and v the velocity of the ions. The mass 
to charge ratio called m/z of the ions can be then calculated as follows [155]: 
 𝑚𝑧 =  2 ∙ U𝑣  (10) 

 
Where m/z is the mass to charge ratio, U the acceleration potential in eV and v the velocity 
of the ions that pass the drift tube length in m/s. 

 
Figure 2.5 Setup of ToF-SIMS analysis in this study. 

By knowing the length of the drift tube s and the time to traverse the tube, the velocity of 
each ion is calculated by v = s/t. A dependence between ion flight time and m/z is used to 
plot a mass spectrum, where faster time-of-flight of ions result from a lower m/z and slower 
ions have higher m/z ratios. Using this method the number of ions resulting from every pulse 
is recorded for each m/z [155].  
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Dynamic SIMS is used for depth profiling and 3D visualization of ion images. The O2
+ sputter 

gun erodes material from the surface over a defined area followed by a Bi+ primary ion 
analysis in a smaller area. The sputter yield is the amount of material removal during 
erosion [155]. Yamamura et al. [158] provided a semi-empirical calculation for pure Mg and 
determined a sputter yield of 5.38. The erosion rate is dependent on the material, the kinetic 
energy of ions, the angle of incidence, current, measured area and the ion type [158]. 

2.4 Surface treatments  
2.4.1 Mechanical surface treatments 
One study by Walter and Kannan [129] examined a trend of decreasing current density icorr 
with decreasing roughness for AZ91 produced by different grit sizes of grinding papers [129]. 
In an analysis of Song and Xu [52] it is shown, that removing impurities from the surface by 
grinding decreased the hydrogen evolution compared to AR AZ31 condition [52]. The studies 
[52,129] presented provide evidence that grinding is an effective method to improve the 
degradation behaviour. However, mechanical surface treatments like grinding are not 
suitable for implant geometries like stents, screws and rods [14]. Surface treatments over 
the entire surface come rather into consideration, when using biodegradable Mg implants.  
 
2.4.2 Surface modification on Mg-REE alloys 
Work on surface treated WE43 was undertaken by Jin et al. [159]. Reactive magnetron 
sputtering was used to form niobium nitride (NbN) on the surface of as cast Mg-Y-REE alloy. 
The degradation resistance increased after deposition compared to a non-coated surface, 
as confirmed by electrochemical impedance spectroscopy (EIS), polarization tests and 
immersion tests in simulated body fluid (SBF) [159]. This view was supported by Jamesh et 
al. [160] who wrote that a surface modification by silicon ion implantation diminished the 
current density Icorr [160]. In a follow-up study, Jamesh et al. [161] found that Zr and N plasma 
immersion ion implantation, increased the degradation resistance in SBF and cell culture 
medium (cDMEM) [161]. Similarly, Li et al. [162] found that a SiC coating deposited by 
Plasma enhanced chemical vapour deposition (PECVD) on WE43, led to a reduction of the 
degradation rate for immersion in SBF, when compared to uncoated samples [162]. In all 
the studies reviewed above, surface treatments were recognised as an effective method to 
decrease the degradation rate.  
 
2.4.3 Magnesium in acetic solution 
The main reaction of base metals in acid solutions with a pH below 4 is called “acid 
corrosion” or “hydrogen corrosion” [100]. H3O+ ions from dissolved HAc react with Mg, 
dissolving into Mg2+, water and hydrogen. A decrease of [H3O+] lead to an increase in pH 
[163]. 𝑀𝑔 → 𝑀𝑔 + 2e  (11) 
 2𝐻 + 2e → 𝐻  (12) 
 
In general, the reaction of metals and acids lead to the formation of salts and hydrogen [164]. 
Salt is defined as a product of metal and acid residue [165], here magnesium acetate.  
 𝑀𝑔 + 2𝐶𝐻 𝐶𝑂𝑂 + 2𝐻 𝑂  →  𝑀𝑔 (𝐶𝐻 𝐶𝑂𝑂 ) +  𝐻 + 2𝐻 𝑂 (13) 
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2.4.4 Acid etching 
Nwaogu et al. [53,54] carried out etching experiments with both inorganic acids (nitric acid, 
phosphoric acid, sulphuric acid) and organic acids (acetic acid, citric acid, oxalic acid) on 
rolled sheets. With increasing etching time, a trend of more material removal was shown. 
The highest material removal of 21.23 ± 1.52 µm was reached by use of 300 g/L HAc for 
120 s, when compared to the other organic and inorganic etching solutions [53,54]. The 
highest material removal (21.23 ± 1.52 µm) led to the lowest Fe surface content (18 ppm) 
and corrosion rate (0.34 ± 0.04 mm/year) for acetic acid etching in 5 wt.% NaCl, determined 
by salt spray testing. However, a removal of around 4 µm material was sufficient to reduce 
the Fe level < 20 ppm and decrease the corrosion rate to less than 1 mm/year compared to 
an as-received corrosion rate around 15 mm/year [53]. However, no trend between material 
removal, Fe elimination and degradation rate were observed when comparing different 
inorganic and organic etching solution experiments. Similarly, Supplit et al. [55] found the 
lowest corrosion rate (0.70 mg cm−2 d−1) [14,55] in 5 wt.% NaCl for acetic acid (200 g/L for 
30 s) treated AZ31 sheets after hydrogen evolution testing when compared to nitric, 
phosphoric, and hydrofluoric acid pre-treated samples [55]. The corrosion rates of both 
studies are not comparable, due to different corrosion experiment set-ups. However, both 
studies clearly showed, that acetic acid etching resulted in lowest corrosion rates when 
compared with other etching treatments. 
A study by Gawlik et al. [56] involved the effect of acetic acid etching of Mg-5Gd on the 
degradation behaviour in a cell culture medium. To determine the effects of concentration 
and immersion times, Gawlik et al. [56] compared the mean degradation depth of six as-
received and etched samples after 24 h degradation. For this different etching 
concentrations and times were used and decided after this short period degradation to take 
the condition with lowest mean degradation depth and standard deviation. The best 
conditions were used for a long-term testing of 30 days. All etched conditions showed a 
lower degradation rate in comparison to the as-received samples. Due to a linear regression 
of the plotted results, Gawlik et al. [56] ascertained more reliable and reproducible results 
by etching. They found a deformation and twinning zone in the near-surface region, which 
was eliminated, by removing around 150 µm of material. All etching conditions resulted in 
the formation of etching pits containing Gd-rich particles. A GdH2 phase was confirmed by 
XRD. In a follow-up study, Gawlik et al. [57] showed that Fe contamination were removed 
from the surface of Mg-xGd alloys by etching for 15 s. A direct connection of Fe and 
degradation rate was not shown yet. 
 
2.4.5 The effect of surface treatments on the degradation behaviour 
A review of mechanical and chemical surface treatments, including their influence on 
roughness and morphology with correlated degradation behaviour is shown in following 
puplication: “The Effect of Surface Treatments on the Degradation of Biomedical Mg 
Alloys – A Review Paper” [14]. 
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Abstract: This report reviews the effects of chemical, physical, and mechanical surface treatments on

the degradation behavior of Mg alloys via their influence on the roughness and surface morphology.

Many studies have been focused on technically-used AZ alloys and a few investigations regarding the

surface treatment of biodegradable and Al-free Mg alloys, especially under physiological conditions.

These treatments tailor the surface roughness, homogenize the morphology, and decrease the

degradation rate of the alloys. Conversely, there have also been reports which showed that rough

surfaces lead to less pitting and good cell adherence. Besides roughness, there are many other

parameters which are much more important than roughness when regarding the degradation behavior

of an alloy. These studies, which indicate the relationship between surface treatments, roughness and

degradation, require further elaboration, particularly for biomedical Mg alloy applications.

Keywords: surface treatments; roughness; Mg-alloys; degradation behavior

1. Introduction

The study of Mg as degradable biomaterial for implants is an advanced research area. A second

operation to remove the implant after bone healing can be avoided [1–6]. Mg is naturally available

as trace element in the body, and is thus non-toxic and biocompatible [7–9]. Implant processing is

feasible due to the ductility and workability of Mg [10]. Strength and toughness are higher than of

polymer implants, which is beneficial for load-bearing implants [11,12]. Mg alloys are reported to

show improved osseointegration and bone implant strength compared to permanent Ti alloys [13,14].

In particular, Mg alloys are suitable as biodegradable implant materials [1,15–19]. Mg is able to degrade

in aqueous solutions with the formation of magnesium hydroxide and hydrogen [20–24]. In particular,

aqueous salt solutions containing ions including chlorides or sulphates, with the exception of alkali

metals or alkaline metal containing solutions, are able to dissolve the protective magnesium hydroxide

layer, leading to enhanced degradation [24–28]. In order to improve the mechanical properties of

Mg, elements are added to tailor, for example, its tensile strength and ductility. Thus, it is possible

to produce implants that have tailored mechanical properties to use it as temporary bone fixation.

However, when alloying and processing the material, impurities like Fe, Ni, and Cu or phases with

a high electrochemical potential difference are found at or near to the surface of the material, which

increases the degradation rate through galvanic corrosion [23,29]. For the application of biodegradable

Mg implants to become feasible in the future, two different objectives must be met in order to achieve

usable degradation behavior.
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One objective is limiting the degradation rate of the initial state of the alloy, which, as explained

later, is related to the amount of hydrogen evolution. The deeper and rougher the surface morphology,

the more hydrogen gas will be produced [9]. An overly fast degradation with gas evolution in the

initial state leads to degradation of the mechanical integrity. Excessive gas evolution can also modify

the bone remodeling process and impair the consolidation of bones [30]. However, relatively strong

hydrogen evolution is crucial for cell adherence and implant-bone integration [21,31,32]. Aqueous

salt solutions including chloride ions, like those found in the human body fluids [33], increasing

decomposing of Mg(OH)2, release OH− and raise the pH [34]. Besides hydrogen production, a local

alkalization might provoke necrosis [9].

The second objective is to control the degradation rate of implants during the healing time.

The required degradation rate depends on the application with lifetime and stability of the implant and the

potential of the surrounding tissue to tolerate pH changes and high ion concentrations. It is reported that

the properties of the material, e.g., crystallographic orientation [35–37], microstructure [21,38–48], grain

size [41,49–53], secondary phases [51,54,55], contamination [38,40,56], and deformation [38,41,57–60],

affect the degradation behavior, as well the environment, e.g., the immersion medium [61–64]. It is

possible to control the degradation behavior of Mg alloys using chemical, physical, and mechanical surface

treatments [27,32,65–69]. Additionally, surface uniformity has been shown to decelerate degradation [70].

Surface morphology can differ despite identical roughness parameters, and also affects the degradation

process [39]. Studies have shown that surface roughness can affect the initial degradation [71],

the degradation rate [38,71–77], degradation resistance [73,78–82], pitting behavior [38,71,72,83], bone

integration [84–86], cell adherence [21,74,87,88], cell proliferation [88–91], and cell differentiation [92].

Besides roughness, surface unevenness can also influence the adhesion of cells [73]. In some cases,

a smoother surface will reduce the degradation rate [72,74,93]. However, this behavior has been

contradicted in other studies [73,79,81,82,94,95].

The aim of this review is to show the correlation between surface treatment, roughness, and the

degradation behavior of Mg alloys in order to define meaningful roughness values and suitable surface

treatments for biodegradable Mg implants. An overview of studies mentioning surface treatments,

roughness, and degradation is given in Tables 1–5.

2. Mechanical Surface Treatments

2.1. Grinding and Polishing

The degradation behavior of sand-cast, ground, and polished AZ91 alloys were investigated by

Walter and Kannan [96]. The use of a grinding paper with increased grit size decreased the surface

roughness (Table 1, Ref. [96]). Three methods were used to evaluate the relationship between pitting

and roughness: a 24 h immersion test in a 0.5 wt.% NaCl solution, 1 h of potentiodynamic polarization

(PDP) and 1 h of Electrochemical Impedance Spectroscopy (EIS). For the polished samples, no inductive

loop after EIS was observed. A low inductive loop is related to a low or negligible amount of surface

pitting. This was found for all ground samples. Thus, it is suspected that no pitting will occur on

polished surfaces due to a higher passivation. As a consequence, passivation is reduced for higher

surface roughness values. The polarization curves in Ref. [96] show that a higher anodic current,

as indicated by the current density icorr, is produced with greater surface roughness (Table 1, Ref. [96]

and Figure 1).

In particular, the polarization curve of material ground with 320 grit paper in Ref. [96] exhibits

a strong increase in anodic current, which suggests a high number of pits being formed. The surface

appearance was analyzed by scanning electron microscope (SEM) after immersion for 24 h and after

galvanostatic testing. Numerous pits were observed after immersion when the 320 grit size paper was

used, which confirms the results from the electrochemical testing. Less pitting was seen to occur when

using a finer grinding paper. In the case of paper with a 1200 grit size, no localized pitting was found

after testing. Surprisingly, more pits were observed on polished samples after galvanostatic testing.
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This is likely to have been caused by a high anodic current which reduces passivation for all surface

treatments. Walter and Kannan [96] concluded from these experiments that roughness does affect the

passivation layer, but does not directly affect the likelihood of pitting. After removing the passivation

layer, pitting occurred for all surface roughness values as seen by SEM [96].

 

Figure 1. Graph shows a linear relationship between Sa and icorr after grinding and polishing. R2 is the

coefficient of determination, which assess the linear mutual dependence of x and y. R2 = 1 defines the

highest linearity [97]. Sa and icorr values were obtained from [96].

Walter et al. [71] also investigated the correlation between the degradation and surface roughness

Sa (the arithmetic mean height within a sample area, three dimensionally determined roughness) [98]

for samples which were ground using 120 SiC grit size paper (Sa = 973 nm) and samples that had been

ground using 2500 grit size paper, followed by polishing with a 3 µm diamond paste (Sa = 22 nm).

The samples were cleaned with acetone and ethanol. The degradation behavior was characterized

under simulated body fluid (SBF) using EIS. The results for both surface finishes exhibited similar

tendencies. The ground and the polished samples showed a mid-frequency capacitive loop at the

beginning of testing [71]. A mid-frequency capacitive loop corresponds to a passivation layer [96].

For the ground sample, a mid-frequency capacitive loop was observed for the first 2 h and was then

followed by an inductive loop at low frequencies. The polished samples had inductive loops at low

frequencies after 4 h, which confirms that passivation layers on smoother surfaces last longer [71].

In general, an inductive loop implies surface pitting [99]. The polarization resistance was present

for a maximum of 3 h for the polished sample in contrast to a maximum of 2 h for rougher ground

surface. This observation agrees with the assumption that polished samples have a higher passivation.

Thus polishing samples reduces the degradation behavior, especially at the beginning of immersion.

The SEM results support these findings. After 2 h immersion, a general degradation for both finishes

was observed. After 6 h, the rougher surface clearly showed more pitting, while the few pits seen on

the polished surface indicated the start of pit formation. Pitting was studied for both surfaces after

12 h immersion. The initial pitting of the ground surface had progressed further compared to the

polished finish. Walter et al. [71] explained this observation as a local pH drop caused by deep valleys

in the rough surface. Additionally, the passivation layer of the rough surface broke up earlier than the

smooth surface [71].

Alvarez et al. [94] found that polished AE44 samples encouraged more pitting compared to

semi-polished samples in an immersion test. At the beginning of degradation, polished samples

exhibited a higher pit volume compared to semi-polished samples. However, semi-polished samples

had higher pit radii. The smoother surface of the polished sample and its related chlorine absorption

capacity is given as a possible explanation. This behavior is distinct from reports that report that

rougher surfaces on steel [75,76] and aluminum [77] lead to faster degradation and more pitting.
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Walter and Kannan [96] suggested a change of the passivation layer provoked by shifting the local pH,

initiated by aeration of the solution, as a reason for this behavior [96]. Pitting for both conditions leads

to intergranular degradation after several hours. However, the start of intergranular degradation of

the polished samples started earlier than for semi-polished samples [94].

Lorenz et al. [74] showed that surface roughness does not only influence the degradation resistance

of pure magnesium; it also affects the cell (HeLa cells/GSP-C12 mouse fibroblasts) adhesion on the

surface of Mg. For this study, discs were prepared with 600 paper grit size, a combination of 6 µm

diamond paste, and an ethanol/glycerol solution. Sample cleaning was performed using an ultrasonic

bath filled with ethanol for 3 min. In order to analyze the effects of surface morphology on cell

adherence, one series of samples was immersed in 1 mol NaOH for 24 h and another series in modified

simulated body fluid (M-SBF) at 37 ◦C for 5 d. Afterwards, the samples were flushed with ethanol and

dried in air. The roughness increased after immersion in both solutions, but especially for the modified

simulated body fluid (M-SBF) solution. pH measurements were also carried out on Mg samples

degrading in a Minimum Essential Media (MEM) that included fetal bovine serum (FBS). A pH of 8.96

was observed for the M-SBF treated Mg samples and was higher compared to the other treatments

after 2 h (Tables 1 and 4, Ref. [74]). The thicker Ca/Mg phosphate layer after M-SBF immersion does

not protect the Mg sample due to its porosity, but the corrosion resistance increased by a factor of five

compared to the untreated samples. In contrast, the cell density is higher compared to the polished

and NaOH treated samples. The increase of the roughness by immersing in M-SBF improved the cell

adhesion. The medium alkalization of the M-SBF samples is only suitable for short term applications.

The smooth surface of the polished samples exhibits nearly no cell adherence and degrades very

quickly. The passivation of Mg with NaOH reduces degradation, but cell adhesion is lower compared

to M-SBF immersion [74].

Liu [61] compared the cell adherence of rolled pure Mg foils with an oxide layer and on ground

foils without an oxide layer. He also studied the effects of roughness and degradation in Dulbecco’s

Modified Eagle’s Medium (DMEM) and deionized (DI) water. The smoother ground samples varied

by only 1.2% (oxide layer 13.6% and on ground foils 14.8%) in cell density from the rough oxidized

samples (Tables 1 and 2, Ref. [61]). As such, it can be assumed, that surface roughness did not affect

the cell density. No correlation between roughness and degradation rate was found, though ground

samples in DMEM showed a slower degradation rate compared to oxidized samples. The opposite

behavior was observed in DI water [61].

In contrast to the studies carried out by Liu [61] and Lorenz et al. [74], it was reported by

Johnson et al. [21] that ground Mg-4Y samples demonstrated a better cell attachment than samples with

an electrical discharged machined (EDM) surface. The roughness of the surfaces could be a possible

explanation, as it was found that rough surfaces degrade faster than smooth surfaces [21,72,93]. Mg-4Y

exhibits a contrary degradation behavior as pure Mg [61]. The ground surface leads to a lower mass

loss in DI water which is opposite to the higher mass loss in DMEM (Tables 1 and 2, Ref. [21]). This

effect is not thought to be due to roughness, but rather, from a different evolution of the pH under the

different testing conditions.

Song and Xu [38] investigated the effect of tempering (HT), sandblasting, grinding, and etching

on the degradation resistance of the alloy AZ31. Tempering and sandblasting reduced degradation

resistance, while grinding or acid etching as a cleaning procedure decreased weight loss and hydrogen

evolution. Heat treatment led to the precipitations of large Al-Mn-Fe particles which deteriorated

the degradation resistance [38]. In addition to impurities, it is also known that roughness influences

the degradation rate [100]. The roughness Ra (two-dimensionally determined roughness, arithmetic

mean deviation of the roughness profile) and the hydrogen evolution of ground samples were very

low compared to sandblasted samples (Tables 1 and 2, Ref. [38]). Sandblasting led to a very rough

surface, accompanied by micro stresses in the surface layer. The Fe impurities rather than this surface

roughening increased the degradation rate. Grinding the surface removes contaminations and leads
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to a slower degradation rate. Though ground surfaces are smoother than etched, the effect on the

degradation is not as significant as removing a significant amount of Fe [38].

Zhao and Zhu [6] investigated, in addition to collagen monomer concentration, pH, and assembly

time, the influence of ground surfaces on collagen fibril formation. They tested different surface

finishes and the collagen formation with subsequent cell attachment. They ground Mg and AZ31

discs with 180 (Ra = 1.89 µm), 800 (Ra = 0.29 µm) and 1200 (Ra = 0.15 µm) SiC paper and apply

50 µL of 200 µg/mL D-phosphate-buffered solution (DPBS) diluted collagen solution for 2 h on the

samples. By SEM they observed the morphology of collagen fibers for every surface finish and alloy.

A clear difference of collagen formation was visible from roughest to smoothest surface for both

alloys. While the collagen formation on both alloys for both smoothest surfaces was comparable, the

roughest surface of AZ31 showed less dense structure in contrast to Mg. The roughest surface of both

alloys adsorbed the highest amount of collagen after 2 h, while the smoothest surface showed the

lowest adsorbed amount. This trend was more distinct for Mg compared to AZ31. Cell attachment

observations after 2 h lead to the assumption that cells were more attached on collagen treated and

smoother samples in contrast to the roughest surface finish. The roughest surface finish with a more

fiber woven structure and highest collagen adsorption also showed in another Fluorescent live/dead

cell analysis that, after one day, the collagen structure on a rough surface is more detrimental to cell

density, independent of the alloy [6]. Nudelman et al. [101], reported a correlation between collagen

and cell attachment [101]. In contrast to Nudelman et al. [101], Zhao and Zhu [6] evidenced a decrease

in cell density with higher collagen adsorption. For this reason, it is assumed, that more collagen does

not always result in a stronger cell attachment. In reference to roughness, this study shows an effect on

the collagen formation which influences the cell density indirectly [6].

2.2. Burnishing

A comparison between ground and burnished sample degradation was performed using hydrogen

evolution, PDP, and white light interferometry on the AZ31B alloy [39]. Ground and burnished (dry

and cryogenic) samples had a very similar roughness before degradation. Burnishing was performed

using a severe plasticity burnishing (SPB) process. Cryogenic burnishing is distinguished from dry

burnishing by the use of liquid nitrogen. After degradation, the morphology of the ground samples

differed from the burnished samples. Thus, roughness will not be the only factor to influence the

degradation behavior. In addition, grain size and basal texture had an influence on the uniformity and

amount of degradation. Dry and cryogenic burnishing decreased hydrogen evolution over a 7 h period

with respect to ground surfaces. Both burnishing processes lead to a smoother finish with reduced pit

depth and pit volume compared to the 4000 grit size paper treatment immersion test. The PDP analysis

shows the same trend for both burnished surfaces with a higher degradation resistance, indicated

by a broader capacitive loop [39]. The crystallographic orientation and grain refinement has to be

considered, as well as the surface roughness [38]. In this report, the surface roughness did not affect the

degradation, in disagreement with the prediction of Song and Xu [38]. Moreover, a small grain size and

a strong basal texture led to a higher degradation resistance [39].
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2.3. Machining

Turned, threaded and sandblasted Mg-0.8Ca samples were examined and tested in vivo [93].

Smooth (Ra = 3.65 µm) turned and threaded samples exhibited the best interlocking connection

between the bone and implant. Rough (Ra = 32.7 µm) sandblasted rods degraded most rapidly

with the highest number of visible gas bubbles. Turned surfaces led to the lowest gas evolution and

decomposition in these studies [87,93]. Despite a similar integration of threaded and turned implants

into the bone tissue, threaded implants showed a non-uniform bone resorption at the thread edges [93].

This is in agreement with the findings of Walter et al. [71], which may be explained by local variations

in pH.

Mhaede et al. [102] reported a relationship between roughness and corrosion resistance. For the

degradation test in 0.9 wt.% NaCl solution, eight different conditions of AZ31 alloy were prepared.

Samples were either ground or shot-peened with 3 different Almen intensities (saturation value of

residual arc height of an Almen strip, established by John Almen) [102,106,107], ground and coated,

or shot-peened with 3 different Almen intensities and coated without prior grinding. Shot peening

was performed with ceramic shot which had a diameter of 850 µm (Z850). The dicalcium phosphate

dihydrate (DCPD) coating used was produced by electro-deposition of samples in a 0.1 mol Ca(NO3)2

4H2O + 0.06 mol NH4HPO4 solution. In Table 2, Ref. [102] it is shown that the current density icorr for

the shot-peened (SP) samples was increased compared to the other conditions in Table 4, Ref. [102].

It has been shown that having a rough surface after shot-peening affects icorr (Table 2, Ref. [102] and

Figure 2), as the resulting greater surface area increases the surface reactivity [102]. However, it is not

possible to relay Ra linear to icorr (Tables 1, 2 and 4, Ref. [102] and Figure 2) for all surface finishes due

to the protective properties of the DCPD coating compared to only shot peened samples. The linear

relationship between Ra and icorr for the shot-peened and shot-peened/coated samples (Figure 2)

agrees with the study of Walter and Kannan [96], whereas linear correlation was observed for only

the ground samples. However, it should be noted that higher deformation and internal stress, arising

from higher Almen intensities, could also affect the degradation behavior.

 

Figure 2. Diagram current density icorr against roughness Ra for ground, shot peened, and shot peened

+ DCPD coated samples. A non-linear R2 relationship between Ra and icorr is shown by comparing all

conditions (ground/SP/SP+DCPD) together. Linear R2 is plotted for only shot peened or only shot

peened and coated samples. A trend of linearity can be seen only for roughness values arising from

same surface treatments. Ra and icorr values were obtained from [102].

Denkena and Lucas [108] studied the surface and subsurface properties after turning and deep

rolling a Mg-3Ca alloy. Three different conditions for each machining process were investigated. With
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regard to turning, the roughness Rz (distance from deepest valley to highest peak within sample length

from a linear measurement) [109] decreased from around Rz ~ 4.48 µm to Rz ~ 3.75 µm after increasing

the cutting speed from 10 m/min to 100 m/min at constant cutting depth and feed rate. By reducing the

feed rate from 0.1 mm to 0.05 mm at a constant cutting speed (100 m/min) and cutting depth (0.5 mm),

the roughness (Rz ~ 2.17 µm) was reduced (Table 2, Ref. [108]). After deep rolling with different

rolling forces (F = 50 N, 200 N, 500 N) and constant rolling speed (25 m/min) and feed rate (0.1 mm),

no significant change in roughness (Rz ~ 0.91–1.26 µm) occurred (Table 2, Ref. [108]). Degradation tests

were performed in 0.9 wt.% NaCl solution and the hydrogen gas evolution was measured. The mass

loss was calculated from the amount of hydrogen produced and a correction factor. The degradation

rates for turning with higher roughness were greater compared to the degradation rates after rolling.

However, for turning, the condition with the highest roughness showed the lowest mass loss compared

to the smoother samples. For deep rolling, the condition with the lowest rolling force led to the highest,

while not signifying mass loss (calculated from hydrogen generation) after around 240 h exposure time

compared to conditions with higher rolling forces and comparable Rz values. No significant correlation

between roughness and mass loss was found. High residual compressive stress was reported to reduce

the degradation rate by about 100 times [108], and the degradation results were comparable with the

results from high speed dry milled Mg-0.8Ca with the lowest roughness [110].

The influence of machining and deep rolling on Mg-3Ca and Mg-0.8Ca was analyzed by

Denkena et al. [111], and the results were compared to those of Denkena and Lucas [108]. Only

3 conditions per alloy were tested. The turning was carried out with a cutting speed of 100 m/min,

cutting depth of 200 µm, and a feed rate of 0.1 mm. Two deep rolling conditions were studied with

rolling forces of 50 N and 200 N and the same cutting speed and feed as described by Denkena and

Lucas [108]. The roughness Rz after turning and deep rolling was comparable for each alloy for

every machining process. The roughness Rz after turning was about 4 µm, while Rz for deep rolling

resulted in a lower Rz of between 0.44–0.76 µm (Table 2, Ref. [111],[108]) compared to Denkena and

Lucas [108]. The corrosion behavior was tested by hydrogen evolution and performed in a 0.9 wt.%

NaCl solution and µ-CT. It was shown that turned Mg-3Ca with the highest Rz resulted in the highest

hydrogen evolution (~ 20.2 mL/cm2 after 29 h) and greatest degradation in µ-CT compared to deep

rolled samples (~0.76–1.27 mL/cm2 after 29 h). For the Mg-0.8Ca alloy the hydrogen evolution

(~5.42–6.22 mL/cm2 after 29 h) showed no significant dependence on the method of machining. From

these investigations, it is possible to say that roughness had no influence on the degradation behavior.

Rather than roughness, a high compressive stress and the Mg2Ca phase in the Mg-3Ca alloy was

reported to affect the degradation behavior [111].
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3. Chemical Surface Treatments and Coatings

3.1. Acid Etching

The treatments reported by Supplit et al. [95] indicated that it was possible to improve the

degradation resistance of rolled AZ31 alloy by pickling with different acids like acetic acid, phosphoric

acid, nitric acid, and hydrofluoric acid [95]. Acid pickling, especially with acetic acid decreased

the degradation rate from 7.17 mg cm−2 d−1 (rolled condition) to 0.70 mg cm−2 d−1. The second

best etching method was found to be phosphoric acid. The degradation rates were determined by

measuring hydrogen gas evolution in 5 % NaCl. A rougher surface after pickling with acetic acid was

observed when compared to the other etching solutions. The samples with the lowest degradation

rates had rougher surfaces, an observation that contradicts the findings of Nguyen et al. [72].

Organic acids like acetic, citric, or oxalic, and inorganic acids like phosphoric, nitric, and sulfuric

acid were used to treat AZ31 alloy by Nwaogu et al. [40]. The aim was to remove contamination

and impurities from resulting from rolling. After etching, 1–20 µm was removed from the surface.

It was observed that more material was removed as the etching time increased. A roughness analysis

showed that the roughness value Ra after etching is higher than Ra of rolled samples. Removing 5 µm

of material generally reduced the number of Ni impurities. However, Fe impurities still remained at

the surface even after material had been removed. To determine the degradation behavior, a 48 h salt

spray test was used as a screening test. The lowest degradation rates were obtained from samples with

the lowest impurity levels which had the greatest amount of material removed. Acetic acid-etched

samples had the slowest degradation rates. EIS measurements supported the finding that acetic acid

etching leads to the resistance, due to having the highest polarization resistance (Rp) [40]. This finding

is in agreement with the results obtained by Supplit et al. [95] and Nwaogu et al. [40], who showed

that a low impurity level and a 5 µm etching depth improved the degradation behavior. When more

than 5 µm of material was removed, the surface became rougher [40].

The change in roughness after inorganic acid etching confirmed this finding [56]. For sulfuric acid

etching, Ra (>2 µm) was much higher compared to other inorganic etching solutions when 7 µm of

material had been removed. In addition, sulfuric acid etching leads to a lower degradation resistance

in spite of the resulting low level of impurities. Degradation of sulfuric acid-etched material mostly

results from galvanic degradation initiated by second phases. Though the effect of roughness were

not the main focus in these investigations, nitric acid etching showed a high degradation resistance

for a surface with an initially uniform roughness distribution and low roughness value [56]. Thus,

the roughness of a sample after etching could also be a parameter which has to be considered in order

to determine the full degradation behavior.

Gawlik et al. [57] measured the roughness after acetic acid etching with various combinations of

acid concentration and immersion time. The surface roughness Sa increased after etching compared to

the milled surface and varies with different conditions. After 30 days immersion, the same degradation

rate was determined for all etched conditions (Table 3, Ref. [57]), in spite of different Sa and Sq (root

mean square value of surface deviations) [98] values after etching. This leads to the conclusion that

the initial roughness of the sample has no long-term effect on degradation. The varying surface

morphology and near-surface deformation arising from milling also affected the degradation rate [57].

Similarly to Nwaogo et al. [40,56], Song and Xu [38] described that Fe impurities accelerate the

degradation of the AZ31 alloy. As such, as-received samples and heat-treated samples have lower

degradation resistance compared to ground and sulfuric acid etched samples, due to Fe particles

remaining on the surface. Sulfuric acid etching roughens the surface much more than grinding,

but both conditions lead to a similar degradation rate. Thus, the roughness of the etched samples itself

does not contribute to the degradation rate. Acid cleaning removes contamination and the deformation

zone arising from processing, and thus directly impacts the degradation behavior [38].
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Gray-Munro et al. [70] also tested acetic treatments on AZ31 alloy. Gray and Luan’s study [68]

described that a strong passive oxide layer was formed during the etching process when compared

to the as-received state. Gray-Munro et al. [70] found that as-received samples have a greater

non-uniform morphology in comparison with phosphoric acid etched samples. Phosphoric acid

treated samples showed a lower degradation rate of 8.27 mg/d compared to non-etched samples

(~31 mg/d). Additionally, the modified surface after etching improves adhesion and minimizes the

porosity of coatings [70].

3.2. Coatings

Gray-Munro et al. [70] discovered that biomimetic calcium phosphate coatings (Ca/P) and

polymer coatings after phosphoric etching led to a uniform morphology, which in turn led to a uniform

degradation over the surface of the AZ31 alloy. The degradation rates of 6.17 mg/d (Table 4, Ref. [70])

for a polymer poly(L-lactic acid) (PLA) coating and of 3.83 mg/d for a poly (desaminotyrosyl tyrosine

hexyl) (DTH) carbonate coating are compared to etched samples with rates of 8.27 mg/d (Table 3,

Ref. [70]) (sample size: 1 mm thick foil, 10 mm × 20 mm). The degradation rate (7.27 mg/d) resulting

from the Ca/P coated samples did not strongly differ from the only etched alloys [70]. However,

the Ca/P-coated Mg alloy exhibited non-toxic and biocompatible properties. Ca/P enhanced the

osseointegration and bioresorption of the alloy in a physical environment [112–116], which is why

a Ca/P coating is more favorable compared to phosphoric etching.

Bakhsheshi-Rad et al. [104] performed potentiodynamic polarization (PDP) tests and immersion

tests in SBF (Kokubo solution) on polished Mg-0.5Ca-6Zn samples with and without a coating.

The coatings tested were a fluoride conversion coating, a dicalcium phosphate dihydrate/magnesium

fluoride (DCPD/MgF2) coating, and a nano-hydroxyapatite/magnesium fluoride (nano-HA/MgF2)

coating. A higher root mean square roughness (Rq) was measured for polished Mg-0.5Ca-6Zn samples

with either a DCPD/MgF2 coating (Rq = 395 nm) or a nano-HA/MgF2 coating (Rq = 468 nm). The Rq

for polished Mg-0.5Ca-6Zn (Rq = 210 nm) samples without coating and polished Mg-0.5Ca-6Zn

samples with a fluoride coating (Rq = 280 nm) were somewhat lower. As seen in Table 4, Ref. [104],

hydrogen evolution, icorr and the degradation rate declined as the surface roughness increased,

in contrast to studies of Walter and Kannan [96] and Mhaede et al. [102]. As shown in Table 4,

Ref. [104], the degradation rate after coating compared to non-coated Mg alloy in Table 1, Ref. [104] is

about a factor of 60 smaller, even though Rq only differs by 70 nm [104]. Thus, the protective coatings

have a greater influence on corrosion than the Rq values.

Pompa et al. [103] investigated the morphology, surface roughness, cell viability, and degradation

rate of ground and anodized AZ31B, AZ91E, and ZK60A alloys. Grinding was performed with

a 1200 grit size grinding paper. Anodization was carried out using a mixture of alcohol and organic

acid. The surface roughness increased dramatically from Sa = 29.76 nm to Sa = 204.81 nm after

anodization for the AZ91E alloy. The anodization of AZ31B (Sa = 48.58 µm) and ZK60A (Sa = 78.30 µm)

did not change the roughness significantly. It was shown that anodizing decreased the degradation

rate compared to a ground surface. No correlation between surface roughness and degradation rate

was found. This may be due to corrosion resistances being similar for all anodized surfaces despite

their variation in roughness [103].

In the study of Chiu et al. [80], AZ31 plates were arc sprayed and hot pressed. Anodizing with

oxalic acid was then performed [80]. The current density icorr decreased after a combination of spraying

and hot pressing or additional anodizing (Table 4, Ref. [80]) as compared to uncoated sandblasted

samples (Table 2, Ref. [80]). Hot pressing decreased the surface roughness, which seems to improve

the acid treatment afterwards. No correlation between roughness and degradation resistance was

reported [80].
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Yoo et al. [81] studied the effect of roughness on the degradation resistance of a plasma electrolytic

oxidation (PEO) layer on a AZ91 alloy. Surfaces with various Ra were prepared by grinding and

polishing. Afterwards, all samples were coated using the same PEO process. Due to the differing

roughness values of the ground and polished surfaces, the coating differentiated in pore size as well.

This affects the degradation process. The current density increased with higher initial Ra (Table 4,

Ref. [81]). A salt spray test also showed that the amount of pitting increased with higher Ra after

120 h, which indicates that the surface roughness before PEO indirectly influences the degradation

resistance [81].

Cho et al. [73] compared the degradation resistance of PEO coatings on AZ91 alloy for different

amounts of potassium pyrophosphate in the electrolyte. The size of the pores increased as the

amount of potassium pyrophosphate was increased. It was also reported that the surface roughness

increased with increasing pore size. There was a trend between pore size, surface roughness, and

icorr for additions of potassium pyrophosphate (Table 4, Ref. [73]). The PEO coating for the potassium

pyrophosphate-free electrolyte exhibited the lowest degradation resistance compared to the rougher

coatings [73].

In contrast to Cho et al. [73], Hwang et al. [79] compared PEO coatings on AZ91 alloy with

and without potassium fluoride in the electrolyte. In addition to varying the surface roughness,

the evolution of the degradation resistance with coating time was also examined. The surface roughness

increased for longer coating times. The roughness of the coated samples, after dipping in the potassium

fluoride containing electrolyte, was higher compared to coatings dipped into potassium fluoride free

electrolyte. The roughness increases due to pore size enlargement as reported by Cho et al. [73].

The degradation resistance of the coatings when exposed to potassium fluoride-containing electrolyte

was higher than for potassium fluoride-free electrolyte. Hwang et al. [79] explained that the oxide

thickness is the reason for the improved degradation resistance, and did not assess the influence of

roughness on the degradation resistance, as investigated in Hwang et al. [82]. The effect of the PEO

coating roughness on the degradation behavior was examined in Hwang et al. [82] with PDP and three

different coating surface roughness Ra values. The surface roughness increased with increased pore

size, as was also seen in Hwang et al. [79] and by Cho et al. [73].

3.3. Ion Implantation

Jamesh et al. [105] implanted Si ions from a plasma on polished WE43 plates. Atomic force

microscope (AFM) measurements after polishing and Si implantation showed that the surface became

smoother after the ion implantation process. The smoother Si-implanted surfaces had improved

degradation resistance. However, the roughness did not vary enough between the polished and

Si-implanted surface types to obtain a correlation between roughness and degradation [105].

Zhao et al. [88] reported a slower degradation rate for Mg-Ca and Mg-Sr alloys after ion

implantation (Zr and O ions) onto their surfaces. After the surfaces were implanted, measurements

determined that the surfaces were uniformly rough. The roughness increased after implantation for

both alloys (compare Tables 1 and 5, Ref. [88]). The current density icorr decreased for surfaces with

higher roughness, and the cell adherence and proliferation improved [88].
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4. Summary of the Influence of Roughness on Degradation

4.1. Mechanical Surface Treatments

Using grinding papers with higher grit size and/or polishing reduced surface roughness and

reduced pitting during the degradation tests [71,96]. These results differ from those in studies by

Alvarez et al. [94], where polished samples encouraged pitting compared to semi polished surfaces [94].

Some papers reported that roughness affects cell adherence to the surface [21,74]. However, one study

showed that cell adherence was not influenced by surface roughness [61]. Some studies showed that

roughness did not affect degradation [39,102,108,111]. In contrast, it was demonstrated that a linear

relationship existed between roughness and degradation if the surface treatments were comparable

(Figures 1 and 2) [72,96,102].

4.2. Chemical Surface Treatments and Coatings

Some studies investigated the correlation between etched AZ31 alloy samples and degradation

behavior [38,40,56,70,80,95,103]. In studies by Chiu et al. [80], Supplit et al. [95], Nwaogu et al. [40,56],

and Gray Munro et al. [70], it was found that acetic, nitric, and phosphoric acid surface treatment

improved the degradation resistance. In a report by Song and Xu [38], sulfuric acid was shown to

enhance degradation, contrasting the study by Nwaogu et al. [56]. The roughness after etching was not

reported to affect degradation. Etching had positive effects on the surface as it removed contamination

and manufacturing marks, resulting in a homogenous morphology [38,40,56,70]. Ca/P- and polymer

coatings also led to a more uniform morphology which improved the overall degradation resistance

compared to as-received samples [70]. Further investigations of the correlation between coatings and

degradation behavior were performed by Yoo et al. [81], Cho et al. [73], and Hwang et al. [79,82]. They

studied the influence of PEO on AZ91. They found that a PEO coating increased the surface roughness.

In all reports except for that of Yoo et al. [81], the rougher surface resulted in a greater degradation

resistance. Guo and An [78] reported, as did as Yoo et al. [81], Cho et al. [73], Hwang et al. [79,82],

and Duan et al. [117], that coatings affect the surface roughness. Additionally, ion implantation is

one technique that can be used to smooth the surface and increase the degradation resistance [105].

However, Zhao et al. [88] determined that the degradation rate slowed as the roughness increased

after ion implantation.

5. Discussion

5.1. Suitable Roughness Values for Biodegradable Mg Implants

Nguyen et al. [72] investigated the influence of roughness on icorr after 6 hours degradation in

HBSS (Hank’s Balanced Salt Solution) of pure Mg with indirect solid free form fabrication (SFF). After

SFF, no postprocessing is necessary, which enables the production of different degrees of surface

roughness with the same surface properties. They avoided the influence of different alloy compositions

and surface treatments. It was shown that an increase in Ra led to an increase in icorr and mass loss

(Table 2, Ref. [72] and Figure 3a). Some reports concerning surface treatments established that there

was no direct influence from the roughness on the degradation behavior. The roughness values from

these reports are described using two-dimensional values such as Ra, Rq, and Rz, or three-dimensional

parameters like Sa, which cannot be compared directly. The difference between macro-roughness

and micro-roughness is also not defined. Macro roughness describes the height distribution which

comes from a production process like sawing. As such, the macro-roughness of the sample is not

going to influence the degradation process in the same way as micro-roughness. Macro-roughness is

accompanied by the subsurface stress that results from production and machining, and which has also

been reported to affect degradation [38]. Rougher surfaces influenced the pore enlargement of PEO

coatings (Figure 3a) which indirectly controls the degradation rate [81].
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(a) (b) 

Figure 3. Trend of properties: (a) in relation to roughness Ra. The arrow shows the change of properties

depending on the roughness according to [72,74,81,102]; (b) in relation to roughness Sa. The arrow

shows the change of properties depending on the roughness according to [71,96].

There was also a trend of increasing current density when using different grinding papers as seen

by Walter and Kannan [96] (Figures 1 and 3b) and using different Almen intensities during shot peening

(Figure 2, Figures 1 and 3a) [96,102]. In general, higher roughness diminishes the passivation layer and

raises the probability of pitting (Figure 3b). Initial pitting effects are only noticeable within the first

six hours [71]. As such, it is suggested that roughness has no long-term effects on the degradation as

the morphology changes during immersion in aqueous solutions. However, roughness can influence

the initial degradation due to greater peak-to-valley height differences, which results in a higher

anodizing surface area [102] with a lower pH solution inside the valleys [71]. This roughness effect

fades after a short time as the higher surface peaks are eroded away. A more rapid degradation

accelerates this process. Even if roughness has a noticeable effect at the start of degradation, as the

surface flattens with time it will quickly become insignificant, as seen in the long-term experiments

of Gawlik et al. [57]. A correlation of higher cell adherence with higher roughness for pure Mg was

reported in [74] (Figure 3a). Cell toxicity and cell adherence have been mainly tested for Sa and Ra

values around 1 µm and below. Some reports about osseointegration showed that the connection

between dental implants and bone improves when using implants with rougher surfaces introduced

by surface modifications [84,118]. One study reported that a roughness between 1–2 µm led to the best

connection between a permanent Ti dental implant and bone [119]. Höh et al. [93] could not confirm

a trend relating higher roughness to greater bone implant connectivity for biodegradable Mg-0.8Ca

alloys. However, in vivo experiments in rabbits showed that sandblasted cylinders with a higher

magnitude of roughness (Ra = 32.7 µm) led to strong gas evolution and material decomposition [93].

Mechanical integrity cannot be obtained if the initial degradation is too rapid. Significant hydrogen

evolution hinders cell adherence and thus the formation of a good bond between the bone and implant.

The required roughness for cell adherence depends on the kind of cells and the necessity of cell

adherence. Stronger cell adherence resulting from higher roughness is needed for osseointegration

for example, whereas smoother surfaces are preferred in stent applications where cell adhesion is less

important. The influence of roughness on the degradation and cell adherence in in vitro and in vivo

experiments is not possible either, due to different experimental set-ups and durations. The difficulty
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in comparing data of in vitro and in vivo testing is reviewed by Sanchez et al. [120]. From all of these

studies, depending on the application, roughness values above Sa or Ra = 0.2 µm are suggested for

Mg implants in relation to cell adherence, cell density, and cell survival. Generally, most surface

roughness in the studies were in the nm range. Some of the roughness values investigated in the

reviewed studies were within the range of 1–2 µm [38,56,71,74,102], or had roughness values below

10 µm [38,71,72,74,81,93,96]. Greatly higher roughness values should be avoided, due to strong initial

degradation and gas evolution.

5.2. Suitable Treatments for Biodegradable Mg Implants

Etching is a chemical surface treatment which is highly suitable for biodegradable Mg implants.

Depending on the etching solution and the alloy used, chemical etching can vary the surface properties

of the alloy. Thus, it is possible to tailor the surface roughness depending on the etching conditions.

Even a minor increase in roughness (nm) showed an influence on cell adhesion [74]. Smoother surfaces

were also reported to minimize the porosity of coatings. A smaller pore size in a PEO coating decreases

the degradation resistance [81]. As such, etching can be used as a pre-treatment for additional coatings

or as a surface modification. In addition, etched material is reported to form a stronger passivation

layer compared to non-etched material, thus slowing the degradation rate [70]. Etching enables

a uniform treatment over the entire surface. It can possibly be used to homogenize the surface, change

the surface roughness and morphology, and remove near surface material including contamination and

impurities [38,40,56]. It is suspected that it increases the degradation resistance for specific implants

such as stents, rods, tubes, and screws; this is very advantageous, as it is not possible to use mechanical

surface treatments such as grinding, polishing, and burnishing on these geometries.

6. Conclusions

In general, this review shows that it is difficult to make reliable and clear comparisons between

different studies, because several parameters and mechanisms influence the degradation behavior.

One of these parameters is the amount and distribution of impurities, a factor that was not assessed in

all of the investigations, although it is of critical importance. However, from this review, some rough

rules can be derived:

• Considering different roughness values arising from the same type of surface treatment, especially

mechanical surface treatments, a trend of increased degradation rate can be seen with higher

surface roughness.

• Roughness values arising from different surface treatments are non-comparable, and thus, cannot

be compared against a degradation result.

• The roughness of a Mg implant is thought to have a greater influence on initial degradation,

compared to long-term degradation. The duration for implant acceptance by the body is negligibly

affected by the implant’s surface roughness.

• Implant surfaces with roughness values above Sa or Ra = 0.2 µm are unsuitable for initial cell

adherence and cell viability. Higher roughness should be avoided, as increased degradation is

expected, and consequently, greater local alkalization will occur.

• Ca/P coatings lead to a uniform surface morphology which results in a more uniform degradation

over the surface, and decreases the degradation rate compared to uncoated material. Ca/P coated

Mg alloys exhibited non-toxic and biocompatible properties.

• Differences in surface roughness and additions of K4P2O7 or KF into the electrolyte varied the

pore size of PEO coatings, which, in turn, affected the degradation rate of implant materials.

A smaller pore size of the PEO coating resulted in higher degradation.

• Acid etching provides a treatment over the entire surface, removing contamination and impurities

by removing surface material. In particular, acetic acid and phosphoric acid etching improved the
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degradation behavior, i.e., by reducing the degradation rate. Etching allows the surface properties

to be tailored in order to adjust the initial and long-term degradation.
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3 Motivation and objectives 
Common manufacturing techniques like machining can modify the near-surface region of 
the material by inducing mechanical stress, heat impact and the insertion of impurities. The 
related effects on the microstructure and chemical composition may change the degradation 
behaviour of biodegradable Mg alloys in an unwanted and non-reproducible manner, often 
resulting in inhomogeneous degradation. Therefore, this study aims to eliminate these 
production-related issues by etching of the manufactured part, focussing on Mg-Gd alloys. 
 
To obtain this goal the following objectives have to be addressed: 
 

• Understanding the relation between etching, morphology and microstructure.  
• Development of an objective method to evaluate the homogeneity of the 

degradation, which is defined as uniform distribution of pit formation over the 
complete sample with similar pit volume and area for each part of the sample 
surface. 

• Determination of the factors influencing the degradation rate and homogeneity 
of degradation. 

• Determination of the effects of etching on the homogeneity and rate of 
degradation, with such and understanding, the development a suitable etching 
process.  

4 Materials and Methods 
4.1 Material  
Depending on the Mg-xGd alloy, either 2 wt.%, 5 wt.% or 10 wt.% Gd (>99.9%, Table 4.1) 
prorated on the Mg (99.97%, Dead Sea Magnesium Ltd) amount were added to the furnace 
(Nabertherm) for permanent mould direct chill casting. 
 
Table 4.1 Elements analysed next to Gd with >99.9% purity. 

Element La Nd Sm Tb Dy Y Fe W Si C Ni Mn 
[ppm] 30 25 10 20 20 260 650 450 70 35 50 15 

 
A T4 solution heat treatment was performed at 525 °C for 8 h to dissolve intermetallic 
phases. Before extrusion the cast ingot was extruded to billets with the dimension of 49 mm 
diameter and 150 mm length. Indirect extrusion (Figure 4.1) were carried out to an extrusion 
ratio of 1:25, using a temperature of 400 °C and an extrusion ram speed of 2 mm/s.  

 
 

Figure 4.1 Schematic drawing of the extrusion processing, followed by machining. 

The final diameter of the Mg-xGd rods were 10 mm. The rod was machined into 9 mm 
diameter to remove possible production contamination from the extrusion, followed by 
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milling to cut the rod into separate discs (Figure 4.1). The discs had a diameter of 9 mm and 
a height of 1.5 mm. The resulting surface after cutting has been defined as the as-received 
(AR) condition. The labeling and chemical composition of all Mg-xGd alloys produced are 
listed in Table 4.2. The amount of Gd was determined by X-ray fluorescence spectroscopy. 
Impurities like Fe, Cu and Ni were ascertained in as cast condition with atomic absorption 
spectroscopy (AAS). All following surface analyses were performed on one side of the 
sample. 
 
Table 4.2 Label and chemical composition of all Mg-xGd alloys analysed by X-ray fluorescence 
spectroscopy and AAS. 

Alloy Label Gd [wt.%] Fe [ppm] Cu [ppm] Ni [ppm] Mg [wt.%] 
Mg-2Gd G2 1.97 20 < 7 < 13 bal. 
Mg-5Gd G5 4.82 49 < 7 < 13 bal. 
Mg-10Gd G10 9.62 119 < 7 < 13 bal. 

 

4.2 Etching procedure 
The first step in the etching process was to prepare a 250 g/L HAc solution with glacial acetic 
acid (J.T. Baker, Avantor Performance Materials). Prior to etching, samples were cleaned in 
a test tube containing 3 mL hexane in an ultrasonic bath. Each Mg-xGd sample was then 
immersed with plastic tweezers into 5 mL or 10 mL HAc solution inside a watch glass (Figure 
4.2).  

 
Figure 4.2 Illustration of the HAc etching procedure of the Mg-xGd alloys. 

The curved watch glass was chosen to prevent direct contact between the sample bottom 
and the glass surface. After 1 s immersion, the samples were flipped and then etched for 15 
or 150 s. During this time, the sample was inside the solution without the tweezers being in 
contact. After the etching time, the sample was removed from the solution and immersed in 
40 mL of 1 mol NaOH for 30 s, followed by dipping into equal volumes of double distilled 
water and acetone successively, for 30 s. Acetone was used to accelerate drying. The 
solutions were chosen after a previous study of Gawlik et al. [56] and Nwaogu et al. [53]. To 
avoid corrosion of the samples, the samples were immediately pressed into a lint-free tissue 
for some seconds after acetone immersion (Figure 4.2). New HAc solution was used for 
every single sample, while NaOH, H2O and acetone were changed after 6 samples. After 
etching, the samples were cleaned in 3 mL of hexane in an ultrasonic bath for 40 min [57].  
 
 



Materials and Methods
 

 

45 
 

The etching procedures are [57]: 
 250 g/L for 150 s in 5 mL HAc = 150_5 
 250 g/L for 150 s in 10 mL HAc = 150_10 
 250 g/L for 15 s in 5 mL HAc = 15_5 

4.3 Ground samples for comparison 
For comparison, grinding was used as a second method of material removal to compare 
etched samples with mechanically treated samples. The surfaces perpendicular to the 
extrusion direction of the AR samples were ground with P800 SiC paper for 2 s to remove 
the cutting marks on both sides of the sample. After grinding, the samples were cleaned with 
water and 100% ethanol and then dried under a blow dryer, followed by 40 min ultrasonic 
cleaning in hexane. Fifteen samples per alloy were prepared. 

4.4 Calculation of material removal 
The mean value and standard deviation of material removed after etching and grinding was 
calculated from the results of six samples per alloy. The material removed M was determined 
by mass loss, using AR after 40 min cleaning in hexane as mass before and after etching 
and cleaning or grinding and cleaning as final mass. M was defined as follows:  𝑀 = 𝛥𝑚𝜌 ⋅ 𝐴 ⋅ 10  (14) 

  
Where M is the material removal in µm; Δm is the mass loss in g, measured by the weight 
before (AR+cleaning) and after etching+cleaning or after grinding+cleaning; ρ is the density 
in ; A is the surface area in cm² [57]. 

4.5 Metallographic investigation 
4.5.1 Sample preparation 
For grinding and polishing, it was necessary to embed the discs in methyl methacrylate 
which was made up of 20 mg Demotec powder and 50 mL Demotec fluid (Demotec 30®, 
Demotec Demel e.K). After a hardening the embedded samples were ready for grinding. 
Five different SiC papers (P320, P500, P800, P1500, P2000) were used to remove material 
from the surface. The first four grinding steps were performed for one minute, while the last 
grinding step with P2000 SiC paper was performed for 10 min. Remaining scratches and 
grinding marks were removed by using an automatic polishing process, which used a 
polishing mixture composed of water-free oxide polishing suspension solution (OPSTM, 
Cloeren Technology GmbH) a 1 µm diamond solution and ethylene glycol (Fisher Scientific 
UK) [57]. 
 
4.5.2 Optical microscopy 
Microstructures cross-sections parallel to the extrusion direction were examined using an 
optical microscope (OM Leica DMI5000 M, Leica Microsystems GmbH, Wetzlar, Germany). 
The samples had been etched for 2 - 5 s in a picric acid solution. The picric acid solution 
consists of 200 mL ethanol, 20 mL distilled water, 20 g picric acid (Sigma-Aldrich) and 7 mL 
glacial acetic acid (J.T. Baker, Avantor Performance Materials). Afterwards the samples 
were cleaned in ethanol and dried under a blow dryer [57].  
In order to analyse the near-surface region, three AR samples were prepared per alloy. 
Deformation zones (DZ) and twinning zones (TZ) were measured in the AR conditions by 
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use of “analySIS Pro” software (Olympus Soft Imaging Solutions GmbH). The deformation 
zone is defined as a zone, where no grain structure is identifiable. The thickness of 
deformation zone is measured from the edge of the surface to the point where grain structure 
starts to be observed. An extension line from this point to the end of twinning defines the 
twinning zone. The deformation zone and twinning zone were measured at fifteen different 
positions on one side of three AR samples. One micrograph for each etching condition was 
prepared for every alloy, to compare the remaining twinning with the calculated material 
removal [57].  
 
4.5.3 Scanning electron microscopy 
Scanning electron microscopy (SEM) was performed in the secondary electron (SE) and 
backscattered electron (BSE) modes using a Tescan Vega III SB scanning electron 
microscope (TESCAN). The analysis was carried out at a voltage of 15 kV and a working 
distance of around 15 mm. Energy-dispersive X-ray spectroscopy (EDS) (IXRF Sytems) was 
used to do elemental analysis on particles and the alloy matrix. The quantification of the 
elemental distribution was done using the software “Iridium Ultra” (version 2.4 F, IXRF 
Sytems). Element analysis was undertaken on cross sections (Chapter 4.5.1) parallel to 
extrusion direction of AR samples. The surface morphology for all alloys and conditions after 
etching was observed using SEM. The elemental distribution in wt.% of particles inside 
etching holes were determined for all etched surfaces for two samples of each alloy [57]. To 
investigate the initiation points of corrosion, particles were analyzed with EDS on one sample 
for every alloy on corrosion residues inside pits after fourteen days of degradation in 
physiological medium. 

4.6 ToF-SIMS 
Time-of-flight secondary ion mass spectrometry (ToF-SIMS) was performed with a dual 
beam TOF-SIMS5 instrument (ION-TOF GmbH, Münster, Germany) at Karlsruher Institut 
für Technologie (KIT), Germany. The spectrometer allows static secondary ion mass 
spectrometry (SIMS) with a Bi cluster primary ion source and dynamic SIMS with dual beam 
profiling, using a Bi cluster ion beam together with a Cs+ or O2

+ sputter ion beam. The 
secondary ions after several short pulses are detected inside a reflectron type time-of-flight 
analyzer (ION-TOF GmbH) with an ultra-high vacuum base pressure below 5 × 10−9 mbar. 
For this study the parameters used are listed in Table 4.3 and Table 4.4 [57]. 
 
Table 4.3 Overview of parameters used for primary Bi+ ions on Mg-xGd with ToF-SIMS. 
Primary 

Ion 
Ion 

pulse 
Energy 

Pulse 
length 

Field of 
view 

Data 
points 

Lateral 
resolution 

Target 
current 

Repetition 
rate 

Bi+ 25 keV 1.2 ns 500 x 
500 µm² 

128 x 128 ~4 µm 1.5 pA 14 kHz 

 
Table 4.4 Overview of parameters used for sputtering with O2+ ions on Mg-xGd with ToF-SIMS. 

Sputter ion Ion pulse 
Energy 

Erosion 
length 

Fiel of view Target 
current 

Angle of 
incidence 

O2
+ 1 keV 6 s wit 0.3 s 

pause 
750 x 750 

µm² 
200 nA 45 ° 

 
 
Between the erosion steps, a surface area is scanned by the Bi+ primary ions and mass 
spectra are recorded. The lateral distribution of ion images is calculated for xy, xz and yz 
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planes out of the individual mass spectra, where 3D analysis can be visualized. For depth 
scale calibration, a pre-experiment was performed on polished Mg-xGd samples to calibrate 
the depth scale for the Mg-Gd system. On the basis of crater depths, determined by WLI, a 
mean sputter yield of 5.02 was calculated. For sputtering the crater, a low sputter ion dose 
was used to remove contamination from the surface. Contaminations were removed after 
about 25 nm. The eroded crater had an area of 250 × 250 µm [57]. 

4.7 Interferometry 
4.7.1 White light interferometry 
White light interferometry (WLI) is a well-known non-destructive method used to determine 
the roughness and topography of surfaces. WLI was performed using a Contour GT-K WLI 
(Bruker Coperation). The tilt of the surface raw data was removed by the F-Operator (Tilt 
removal filter) by use of the option “cylinder and tilt” (Vision64 5.41 update 1, Bruker 
Corporation). This filtering flattens the surface and highlights any surface deviations of a 
cylindrical sample with tilt [57]. By using a 3D Filter called Mask Data (Vision64 5.41 update 
1, Bruker Corporation), the surface can be cut into an angular shape as presented in Figure 
4.3.  

 
Figure 4.3 Topography of the G10 alloy after 30 days of degradation with removed edges. 

The area of this surface was 37 mm² for reasons of comparability.  
The roughness Sa was determined for the masked surfaces using the 3D analysis Tool “S 
Parameters - Height”. Sa was calculated for three samples per etching condition and alloy 
both before and after etching [57]. 
 
4.7.2 Etching pit 
The 3D analysis tool “Multiple region” (Vision64 5.41 update 1, Bruker Corporation) was 
used for etching pit counting after placing the mask on the surface sample with an area of 
37 mm². A trial and error pre-experiment with different areas and depths for all etched 
samples led to the decision that pits with an area greater than 800 µm² and a depth deeper 
than 15 µm below the reference plane (zero level) were ideally found to be counted. In the 
case of some pits white light was not reflected due to a deep narrow pit structure. The 
analysis tool could not count white spots, which were not reflected. These weak spots were 
counted manually. The mean value and standard deviation of the number of pits per mm² 
were determined for three samples for each alloy [57]. 
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4.7.3 Homogeneity of the surface  
Vvv is determined by the 3D analysis “V-Parameter” (Vision64 5.41 update 1, Bruker 
Corporation). The homogeneity of the degradation was analyzed by separating the masked 
sample into 37 squares (Figure 4.4). The mean value “mean Vvv” was calculated from the 
of 37 Vvv values obtained from each 1 mm2 square. Mean Vvv defines the mean surface 
damage in µm³/µm². The standard deviation of the mean Vvv, labelled as “Vvv_dev”, in one 
sample defines the homogeneity of the pit distribution. The term “Homogeneity” is defined 
as uniform distributed pit forming over the complete sample with similar pit volume and area 
for each part of the sample surface or no pit formation, which is achieved by low Vvv_dev 
values. 
 

 
Figure 4.4 Schematic drawing of the original mask separated into 37 smaller squares. 

4.7.4 Depth calibration of ToF-SIMS 
The O2

+ sputtering depth for the depth calibration of the ToF-SIMS measurements was 
measured by WLI on polished (ground to P2000, followed by polishing for 20 min with 1 µm 
diamond solution and water-free OPS) Mg-xGd samples. O2

+ sputtering was performed with 
the same energy as shown in Table 4.4. For polished samples the F-Operator “Tilt only” 
(Vision64 5.41 update 1, Bruker Corporation) was used to remove the shift of grinding and 
polishing. The deepest point near to the central area was chosen inside the crater for the 
determination of the mean depth (Figure 4.5).  

 
Figure 4.5 Topography of a O2+ sputter crater to illustrate the calculation of mean crater depth. 
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The difference from the middle point to the top surface level was calculated for four different 
sidewalls of the crater. Following values were determined for each alloy [57]: 

 G2 = 0.42 ± 0.05 µm 
 G5 = 0.45 ± 0.04 µm 
 G10 = 0.49 ± 0.03 µm 

4.8 Degradation test 
The degradation experiment tested different conditions (etched with acetic acid, ground and 
as-received) of the Mg-xGd alloys for degradation periods of up to 30 days. Table 4.5 shows 
an overview of the number of samples used for different surface conditions and degradation 
times. 
 
Table 4.5 Overview of degradation time and number of Mg-xGd alloy samples with corresponding 
surface conditions. 

Condition Degradation time [d] Number of samples 
investigated 

As-received 30 15 
Ground 30 15 

HAc: 150_5 30 15 
HAc: 150_10 14 8 
HAc: 15_5 14 8 

 
All samples were cleaned for 40 min in hexane and sterilized by submersion into 70 vol.% 
ethanol for 20 min in an ultrasonic bath. After one hour drying the samples were immersed 
in 2 mL of medium (described below and shown in Figure 4.6 in a sterile 24 well cell culture 
plate (Greiner bio-one, cellstar). The medium used was a combination of DMEM + Glutamax 
(Life TechnologiesTM, Gibco), 10 vol.% fetal bovine serum (FBS) (Biochrom GmbH) and 1 
vol.% penicillin and streptomycin (Pen Strep) (Life TechnologiesTM, Gibco).  
The degradation tests were performed under semi-static testing conditions at 37 °C, 
5% CO2, 20% O2, 95% relative humidity inside an incubator. The medium inside the well 
plate was replaced three times per week with 2 mL of fresh medium. One sample was 
removed out of the medium each day for the first five days. Further samples were removed 
three times per week, starting from the second week.  

 
Figure 4.6 Drawing of fifteen Mg samples inside a 24 well cell culture plate. 

After removal, the samples were washed with distilled water and 100% ethanol. Following 
drying, the samples were re-weighed. The degraded samples were treated with chromic acid 
for 20 min to remove the degradation layer. 
The mean degradation depth was then determined from the weight loss using the formula:  
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d = Δmρ ⋅ A ⋅ 10  (15) 
 

 
Where d is the mean degradation depth in µm; Δm is the mass loss in g, measured by the 
weight before degradation experiment and after removal of degradation products; ρ is the 
density in ; A is the surface area in cm². The calculated degradation depth for each 
specimen was plotted against degradation time. The slope of the linear fit is the mean 
degradation depth over time d(t) according to the formula:  𝑑( 𝑡) =  𝐷 ⋅ 𝑡 + 𝑑𝑜 (16) 
 
which was introduced by [166]. Where d(t) is the mean degradation depth at time point t in 
μm; D is the degradation rate in μm/day; t is the time in days and do is the intersection of 
the linear fit with the y-axis.  
Generally, a constant degradation rate can be assumed, when after initial formation of a 
degradation layer material transport from this layer into the medium is in equlibrium with the 
degradation and diffusion through this layer. This is the case when the process conditions 
do not change. E.g., in a study of Zhao et al. [167] a dependency of pH to corrosion tendency 
was reported, due to the stabilisation of the Mg(OH)2 layer. A stable passivation layer is 
reported above a pH of 11.5 [91]. However, in this study a constant degradation rate over 
time is expected as an ideal case by changing the medium regularly. The medium change 
preserve the same pH [166] and volume inside the wells. A short degradation period of 30 
days will lead to a negligible sample volume loss, which in turn leads to an approach of 
constant sample volume to medium volume ratio. Constant degradation rate means a linear 
increase of degradation depth. Thus, a linear regression fit is applied for the evaluation of 
the experimental data. An important characteristic value for a linear degradation progress is 
the coefficient of determination R². R² is a measure for the quality of the linear regression fit 
with respect to the experimental points. Highest accuracy is assigned with R² = 1, when all 
calculated values are equal to the observed ones. R² represents the fraction of variation 
[168] in mean degradation depth values, determined in the performed degradation test. 
Within this study R² near to 1 is desired for an accurate prediction of the applied degradation 
progress over time. A constant degradation over time with high accuracy implies 
reproducible results. 

5 Results 
5.1 As-received microstructure 
The cross section of as-received Mg-2Gd (G2) is shown in Figure 5.1 as an example for all 
alloys. In the near-surface region a smaller deformation zone (DZ) is visible, where no grains 
are identifiable. Below this region a deeper twinning zone (TZ) is present, where twins 
pervade the grain microstructure [57]. 
In Figure 5.2 the deformation depth, including deformation zone and twinning zone is shown 
for all alloys. The deformation zone is similar for Mg-2Gd (G2) and Mg-5Gd (G5), while the 
mean value of Mg-10Gd (G10) deformation zone is higher. The difference in deformation 
zone for all alloys is not significant, thus comparable, due to an overlap of all standard 
deviations. The twinning zone decreases with increasing Gd content, while the standard 
deviation of twinning zone is the highest for G2 [57]. 
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Figure 5.1 Micrograph of G2_AR cross section with deformation zone and twinning zone. 

 
Figure 5.2 Plotted deformation depth with deformation zone and twinning zone for G2, G5 and G10. 
(modified and obtained from [57] with permission from Metals CC by 4.0) 

Representative microstructural cross-sections of alloys G2, G5 and G10 are shown in Figure 
5.3. Twinning inside the twinning zone is deepest for the lowest Gd containing alloy. Figure 
5.3 a (alloy G2) shows regions, where twins are highly accumulated, separated by areas 
where the grains are not twinned as deeply. Alloy G5 shown in Figure 5.3 b has a similar 
deformation zone, but a less extended twinning zone, as determined in Figure 5.2.  

   
a b c 

Figure 5.3 Micrographs of AR cross sections: a) G2 with deepest twinning zone, b) G5 with similar 
deformation zone compared to G2 and less extended twinning zone, c) G10 with deepest deformation 
zone and shortest twinning zone of all alloys. 
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In Figure 5.3 c, the deformation zone of G10 is slightly broader compared to G2 and G5 
(Figure 5.3 a and b), while the width of twinning zone is comparable to that of G5. 
Additionally, some dark black particles were visible [57]. 
Small black particles were found in all alloys. G2 has some isolated particles, while G5 
showed aligned particles. G10 had the highest number of particle accumulations, as seen 
for example in Figure 5.4. The aligned particles were partly stretched from one surface edge 
to the other, or locally accumulated. Between the groups of aligned particles, the grains were 
smaller compared to other grains [57]. 

 
Figure 5.4 Micrograph of G10_AR microstructure perpendicular to the extrusion direction with 
accumulations of particles in the extrusion direction. 

Particle lines in G10 are often bended in the deformation zone and twinning zone shown in 
Figure 5.5 a. The bright spots which can be seen are particles with higher Gd content (point 
1: Gd = 30.5 wt.%), whereas the matrix (Point 2) has the measured expected value of 
9.7 wt.% Gd for the alloy composition (Figure 5.5 b) [57]. 

  
a b 

Figure 5.5 Micrographs of G10_AR observed on a section perpendicular to extrusion direction, 
obtained using the BSE mode: a) Particle lines are bended inside deformation zone and twinning 
zone, b) Higher Gd amount is determined on bright particles by EDS. (modified and obtained from 
[57] with permission from Metals CC by 4.0) 

5.2 Microstructure and material removal after surface treatments 
The material removal after grinding and after etching under different etching conditions is 
shown in Figure 5.6. Mg-2Gd (G2) and Mg-10Gd (G10) have the same mean value of 
removed material with a slightly higher standard deviation for G10 after grinding. Mg-5Gd 
(G5) has a significantly higher mean value of material removed after grinding and with a 
higher standard deviation compared to G2 and G10. It is determined, that the deformation 
zone is removed for all ground alloys. The twinning zone of G2 is still present after grinding. 
For alloys G5 and G10, there are grinded samples, where the twinning zone is assumed to 
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be removed or not removed, depending on the material removal per sample due to the range 
of standard deviation.  
More material is removed, with increasing Gd amount for an etching treatment with 15 s in 
5 mL (15_5 ) and 150 s in 10 mL (150_10) (Figure 5.6). For the condition 150 s in 5 mL 
(150_5) the mean value of removed material of G5 is slightly higher compared to G10. The 
amount of material removal is comparable for G10 after etching 150_5 and 150_10 in regard 
to the overlap of the standard deviation. Overall, the mean value of material removal is 
higher for 150_5, when compared with 150_10. Deformation zone and twinning zone are 
suspected to be extant after 15_5 etching. For 150 s etching, the deformation zone is 
removed for all alloys, while the twinning zone of G2 is assumed to remain. A complete 
removal of twinning zone is supposed for G5 and G10 [57]. 

a b c 
Figure 5.6 Diagrams of removed material after grinding and etching for 15 s or 150 s in 5 mL or 10 
mL HAc solution: a) G2, b) G5, c) G10. (modified and obtained from [57] with permission from Metals 
CC by 4.0) 

Figure 5.7 represents the cross sections of all alloys after etching for 150_5 HAc solution. 
As expected, due to the calculated material removal, no deformation zone is visible for all 
alloys in Figure 5.7. The accumulation of twins inside the twinning zone is decreasing with 
increasing Gd amount from G2 (Figure 5.7 a) to G10 (Figure 5.7 c). Some single twins are 
determined for G5 (Figure 5.7 b), while no twinning was visible for G10 (Figure 5.7 c). The 
direct surface region of G2 is more wavy on some parts of the sample (Figure 5.7 a) 
compared to G5 and G10. In G5 some single particle lines are visible, while G10 shows a 
higher appearance of particle lines [57]. 

   
a b c 

Figure 5.7 Micrographs of etched (150_5) cross sections: a) G2, b) G5, c) G10. (modified and 
obtained from [57] with permission from Metals CC by 4.0) 
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5.3 Morphology after etching 
SEM investigations showing the morphology of all alloys after etching with characteristic 
etching pits. These etching pits are determined for 150 s etching with both volumes, while 
etching with 15_5 shows no pit formation. In nearly all etching pits were particles found inside 
the centre of these pits (Figure 5.8). Figure 5.8 a, shows a smaller pit at the sample edge of 
G2, were particles were clustered in the middle. In Figure 5.8 b an etching pit is shown, 
where two particle holes are found inside one etching pit. Both points are supposed to be 
connected with a particle line. Figure 5.8 c shows G10 with three single pits next to each 
other and single points with particles. An accumulation of Gd rich particles were also found 
e.g. in G2, where the particles are assumed to accumulate in a spherical shape (Figure 
5.8 d). 

a b c 

  
d e 

Figure 5.8 Etching pits observed by SEM: a) G2 etched for 150_10, b) G5 etched for 150_10, c) G10 
etched for 150_10, d) G2 etched 150_5 (modified and obtained from [57] with permission from Metals 
CC by 4.0), e) G2 etched for 150_5 with no accumulation of particles. 

The EDS results for point 1 show a higher Gd amount of 56.6 wt.% next to Mg. A higher Gd 
amount of 68.3 wt.% was determined for point 2, next to 10.3 wt.% O and residual Mg. 
Smaller etching pits were also found, especially for G2, were no or hardly any particles were 
found accumulated in the centre of the pit as shown e.g. in Figure 5.8 e. 
The WLI topography of G5 before and after etching for 15_5 is plotted in Figure 5.9. Figure 
5.9 a, shows the AR morphology with bold cutting marks. The deepest point (blue) is about 
25 µm below the zero level, while the highest point (red) is at 95 µm above the zero level. 
After etching, the morphology did not change and no etching pits were determined. No 
significant variation in the deepest point is measured after etching, while the highest point 
was reduced to more than half of AR measurement. A slight reduction of Sa from 2.4 µm to 
2.3 µm occurred after etching, due to removal of upper parts. 
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Figure 5.9 WLI topographies of G5 with corresponding peak-valley difference and surface roughness 
Sa: a) AR condition, b) same sample etched 15_5. 

Bisected WLI topographies after 150 s etching of all alloys are shown in Figure 5.10. The 
left sample is etched in 5 mL and the right sample in 10 mL for each alloy. In general, small 
blue pits are visible more distinctive for 150_5 etching compared to 150_10. A higher 
material removal is assumed in the centre of the samples of each alloy for 10 mL etching. In 
particular, this is clearly visible for all etched G10 samples. G2 in Figure 5.10 a has residues 
of visible cutting marks for both etching volumes. The morphology does not differ strongly 
for 150_5 and 150_10. More pits are suggested for the 150_5 etching by comparing both 
surfaces. A higher Sa for 150_5 compared to 150_10 affirms a rougher surface by pit 
forming. The deepest point for 150_10 can originate from one deep single pit on different 
samples. After a 150_5 etching of G5 in Figure 5.10 b, the cutting marks are removed 
completely in contrast to 10 mL. A higher number of pits and bigger pits are visible for 150_5. 

   
a b c 

Figure 5.10 WLI topographies of 150 s etched alloys. The left sample is etched in 5 mL and the right 
sample is etched in 10 mL: a) G2, b) G5, c) G10. (modified and obtained from [57] with permission 
from Metals CC by 4.0) 

The Sa after 150_5 etching is higher compared to G5, while highest and deepest points are 
similar. The etching of G10 in 150_5 lead to a lower peak valley difference in contrast to 
etching in 150_10 (Figure 5.10 c). The roughness of G10 does not vary strongly compared 
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to etching G2 and G5, more over there is a slight increase in Sa for 150_10 compared to 
150_5. Cutting marks for G10 are nearly removed with both volumes [57]. 
It can be seen from the topography in Figure 5.9 that 15_5 etching did not cause pit 
formation. Etching pits per mm² for every alloy were determined after 150 s etching condition 
and are plotted in Figure 5.11.  

 
Figure 5.11 Mean value and standard deviation of etching pits per mm² for G2, G5 and G10 etched 
for 150_5 and 150_10.  

The number of etching pits is decreasing with increasing Gd amount, when etching in 150_5. 
The standard deviation of pit number for G5 and G10 is higher compared to G2. When 
etching in 10 mL, there is a strong decrease in pit number visible for all alloys in contrast to 
150_5 etching. No clear trend of pit number and Gd amount is predictable [57]. 

5.4 Analysis of Fe surface impurities 
Two depth profiles of ToF-SIMS measurement were plotted as an example of as-received 
Mg-10Gd (G10_AR) in Figure 5.12 a. The initial increase in Fe arose from airborne 
contaminations. The maximum on Fe signal is shown around 30 nm in near-surface region. 
For G10_a_AR, the Fe intensity is lower compared to G10_b_AR. After erosion of about 
30 nm material, the Fe intensity starts to decrease for both alloys, while G10_b_AR shows 
a lower decrease in Fe intensity after 340 nm erosion compared to G10_a_AR.  

a b 
Figure 5.12 ToF-SIMS analysis: a) Depth profile of Fe for one position each of two G10_AR samples, 
b) Graph of mean value and standard deviation of Fe counts for G2, G5, and G10 before and after 
etching. (modified and obtained from [57] with permission from Metals CC by 4.0) 
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Figure 5.12 b shows the mean value of Fe counts for three eroded positions on one sample 
with corresponding standard deviation for as-received condition and after etching. The 
higher mean value of Fe counts for sample G10_b_AR, matches with the depth profile in 
Figure 5.12 a. After etching for 15 s and 150 s, the mean value and standard deviation of Fe 
counts decreased to the same level for both etching times, even if the Fe amount for sample 
G10_b_AR is much higher. 
In comparison, the mean value and standard deviation of G2 and G5 for all AR samples is 
around the same level as G10_a. After etching for 15 s and 150 s, the Fe counts decreased 
nearly to zero for G2 and G5, in contrast to etched G10 (Figure 5.12 b) [57].  

5.5 Additional etching results 
Additional results and results, which are partly used in this thesis, are shown in following 
publication: “Acetic Acid Etching of Mg-xGd Alloys” [57] 
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Abstract: Mg-xGd alloys show potential to be used for degradable implants. As rare earth containing

alloys, they are also of special interest for wrought products. All applications from medical

to engineering uses require a low and controlled degradation or corrosion rate without pitting.

Impurities from fabrication or machining, like Fe inclusions, encourage pitting, which inhibits

uniform material degradation. This work investigates a suitable etching method to remove surface

contamination and to understand the influence of etching on surface morphology. Acetic acid (HAc)

etching as chemical surface treatment has been used to remove contamination from the surface.

Extruded Mg-xGd (x = 2, 5 and 10) discs were etched with 250 g/L HAc solution in a volume of 5 mL

or 10 mL for different times. The microstructure in the near surface region was characterized. Surface

characterization was done by SEM, EDS, interferometry, and ToF-SIMS (time-of-flight secondary ion

mass spectrometry) analysis. Different etching kinetics were observed due to microstructure and

the volume of etching solution. Gd rich particles and higher etching temperatures due to smaller

etchant volumes promote the formation of pits. Removal of 2–9 µm of material from the surface was

sufficient to remove surface Fe contamination and to result in a plain surface morphology.

Keywords: Mg-Gd alloy; surface treatments; acetic acid etching; surface characterization

1. Introduction

The use of Mg alloys as biocompatible and degradable materials has been described as innovative

research field [1–4]. Mg alloys have stimulating effects on osseointegration and osteoconduction [5–7].

Additionally, Mg can efficiently be alloyed with elements that are non-toxic to the human body [8,9].

For load-bearing implants that are used in fracture fixation, Mg alloys have Young’s moduli closer

to those of human bone [10], unlike Ti alloys, steels and most of the other medical alloys. Mg alloys

with rare earth additions have been gaining importance in the field of degradable Mg alloys [11].

For biocompatible Mg alloys, the highly soluble elements Dy and Gd are advantageous due to the

possibility of avoiding the formation of secondary phases [12]. Rare earth secondary phases with high

electrochemical differences to Mg provoke localized galvanic corrosion [13–18]. In Mg alloys with

rare earth additions of Gd, Dy, and Nd, for example, rectangular hydrides were found within the

material. Rare earths have a higher affinity to H2 compared to Mg and will form rare earth hydrides

in the presence of water or hydrogen. Hence the formation of GdH2 in Mg occurs rather easily [19].

These hydrides are reported to form in the material via different pathways during fabrication

and preparation [11,19–21]. Mg-Gd and Mg-Dy alloys are already under investigation [11,22–26].

Gd plays no role in human metabolism. However, Feyerabend et al. [9] performed an in vitro study

Metals 2019, 9, 117; doi:10.3390/met9020117 www.mdpi.com/journal/metals
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of cytotoxicity and inflammatory response and found the best cytocompatible rare earth alloying

additions to be Dy and Gd. Mg-10Gd typically had the slowest material degradation rate, as reported

in a study that investigated Mg-2Gd, Mg-5Gd, Mg-10Gd, and Mg-15Gd alloys [11]. In vivo studies

showed good healing and bone implant integration, when investigating the degradation behavior of

Mg-Gd alloys [27–29].

Acid etching as surface treatment is used to remove galvanic corrosion inducing impurities

like Fe and processing deformation from the surface [30–33]. Fe impurities have to be removed

from the surface to avoid galvanic corrosion [34]. Deformation from machining change, e.g. grain

size, defect density and internal stress in the subsurface [30,35,36], which has a direct influence on

mechanical properties and corrosion resistance [37–40]. Most of the studies on etching were performed

on AZ alloys, which are reported not to be suitable in biodegrading environments due to the Al

content. The neurotoxicity of Al has been discussed and is thought to increase the risk of Alzheimer’s

disease [41–44]. Thus introducing Al in the human body via AZ based implants should be avoided.

To date, etching Al-free Mg alloys have been rarely studied. However, the studies on AZ alloys are a

good basis for the development of suitable etching treatments for biocompatible Al-free Mg alloys and

Mg-RE alloys in bio-structural applications. The advantage of acid etching on Mg-5Gd alloys has been

demonstrated by in vitro degradation testing [45].

Nwaogu et al. [31,32] used organic (acetic acid, oxalic acid, citric acid) and inorganic acids (sulfuric

acid, nitric acid, phosphoric acid) to clean AZ31 sheets of impurities such as Fe and Ni. A greater

amount of material was removed as the etching time was increased, which led to more impurities being

removed. The greatest layer thickness removed from the surface layer was 20 µm. Acetic acid etching

showed the highest degradation resistance as tested by electrochemical impedance spectroscopy (EIS)

and salt spray in 5 wt.% NaCl [31]. Gray-Munro et al. [33] studied acid etching (90% H3PO4) on AZ31

foils as a pretreatment for calcium, phosphate, and polymer coatings. After etching, the passive surface

oxide layer was thicker compared to that of the as-received condition. The surface morphology was

also more uniform as post-production marks were removed by etching [33]. Song and Xu [30] studied

sulfuric acid etching (10% H2SO4 for 20 s) on AZ31 sheets. By etching the surface, Fe impurities and the

deformed surface layer that resulted from sandblasting were removed. Compared to the as-received

and heat-treated conditions, etching increases the degradation resistance as measured by mass loss,

hydrogen evolution, potentiodynamic polarisation (PDP) and EIS [30]. Supplit et al. [46] used acetic,

nitric, phosphoric, and hydrofluoric acid etching solutions to decrease the degradation rate of AZ31

sheets. They achieved a decrease in the degradation rate by a factor of 60 on testing in 5 wt.% NaCl

and measured by hydrogen evolution. They used a combination of acetic acid as a pretreatment and

a sol-gel coating afterwards. Phosphoric acid was the second most effective acid in this experiment,

while hydrofluoric acid etching resulted in the fastest degradation of testing in 5 wt.% NaCl [46].

Thus, etching is a potential way to remove impurities and deformed material from the surface,

however, the wrong choice of etching agent and processing parameters can lead to undesirable

degradation effects or an unnecessary loss of bulk material. The current work aims to understand

which parameters of the etching process affect material degradation and to find a suitable etching

treatment for Mg-xGd alloys using acetic acid. The etching treatment has to uniformly remove material

without localized etching pits, and also eliminate harmful contaminants from the fabrication process.

The positive influence of HAc etching on the degradation rate of Mg-5Gd has been presented in a

previous study [45].

2. Materials and Methods

2.1. Material Casting and Processing

Three different Mg-Gd alloys were used in this study. Melting was performed using an Ar +

3 vol.% SF6 shielding gas in an induction furnace, (Nabertherm GmbH, Lilienthal, Germany). Gd

was added to a Mg melt that was held at 710 ◦C. The alloys produced had 2, 5, and 10 wt.% Gd
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additions. The alloys were cast into preheated molds at 550 ◦C. The cast ingots were then solution

heat treated at 515 ◦C for 6 h and then processed by indirect extrusion (ratio 1:25) at a temperature of

400 ◦C and extrusion ram speed of 2 mm/s. The resulting extrusions had round profiles with a 10 mm

diameter. A more detailed description is published in Harmuth et al. [47]. The round extruded rods

were machined to a diameter of 9 mm, and then milled and cut into discs with a height of 1.5 mm

(Figure 1). This initial state will be referred to the as as-received (AR) condition. Atomic absorption

spectroscopy (AAS) measurements were performed in [47] to compare the Fe amount of AR bulk

material for Mg-2Gd (Fe 20 ppm), Mg-5Gd (Fe 49 ppm), and Mg-10Gd (Fe 119 ppm).
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Figure 1. Charting of an extruded Mg-xGd rod after machining to a diameter of 9 mm. Discs in 
cylindrical form with a diameter of 9 mm and a height of 1.5 mm were cut off by milling. 

2.2. Etching Procedure 

Before etching, the density and weight of the samples were determined (using an electronic 
balance “RADWAG MYA 2.4 Y” (RADWAG, Radom, Poland) with an accuracy of 0.01 mg) and 
measured (using calipers with an accuracy of 0.01 mm). The discs were ultrasonically cleaned in 3 
mL n-hexane for 40 min to remove organic contaminants, subsequently dried for 30 min in a fume 
cupboard and re-weighed. The etching solution was prepared using double distilled water and acetic 
acid (HAc) (J.T. Baker, Avantor Performance Materials, Inc, Center Valley, PA, USA). Etching of the 
samples, shown in Figure 1, was performed in 5 mL or 10 mL of HAc etchant solution, corresponding 
to 2.9 or 5.9 mL/cm2. The concentration of HAc was chosen after a previous study of Gawlik et al. 
[45]. Acid etching was performed by first pouring 250 g/L HAc solution into a watch glass. Cleaned 
samples were dipped for one second into the solution, flipped over and then re-submerged in the 
solution for a certain time varying between 15 s and 150 s. To stop the reaction, the samples were first 
immersed in 40 mL of 1 mol/L NaOH for 30 s, then into 40 mL of double distilled water for 30 s and 
finally into 40 mL of acetone for 30 s. The samples were then dried using a lint-free tissue. Finally, 
the samples were again ultrasonically cleaned in 3 mL of n-hexane for 40 min. 

2.3. Determination of Material Removal 

Etching was performed for 15 s in 5 mL, 150 s in 5 mL, and 150 s in 10 mL of the HAc solution. 
Six samples of each alloy were etched for each condition and the mean and standard deviation of 
removed material was calculated. For every etched sample, the material removal M in µm 
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Figure 1. Charting of an extruded Mg-xGd rod after machining to a diameter of 9 mm. Discs in

cylindrical form with a diameter of 9 mm and a height of 1.5 mm were cut off by milling.

2.2. Etching Procedure

Before etching, the density and weight of the samples were determined (using an electronic

balance “RADWAG MYA 2.4 Y” (RADWAG, Radom, Poland) with an accuracy of 0.01 mg) and

measured (using calipers with an accuracy of 0.01 mm). The discs were ultrasonically cleaned in

3 mL n-hexane for 40 min to remove organic contaminants, subsequently dried for 30 min in a fume

cupboard and re-weighed. The etching solution was prepared using double distilled water and acetic

acid (HAc) (J.T. Baker, Avantor Performance Materials, Inc, Center Valley, PA, USA). Etching of the

samples, shown in Figure 1, was performed in 5 mL or 10 mL of HAc etchant solution, corresponding

to 2.9 or 5.9 mL/cm2. The concentration of HAc was chosen after a previous study of Gawlik et al. [45].

Acid etching was performed by first pouring 250 g/L HAc solution into a watch glass. Cleaned

samples were dipped for one second into the solution, flipped over and then re-submerged in the

solution for a certain time varying between 15 s and 150 s. To stop the reaction, the samples were first

immersed in 40 mL of 1 mol/L NaOH for 30 s, then into 40 mL of double distilled water for 30 s and

finally into 40 mL of acetone for 30 s. The samples were then dried using a lint-free tissue. Finally,

the samples were again ultrasonically cleaned in 3 mL of n-hexane for 40 min.

2.3. Determination of Material Removal

Etching was performed for 15 s in 5 mL, 150 s in 5 mL, and 150 s in 10 mL of the HAc solution.

Six samples of each alloy were etched for each condition and the mean and standard deviation of

removed material was calculated. For every etched sample, the material removal M in µm normalized

to the surface area was calculated by the following formula:

M =

∆m

ρ · A
· 104 (1)

where ∆m is the mass loss in g as measured by the difference in mass before and after HAc etching,

ρ is the alloy density in g/cm3 and A is the disc surface area in cm2.

2.4. Determination of the Temperature and pH

Before etching, the pH of the HAc solution was measured with a miniFET pH probe (Sentron

Europe BV, VD Leek, The Netherlands) with an accuracy of 0.01. A thermocouple (MT2/ST) (otom
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Group GmbH, Bräunlingen, Germany) was used to measure the initial and final temperatures of each

sample during etching. This was done by applying a thermocouple immediately onto the sample

surface after flipping over for the full duration of the etching. An additional three samples of each

Mg-xGd alloy were etched in 5 mL and 10 mL of 250 g/L HAc for 15 s, 120 s, and 150 s. Only one

additional sample was etched in 5 mL and 10 mL per duration of 30 s, 60 s, and 90 s. After etching of

the samples was complete, 200 µL of the remaining HAc solution was used to measure the pH. The pH

was measured for solutions after 15 s etching in 5 mL and 150 s etching in 5 mL and 10 mL. Mean

value and standard deviation of three samples and solutions were calculated for temperature (15 s,

120 s, and 150 s) and pH difference.

2.5. Interferometry

White light interferometry (WLI), performed with a non-contact interferometer (Contour GT-K,

Bruker Corporation, Billerica, MA, USA) was used to analyze the topography after etching. The data

from these measurements were analyzed using “Vision64” software (version 5.41 update 1, Bruker

Corporation, Billerica, MA, USA). The raw data was fitted with an F-operator to correct the cylindrical

form and tilt of the samples. A 3D Filter, “Mask Data” (Vision64 5.41 update 1, Bruker Corporation,

Billerica, MA, USA), was then used to crop a circle with a diameter of 8 mm out of the data to

avoid including the damaged edges arising from the machining process in the etching pit analysis.

Peak-Valley difference and the surface roughness Sa (arithmetic mean of the absolute value of the

height within sample area [48]) were determined with the 3D Analysis Tool “S Parameters-Height”

(Vision64 5.41 update 1, Bruker Corporation, Billerica, MA, USA). Pits were then counted using the 3D

Analysis Tool “Multiple Region” (Vision64 5.41 update 1, Bruker Corporation, Billerica, MA, USA) by

searching for surface depressions with areas >800 µm2 and depths greater than 15 µm below the mean

surface height. These identification parameters were determined by a trial and error process of testing

different values to find those capable of separating the valleys from the reference plane. Three samples

from each of the etching conditions were measured to calculate the average and standard deviation for

the number of pits per mm2.

2.6. Micrographs

Micrographs were taken from cross-sections that were orientated parallel to the extrusion direction.

The samples were embedded in methyl methacrylate (Demotec 30®, Demotec Demel e.K, Nidderau,

Germany) and after hardening were ground with SiC papers of P320, P500, P800, P1200, and P2000

until half of the disc diameters. After grinding, a water-free 1 µm oxide polishing suspension solution

(OPSTM, Cloeren Technology GmbH, Wegberg, Germany), 1 µm diamond solution and ethylene

glycol were used for polishing. The embedded samples were immersed for a few seconds into a picric

acid solution (VWR International, Radnor, PA, USA) to be able to observe the microstructure under a

standard optical microscope (OM Leica DMI5000 M, Leica Microsystems GmbH, Wetzlar, Germany).

Three micrographs per AR sample from each alloy were prepared. Two different sections were

determined as they were either of a deformation zone (DZ) or a twinning zone (TZ) originating from

the edge of the sample into the bulk material. The thicknesses of these zones were measured with the

software “analySIS Pro” (version 5, Olympus Soft Imaging Solutions GmbH, Münster, Germany). Mean

thickness value and standard deviation of the DZs and TZs were calculated from fifteen measurements

per sample. One micrograph per etched (150 s in 5 mL) sample from each alloy was prepared to

analyze the change in microstructure.

2.7. SEM and EDS

The surface of etched Mg-xGd specimens was analyzed both parallel and perpendicular to

the extrusion direction. Particle traces of cross sections, which were seen in the micrographs, were

analyzed for one sample of Mg-10Gd with Energy-dispersive X-ray spectroscopy (EDS) (IXRF

Sytems, Austin, TX, USA). The cross sections were prepared in the same way as described above.

The morphology perpendicular to the extrusion direction was observed using the secondary electron
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(SE) and backscattered electron (BSE) modes in a Tescan Vega III SB scanning electron microscope

(TESCAN, Kohoutovice, Czech Republic) operating at 15 kV with a working distance of 15 mm.

Particle element analysis was done using EDS and quantified using the “Iridium Ultra” (version 2.4 F,

IXRF Sytems, Austin, TX, USA) software.

2.8. ToF-SIMS

ToF-SIMS (time-of-flight secondary ion mass spectrometry) was performed on a TOF.SIMS5

instrument (ION-TOF GmbH, Münster, Germany). This spectrometer is equipped with a Bi cluster

primary ion source and a reflectron type time-of-flight analyzer (ION-TOF GmbH, Münster, Germany).

Ultra-high vacuum base pressure was <5 × 10−9 mbar. For high mass resolution the Bi source was

operated in “high current bunched” mode providing short Bi+ primary ion pulses at 25 keV energy,

a lateral resolution of approx. 4 µm, and a target current of approx. 1.5 pA at 14 kHz repetition rate.

The short pulse length of 1.2 ns allowed for high mass resolution. Spectra were calibrated on the

omnipresent 26Mg+, 158Gd+ and GdMgO2
+ peaks, mass deviations were <10 ppm. For depth profiling

a dual beam analysis was performed in non-interlaced mode: The primary ion source was operated

in “high current bunched” mode with a scanned area of 500 × 500 µm2 (3 frames with 128 × 128

data points) and a sputter gun (operated with O2
+ ions, 1 keV, scanned over a concentric field of 750

× 750 µm2, target current 200 nA, 45◦ angle of incidence) was applied to erode the sample for 6 s

followed by a 0.3 s pause. Stable analysis conditions were ensured, for 6 subsequently performed

depth profiles on two different Mg-2Gd samples the total Gd signal intensities varied less than 2.5%

(mean value / standard deviation). To calibrate the depth scale for the dynamic SIMS (secondary ion

mass spectrometry) experiments one polished specimen of each alloy was briefly precleaned with a low

sputter ion dose density and subsequently eroded with a 1 keV oxygen beam in a 250 × 250 µm2 crater

with a controlled sputter ion dose density of 3 × 1018 1/cm2
± 0.5%. During these erosions Mg and

Gd signals were found to be constant from a depth of 25 nm onwards as soon as the sputter/oxygen

implantation equilibrium was reached and a very thin non-metallic contamination layer was removed.

Crater depths were measured by White light interferometry (WLI) (Contour GT-K, Bruker Corporation,

Billerica, MA, USA). All alloys had eroded to a depth of 3.5 µm ± 10%. Based on these data a mean

sputter yield of 5.02 was determined, being in good agreement with semi-empirical calculations from

Yamamura et al. [49] indicating for pure Mg a sputter yield of 5.38.

In contrast to other surface analysis techniques, like X-Ray Photoelectron Spectroscopy, SIMS

is semi-quantitative. Hence, absolute atom ratios can only be achieved by using external calibration

standards and by taking the matrix effect into account. This effect is based on different sputter rates

and different ionization yields for the elements to be studied in different matrices. Based on the

known Mg/Gd ratios (Gd content varying from 2 to 10 wt.%, corresponding to 0.34 to 1.7 at.%) the

linearity of the measured Gd+ signal intensities obtained from depth profiles was good. With all

instrument parameters held constant relative Gd+ signal intensities of 1:2.5:4.5 were found for the

Mg-2Gd, Mg-5Gd, and Mg-10Gd samples. This means that the investigated sample set showed no

varying matrix effect for the different alloys, since Mg is the dominating matrix element with >98 to

>99 at.%.

3. Results

3.1. Micrographs

Deformed grains and twins (see Figure 2a) were observed in the near surface region. Within DZ

the grain structure was not visible. Inside TZ many twins (straight black lines inside of the grains) were

observed. Additional particles were partly clustered and aligned in the extrusion direction. They are

curved inside the DZ and TZ, this is a result of the milling process (see Figure 2b). The aligned particles

are mainly clustered in Mg-10Gd, while all other alloys, show scattered distribution of particles and

particle lines.
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After 150 s HAc etching in 5 mL solution, the surface edge in Figure 3 is more even with 
increasing Gd amount. The number of clustered particles is increasing with Gd amount. In Figure 3a, 
some single particles and lines are visible for Mg-2Gd, whereas Mg-10Gd in Figure 3c has 
accumulations of particle lines. With decreasing Gd amount the number of twins is increasing. For 
Mg-2Gd some deformed grains and a significant part of the TZ are still visible after the etching 
procedure. For Mg-5Gd the most of grains are deformation-free and some single twins are still visible. 
Mg-10Gd has a completely deformation-free surface edge. 
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Figure 3. Micrographs cross sections after etching with 250 g/L for 150 s in 5 mL acetic acid (HAc) 
solution: (a) uneven surface edge of Mg-2Gd with partly non-deformed grains and grains including 
twins, some single black particles are visible; (b) mainly deformation free surface edge of Mg-5Gd 

Figure 2. Micrographs of Mg-10Gd cross sections: (a) As received surface edge with deformed layer

including a deformation zone (DZ) and twinning zone (TZ); (b) linear particle cluster are curved

inside TZ.

After 150 s HAc etching in 5 mL solution, the surface edge in Figure 3 is more even with increasing

Gd amount. The number of clustered particles is increasing with Gd amount. In Figure 3a, some single

particles and lines are visible for Mg-2Gd, whereas Mg-10Gd in Figure 3c has accumulations of particle

lines. With decreasing Gd amount the number of twins is increasing. For Mg-2Gd some deformed

grains and a significant part of the TZ are still visible after the etching procedure. For Mg-5Gd the

most of grains are deformation-free and some single twins are still visible. Mg-10Gd has a completely

deformation-free surface edge.
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Figure 3. Micrographs cross sections after etching with 250 g/L for 150 s in 5 mL acetic acid (HAc)

solution: (a) uneven surface edge of Mg-2Gd with partly non-deformed grains and grains including

twins, some single black particles are visible; (b) mainly deformation free surface edge of Mg-5Gd with

some single twins and partly visible particle lines; (c) deformation free surface edge of Mg-10Gd with

linear particle cluster.
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Within the standard deviation all alloys showed similar deformation zone (DZ) widths (Figure 4a),

while mean value and standard deviation of TZ decreased with increasing Gd content. A high standard

deviation of TZ arise from strong variation in twin depth for different positions, especially for Mg-2Gd.

With increasing Gd amount the twin depth is shorter and more clustered.
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Figure 4. Diagrams of: (a) Mean value and standard deviation of DZ and TZ calculated for fifteen

different regions per sample. Three samples per alloy were measured; (b) mean value and standard

deviation of six samples for the amount of material removed from the Mg-xGd alloys after each etching

treatment. The material removal increases with higher Gd content for all etching conditions. For each

alloy the material removal after etching for 150 s in 5 mL and 10 mL solution are comparable.

3.2. Material Removal

Figure 4b and Table 1 indicate that basically more material is removed when the Gd content of the

alloy is increased. After 15 s HAc etching, deformation and twins are still existing in all alloys. Using a

longer etching time of 150 s, DZ is removed completely for all alloys and volumes. The calculations of

material removal suggest a TZ free material for Mg-5Gd and Mg-10Gd for both etching volumes.

Table 1. Mean value of removed material and standard deviation of six samples for the Mg-xGd alloys

after each etching.

Condition Mg-2Gd Mg-5Gd Mg-10Gd

M after 15 s in 5 mL [µm] 2.4 ± 0.4 3.6 ± 0.5 8.9 ± 0.9
M after 150 s in 5 mL [µm] 147.4 ± 5.0 206.3 ± 12.1 194.7 ± 9.4
M after 150 s in 10 mL [µm] 130.4 ± 7.2 179.3 ± 11.0 188.3 ± 4.9

3.3. SEM and EDX

Etching pits were observed for all alloys after 150 s etching in the 5 mL and 10 mL of 250 g/L HAc

solutions. At the center of some deeper etching pits, Gd rich particles were detected (see Figure 5a,b

with white spots). The Gd rich particles, identified by EDS, are either accumulated in a spot or clustered

in lines. Next to Gd hydrides which were mentioned before, Kubásek and Vojtěch [50] found also

oxides, which are assumed as Gd2O3 or GdMg2O4, formed during melting and casting. Hort et al. [11]

ascertain a formation of Gd2O3 or GdMg2O4 during casting as well. Due to the small size of the

particles it was not possible to determine the specific rectangular shape of hydrides. For this reason,

it is not possible to distinguish between Gd oxides and hydrides and the mentioned particles are

defined as Gd rich particles within this study.



Metals 2019, 9, 117 8 of 19

Metals 2019, 9, 117 8 of 19 

size of the particles it was not possible to determine the specific rectangular shape of hydrides. For 
this reason, it is not possible to distinguish between Gd oxides and hydrides and the mentioned 
particles are defined as Gd rich particles within this study. 

 

(a) 

 

(b) 

Figure 5. SEM picture of one etching pit on the surface of the Mg-2Gd alloy after etching for 150 s in 
a 5 mL solution of 250 g/L HAc: (a) backscattered electron (BSE)-mode, formation of an etching pit 
inside the matrix with particles at the center; (b) secondary electron (SE) mode: higher magnification 
of accumulated Gd rich particles (white spots) at the center of an etching pit. 
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accumulated Gd rich particles (white spots) at the center of an etching pit.

Using EDS it has been shown that the visible lines of particles are enriched with Gd (Table 2).

In Figure 6 the corresponding points measured by EDS are marked. Inside the matrix at point 3,

9.7 wt.% Gd was measured, very similar to the nominal 10 wt.%. At the other positions marked 1 and

2, 62.8 wt.% and 30.5 wt.% of Gd was measured, respectively.

Table 2. EDS analysis from three spots shown in Figure 6.

Element 1 2 3

Mg [wt.%] 37.2 69.5 90.3
Gd [wt.%] 62.8 30.5 9.7
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particles are curved inside the TZ and DZ of the Mg-10Gd material. EDS analysis was done at the three

positions indicated to determine the Gd content.

3.4. Temperature and pH

Immersion in 5 mL for 15 s resulted in similar pH changes for all the Mg-xGd alloys (see Table 3).

After etching for 150 s the change in pH is higher for the 5 mL experiments compared to 10 mL

experiments. In contrast to the 5 mL experiments, immersion in 10 mL shows that the change in pH is
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increasing slightly with increasing Gd content. However, systematic errors in the pH measurement

setup lead to the assumption, that pH changes for all alloys in 10 mL are comparable.

Table 3. ∆ pH of HAc solution after etching the Mg-xGd alloys in 5 and 10 mL solution.

Condition Mg-2Gd Mg-5Gd Mg-10Gd

∆ pH after 15 s in 5 mL 0.07 ± 0.06 0.00 ± 0.00 0.20 ± 0.10
∆ pH after 150 s in 5 mL 1.47 ± 0.12 1.40 ± 0.00 1.47 ± 0.06
∆ pH after 150 s in 10 mL 0.73 ± 0.12 0. 83 ± 0.06 1.00 ± 0.00

Figure 7 indicates an increase in temperature with immersion time for all alloys and solution

volumes. For the Mg-2Gd and Mg-5Gd alloys etched in 5 mL, the temperature rises linearly with time

while the other conditions show a constant value of temperature change after around 120 s and longer.

Additionally, the change of temperature is higher for etching in 5 mL compared to 10 mL.
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increases are greater on etching in 5 mL compared to 10 mL solutions. Mean value and standard

deviation of 3 samples were calculated for the time steps 15 s, 120 s, and 150 s.

3.5. Interferometry

Marks resulting from the machining with a wavelike structure were characteristic for the AR

surface, as shown in Figure 8a. The color scale in Figure 8 shows the difference between the highest

and lowest point of the surface for a Mg-2Gd specimen, as an example. After etching for 15 s in 5 mL

the milling marks remained and no etching pits were formed (Figure 8b). However, the peak height as

well as the difference in height of peak to valley are reduced. A slight decrease in Sa is also measurable

after etching for 15 s compared to the AR condition. After etching for 150 s in 5 mL and 10 mL HAc

solution, the surface morphology is very different compared to the AR surface as visible in Figure 9.

The roughness Sa is higher after treatment in the 5 mL solution compared to 10 mL.
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10 mL solution. For the Mg-2Gd specimens (Figure 9a) the machining marks are much less obvious 
compared to the AR state (Figure 8a). Etching pits have been formed with etching in 5 mL leading to 
a higher number of pits/mm² (Table 4) compared to etching in 10 mL. For Mg-5Gd (Figure 9b), the 
machining marks are still visible after the 10 mL etching in contrast to 5 mL etching and the number 
of pits/mm² (Table 4) is lower accompanied by smaller standard deviation. Almost no machining 
marks are visible for the Mg-10Gd (Figure 9c). Here, using 5 mL solution led to more pits/mm² (Table 
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comparable within the standard deviation. It should be noted, that the color code refers to different 
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Figure 9. Topographies and their describing parameters of Mg-xGd alloys measured using WLI after 
etching with 250 g/L HAc for 150 s; left half image: 5 mL, right half image: 10 mL etching volume, (a) 
topographies of Mg-2Gd; (b) topographies of Mg-5Gd; (c) topographies of Mg-10Gd. 

Figure 8. Topographies of the Mg-2Gd alloy as measured by white light interferometry (WLI):

(a) Topography in as-received (AR) state with machining marks and a peak-valley difference of

38 (30 µm to −8 µm) (b) Topography after etching with 250 g/L HAc for 15 s in 5 mL of solution.

Machining marks are still visible and the peak-valley difference of 27 µm (17 µm to −10 µm) is reduced

in as compared to the AR state.
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Figure 9. Topographies and their describing parameters of Mg-xGd alloys measured using WLI after

etching with 250 g/L HAc for 150 s; left half image: 5 mL, right half image: 10 mL etching volume,

(a) topographies of Mg-2Gd; (b) topographies of Mg-5Gd; (c) topographies of Mg-10Gd.

Figure 9 compares the etching effect after 150 s for different Gd contents and two different volumes

of etching solution each. The left half shows the result after etching in 5 mL, the right one in 10 mL

solution. For the Mg-2Gd specimens (Figure 9a) the machining marks are much less obvious compared

to the AR state (Figure 8a). Etching pits have been formed with etching in 5 mL leading to a higher

number of pits/mm2 (Table 4) compared to etching in 10 mL. For Mg-5Gd (Figure 9b), the machining

marks are still visible after the 10 mL etching in contrast to 5 mL etching and the number of pits/mm2

(Table 4) is lower accompanied by smaller standard deviation. Almost no machining marks are visible

for the Mg-10Gd (Figure 9c). Here, using 5 mL solution led to more pits/mm2 (Table 4) than using

10 mL solution. Table 4 shows that for 5 mL volume of etching solution the number of pits clearly

decreases with increasing Gd content, while for 10 mL solution the number of pits is comparable

within the standard deviation. It should be noted, that the color code refers to different absolute

heights depending on the image.
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Table 4. Number of etching pits formed in the Mg-xGd alloys after etching for 150 s in 5 and 10

mL solutions.

Condition Mg-2Gd Mg-5Gd Mg-10Gd

pits/mm2 for 5 mL 2.66 ± 0.51 1.70 ± 1.11 0.99 ± 0.41

pits/mm2 for 10 mL 0.21 ± 0.30 0.20 ± 0.00 0.52 ± 0.46

3.6. ToF-SIMS

Dynamic SIMS measurements were used to analyze the depth distribution of Fe impurities in the

topmost 0.3 µm of the untreated, as received samples. For this, on each of two samples for Mg-2Gd,

Mg-5Gd and Mg-10Gd, three depth profiles were analyzed. As example for a depth profile, only one

profile of each alloy (Mg-2Gd, Mg-5Gd, Mg-10Gd_a) is shown in Figure 10. The depth profiles of the

as-received Mg-xGd samples, indicate a higher intensity of Fe measured in near surface region as

compared to the bulk of the alloys. After a maximum Fe signal at around 30 nm of erosion, a decrease

in Fe+ counts was observed. The initial increase of the Fe signals is based on airborne contaminations,

shielding effectively signals from deeper layers due to the low probing depth of SIMS. As soon as this

contamination layer is removed, and the sputter/implantation equilibrium of oxygen reached, the Fe

signals are dropping as shown in Figure 10. A second profile of Mg-10Gd_b (Figure 10) is plotted

as further example, where next to Fe as surface contamination, also Fe particles inside the bulk are

detected (Figure 11 d–f). For this reason, the decrease in Fe intensity is not as strong as shown for

Mg-10Gd_a after 340 nm.
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Analyzing the lateral distribution of the Fe containing inclusions two contributions are 
detectable: a) is a weak Fe background correlated with the surface structure from the sample 

Figure 10. Depth profiles for Fe in the sub-surface of as-received Mg-xGd alloys. The Fe intensity

decreases at a depth around 30 nm. One profile of each alloy (Mg-2Gd, Mg-5Gd, Mg-10Gd_a) is plotted

and show the decrease of Fe intensity to be virtually zero for the case of Fe surface contamination.

The decrease of Mg-10Gd_b is not virtually zero after around 340 nm, due to additional bigger Fe

particles inside the bulk.
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along the green indicators centered on the Fe particle. 

After etching with HAc, much more material is removed than during the dynamic SIMS 
experiments reaching only 0.34 µm depth. At the etched surface (15 s and 150 s) of the alloys Fe 
almost completely disappeared in case of the Mg-2Gd and Mg-5Gd alloys (Figure 12). Here, the 
intensity of Fe on the surface after etching was found to be rather uniform as indicated by analysis of 
several positions. In contrast, a slightly greater local variation of the Fe signal was observed in the 
etched Mg-10Gd alloy. However, after etching the Gd rich samples the scatter of the Fe detected 
atdifferent measurement positions decreased in comparison to the AR samples. The remaining Fe 
content after etching of Mg-10Gd was reduced but still higher as compared to the samples with lower 
Gd content. 

Figure 11. Lateral distribution of the Fe containing inclusions in Mg-10Gd corresponding to the

depth profile: (a) total secondary ion image; (b) micrograph showing the measurement position;

(c) depth-integrated lateral distribution of Fe with a log intensity scale; (d) integrated Fe signal with

linear intensity scale, highlighting an individual Fe particle; (e) calculated cross sections in the XZ

plane along the green indicators centered on the Fe particle; (f) calculated cross sections in the YZ plane

along the green indicators centered on the Fe particle.

Analyzing the lateral distribution of the Fe containing inclusions two contributions are detectable:

(a) is a weak Fe background correlated with the surface structure from the sample preparation,

and (b) some rare individual Fe particles of several µm size. Figure 11 shows data corresponding

to the depth profile shown in Figure 10. Mg-10Gd_b with the highest Fe intensity in Figure 10

shows the total secondary ion image (Figure 11a), a video image showing the measurement position

(Figure 11b), and in Figure 11c the depth-integrated lateral distribution of Fe is given with a log

intensity scale. In Figure 11d, the depth-integrated Fe signal is shown again, here with linear intensity

scale, highlighting an individual Fe particle bracketed by green lines. Both panels in Figure 11e and

f are calculated cross sections in the XZ and YZ plane along the green indicators centered on the Fe

particle. As seen from the cross sections, the Fe particle is not eroded by the ion bombardment and

is responsible for the remarkably strong Fe signal (Mg-10Gd_b) decreasing only very slowly during

depth profiling in Figure 10.

After etching with HAc, much more material is removed than during the dynamic SIMS

experiments reaching only 0.34 µm depth. At the etched surface (15 s and 150 s) of the alloys Fe almost

completely disappeared in case of the Mg-2Gd and Mg-5Gd alloys (Figure 12). Here, the intensity

of Fe on the surface after etching was found to be rather uniform as indicated by analysis of several

positions. In contrast, a slightly greater local variation of the Fe signal was observed in the etched

Mg-10Gd alloy. However, after etching the Gd rich samples the scatter of the Fe detected atdifferent
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measurement positions decreased in comparison to the AR samples. The remaining Fe content after

etching of Mg-10Gd was reduced but still higher as compared to the samples with lower Gd content.
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4. Discussion

The sum of DZ and TZ depths (Figure 4a) is decreasing with increasing Gd amount, due to the

higher strength of the material [47]. Higher Gd amounts strengthen the material by solid solution

strengthening [51]. Higher strength lead to lower deformation depths, which results in reaching the

bulk material earlier by etching for Mg-10Gd than for the other alloys. A higher dependency of TZ

than of DZ on Gd content is expected, due to the not significant difference of DZ between different

Gd amounts. Kaynak et al. [37] also reported a segmentation into three different microstructures after

machining, whose thicknesses correlate with the mechanical properties of the alloy and the cutting

conditions and parameters. Severe plastic deformation is described for refined and transition layer

in near surface region, followed by the bulk material. Lu et al. [52] described a stress layer depth

in near surface region of AZ31, visible by varying microstructure in contrast to the bulk material.

The stress layer depth increased with decreased cutting speed. In the present study, all alloys are

separated into two zones. The DZ is a strong deformation in direct surface region, where grains are

not visible by SEM. It is assumed, that the original grain structure is damaged by the cutting tool.

For the reason, that DZ is similar for all Gd content, it is supposed that the strength of the alloys has a

lower effect on DZ. The cutting parameters are equal, which means the same force is introduced into

the material and grains are crushed and shifted similarly, despite higher tensile strength of the alloys.

With higher strength, dislocations are slipping less, which is why, TZ is more affected on depth than

DZ. The second zone TZ in the sub-surface is the accumulation of twins, where twinning is a process

to enable more material plasticity [53]. After twinning, the bulk material with non-deformed grains

follows, similar to Kaynak et al. [37]. Residual stress is expected in the direct and sub-surface, which is

not further investigated in this study.

More surface material is removed during the etching process with a higher Gd content (Figure 4b).

The thicker TZ for alloys with lower Gd content (Figure 4a) might slow down dissolution at early
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stages. For Mg-10Gd, the twinned surface region is removed earlier as compared to alloys with lower

Gd contents. Hence the un-twinned bulk material is reached faster, due to a smaller TZ thickness.

Some studies [54–56] reported the corrosion resistance to be increased by reduced grain size, and due

to grain boundaries acting as borders between grains [54]. Corrosion in neutral and acid solutions are

both electrochemical processes, for what the principle of mentioned corrosion studies are assumed

to be transferable on HAc etching. Under the assumption that a higher twinning density results in

higher number of twin boundaries, which act similar to grain boundaries, it would be expected that

the material dissolution rate would be reduced in twinned material compared to un-twinned bulk.

By etching for 15 s only, less material is removed (Figure 4b) and no pit formation occurs

(Figure 8b). Pit forming is observed for etching with 150 s duration (Figure 9, Table 4), associated

with higher material removal. A chemical or structural difference inside an Mg alloy can result in a

potential difference, where different parts of the material show either anodic or cathodic behavior.

Grains and grain boundaries, as well as deformed and non-deformed areas, different crystallographic

orientation or secondary phases can thus all lead to inhomogeneous dissolution [57–61]. It is assumed

that Gd particles act as cathodes as well, due to Gd rich accumulations inside the etching pits (Figure 5).

The visible accumulation of Gd after etching is possibly justified by the non-dissolution of Gd rich

particles in HAc. The more material is removed by etching the more particles are freed from the matrix

and can serve as potential initiators for pit forming. Pit forming in 5 mL solution etching is intensified

in contrast to 10 mL solution. It is reported, that pit forming is released at a specific temperature

for metals [62] and in general the corrosion rate increased with increasing temperature [63]. Hence,

the temperature plays a pivotal role during pit formation in acid solution, the material removal is not

the only limiting factor for pit forming.

It is reported, that the amount of Gd rich particles like GdH2 is increasing with Gd addition inside

the alloy [20]. For that reason, a higher number of pits would be expected, by considering Gd rich

particles as the only initiation. Owing to a contrary pit forming behavior (Figure 9 and Table 4), it is

assumed, that a temperature increase during etching for Mg-2Gd and Mg-5Gd has a higher influence

on pit forming than hydrides. For this reason, it is expected that by regulating the etching temperature,

pit forming will be reduced or avoided. The etching procedure may be then transferred to other

RE systems.

The acceleration of the reaction, despite the neutralization of acetic acid leading to an increase

of the pH of the solution (Table 3) is explained by the strong temperature increase measured directly

at the metal surface in solution (in that case from 16 ◦C at the beginning to 56 ◦C after 150 s etching,

Figure 7). The exothermic nature of the etching reactions leads to a temperature increase during the

process. Neglecting the heat loss to the surrounding, the temperature difference observed during the

etching process is dependent on the etch rate and the heat capacity of the setup, mainly the etchant

solution. During etching with 5 mL of solution, the temperature increase is higher and more pits are

formed compared to etching 15 s or 150 s in 10 mL etching (Figure 7).

Removal of the DZ and TZ is assumed to generate more heat compared to the removal of

un-twinned bulk material. The Mg-2Gd alloy with highest temperature increase (Figure 7) had the

highest twinning depth which was not completely removed even after the longest etching time in

5 mL solution (Figure 4a,b). Comparable material removal between samples etched in 5 mL and 10 mL

of solution after the same time, suggest similar dissolution rates of the material. Etching in 10 mL

solution did not show the same strong increase, due to higher thermal capacity of 10 mL solution

compared to 5 mL.

After pits form, the roughness increases compared to the AR condition and 15 s etched samples

(Figures 8 and 9). In particular, the Mg-2Gd alloy with the highest number of pits, exhibited the

highest surface roughness Sa (Figure 9a). Higher roughness is attributed to pit formation, resulting in

higher difference between peaks and valleys. The roughness of a surface may have influence of the

initial degradation of an implant or improve cell density or is even useful to vary the morphology of
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coatings [64–67]. For this reason, a variation of etching parameter allows the formation of a required

morphology, dependent on the application.

Nwaogu et al. [31] reported that a rougher surface after etching arises from the dissolution of grain

boundaries. Hou et al. [68] determined a higher attack of hydrofluoric acid (HF) for microstructure that

contained more twins compared to less twinned specimens. The roughness of a sample with a high

twinning density increased after dipping in HF for longer times. More heavily twinned samples gave

rise to a higher surface roughness [68]. Because of that, twinning is assumed to influence pit forming,

associated in higher surface roughness. Wang et al. [59] suggest that galvanic corrosion can take place

between twinned and un-twinned microstructural regions due to different crystallographic orientations.

Aung and Zhou [54] reported higher inter-granular corrosion in twinned regions, but more pits forming

within un-twinned microstructure. The density of twins is higher within the material at the near surface

region. Pit forming is expected for regions with less dense twinning, where galvanic corrosion can

occur between twinned and un-twinned regions. As shown in Figure 3c, after etching of Mg-10Gd,

only the bulk material is visible, while for Mg-2Gd there are areas of twinning, bulk material and a

more uneven etched surface after 150 s etching (Figure 3a). The standard deviation of TZ is increasing

with decreasing Gd amount (Figure 4a), because of strong varying twin depth on different positions in

Mg-2Gd. The TZ of Mg-10Gd is more accumulated and flatter (Figure 2a). By removing less material

for Mg-2Gd, deeper twins are still visible, next to areas, where flat TZ are already removed (Figure 3a).

With a higher number of pits in Mg-2Gd it is expected, that the suggestions of Wang et al. [59]

coincidences with the results in this study. It is expected that pits can occur due to the dissolution

of the matrix between grain boundaries inside DZ and TZ area. It is assumed, that non-deformed

grains dissolve locally faster compared to twinned grains as supposed before with different material

dissolutions rates of DZ, TZ and bulk material.

The milling process introduces Fe impurities on the outer surface. This is shown by the ToF-SIMs

experiments which indicate higher Fe ion counts near the surface region compared to those obtained

inside the bulk material (Figure 10). Fe impurities must be removed from the surface to avoid

galvanic corrosion, resulting in non-homogenous corrosion and fast material removal especially in

the initial state [34]. By reducing the initial corrosion rate, mechanical integrity and ongrowth of the

implant is ensured. Gawlik et al. [45] reported that HAc etching reduce the scattering of degradation

results compared to untreated samples. This can be explained by the results of the reduction of Fe

contamination in the present study. Using HAc etching for 15 s on the Mg-xGd alloys resulted in

the surfaces being free of Fe contaminants (Figure 12) once a layer of around 2–9 µm thickness was

removed from the surface. Supplit el al. [46] support the use of acid treatments as a surface cleaning

method [46]. Nwaogu et al. [31] showed that removing 4 µm material was enough to reduce the

number of contaminants present, including Fe and Ni, and resulted in lower corrosion rates. It can

be assumed that acetic acid etching is able to remove contaminants such as Fe from the material

surfaces, by removing the near surface region due to the solubility of Fe in acid [69–71]. The etching

time had no influence on the amount of Fe on the surfaces, the number of Fe counts was similarly

reduced after 15 s and 150 s (Figure 12). As a result, it is not necessary to remove more than 9 µm

from the surface, achieved by longer etching times. The lateral distribution of Fe in the near surface

region after etching is assumed to be homogenous for the Mg-2Gd and Mg-5Gd alloys, as there was a

lower standard deviation in the number of counts measured at different positions on the specimen.

Etching the Mg-10Gd greatly reduced the intensity of Fe counts obtained for different samples, even

if the intensity varyied strongly in the as-received condition. These results indicate that the etching

process is advantageous in removing surface Fe. Due to higher number of Fe counts obtained in the

Mg-10Gd compared to the other alloys, it is assumed, that Fe particles are more numerous at the

surface and distributed to deeper regions within the alloy. This assumption is confirmed by AAS

measurements of Harmuth et al. [47], which shows higher Fe bulk content of Mg-10Gd compared to

Mg-2Gd and Mg-5Gd.
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5. Conclusions

Acetic acid etching works of Mg-Gd alloys for biological and engineer applications and is expected

to be used as surface treatment for other RE–alloys as well. The following should be considered:

• Short etching durations like 15 s induce no pit formation and are suitable for smooth surfaces like

rolled sheets.

• Rougher surfaces are generated by use of longer etching time of 150 s or an etching volume of

5 mL instead of 10 mL and can encourage cell adhesion.

• HAc is capable to reliably remove surface contaminations like Fe after 15 s and 150 s, which is

why a minor material removal of 2–9 µm is sufficient. According to previous reported research,

material removal can reduce the scatter of degradation results.

• The removal of deformed material from processing is enabled by use of higher etching time.

The deformation depth depends on the amount of Gd.

• Different etching kinetics are expected from deformed to non-deformed microstructure, which

are regulated by the heat dissipation into the environment.

• The number of Gd rich particles is not the leading reason for pitting, but Gd particles and twins

act as an initiator for pit forming, caused by an increase in temperature. The temperature of the

exothermic reaction has the highest impact on pit formation.
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5.6 Degradation test 

Exemplary results of the degradation test for all alloys in AR and 150 s in 5 mL (150_5) 
condition are shown in Figure 5.13. R² was analysed to predict the reliability of the 
degradation process over time. Simple linear fit in Equation (16) was used to evaluate the 
degradation rate between day 1 and 30 for AR, ground and 150_5 samples, and between 1 
and 14 days for 150_10 and 150_5 respectively. It can be seen from the data in Figure 5.13 
a that as-received Mg-2Gd (G2_AR) has the most linear degradation progress with time in 
contrast to as-received Mg-5Gd (G5_AR) and G10_AR. Figure 5.13 b shows the 
degradation progress after 150_5 etching. A linear degradation process is determined for all 
alloys with a reduction in degradation rate for G10. The next section gives an overview of 
R², and the degradation rate D, mentioned in Chapter 4.8 for alloys and conditions from day 
1 to the last day of degradation (14 days or 30 days). A clear benefit of etching before 
degradation could be identified in this analysis already within 14 days. For this reason, the 
etching experiments 150_10 and 150_5 were performed for 14 days only in contrast to the 
other conditions.  

a b 
Figure 5.13 Mean degradation depth plotted over time after 30 days degradation for a) as-received 
G2, G5 and G10, b) etched (150_5) G2, G5 and G10. 

The R² in Table 5.1 shows an improvement of R² after etching compared to AR and ground 
condition for all alloys. Degradation rate D in Table 5.2 is comparable for all alloys in AR and 
ground condition. Etched samples showed a higher degradation rate for G2 and G5 
compared to G10.  
 
Table 5.1 Overview of R² for all alloys and conditions from day 1 to last degradation day (14 or 30 
days). 

Condition AR_30 Ground_30 150_5_30 150_10_14 15_5_14 

Alloy  
G2 0.81 0.95 0.99 0.97 0.99 
G5 0.82 0.75 0.95 0.87 0.98 
G10 0.68 0.75 0.86 0.93 0.91 
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Table 5.2 Overview of degradation rate D for all alloys and conditions from day 1 to last degradation 
day (14 or 30 days). 

Condition AR_30 Ground_30 150_5_30 150_10_14 15_5_14 

Alloy  
G2 0.23 µm/d 0.26 µm/d 0.32 µm/d 0.30 µm/d 0.35 µm/d 
G5 0.27 µm/d 0.29 µm/d 0.39 µm/d 0.39 µm/d 0.34 µm/d 
G10 0.29 µm/d 0.21 µm/d 0.11 µm/d 0.20 µm/d 0.17 µm/d 

 

5.7 Homogeneity after degradation 
5.7.1 Homogeneity of all conditions 
As-received 
The purpose of the interferometry experiment was to determine the homogeneity after 
degradation. Figure 5.14 a show the topography of as-received Mg-5Gd (G5_AR) 
morphology. The cutting marks after milling are visible over the entire sample surface. Figure 
5.14 b presents the same sample after three days of degradation. Pits which are formed, 
destroy the recurring cutting structure. Pit formation lead to an increase in mean valley void 
volume (Vvv). A pit formation, which is not homogenous distributed like the cutting marks, 
lead to an increase in standard deviation of mean Vvv, defined as Vvv_dev. A low Vvv_dev 
corresponds to similar mean Vvv for every square, which defines a homogenous 
degradation behaviour. A high Vvv_dev implies single deep pit formation. A combination of 
mean Vvv and standard deviation describes the strength and distribution of the degradation 
damage. 

  
a b 

Figure 5.14 WLI topographies of mean Vvv and Vvv_dev determined surface: a) G5_AR before 
degradation, b) identical G5_AR after 3 days degradation. 

The mean Vvv of as-received conditions with the corresponding Vvv_dev is plotted over time 
in Figure 5.15. The lowest mean Vvv value is determined at day 0 (without degradation) for 
as-received conditions. The sample on day 3 is the same sample of day 0 after 3 days of 
degradation for all alloys. By comparing for example day 0 and day 3 of G5, it is visible, that 
mean Vvv is higher after degradation due to the pit forming, as shown in Figure 5.14 b).  
In general, mean Vvv and Vvv_dev of Mg-10Gd (G10) are smaller compared to Mg-2Gd 
(G2) and G5 until day 11. Starting with day 14, mean Vvv of G10 is mostly in the range of 
G2 and G5. However, the Vvv_dev after 14 days of G10 is always higher compared to G5 
and except of day 23 and 25 also higher than G2. The mean Vvv in the range from 
21 to 30 days is around the mean Vvv of day 14 and Vvv_dev is comparable inside this time 
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range for all alloys. In case of day 14 and day 23 (Figure 5.15) the Vvv_dev is even greater 
than mean Vvv. The following text and Figure 5.16 explain the reason for a higher Vvv_dev 
than mean Vvv or a Vvv_dev in the same range of mean Vvv. Figure 5.16 a and b show the 
comparison between the morphology of G5 and G2 after 23 days degradation. G5 has a 
lower mean Vvv and Vvv_dev compared to G2 in Figure 5.15. 

 
Figure 5.15 Mean Vvv of as-received conditions plotted with Vvv_dev over time for G2, G5 and G10.  

  
a b 

  
c d 

Figure 5.16 WLI topographies of mean Vvv and Vvv_dev determined surface after 23 days of 
degradation: a) G5, b) G2, c) cut G5 squares for the regions 2,3 and 9, d) cut G2 squares with severe 
damage in region 2, nearly no attack in region 3 and a deeper single pit in region 9. 
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Pits are formed overall the surface, but mostly accumulated in the middle region from top to 
the bottom in Figure 5.16 a. Especially the left side of G5 is less damaged compared to the 
middle part. Figure 5.16 b shows a similar pit formation over all the sample of G2. In addition, 
a strong attack to the surface is visible by removed material in a line shape in the centre of 
the sample. By comparing the same regions in Figure 5.16 c and d, it is visible that mean 
Vvv of regions 2, 3 and 9 in Figure 5.16 c are more comparable than the same regions of 
G2 in Figure 5.16 d. In the middle region 2, mean Vvv of G2 is highly increased 
(5.338 µm³/µm²), while other parts like region 9 are less damaged with single pits 
(1.432 µm³/µm²) or nearly not attacked (0.511 µm³/µm²). The height difference from a 
square with deeper pits in line shape and a square with no pitting lead to a higher Vvv_dev 
than the mean Vvv.  

Ground 
The mean Vvv of ground conditions with the corresponding Vvv_dev is plotted over time in 
Figure 5.17. The lowest mean Vvv value and Vvv_dev is determined at day 0 for ground 
condition for all alloys, whereby the mean Vvv of all alloys is equal. More linear progress in 
mean Vvv is given for G2 and G5 compared to G10 within the first 14 days. Between day 21 
to 30, mean Vvv and Vvv_dev of G2 and G5 is comparable to day 11 and 14. 

 
Figure 5.17 Mean Vvv of the ground conditions plotted with Vvv_dev over time for G2, G5 and G10 
before (day 0) and after degradation (day 1 – 30). 

There is no further increase with time. G10 showed the strongest variation in mean Vvv and 
Vvv_dev from day to day. Figure 5.18 shows the topography of degraded G10 samples after 
3, 7, 14 and 28 days. In Figure 5.18 a, bigger pits are illustrated in near-centre region, while 
some smaller pits are distributed overall the sample. After 7 days degradation, a big hole is 
formed in the left lower corner of Figure 5.18 b. Besides this, several pits are also distributed 
over the sample. Compared to Figure 5.18 a, pits after 7 days degradation are bigger in 
contrast to 3 days degradation. Due to stronger and non-homogenous pit formation after 
7 days, the mean Vvv and Vvv_dev of day 7 is higher than day 3 in Figure 5.17. Instead of 
further pit size increase, smaller pits compared to day 7 are distributed over the complete 
samples after 14 days. Even if there are some bigger pits, they are not accumulated on one 
position, as seen in Figure 5.18 a. Day 28 has the highest mean Vvv and Vvv_dev in Figure 
5.17. Figure 5.18 d shows the morphology of day 28 with strong surface attack. Mean Vvv 
is increased by the strong pit formation, while Vvv_dev is increased especially by the 
accumulation of holes on the left side of the morphology in Figure 5.18 d. On the left side of 
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the sample, there are more regions with higher mean Vvv, while the right side has squares, 
which are nearly not influenced by pit formation. This pit formation behaviour of all samples 
from all alloys explain the strong variations in Vvv_dev from day to day.  

  
a b 

  
c d 

Figure 5.18 WLI topographies of G10 surface after degradation, which was ground before: a) after 
3 days, b) after 7 days, c) after 14 days, d) after 28 days.  

Etched_150_5 
The mean Vvv of etched (150_5) conditions with the corresponding Vvv_dev is plotted over 
time in Figure 5.19.  

 
Figure 5.19 Mean Vvv of the etched (150_5) conditions plotted with Vvv_dev over time for G2, G5 
and G10 before (day 0) and after degradation (day 1 – 30). 
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The mean Vvv value and Vvv_dev is determined at day 0 for etched condition. 
Conspicuously, the mean Vvv and Vvv_dev of day 0 is not the lowest for all alloys and 
samples, in contrast to Figure 5.15 and Figure 5.17. The reason for this is the formation of 
pits by the etching process, visible in Figure 5.20 a. After 3 days degradation the degradation 
progress of G10 is determined with 0.58 ± 0.39 µm³/µm² compared to day 0, which amounts 
to 0.56 ± 0.39 µm³/µm². The comparison of Figure 5.20 a and b shows no obvious formation 
of new pits after 3 days degradation. For this reason, the distribution of pits remains the 
same. In general, there is an increasing trend with time, with some exceptions for all alloys 
until day 30. Vvv_dev of G2 is lower compared to G5 and G10 inside the time range 0-
14 days. Vvv_dev is the lowest for G5, when compared with G2 and G10 within day 21 to 
30. G10 showed the strongest variation in mean Vvv and Vvv_dev from day to day. Starting 
from day 14 the Vvv_dev of G10 is dramatically higher compared to G2 and G5. In the case 
of day 9, 25 and 28 the Vvv_dev is even higher than mean Vvv of each sample. 
 

  
a b 

Figure 5.20 WLI topographies: a) G10 – day 0 (150_5), b) G10 – after 3 days degradation. 

Etched_150_10 
The mean Vvv for all alloys is similar at day 0, 1 and 3 in Figure 5.21. Mean Vvv of all alloys 
after three days is comparable with day 0. However, the Vvv_dev of all alloys is increasing 
after three days. A higher increase in mean Vvv with time is determined for G5, when 
compared with G2. Both alloys, G2 and G5 show a more linear behaviour in mean Vvv in 
contrast to G10. In general, G10 has the highest Vvv_dev except of day 1 and 11 and the 
strongest variation in Vvv_dev from day to day compared to the other alloys. 

 
Figure 5.21 Mean Vvv and Vvv_dev after 150_10 etching and degradation for G2, G5 and G10. 
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 Etched_15_5 
The lowest mean Vvv and Vvv_dev for all alloys is measured for day 0, while the highest 
mean Vvv and Vvv_dev is measured for day 14 for all alloys. A trend of decreasing mean 
Vvv with increasing Gd amount is observed in Figure 5.22. The highest mean Vvv progress 
after HAc etching with 15_5 is measured for G2 with the exception of day 7, followed 
respectively by G5 and G10. Strongest variation in Vvv_dev is measured for G10. Except of 
day 7 and 9, the Vvv_dev of G2 is higher compared to G5. 

 
Figure 5.22 Mean Vvv and Vvv_dev after 15_5 etching and degradation for G2, G5 and G10.  

5.7.2 Selected topographies 
Figure 5.23 - Figure 5.25 show an overview of all alloys and some exemplary conditions 
after 14 days degradation with corresponding mean Vvv and Vvv_dev. In general, the mean 
Vvv and Vvv_dev of G2 for all conditions is comparable in a range from 0.90 – 1.01 µm³/µm² 
and 0.24 – 0.36 µm³/µm², respectively. The highest mean Vvv is measured for G5 and G10, 
when etched before degradation for 150 s. G2 and G5 show a more similar pit forming 
behaviour with clustered degradation residues inside the pits compared to G10. The pit 
development of as-received samples for each alloy (Figure 5.23 a-c) and 15_5 etched 
samples (Figure 5.25 a-c) are comparable. Likewise, both 150 s etched conditions 
exemplarily shown on 5 mL in Figure 5.24 a-c, are similar in kind of pit formation, when 
comparing the same alloy.  

As-received 
For the as-received samples, the cutting marks are still visible after 14 days degradation for 
all alloys Figure 5.23 a – c). G2 has the highest amount of pit formation, which is distributed 
over the complete sample (Figure 5.23 a). For this reason, the mean Vvv is the highest for 
all as-received alloys. Due to a spreading of pits over the complete samples, the Vvv_dev is 
smaller compared to G5 and G10. Red spots are detected inside the blue valleys. G5 has a 
lower mean Vvv and higher Vvv_dev, based on lower and widely spaced pit development. 
Some red plateaus inside the blue parts are shown (Figure 5.23 b).The mean Vvv of G10 is 
in-between G2 and G5 but has the highest Vvv_dev. Bigger and more elongated holes are 
formed often inside the grooves of the cutting marks (Figure 5.23 c). The holes are more 
crowded on one side of the sample. The irregular pitforming lead to a non-homogenous 
degradation in (Figure 5.23 c), visible in a Vvv_dev of 1.03 µm³/µm².  
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0.94 ± 0.25 µm³/µm² 0.68 ± 0.44 µm³/µm² 0.85 ± 1.03 µm³/µm² 

a b c 
Figure 5.23 WLI topographies of AR samples after 14 days of degradation: a) G2 with highest amount 
of degradation pits, b) G5 with lower number and widely distributed degradation pits, c) G10 with 
bigger and irregular degradation pit forming. 

Etched_150_5 
The mean Vvv and Vvv_dev is rising with higher Gd amount for etched (150_5) samples in 
Figure 5.24 a – c. G2 has the lowest mean Vvv and Vvv_dev with smaller pits. The 
degradation of G5 seems to be more homogenous compared to G2, due to a pit distribution 
over the complete sample. However, deeper and bigger etching pits, which are still visible 
in Figure 5.24 b lead to a less homogenous surface dispersion in contrast to G2 (Figure 
5.24 a). G10 has the highest Vvv_dev through the formation of bigger, irregular distributed 
holes (Figure 5.24 c). Red spots inside the valleys are less recognizable compared to AR 
samples in Figure 5.23. 

0.93 ± 0.26 µm³/µm² 1.21 ± 0.57 µm³/µm² 1.21 ± 0.89 µm³/µm² 

a b c 
Figure 5.24 WLI topographies of etched (150_5) samples after 14 days degradation: a) G2 with 
smaller pits distributed over the surface, b) G5 with optical more homogenous distribution than G2, 
c) G10 with a formation of deeper and more irregular distributed degradation pits.  

Etched_15_5 
For 15_5 etching, the mean Vvv is decreasing with higher Gd amount, while the Vvv_dev is 
increasing with higher Gd amount. Mean Vvv is decreasing with less pits, but Vvv_dev 
increasing, due to irregular pit surface distribution (Figure 5.25 a – c).  

 

292-278 µm 300-437 µm 95-110 µm

443-403 µm 385-519 µm 275-548 µm
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1.00 ± 0.33 µm³/µm² 0.71 ± 0.48 µm³/µm² 0.64 ± 0.69 µm³/µm² 

a b c 
Figure 5.25 WLI topographies of etched (15_5) samples after 14 days degradation: a) G2 with 
degradation pits spread over the complete surface, b) G5 with with some bigger and clustered 
degradation pits; c) G10 with bigger elongated holes. 

5.8 Particle induced micro-galvanic degradation 
Comparing all mean Vvv results, it can be seen that mean Vvv is increasing in most cases 
during the first 14 days. The comparison to mean Vvv values between day 21 to 30 with 
mean Vvv of 14 days shows, that mean Vvv are often equal or in the same range. In addition 
to that, plateau forming is starting to develop with day 11 and day 14, which are observed 
inside developed pits (Figure 5.26).  

  
a b 

Figure 5.26 WLI topographies of pits after 14 days degradation: a) G2 with red higher plateaus, b) 
G20 with a bigger pit without plateaus. 

SEM and EDX analysis were done for samples after 14 days degradation to investigate the 
reason for the pit formation around plateau or volcano shaped degradation residues. 
Different particles were determined in near-centre of these pits, which are shown in Figure 
5.27. This phenomenon is defined as particle induced micro-galvanic degradation (PID) in 
this study. As examples typical plateau shaped degradation residues inside degradation pits 
are shown for G2 and G5. Rectangular shaped particles are found in all G2 conditions, which 
often stick together (Figure 5.27 a and b). Next to Mg, these particles consist of a high 
amount of Gd (49.8 – 68.9 wt.% in Table 5.3 a and b) and Si (12.5 - 15.3 wt.% in Table 
5.3 a and b).  
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a b c 

Figure 5.27 Gd rich and rectangular shaped particles on plateau shaped degradation residues inside: 
a) G2_AR, b) G2_150_10, c) G5_AR. 

This kind of joined cuboids were only seen in G2. Single cuboids were found in all G5 
conditions inside the plateaus (Figure 5.27 c) with a higher content of Gd (73.2 wt.% in Table 
5.3 c) and Si (15.6 wt.% in Table 5.3 c) next to Mg. 
 
Table 5.3 Element distribution of Gd rich particles located on plateau shaped degradation residues. 

Elements G2_AR (a) G2_150_10 (b) G5_AR (c) 
Mg [wt.%] 37.7 15.8 11.2 
Gd [wt.%] 49.8 68.9 73.2 
Si [wt.%] 12.5 15.3 15.6 
Gd [at.%] 13.7 26.8 31.4 
Si [at.%] 19.3 33.3 37.4 

Gd/Si [at.%/at.%] 0.71 0.80 0.84 
 
For further analysis, the morphology after 14 days degradation was measured by WLI and 
compared to the SEM for 14 days degraded samples. As an example, one degraded sample 
of G10, which was etched for 150 s and 10 ml before degradation, is shown in Figure 5.28.  

 

Figure 5.28 Surface morphology determined by SEM and WLI topography measured by WLI for 
etched (150_10) G10 after 14 days degradation.  

This condition was chosen, due to huge holes and less plateaus. In general, every condition 
and alloy showed a plateau forming, except of G10_AR after 14 days degradation. The left 
side in Figure 5.28 shows the morphology, measured by SEM, while the right sight is 
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determined by WLI. Typical pits were found, which had plateau shaped degradation residues 
inside in Figure 5.28. Two position were chosen to analyse particles by SEM/EDS. 
A plateau was analysed in Position 1 (Figure 5.29). Near the centre of the degradation 
residue was a single rectangular shaped particle, which had a crack inside.  

 
Figure 5.29 Magnified Gd rich rectangular shaped particle (SEM) on a plateau at position 1 (WLI) for 
the etched (150_10) and degraded (14 days) G10 alloy.  

EDS measured for point 1 next to Mg, a high Gd content (70.8 wt.%) and a higher amount 
of Si (14.4 wt.%). For point 2, a higher amount of O (16.8 wt.%) was found, while the amount 
of Gd (32.7 wt.%) and Si (7.63 wt.%) was lower compared to point 1. Point 3 was taken on 
a bubble-like structure. For this point, the O (22.8 wt.%) amount was higher than the Gd 
(7.0 wt.%) and Si (0.5 wt.%) amount. An EDS taken on the plateau next to the particle 
(point 4), revealed an amount of 9.3 wt.% Gd next to Mg, which coincides with the expected 
Gd matrix amount of 9.6 wt.% (Table 4.2). 
A smaller plateau was additionally found in position 1 (Figure 5.30). Two bright particles 
were seen on it.  

 
Figure 5.30 Determined particles (SEM) on a plateau on position 1 (WLI) for the etched (150_10) and 
degraded (14 days) G10 alloy. 
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The particle on point 1 does not have a rectangular shape and was not located directly on 
the flat plateau surface like in Figure 5.29. Moreover, it is assumed that the particle is inside 
a degradation residue. Inside this particle on point 1, a higher amount of Gd (22.9 wt.%) was 
found again. Next to Mg and Gd, also Fe (23.6 wt.%), Al (3.4 wt.%) and Si (2.6 wt.%) were 
detected. An amount of 8.6 wt.% Gd was measured directly on the plateau on point 2, where 
no particles were observed. The second bright particle on point 3, which is shown in the BSE 
picture of Figure 5.30, has a high Gd (26.6 wt.%) content, but no rectangular shape was 
detected. 
Position 2 showed also several plateau shaped degradation residues in the WLI topography 
and SEM (Figure 5.31). On one spot several rectangular shaped particles were found on a 
volcano shaped residue. The surface was not flat, as seen before in Figure 5.29 and Figure 
5.30. It is assumed, that the particles inside the matrix lead to a complete dissolution around 
the particles. The particles (Figure 5.31) inside (point 1 -3) had next to Mg a higher Gd (48.0 
– 62.9 wt.%) and O (7.2 – 13.3 wt.%) amount. Point 4 showed again an expected Gd amount 
of 15.9 wt.% closer to the matrix material. 

 
Figure 5.31 WLI topographies and SEM images of etched (150_10) and 14 days degraded G10 alloy. 
Accumulation of Gd rich and rectangular particles inside a degradation residue. 

A bigger plateau shaped deposit in pit position 2 showed a non-rectangular shaped particle 
(Figure 5.32). The particle is located on a tip of triangular first plateau, whereas the right side 
next to the particle is degraded and a deeper second plateau is formed.  
One measurement on the particle (point 1) detected a higher Gd (48.3 wt.%) amount, 
followed by a combination of Fe (4.9 wt.%), Al (1.9 wt.%) and Si (8.3 wt.%). The Si amount 
in Figure 5.32 is higher and the Fe amount distinctly lower compared to point 1 in Figure 
5.30. 
Altogether, rectangular shaped particles with high Gd amount were found for all alloys and 
conditions after 14 days degradation, except G10_AR as determined exemplary in Figure 
5.27. There were also Gd rich particles, where it was not possible to identify the shape of 
the particle due to a small size. Only G10 showed Gd rich particles, where Fe was 
additionally detected by EDS (Figure 5.30 and Figure 5.32). 
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Figure 5.32 WLI topography and SEM images of etched (150_10) and 14 days degraded G10 alloy 
with one particle. 

5.9 Effect of HAc etching on the degradation behaviour 
Further degradation experiments on HAc etched Mg-5Gd samples were shown in following 
puplication:  
 
“The Effects of HAc Etching on the Degradation Behavior of Mg-5Gd” [56] 
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6 Discussion 
6.1 Origin of influencing factors 
6.1.1 Fe surface impurities 
It was shown in Figure 5.12 b that Fe is completely removed for Mg-2Gd (G2) and Mg-5Gd 
(G5), while the Fe amount of Mg-10Gd (G10) is reduced after 15 s in 5 mL (15_5) and 150 s 
in 5 mL (150_5) etching. This means that all AR alloys contained Fe surface impurities, 
which are assumed to arise from the use of Fe containing tools at milling the samples into 
discs. 
 
6.1.2 Gd rich particles 
It is interesting to note that in all alloys of this study, Gd rich particles were found. One 
unanticipated finding was that Gd rich particles were accumulated in the bottom of most of 
the etching pits (Figure 5.8). Some uncertainty exists with respect to the source of these 
particles. In accordance with the present results, a previous study [33] has demonstrated a 
formation of rectangular shaped Gd rich particles in Mg-Gd. Gd is formed to GdH2 (hydrides) 
during solidification and by grinding and polishing in watery environments [33]. However, in 
accordance with some higher oxygen amounts in particles measured by EDS in this work, 
previous studies [31,87] have demonstrated that Gd oxides are found, which are assumed 
as Gd2O3 or GdMg2O4, formed during melting and casting [31,87]. The origin and 
composition of Gd rich particles therefore needs to be interpreted with caution. The oxygen 
detected in the particles shown in Chapter 5.8 can also originate from oxide residues after 
degradation. Gd rich particles in this study are suggested to be already present before 
etching and degradation, due to their existence in the AR microstructure, oriented in lines 
parallel to the extrusion direction (Figure 5.4, Figure 5.7 b and Figure 5.7 c). Gd rich particles 
with higher amount of Si were additional detected. Table 4.1 shows a Si contamination with 
70 ppm in the Gd raw material. A binary Gd-Si phase formation is expected due to a 
stoichiometric composition ratio of around 0.72 – 0.84 measured by EDS (Table 5.3). 
Possible binary GdSi phases like GdSi or ßGd3Si5 are shown in the GdSi phase 
diagram [169], assumed from comparable atomic ratio of Gd and Si (Figure 6.1). 

 
Figure 6.1 Binary GdSi phase diagram. (obtained from [169] with permission from Springer Nature) 
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These binary phases are temperature stable far beyond 1000 °C. As a result, Gd-Si phases 
from the Gd raw material remain stable at 710 °C during alloy production or at 525 °C during 
T4 heat treatment.  
Gd rich particles with Fe showed less amount of Si. It has been shown in Table 4.2 that the 
Fe amount in the bulk increased with increasing Gd content in the as cast condition. A 
distinct higher amount of bulk Fe was measured by ToF-SIMS for G10 compared to G2 and 
G5 after removing the direct near-surface region (Figure 5.12 b). This implicates a higher Fe 
amount with increasing Gd addition. Fe (650 ppm) is shown in Table 4.1 as an impurity of 
the Gd raw material. Around 430 ppm [at.%] is the maximum solid solubility of Fe in Mg [170], 
which implies that only small amounts of Fe are dissolved in Mg. Increasing content of 
alloying elements typically decreases the solubility further. Thus, due to the rather low Fe 
content in G2 and G5 compared to G10, Fe can almost completely be dissolved in the matrix, 
while at higher Gd amount solubility exceeding Fe forms precipitates.  
All variations of Gd containing particles with and without enrichment of Si are defined as 
hydrides for further discussion, due to their reported typical rectangular shape [40,171]. The 
oxide amount, which was detected at rectangular particles (Figure 5.29 and Figure 5.31) are 
attributed to the oxide residues after degradation and are not considered as Gd oxides. 
Higher oxide amount inside etching pits at spherical shaped particles (Figure 5.8 d) are 
assumed to be Gd oxides. Gd particles with Fe enrichments are labelled as GdFe bulk 
particles. The hydrides and Gd oxides cannot be distinctly identified as initiation point of all 
etching pits. GdFe bulk particles were not determined in etching pits so far. In some cases, 
no particle accumulations were found inside the pit bottom (Figure 5.8 e).  
 
6.1.3 Deformation 
The depth of the deformed area including deformation zone and twinning zone is correlated 
with the amount of Gd. With increasing Gd amount, the deformed area in total is decreased, 
essentially depending on the depth of twinning zone (Figure 5.2). It is reported, that solid 
solution strengthening is the reason for an increase in strength with higher Gd amount, due 
to different atomic radii of Gd and Mg [26]. Harmuth et al. [86] and Kim et al. [25] confirmed 
that the strength of the alloy is associated with the Gd amount [25,86]. There are similarities 
between the deformed area mentioned in this study and those described by Pu et al. 
[58,114,115] and Lu. et al. [113]. Comparison of the findings with those of Pu et al. [114] 
confirms the deformed zone directly in near-surface region of AZ31 as featureless, where 
the grain size is not identifiable by optical microscope. These findings showed, that 
deformation is dependent on the machining process and the strength of the alloy. Cottom et 
al. [172] and Agnew et al. [173] reported a higher activity of non-basal slip modes, with 
increasing Y addition. In a study of Schlüter et al. [174] a similar solute solution strengthening 
for Mg-Gd and Mg-Y alloys is suggested [174], due to a comparable atomic radius and shear 
modulus of Gd and Y, which in turn lead to comparable interaction parameters with Mg 
[174,175]. For this reason, a higher activity of non-basal slip modes is conceivable with 
increasing Gd, which would inhibit the twinning mechanism more, in particular for G10. 

6.2 Effect of etching on the morphology and microstructure 
An initial objective of the project was to identify the effect of precipitates and impurities on 
surface morphology after etching. Hydrides and oxides are still present after etching (Figure 
5.8). According to this, it is provided, that hydrides and oxides are not dissolved in HAc. The 
accumulation of hydrides and oxides inside the etching pit assume hydrides and oxides 
acting as cathode to the Mg matrix. With higher material removal, more particles are 
released. It can therefore be supposed that with higher material removal and more residual 
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particles, the number of pits would increase [57]. However, a similar material removal of 
etching in 5 mL and 10 mL contradicts this suggestion, due to a lower etching pit number in 
10 mL (Figure 5.11). A higher Gd hydride amount with increasing Gd content in Mg is 
reported by Peng et al. [40] , which would suggest more pits with more Gd. The findings of 
the current study support the previous research in terms of rectangular shaped hydrides, 
which can be seen in the microstructure (Figure 5.4 and Figure 5.7 c). However, despite 
higher hydride amount, the number of etching pits is not increasing with increasing Gd 
content (Figure 5.11). Etched surfaces are less likely to suffer from pit forming when the 
etching volume is doubled to 10 mL (Figure 5.10 and Figure 5.11). A 10 mL etching solution 
has a higher thermal capacity compared to 5 mL. Frankel [176] reported that pit forming is 
temperature dependent. It may be assumed, that pit forming is then more activated in 5 mL 
etching solution.  
All etching procedures lead to a removal of surface-near material. Depending on the depths 
of deformation zone and twinning zone as well as on etching time the microstructure is 
varying for each condition. The current study found that by etching 15 s instead of 150 s the 
morphology of the surface does not change (Figure 5.9), while longer etching time leads to 
pit formation (Figure 5.10 and Figure 5.11). It is interesting to note that in all alloys of this 
study the deformation zone is still existent after 15 s in 5 mL (15_5) etching. For all alloys, 
using different etching volumes for 150 s etching leads to pit forming in both cases, but with 
a difference in pit number, while deformation zone is removed completely. Etching for 150 s 
in 5 mL (150_5) leads to more etching pits in comparison with 150 s in 10 mL etching 
(150_10) due to temperature activated pit forming. For the same reason, 150_5 leads to a 
slightly higher material removal compared to 150_10. Due to still visible twins at the surface 
edge of G5 in Figure 5.7 b when etched with 150_5, it is suspected, that the material removal 
calculated by mass loss does not coincide exactly with the removed surface depth. The 
microstructure after 150_5 etching of G10 in Figure 5.7 c shows no indication of twinning, 
despite similar deformation depth and material removal. A formation of more etching pits in 
G5 compared to G10 leads to a higher mass loss. This is proven by an equal amount of 
removed material volume for G5 (38 ± 2.2 mm³) and G10 (36 ± 2.0 mm³), while G5 showed 
a distinct higher mass loss than G10. Another reason for single visible twins could be an 
effect of grinding and polishing. Twins of AR samples shown in Figure 5.3 exhibit a 
preferential direction, while the twins of G5_150_5 in Figure 5.7 b are distributed in different 
directions. This leads to the assumption that some visible twins in G5 after 150 s etching in 
Figure 5.7 b are introduced by preparation. It has been shown that with higher Gd content, 
the formation of twinning is reduced (Figure 5.2). Thus, Mg-xGd alloys with lower Gd content 
are more affected by twinning induced by grinding and polishing. Moreover, the edges of the 
surface sustain more deformation than the centre bulk material after grinding and polishing, 
which could explain the single twinning observed on the edge of the sample in Figure 5.7 b. 
Wang et al. [112] assumed galvanic corrosion between twinned and non-twinned regions 
owing to different crystallographic orientation as initiator. Degradation processes of material 
in both neutral and acid solution are electrochemical reactions. Therefore, the study of Wang 
et al. [112] is taken to compare these results with corrosive etching mechanism in this work. 
The twinning zone in the near of G2 bulk is not continuous as seen in Figure 5.3 a. There 
are alternating deeper twins and more non-twinned regions. For this reason, galvanic 
corrosion is expected between these areas. It can thus be suggested, that the development 
of higher pit number in G2 arose from the galvanic corrosion between twinned and non-
twinned regions in addition to hydride initiated etching pits.  
This study has demonstrated, that HAc etching removes Fe impurities from milling in near-
surface region in Figure 5.12 b. One unanticipated finding in the results was that Fe is 
removed by etching after 15 s and 150 s in exactly the same way for all alloys. It can thus 
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be suggested that a removal between 2 – 9 µm (Figure 5.6) is enough to clean the surface. 
This finding was supported by Nwagou et al. [53], who observed a reduction in degradation 
rate related to a reduction of Fe and Ni with a removal of around 4 µm. It is somewhat 
surprising that the Fe amount in G10 does not decrease to zero in contrast to G2 and G5 
(Figure 5.12 b). Contrary to expectations, the Fe levels after etching in G10 for both etching 
times were equal even with a higher AR Fe level in one sample before etching for 150 s 
(Figure 5.12 b). Therefore, it can be concluded that these differences arose from GdFe bulk 
particles or dissolved Fe and not from Fe surface contaminations. The depth profile in Figure 
5.12 a showed a lower decrease of Fe with increasing erosion depth for G10_b_AR 
compared to G10_a_AR, due to detected Fe bulk particles. A higher Fe bulk amount was 
also determined by AAS in G10 than in G2 and G5 (Table 4.2). GdFe bulk particles were 
only found in G10 by use of the EDX analysis in Figure 5.30 and Figure 5.32. These results 
indicate that Fe bulk particles are only present in G10.  

6.3 Factors influencing the degradation behaviour 
6.3.1 Particle induced micro-galvanic degradation 
The results of this study indicate that hydrides and GdFe particles in the bulk cause particle 
induced micro-galvanic degradation (PID). Oxide particles (Figure 5.8 d) were not detected 
as PID initiator after degradation. Hydrides and GdFe particles in the bulk were found on 
plateaus of remaining matrix material (Figure 5.27- Figure 5.32). These results reflect those 
of Cao et al. [34] who detected Y as rare earth rich particles on the top of volcano shaped 
degradation residues. They explained a formation of Mg(OH) around the particle, which 
prevents the attack of the surrounding surface. These findings cannot be applied to all 
particles for Cao et al. [34] and this study. Cao et al. [34] point out that only around 2% of 
the number of particles causes the surrounding degradation. As seen in Figure 5.31, an 
accumulation of hydrides does not form a typical plateau. Moreover, the particles are 
included inside a volcano shaped residue. This formation is in agreement with Kalb et al. 
[108] findings which showed Fe and Zr rich particles inside volcano shaped residues. In 
contrast to Cao et al. [34], Kalb et al. [108] argue that volcano shaped residues are formed 
as Mg(OH) directly around the particles. It may be the case therefore that an accumulation 
of several hydrides has a similar cathodic effect on degradation as pure Fe particles. The 
reason for this is not clear but it may be connected to an electrochemical potential difference 
of the particle – matrix system. Fe is known to have a high potential difference to Mg [91]. 
It is somewhat surprising that G2 showed strong particle induced micro-galvanic degradation 
for AR and 15_5 condition in contrast to G10 with no or less indication to plateau forming 
(Figure 5.23, Figure 5.25 and Figure 5.26). Peng et al. [40] demonstrated higher 
accumulation of Gd hydrides at grain boundaries and an influence of deformation and 
dislocation on the formation of reported hydrides. A similar finding was also reported by 
Vlček et al. [33], who reported accumulations of hydrides in deformed areas. It is therefore 
likely that such connections exist between hydrides and deformation, considering that G2 
has the highest grade of deformation, visible on higher twinning zone (Figure 5.2). Pu et al. 
[114] showed by AFM that the grain size in deformed area decreased from µm to nm range. 
These findings are not detectable in this study with optical microscope or SEM. Overall, 
these studies might be a possible explanation for the high amount of particle induced micro-
galvanic degradation in G2_AR and G2_15_5, suggesting that a link may exist between 
deformation and Gd induced micro-galvanic degradation. Further observations of the 
topographies etched for 150 s, may support the hypothesis that a removal of deformation 
zone lead to less particle induced micro-galvanic degradation. 
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6.3.2 Effect on homogeneity 
Despite an expected higher particle induced micro-galvanic degradation (PID), G2 shows a 
more homogenous material dissolution due to lower standard deviation of mean valley void 
volume (Vvv_dev) within the first 14 days compared to G5 and G10 (Figure 5.23). An 
implication of this is the possibility that the high amount of PID leads to a more homogenous 
distribution of particle induced micro-galvanic degradation compared to deep single pit 
forming. In reviewing the literature, no data was found on the association between micro-
galvanic degradation and homogeneity. According to the valley void volume (Vvv) results 
with including topography in Figure 5.28 - Figure 5.32, it is inferred that particle induced 
micro-galvanic degradation causes non-homogeneity of the sample surface in the case of 
G10 when etched for 150 s. The most interesting finding was that Vvv_dev of G10_AR is 
the lowest compared to other alloys up to day 14, followed by a strong increase in Vvv_dev 
afterwards (Figure 5.15). Figure 6.2 displays the correlation between removed surface and 
Vvv_dev of G10.  

 
Figure 6.2 Plotted material removal from surface treatments with the addition of the removed mean 
degradation depth after 3 days in comparison with mean Vvv and Vvv_dev before and after 3 days 
degradation of G10. 

The blue dots represent the mean value Vvv_initial before degradation, while the yellow dots 
show the mean value of Vvv_degradation of the same sample after three days degradation 
as a representative example. The Vvv_dev is higher for all surface treated samples after 
degradation compared to AR. As expected, the Vvv_dev is lowest for ground samples before 
degradation, due to the effect of flattening. After three days of degradation, a strong increase 
in Vvv_dev is calculated for ground samples. This indicates a non-uniform corrosive attack 
in contrast to AR and etched samples, despite less material removal compared to 150 s 
etching. A higher Vvv_dev after 150_5 occurred due to the formation of etching pits. Only 
Vvv_dev of 150_5 etching did not increase after degradation in contrast to the other surface 
conditions. The condition 150_10 showed a lower Vvv_dev before degradation due to less 
pits, which increased after degradation. A slightly attack occurred also for samples etched 
with 15_5. 
Some of the issues emerging from this finding relate specifically to material removal and 
particles. The AR condition may have a passivation layer on the surface. After etching 15_5, 
the passivation layer and the first µm of the deformation zone are removed, which does not 
affect the homogeneity strongly. With higher material removal particle induced micro-
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galvanic degradation occurred. It is assumed that with higher material removal, more 
hydrides and GdFe bulk particles are freed, which leads to single distributed particle induced 
micro-galvanic degradation and rises non-homogeneity. A scheme of microstructure and 
particle/impurity distribution is drawn in Figure 6.3. The oxides were neglected, because no 
oxides were found as particle induced micro-galvanic degradation initiator after degradation. 
Hydrides are suggested to be predominant in near-surface microstructure. A possible 
reason of higher Vvv_dev after degradation for the ground sample is that by grinding more 
hydrides are formed. Some studies [32,33,40] report the formation of hydrides, when the 
surface is deformed in aqueous solution. With an increase in hydrides, more initiations points 
for corrosive attack are formed, which worsen the degradation homogeneity.  

 
Figure 6.3 Drawing of the assumptions of particle distribution after the evaluation of the results in 
near-surface microstructure of all alloys.  

6.3.3 Effect on degradation rate and reproducibility  
This study found that Mg-2Gd (G2) had the highest R² of 0.95 or higher for all surface 
conditions, except of AR. This is explainable by the outlier on day 21 of AR, while other 
mean degradation depths are located in the near of the trend line. This explains the higher 
difference (-0.14) between the R² of 1-30 days (Δ30) subtracted with R² of 1-14 days (Δ14) 
(Table 6.1).  

Table 6.1 Overview of difference in R² for all alloys between the degradation rate 1-14 days and 1-30 
days.  

Condition AR_Δd Ground_Δd 150_5_Δd 

Alloy  

G2 -0.14 -0.01 0 
G5 0.09 0.07 -0.01 
G10 -0.07 0.08 -0.11 

 
The difference in R² is nearly zero, when compared with grinded and 150_5 etched 
conditions (Table 6.1). A value of R² = 0.98 for G2_AR is calculated, by removing the outlier 
from the evaluated data. In this case, the difference in R² amounts to 0.03, which showed 
that a high R² is determined for every degradation time and surface condition of G2 in 
comparison to Mg-5Gd (G5) and Mg-10Gd (G10). This result may be explained by keeping 
specific microstructure zones after degradation.  
Figure 6.4 shows an overview of removed material by surface treatment and degradation of 
the G2 material after 14 days degradation with corresponding mean value of valley void 
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volume (mean Vvv) and and standard deviation of mean Vvv (Vvv_dev). A high R² is 
achieved for all conditions after 14 days degradation. 

 
Figure 6.4 Plotted material removal from surface treatments with the addition of the removed mean 
degradation depth after 14 days in comparison with mean Vvv and Vvv_dev after 14 days degradation 
of G2.  

After 14 days degradation the deformation zone is assumed to be still present in AR and 
15_5 samples. Aung and Zhou [109] showed a faster material dissolution for twinned 
regions, with intergranular corrosion. Pu et al. [114] determine a microstructure in nm range 
inside the deformation layer in contrast to µm sized bulk microstructure. It can be suggested 
that each zone and bulk material has a different degradation kinetic, due to different 
microstructural features inside. When suggesting different degradation kinetics for different 
microstructural zones, each condition had the same near-surface microstructure from first 
to last day of degradation test for G2. It can thus be suggested that a high R² is enabled by 
the congruence of the near-surface microstructure during degradation. All conditions of G2 
have a comparable mean Vvv and Vvv_dev, which demonstrate a similar homogeneity for 
all conditions. In Figure 5.23 a and Figure 5.25 a similar particle induced micro-galvanic 
degradation behaviour was determined because of degrading within deformation zone. The 
morphology of 150_5 in Figure 5.24 a was not impaired by particle induced micro-galvanic 
degradation as strong as the other both conditions, but smaller pits were distributed 
homogenously, which can be explained less hydrides in twinning zone compared to 
deformation zone as suggested in Figure 6.3. Even if each microstructure zone has their 
own pit forming and distribution, in the case that the sample for each timestep have the same 
near-surface microstructure for all degradation days, a constant degradation over time is 
feasible, which may be a reason for high R² for all conditions. 
G5_AR has more deviations in Figure 5.13 a in comparison with G2, with a lower difference 
in R² between both time ranges. The lower difference arose from existing deviations within 
Δ14 and within Δ30 for G5, while G2 showed a R² of 0.95 within 14 days and a lower R² of 
0.81 within Δ30. Even if both alloys showed a similar R², G2 showed a more reproducible 
progress. G10 has the lowest R² with stronger deviations of measurement points after 
14 days degradation than before. The deformation zone is assumed to be still present after 
30 days degradation for all AR alloys when comparing the mean degradation depths in 
Figure 5.13 a with deformation zone values in Figure 5.2. This shows clearly, that a 
consistent near-surface microstructure alone does not guarantee highest R². Instead, more 
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influence factors have to be considered. The mean Vvv and Vvv_dev increased starting with 
day 14, due to strong particle induced micro-galvanic degradation, initiated by GdFe 
particles and hydrides from the bulk. There is no correlation between outliers in Figure 5.13 a 
and Figure 5.15. However, it is shown that the G10 samples of longer degradation days 
suffer from non-homogeneity and less alignment to the linear approximation.  
There is nearly no difference of R² for 150_5 etched G2 and G5, when comparing 14 days 
to 30 days degradation. This implies a sufficient prediction of degradation rate and reliability 
of the degradation process after 14 days. For this reason, it is possible to reduce the time of 
degradation testing and save material when the required reliability is given. All etching 
conditions on G10 lead to an increase in R² compared to AR and ground samples, even if 
15_5 did not show the highest R² as observed in G2 and G5 (Table 5.1). G10 showed in 
comparison to G2 and G5 a higher difference between Δ14 and Δ30. This discrepancy is 
attributed to a higher R² inside the range Δ14 and lower R² after 14 days. An increase in 
mean Vvv and Vvv_dev is shown in Figure 5.19 beginning with day 14, which originates 
from the enlargement of particle induced micro-galvanic degradations to deep and broad 
holes. 
Mean Vvv and Vvv_dev of G2_150_5 and G5_150_5 after 14 days degradation are more 
comparable with volume parameters before 14 days degradation. Here, smaller pits with 
more homogenous distribution are observed and especially particle induced micro-galvanic 
degradation formation was not as distinct as reported for AR samples after 14 days. Etching 
pits were still visible (Figure 5.24) on the samples after 14 degradation in particular for 150_5 
etched G5. The etching pits are identifiable by a typical roundish shape. As an example, 
etched and degraded samples after 7 days degradation of G5 are shown in Figure 6.5. It is 
clearly visible, that etching pits remain mainly after degradation. This could be an 
explanation in particular for the constancy of mean Vvv. Mean Vvv is increasing slightly with 
time with more degradation and remaining etching pits. It is assumed, that the surface 
around the etching pits is degraded firstly in most cases. This effect fades, when the material 
around the etching pit is removed. 

  
a b 

Figure 6.5 WLI topographies of G5 with corresponding peak-valley difference: a) etched (150_5), b) 
same sample etched 150_5 and 7 days degraded. 

Comparing 150 s in 5 mL (150_5) with 150 s in 10 mL (150_10) etching showed that mean 
pit number per area and standard deviation of 150_5 are higher (Figure 5.11) for all alloys. 
This indicates that the pit number varied strongly for 150_5 and the etching process itself is 
related to uncontrolled pit formation compared to 150_10. Contrary to expectations, the non-
reproducibility of etching pits for each sample surface did not affect the R². Instead, the 
uneven etching by 150_10, where more material is removed in the centre of sample for some 
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samples, might be a possible explanation for a lower R². By etching for 150_10 and a visible 
higher dissolution in the centre of the sample (Figure 6.6), deformation zone or twinning 
zone could remain on the outer part of the sample.  

 
 

Figure 6.6 Drawing of supposed microstructure changes after etching 150_10 and grinding in 
correlation to measured WLI topographies of G5. 

The reason for the higher removal in the centre is not clear. A possible reason may be a 
slower motion of the sample inside the etching solution, when etched with 10 mL solution 
due to less reactivity. Thus, a faster motion inside 5 mL could arise a more homogenous 
dissolution. This effect was not visible on all samples, but samples with higher Gd amount 
were stronger affected. Due to a lower degradation rate of G10 (Table 5.2), less reactivity is 
assumed in comparison with G2 and G5. A lower motion of the sample inside the etching 
solution, dependent on the reactivity of the material, is assumed higher material removal in 
the centre. R² of G10_150_10 is suggested to shift closer to 1 than G5_150_10, because of 
a higher number of equivalent samples for the degradation testing of G10_150_10 with 
similar near-surface microstructure (more material removal in the centre of the samples). 
This observation supports the hypothesis that a well-defined initial surface condition is 
important to achieve highest R². 
Ground G5 and G10 showed equal R² and also comparable differences in R² between both 
time ranges. In contrast to G2, where the twinning zone is assumed to exist for all ground 
samples, the standard deviation of material removal by grinding overlapped with the twinning 
zone standard deviation of G5 and G10. The near-surface microstructure is supposed to 
vary strongly for each sample. Grinding by hand affects the accuracy of material removal in 
a non-reproducible manner, which is especially visible on e.g. the standard deviation of 
removed material of ground G5 (Figure 5.6). The non-reproducible ground surface may be 
a reason for lower R², due to a strong variation in microstructure from sample to sample. 
Another source of uncertainty is the tilt of several ground samples. Grinding by hand leads 
to a surface tilt, where parts of deformation zone and twinning zone could still exist for one 
side of the sample (Figure 6.6). This would lead to different degradation kinetics on the 
sample surface. It may be the case therefore that these variations could be a reason for a 
non-uniform material removal. Despite a lower reproducibility of ground G5 compared to 
G10, the Vvv_dev of G5 is significantly lower than of G10. These results indicate that R² is 
barely sufficient to describe the overall degradation behaviour.  
It is obvious that the removal of Fe impurities is not the only influencing factor. On the other 
hand, as shown in some studies, a Fe amount over a tolerance limit will initiate severe 
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degradation [15,62]. The etching 15_5 proved that removing Fe lead to an increase in R² for 
all alloys, due to a retained near-surface microstructure and morphology equal to AR.  
It is suggested that the degradation rate of etched samples is more reliable due to higher 
R². The degradation rate of G2 and G5 is higher after etching in comparison to G10. This 
result corroborates the findings of a previous work of Hort et al. [31], where an addition of 
10 wt.% Gd led to lowest degradation rate, when tested as cast Mg-xGd (x=2, 5, 10, 15). 
The results of this study did not show any significant difference in degradation rate, which is 
varying between 0.21 – 0.29 µm/d for all alloys in AR and ground condition (Table 5.2). 
. These relationships may partly be explained by higher spreading of measurement points 
or AR and ground conditions. The linear fits are overlapping for all alloys, which in turn lead 
to similar slope and degradation rate. The reasons for scattering of mean degradation depths 
with lower R² are already explained before. 

6.4 Summary of influencing factors 
This study sets out the aim at assessing the importance of etching in relation to the 
degradation behaviour. It was found that an etching process can influence the microstructure 
and the morphology of the surface in a controllable and useful manner if the mechanisms 
behind are well understood. An overview of results is shown in Figure 6.7.  

 
Figure 6.7 Overwiew of all alloys and etching conditions and their influence on microstructure and 
morphology. 

In the current study, comparing different etching times and volumes showed that etching by 
15 s in 5 mL (15_5) solution does not change the near-surface microstructure. The 
deformation zone is still existing for all alloys after a material removal between 2 – 9 µm, 
depending on the Gd amount. With longer etching time, a similar material removal is 
achieved for etching in 150 s in 5 mL (150_5) and in 150 s in 10 mL (150_10) for all alloys.  
After 15_5 etching no pit forming and removal of cutting marks were determined, which 
proved no change in morphology. Etching for 150 s leads to pit formation for both volumes, 
while the pit forming inside 5 mL is more distinct. To avoid non-uniform pit distribution after 
etching a temperature increase should be suppressed by low etching times, low ratio of 
sample volume to etching volume or set-ups with temperature control. This is an issue for 
future research. 
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Hydrides are not dissolved in HAc. For this reason, hydrides are still located on the surface 
for each etching condition. The Fe surface contaminations are decreased on the direct 
surface for all alloys, due to a solubility of Fe in HAc. However, the amount of Fe in Mg-10 
Gd (G10) is higher compared to Mg-2Gd (G2) and Mg-5Gd (G5) for all etching methods. 
This indicates Fe impurities inside the bulk material of G10, which is a problem of alloying 
and raw material contamination and not of surface contamination. GdFe bulk particles 
revealed no influence on R². 
The results of this study show that with all etching conditions a linear degradation rate is 
achievable. A slightly higher linearity after etching with 15_5 leads to the assumptions that 
the microstructure and morphology change has a minor influence on the linearity of 
degradation rate.  
Severe particle induced micro-galvanic degradation was observed at day 14 in the case of 
G2 and G5 for AR and 15_5. The formed pits were spread more uniform over the complete 
sample, independent of the etching condition. Deeper and more non-uniform distributed pits 
in G10 led to worst homogeneity within the investigated alloys, especially for higher material 
removal. This study confirms that non-homogeneity is associated with the hydrides and 
GdFe bulk impurities. It has been not possible to correlate quantitatively an increasing 
number of hydrides with increasing Gd amount. However more hydride lines were apparent 
in the micrographs of cross-sections.  
These findings have important implications for developing etching procedures for several 
REE alloys, including REE hydrides or enrichments. This experiment did not detect any 
evidence for a correlation of linear degradation rate and homogeneity in particular for G10. 
This result suggests that it is not enough to calculate only degradation values to predict an 
entire degradation behaviour for Mg implants. Also homogeneity assessment has to be 
done. 

7 Conclusion 
From the results of this work seven main conclusions can be drawn: 

 HAc etching is an effective method to clean the surface from Fe impurities 
It is sufficient to remove the first 2 – 9 µm top surface in order to achieve this objective to 
clean the surface from Fe contaminations of the machining with Fe containing tools like used 
in a milling process. 

 A short etching time maintains the original near-surface microstructure and 
morphology 

The morphology after etching Mg-xGd alloys is dependent on the amount of Gd related to 
different microstructural features and particles/impurities. A short etching time is for example 
useful for complex implant geometries like screws and stents in order to maintain narrow 
geometrical tolerances. This is achievable by etching for 15 s only, when using 5 mL solution 
of 250 g/L in the same set up.  

 Higher R² is attained by all etching conditions  
The parameter R², being characteristic for a linear progression of the degradation process, 
is increased for all etching conditions compared to the as-received milled surface. The 
etching experiments performed confirmed the possibility of a constant degradation rate over 
time, which ensured a transferable and reproducible degradation behaviour. 

 Homogeneity of degradation can be meaningfully evaluated by valley void volume 
One aim of this work was to develop a time-efficient method capable of processing a large 
quantity of samples in order to reduce the total workload necessary. Prior to the gained 
results, it was difficult to make predictions about the uniformity of material dissolution over 
the entire surface. In this work a method was evaluated using the valley void volume “Vvv”, 
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determined by white light interferometry (WLI). Mean value (mean Vvv) and standard 
deviation (Vvv_dev) of 37 square positions on the surface were calculated to ascertain the 
distribution of surface damage taken. 

 Particle induced micro-galvanic degradation is initiated by hydrides and GdFe bulk 
particles and influence the homogeneity 

Particle induced micro-galvanic degradation for as-received and etched (15 s in 5 mL) 
condition decreased with increasing Gd amount within 14 days of degradation. Mg-2Gd 
showed a more homogenous material dissolution visible by lower Vvv_dev compared to Mg-
5Gd and Mg-10Gd, due to a more homogenous particle induced micro-galvanic degradation 
distribution overall the surface. By etching with 150 s in 5 mL and 150 s in 10 mL, particle 
induced micro-galvanic degradation is reduced for Mg-2Gd and Mg-5Gd because of 
removing deformed surface with expected higher amount of hydrides. Mg-10Gd showed the 
opposite degradation behaviour. The removal of material by etching worsens the 
homogeneity with increasing Vvv_dev by releasing instead more deteriorative 
accumulations of hydrides and GdFe bulk particles. For this case no homogenous 
degradation of Mg-10Gd was possible by etching.  

 Determination of both homogeneity and R² is important for implant predictions 
The mean Vvv and Vvv_dev results do not support recommendations to determine 
degradation rate only for predictions of Mg alloy implants live time. Even if the degradation 
rate appears constant, which assumes a uniform weight loss over time, the degradation itself 
can be non-homogenous, as especially shown for Mg-10Gd. The relevance of determination 
of homogeneity in addition to the degradation rate is clearly supported by the current 
findings.  

 Prediction of degradation characteristics is possible for HAc cleaning of hydride 
containing REE alloys 

The present research enables better prediction of the impact of particles, impurities and 
microstructure on the morphology after etching and non-homogeneity after degradation. The 
findings achieved from this study facilitate HAc etching as cleaning method for several REE 
alloys. The results will be of particular interest to REE alloys with determined REE rich 
hydride particles. 
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Appendix 
1. Definitions 

 Coefficient of determination R² = R² is a measure for the quality of the linear 
regression fit with respect to the experimental points. Highest accuracy is assigned 
with R² = 1, when all calculated values are equal to the observed ones. R² represents 
the fraction of variation [168] in mean degradation depth values, determined in the 
performed degradation test. 

 Hydrides = Gd enriched particles with rectangular shape. 
 Gd rich particles = Particles with higher amount of Gd e.g Gd hydrides with and 

without Si enrichments and GdFe bulk particles. 
 Vvv = Valley void volume of voids per unit area, which are calculated by integrating 

the volume between two heights x1 and x2 in the material ratio curve. In ISO 25178-
3 the heights are set by standard at x1 = 80 % material fraction and x2 = 100 % 
material fraction for Vvv. 

 Mean Vvv = The mean valley void volume calculated out of 37 squares with a size 
of 1 x 1 mm², which are cut out of the sample topography after degradation. The 
mean Vvv defines the severity of the degradation.  

 Vvv_dev = The standard deviation of 37 mean valley void volumes for one sample, 
which are cut out of sample topography after degradation. Vvv_dev defines if the 
sample is more or less homogenous degraded.  

 Homogeneity: Low Vvv_dev values, which indicate homogenous distribution of pit 
formation over the complete sample with similar pit volume and area for each part of 
the sample surface or no pit formation.  

 PID = Pit formation around a plateau or volcano shaped degradation residue 
including a particle inside or in near-centre region.  

2. Abbreviations 
15_5 Etching with 250 g/L HAc in 5 mL for 15 s 
150_5 Etching with 250 g/L HAc in 5 mL for 150 s 
150_10 Etching with 250 g/L HAc in 10 mL for 150 s 
A Surface area 
AAS Atomic absorption spectroscopy 
AFM Atomic force microscope 
Ag Silver 
Al Aluminium 
AM50 Mg-5Al-0.5>Mn 
AM60 Mg-6Al-0.5>Mn 
AR As-received 
AZ31 Mg-3Al-1Zn 
AZ31B Mg-3Al-1Zn extruded bar 
AZ31B-H24 Mg-3Al-1Zn sheet/plate medium strength 
BSE Backscattered electrons 
Ca Calcium 
CaCl2·2H2O Calcium chloride 
CCM Cell culture medium 
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Ce Cerium 
CH3COOH Acetic acid 
Cl Chloride 
CO2 Carbon dioxide 
Cu Copper 
DMEM Dulbecco′s Modified Eagle′s Medium 
D Degradation rate 
d(t) Mean degradation depth at time point t 
Dy Dysprosium 
DZ Deformation zone 
E Energy 
ECAP Equal channel angular pressing 
EDS Energy dispersive X-ray spectroscopy 
e.g. exempli gratia 
EIS Electrochemical impedance spectroscopy 
FBS Fetal bovine serum 
Fe Iron 
FSP Friction stir processing 
Gd Gadolinium 
G2 Mg-2Gd 
G5 Mg-5Gd 
G10 Mg-10Gd 
GdH2 Gadolinium hydride 
Gd2O3 Gadolinium(III) oxide 
H2 Hydrogen 
H2CO3 Carbonic acid 
H2O Water 
H3O+ Hydronium 
HAc Acetic acid 
HAp Hydroxyapatite 
hcp Hexagonal closed packed 
icorr Current density 
La Lathanum 
M Material removal 
m mass 
m/z Mass to charge ratio 
Mg Magnesium 
MgCO3 Magnesium carbonate 
Mg(CH3COO)2 Magnesium acetate 
MgCl2 Magnesium chloride 
MgH2 Magnesium hydride 
MgO Magnesium oxide 
Mg(OH)2 Magnesium hydroxide 
N Nitrogen 
NaCl Sodium chloride 
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NaHCO3 Sodium bicarbonate 
NaH2PO4·2H2O Sodium phosphate monobasic 
NaOH Sodium hydroxide 
NbN Niobium nitride 
Nd Neodymium 
Ni Nickel 
O Oxygen 
OES Optical emission spectrometry 
O2 Oxygen gas 
OH- Hydroxide ion 
OPS Oxide polishing suspension 
PID Particle induced micro-galvanic degradation 
PECVD Plasma enhanced chemical vapour deposition 
Pen Strep Penicillin and streptomycin 
PSD Power Spectral Density 
ρ Density 
R² Coefficient of determination 
REE Rare earth element 
S Sulphur 
s Seconds 
Sa Arithmetic mean of the height within a surface area 
SBF Simulated body fluid 
SE Secondary electron 
SEM Scanning electron microscopy 
SFE Stacking fault energy 
Si Silicon 
SiC Silicon carbide 
SIMS Secondary ion mass spectrometry 
Sr Strontium 
t Time 
T4 Solution heat treated and naturally aged 
Ti Titanium 
ToF-SIMS Time-of-flight secondary ion mass spectrometry 
TZ Twinning zone 
V Volume 
Vmc Core material volume 
Vmp Peak material volume 
Vv Void volume 
Vvv Valley void volume 
WE43 Mg-4Y-3RE 
WLI White light interferometry 
wt.% Weight percentage 
XPS X-ray photoelectron spectroscopy 
XRD X-ray diffraction 
Y Yttrium 
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ZEK100 Mg-1Zn-0.5>RE-0.5>Zr 
Zn Zinc 
Zr Zirconium 
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