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A B S T R A C T   

Controlling material degradation in complex mechanobiological environments is the current challenge in 
advancing biodegradable magnesium implants for orthopaedic applications. Understanding stress corrosion 
cracking (SCC) mechanisms of magnesium alloy-coating systems in physiological fluids facilitates the design of 
magnesium implants with excellent biomedical performance. In this study, we investigated the SCC behaviour of 
a medical grade PEO-coated magnesium alloy WE43 under different loading conditions. Constant loadings tests 
(CLT) and slow strain rate tests (SSRT) were conducted to evaluate the SCC susceptibility of this alloy-coating 
system under in vitro conditions. Fracture surfaces of the non-coated and PEO-coated specimens were charac-
terised by scanning electron microscopy to reveal the SCC mechanisms under different loading configurations. 
The experimental results showed that the alloy-coating system exhibits a high SCC resistance in SSRT conditions. 
However, high stress levels and plastic deformations lead to a significant acceleration of the SCC process. 
Moreover, the fracture surface analysis demonstrated that the brittle nature of the PEO coating deteriorates the 
mechanical integrity of the alloy under critical mechanical loadings, which results in an increased susceptibility 
towards stress corrosion cracking of the coated WE43.   

1. Introduction 

For developing innovative temporary metallic implants, biodegrad-
able magnesium alloys have been applied in next-generation orthopae-
dic implants [1–4], possessing excellent mechanical properties, good 
biocompatibility and biosafety. The inconsistent mechanical properties 
between bone tissues and conventional implant materials can lead to 
undesired stress-shielding effects, resulting in pathological changes in 
the surrounding healthy bone tissue [5]. Magnesium alloys considerably 
reduce stress-shielding risk due to their similar mechanical properties to 
native bone tissue [6,7]. Furthermore, magnesium implants can natu-
rally degrade in the human body and do not need to be removed in a 
second surgery. Recently, biocompatible coatings like plasma electro-
lytic oxidation have been successfully introduced to improve the 
corrosion resistance of orthopaedic implants significantly [8,9]. In this 
context, various studies have reported the positive effect of the PEO 
coating to enhance osseous integration and increase bone density at the 
implant interface [10,11]. 

Biodegradable orthopaedic implants, exposed to the aggressive 

physiological corrosion environment and considerable mechanical 
loadings, need to be designed to support the fractured bone throughout 
the entire healing process. The interactions of mechanochemical load-
ings can lead to a drastic loss of mechanical integrity due to stress 
corrosion cracking (SCC). Slow and sub-critical crack growths until final 
material failure in the SCC process are accompanied by a significant loss 
of ductility [12,13]. In general, the susceptibility of magnesium alloys 
towards SCC is related to the general corrosion resistance, the vulnera-
bility towards pitting corrosion, hydrogen embrittlement or anodic 
dissolution. Furthermore, SCC susceptibility strongly depends on the 
corrosion environment. High chloride concentrations have been re-
ported to lead to more pronounced pitting corrosion and facilitate 
hydrogen embrittlement [14]. Moreover, corrosion pits are identified as 
the main precursor of SCC initiation as they cause local stress concen-
trations [15,16]. Therefore, the alloy’s pit corrosion resistance plays an 
important role in the susceptibility towards SCC [17]. 

Recently, considerable research efforts have been devoted to linking 
the microstructure of magnesium alloys with the SCC behaviour. It is 
reported that aligned secondary phases serve as preferentially crack 
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propagation paths and thereby increase the SCC susceptibility of an 
Mg–Mn alloy [18]. Alloys with very or ultrafine grain (~ 1–2 μm) 
exhibit excellent mechanic properties and corrosion resistance 
[14,19,20]. Grain refinement (~ 3–8 μm) has been shown to increase the 
SCC resistance of ME21 and AZ31B alloy [21,22]. The improvement is 
attributed to the higher proportion of grain boundaries after refinement, 
which results in improved protection of the oxide film and high-density 
crystal defects that promote the passivation process. Furthermore, it is 
reported that a wider nanocrystalline layer in a compressive stress state 
in the near-surface region achieved by cryogenic cooling can signifi-
cantly improve the SCC resistance of an AZ31 alloy in SBF [23]. 

In addition to microstructural modification and optimisation, surface 
coatings are another powerful approach to tailor the corrosion behav-
iour of magnesium alloys. Nonetheless, the efficiency of the surface 
coatings to improve SCC resistance under mechano-chemical loadings is 
still an open issue, as the brittle nature of such coatings can also nega-
tively affect the mechanical integrity of the alloy-coating system. Due to 
its low fracture toughness, cracks easily initiate in coatings and propa-
gate into the substrate, inducing local stress concentrations and facili-
tating the initiation of SCC in alloy substrates. In-situ SSRT experiments 
in air have revealed that cracks initiate at thickened coating sites of the 
coating-substrate interface and subsequently propagate into the metallic 
substrate [24]. It was shown that thicker coatings facilitate crack initi-
ation [24]. Cracking of the PEO coating instead of corrosion pits was 
observed as the driving factor for SCC in slow strain rate tests (SSRT) of 
magnesium alloy AM50 in an unphysiological fluid [25]. The latest 
progress has been made in developing self-healing coatings to mend 
defects that occur due to the brittle nature of the coating. An LSP/MAO 
composite coating was found to significantly improve the SCC perfor-
mance of AZ80 alloy in SBF, which was attributed to the coating’s self- 
healing mechanism to form a dense passive film at emerging damaged 
spots between LSP and MAO layers during SSRT [26]. It is generally 
accepted that the innermost dense barrier layer determines the coating’s 
efficiency towards corrosion resistance. However, the correlation be-
tween these critical coating features and the SCC resistance has not been 
assessed quantitatively. 

To characterise the SCC behaviour of magnesium alloy-coating sys-
tem, the choice of corrosion media plays a critical role in in vitro ex-
periments [27–31] and relevant bioorganic components significantly 
affect corrosion [31–34]. However, using complex solutions involves 
certain limitations due to the fluid’s vulnerability to microbial devel-
opment and the high requirements of sterile experimental conditions. As 
a result, numerous studies of SCC experiments were performed in 
inorganic chloride solutions without accounting for the effects of 
organic compounds [18]. The risk of contamination by using organic 
fluids was emphasised by Chen et al. [35]. They assessed the influence of 
organic fluid compounds on the SCC susceptibility of an Mg–1Zn alloy 
in non-sterile conditions. It was confirmed that the inorganic-organic 
hybrid corrosion product film retards the crack initiation and in-
creases the SCC resistance. Moreover, the protein bovine serum albumin 
(BSA) was found to temporarily protect the aluminium-containing 
magnesium alloy AZ91D in a physiological solution, since initial sur-
face adsorption of the protein leads to the chelation of the protein with 
the corrosion product [36]. Therefore, it is crucial to investigate the SCC 
behaviour of magnesium alloy-coating systems in physiological organic 
solutions for a reliable design of biodegradable magnesium implants. 

Addressing the related critical issues in the application of complex 
organic fluids, we developed a test bench for performing in vitro 
corrosion experiments under mechanical loadings in sterile conditions. 
In this study, the designed experimental setup is used to evaluate the 
influence of a plasma-electrolytic (PEO) coating on the SCC suscepti-
bility of a rare-earth magnesium alloy WE43 with very fine grain sizes. 
WE43 magnesium alloy is considered as one of the most promising 
magnesium alloys for biodegradable orthopaedic implants and stents, 
due to its good biocompatibility, biosafety and corrosion resistance 
[11,37]. Furthermore, WE43 is alloyed with rare-earth elements and 

does not contain aluminium, which is linked to Alzheimer’s disease and 
cancer [38,39]. The used complex cell culture medium Dulbecco’s 
Modified Eagle’s Medium (DMEM) contains bio-relevant compounds, e. 
g., amino acids, glucose and vitamins. As shown in a previous study of 
our research group, the PEO coating provides long-term protection and 
efficiently preserves the mechanical integrity of WE43 in in vitro ex-
periments without mechanical loading [40]. In this work, we systemi-
cally studied the effect of external loadings on the SCC behaviour of the 
non-coated and PEO-coated WE43. To this end, the SCC susceptibility 
was evaluated by constant loading tests (CLT) with three different stress 
levels and slow strain rate tests (SSRT) with three different strain rates. 
In the CLT tests, the degradation of the material integrity was subse-
quently quantified by tensile tests. To reveal the SCC mechanism under 
different loading configurations, fracture surfaces of the non-coated and 
PEO-coated specimens were carefully analysed by scanning electron 
microscopy. 

2. Experimental setup for in vitro corrosion experiments 

The newly developed experimental setup enables corrosion experi-
ments under mechanical loadings in aseptic and temperature-regulated 
conditions. The specimen is mounted in its individual and enclosed 
corrosion cell that retains sterile conditions outside sterile laboratory 
devices. On this account, all parts can be sterilised and assembled inside 
a clean bench class 100 equipped with a HEPA-filter. The test setup is 
designed in a modular manner, and three specimens can be tested in 
series within an integrated test bench under mechanical loadings in the 
horizontal direction. The cell is composed of three main parts, as shown 
in Fig. 1: A glass bottle, a central transparent cube, and a lid. 

The cube is manufactured from solid acrylic glass, a translucent 
material enabling visual control of the pH indicator of the corrosion 
fluid. The radial seal shafts are designed to fit the shoulders of the 
specimen. The transparent cube is connected to a wide-neck bottle for 
providing a sufficient corrosion fluid volume. The lid of the cell allows 
gas exchange via filtering caps that are commonly used for cell culture 
flasks. After assembly of the corrosion cell in sterile conditions, the 
enclosed corrosion cell is integrated into the test bench. The test bench is 
controlled by FlexTest 60 (MTS Systems Corp., Minneapolis, USA) and 
equipped with a force transducer (Model 661.20F-03, MTS Systems 
Corp., Minneapolis, USA). A tempering unit provides constant temper-
ature of 37◦ ± 1 ◦C. Finally, a magnetic stirrer is placed underneath the 
glass bottle that gently stimulates the magnetic stirrer inside the fluid. 

3. Materials and methods 

3.1. Magnesium alloy and PEO coating 

Round tensile test specimens were manufactured from as-extruded 
WE43 magnesium alloy rods and provided by Medical Magnesium 
GmbH (Aachen, Germany). According to DIN 50125, tensile test speci-
mens were designed with a diameter of 4 mm to fit the dimensions of the 
corrosion cell for ensuring sealing functionality, as shown in Fig. 2. 
Table 1 shows the chemical composition of the alloy measured by 
inductively coupled plasma atomic emission spectroscopy (Varian 720- 
ES, Agilent Technologies, CA, USA). For the microstructural analysis, 
specimens were cut perpendicular to the direction of extrusion, mounted 
in epoxy resin, ground and polished, then etched with 2 % nital and 
sputtered with carbon. The PEO surface modification was conducted in a 
constantly cooled phosphate-based electrolyte at a regulated tempera-
ture between 20 ◦C and 34 ◦C with a bi-polarly pulsed rectifier set, and 
tensile specimens were constantly rotated for achieving a homogeneous 
coating thickness. Process parameters were chosen to generate a coating 
of 19 ± 5 μm thickness with interconnected and isolated pores of up to 
3–5 μm as shown in Fig. 3. A more detailed description and analysis of 
the generated coating is presented in [40]. 
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3.2. Corrosion medium 

650 mL of the cell culture medium Dulbecco’s Modified Eagle’s so-
lution (DMEM, L0101–500, Biowest, Nuaillé, France) supplemented 
with 5 mL Penicillin-Streptomycin (ThermoFisher Scientific Inc., Wal-
tham, MA, USA) and 5 mL Amphotericin B (ThermoFisher Scientific Inc., 
Waltham, MA, USA) was used for corrosion experiments. The chosen 
fluid volume considers the suggestions on the ratio between fluid vol-
ume and sample surface area. The composition of the DMEM is pre-
sented in [41] and its ionic concentration is compared to the ionic 
concentration of human blood plasma in Table 2. 

3.3. Constant loading test 

CLT tests were performed with stress levels below the material’s 
yield strength, which are 80 %, 60 %, and 40 % of the materials’ initial 
tensile strength Rm. In the CLT tests, the specimens were loaded by a 
controlled force. The target force was held constantly for the entire test 
period of either 1 day or 3 days to investigate the stress corrosion 
behaviour. We selected the stress corrosion period of 3 days for com-
parison with the experimental studies of biodegradable magnesium al-
loys in [42,43]. The shorter 1 day test period was motivated by the 
results of our previous study, which reveals the highest corrosion rate of 
WE43 alloy in immersion tests during the initial 24 h [40]. The target 
force was derived from the initial specimen diameter and the chosen 
stress levels. Hence, the engineering stress was considered in the ex-
periments. To consider statistical differences in substrate and coating 
properties, three specimens were tested for each specimen group and 
stress level. Subsequently, mechanical degradation during the CLT test 
was analysed by tensile tests. 

After mounting specimens into the corrosion cell in sterile condi-
tions, the cell was integrated into the test bench. The corrosion cell was 

Fig. 1. Corrosion cell mounted on a test bench inside a tempering unit for investigating the SCC behaviour of magnesium alloys under in vitro conditions.  

Fig. 2. Dimensions of tensile specimens used for in vitro experiments; Dimensions given in mm.  

Table 1 
Chemical composition of WE43 in wt%.  

Y Nd Zr Al Mn Fe Mg 

3.8 2.6 0.02 < 0.01 0.0025 0.0065 Bal.  
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topped up with test solution, and specimens were directly loaded. The 
target load was applied at a rate of 40 N/s. After the test period, spec-
imens were removed from the corrosion cell, rinsed with distilled water 
and ethanol, dried and tensile tested. 

3.4. Tensile tests 

Tensile tests were performed on a MTS Minibionix II testing machine 
(MTS Systems GmbH, Germany) at a displacement rate of 1 mm/min. 
The strain of specimens was measured by GOM Aramis SRX Adjustable 
(Carl Zeiss GOM Metrology GmbH, Germany). Experimental data was 
processed in MATLAB, and material properties were calculated ac-
cording to ISO 6892-1:2016. 

3.5. Slow strain rate test 

SSRT experiments were performed with three different strain rates, 
and three specimens were used for each strain rate. The specimens were 
continuously strained to failure, and the total tensile force on the 
specimens was measured by the force sensor of the tensile machine. The 
largest actuator speed of 5.2 μm/min corresponds to a strain rate of 1.1 
10− 6 s− 1 (referred to as v1) in the elastic regime. Additionally, tests were 
performed with slower speeds 1.7 μm/min (referred to as v2) and 1.0 
μm/min (referred to as v3) to assess the influence of the strain rate. As no 
extensometer was attached to the specimen’s gauge length in corrosion 
conditions, the strain in SSRT tests is calculated from the calibrated 
relation between the measured tensile strain and displacement in air. 
After testing, specimens were rinsed with distilled water and ethanol. 
For evaluating the SCC resistance of the alloy systems, the SCC suscep-
tibility indices IUTS and Iε were calculated for the tensile strength and the 
elongation-to-failure with respect to the uncoated WE43 specimens 
using [17]: 

IUTS =
(
UTSair − UTSfluid

)/
UTSair*100% (1)  

Iε =
(
εf − air − εf − fluid

)/
εf − air*100% (2)  

3.6. Scanning electron microscopy and transmission electron microscopy 

Scanning electron microscopy was used for fractography and 
microstructural analysis of etched WE43 using a FIB-SEM Zeiss Cross-
Beam 550. Samples for transmission electron microscopy (TEM) were 
prepared using argon ion-slicing with JEOL EM-09100IS Ion Slicer and 
observed with TEM (JOEL JEM-2100). 

4. Results and discussion 

4.1. Microstructure 

Fig. 4 shows the alpha magnesium matrix with intermetallic pre-
cipitates. The average grain size diameter measured using the intercept 
method is 2.7 μm. The precipitates are small, <0.1 μm in diameter, 
which makes the EDS analysis less accurate as the analysis volume is 
relatively large, but it can be regarded as an indicator. The small 
intermetallic precipitates in WE43 alloy are Mg-Y-Nd intermetallic 
phases, as confirmed by EDS analysis. The secondary Mg-Y-Nd pre-
cipitates are typically β (Mg14YNd2) and β1 (Mg3(Y,Nd)). 

4.2. Constant loading testing 

Fig. 5 shows the residual tensile strength determined by tensile tests 
after corrosion in DMEM for one or three days with three different stress 
levels: 40 %, 60 % and 80 % of the material’s initial tensile strength Rm. 
The material shows an excellent combination of high tensile strength 
and ductility in the extruded WE43 alloy with fine grain sizes. The al-
loy’s tensile strength of about 300 MPa is quite high in comparison with 
other comparable WE43 alloys tested in [17,43]. The initial tensile 
strength of the PEO-coated alloy is marginally lower (approx. 2 %), 
which can be attributed to either the small reduction in the diameter of 
substrate material due to the coating process or the brittle coating 
facilitating the formation of crack initiation sites. The SCC experiment 
results under constant loadings reveal a critical stress level of 0.8 Rm, 
leading to a high probability of specimen failure during the first 24 h in 
both uncoated and coated specimen groups. In both specimen groups, 
two out of three specimens failed. In experiments with stress levels 
below the critical value of 0.8 Rm, the residual tensile strength only 
decreased slightly independent of the stress level and loading duration. 
The reduction measured for the uncoated specimens was between 2.1 
and 3.4 %, whereas the reductions of the coated specimen groups were 
slightly smaller, accounting for values between 1.4 and 2.2 %. Inter-
estingly, the residual tensile strength of the specimens that did not fail in 
the CLT tests with the critical stress level of 0.8 Rm is comparable to the 
residual strength of the specimens after CLT tests with lower stress 
levels. A comparable minor decrease in the ultimate strength of about 3 

Fig. 3. BSE SEM image of the coating substrate interface (left). SEM image of the coating surface (right).  

Table 2 
Ionic concentrations in mmol/L.  

Ion Na+ K+ Mg2+ Ca2+ Cl− HCO−
3 HPO2−

4 SO2−
4 

Blood 
Plasma  

142  5  1.5  2.5  103  27  1  0.5 

DMEM  154  5.4  0.8  1.8  119  44  1  0.8  
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% after 3 days in CLT conditions in SBF was also observed by Wang et al. 
[43]. In their experiments, specimens were exposed to significantly 
smaller stress levels of up to 38 % of the initial material strength, and a 
minor decrease in material strength was reported independently of the 
stress level. A magnesium alloy ZK40–0.4Sr tested in m-SBF with a stress 
level of 0.08 Rm for 3 days showed a decrease in strength of about 5 %, 
while the tensile strength of the PEO-coated magnesium alloy did not 
change [42]. 

The fracture of the uncoated alloy is of ductile nature, as shown in 
Fig. 6a. In contrast, Fig. 6b shows the coated fracture surface with 
smooth and brittle fracture regions close to the circumference and 
ductile regions in the centre with dimple formation. The SEM fracture 
surface of the coated specimen indicates crack initiation sites inside the 

brittle coating. Fig. 6c and Fig. 6d reveal a large number of secondary 
cracks that propagate into the substrate material. This observation 
confirms the feature of crack initiation of PEO-coated alloys in air re-
ported in [24]. The initiation site has been linked to the irregular 
interface between coating and alloy substrate and preferentially occurs 
at thicker coating spots [44]. The brittle nature of the coating changes 
the overall fracture morphology. 

The fracture surface of an uncoated specimen that failed after 7 h 
loaded with the largest stress level of 0.8 Rm is shown in Fig. 7. Crack 
growth mechanisms of stress-assisted cracking are clearly identified in 
the fracture surface. After crack initiation, the crack slowly progresses 
and allows fluid to access the crack surfaces which in turn leads to 
additional material degradation caused by corrosion and hydrogen- 

Fig. 4. SEM image of etched WE43 alloy with marked grain boundaries (left), and TEM image of the magnesium alloy with EDS measurements (middle), and grain 
size distribution (right). 

Fig. 5. The residual tensile strength of non-coated (blue) and PEO-coated (red) WE43 specimens after constant loading tests with varying stress levels for 1 and 3 
days loading durations. 

J. Nachtsheim et al.                                                                                                                                                                                                                            



Surface & Coatings Technology 477 (2024) 130391

6

assisted mechanisms [45]. It is seen that the synergy between corrosion 
and crack propagation leads to a distinct circumferential region of stress 
corrosion cracking in the fracture surfaces (marked area A), which has 
been well reported for aluminium-free magnesium alloys [35,45,46]. 
For uncoated magnesium alloys, the size of this area has been related to 
the alloy’s SCC resistance. A thicker area indicates better SCC resistance 
as the material has been longer exposed to the external load inside the 
corrosion environment [20,45]. The fracture surface of a coated spec-
imen failing after 9.7 h in the test with a stress level of 0.8 Rm is shown in 
Fig. 8. Compared with the uncoated specimen, the area of stress corro-
sion cracking (area A) is smaller, implying that the coated specimen is 
more susceptible to SCC. Nevertheless, the residual yield strength after 

CLT tests (see Fig. 5) shows no differences in SCC susceptibility between 
coated and non-coated specimens. It is indicated that the coating not 
only turns the SCC failure mechanism of magnesium alloys but also 
crack growth rates at different stages of SCC. Furthermore, both fracture 
surfaces show brittle fracture patterns adjacent to the region of stress 
corrosion cracking, and the SEM images reveal oxidations inside this 
region, as shown in Fig. 7b and Fig. 8b. 

As illustrated in Fig. 9, the precursor event of SCC is corrosion pits 
that locally increase the stress concentration at an early experimental 
stage. In contrast, the PEO coating protects the underlying substrate 
from corrosion attack at this stage. Van Gaalen et al. [47] reported that 
the PEO coating on WE43 alloy not only significantly retards the 

Fig. 6. SEM image of the fracture surfaces of specimens tested in air: (a) Ductile fracture features of uncoated specimen. (b) A combination of ductile and brittle 
fracture features of coated specimen. (c) Crack initiation inside the coating in region c. (d) Higher magnification of a crack initiation side propagating from the 
coating into the substrate material. 

Fig. 7. SEM image of the fractured uncoated WE43 alloy in the 0.8 Rm CLT test: (a) Stress corrosion cracking in area A and brittle fracture features in area B with 
steep ridges. (b) BSE SEM image revealing oxidations and secondary cracks in areas A and B. (c) Detail of secondary cracks in the brittle fracture zone. 
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corrosion at the initial stage of immersion tests, but also leads to a much 
more homogeneous corrosion front with significantly less deep pits. 
Therefore, instead of corrosion pits, the crack initiation inside the brittle 
coating is the precursor event of PEO-coated WE43, which is only 
initiated at a critical stress level and delayed in comparison with the 
uncoated alloy. In the second stage, the crack will propagate into the 
substrate material as well as towards the outside [24]. Consequently, the 
crack will enable the permeation of the surrounding fluid to the sub-
strate material at an increased stress level, which leads to a faster crack 
growth compared to that in uncoated WE43. Concludingly, the PEO 

coating provides protection against SCC in its undamaged state, while 
the degradation of mechanical integrity of the brittle coating triggers 
deteriorative effects on the substrate magnesium alloy and accelerates 
crack growth. 

In this context, the experimental results of the residual strength after 
CLT tests reveal that the critical stress level of 0.8 Rm dramatically ac-
celerates the coupled corrosion and fracture process in both specimen 
groups. Moreover, the protective effects of the coating at the early stage 
of SCC are eliminated by the degradation of the mechanical integrity of 
the brittle coating under the applied CLT conditions. 

Fig. 8. SEM image of the fractured coated WE43 specimen in the 0.8 Rm CLT test: (a) Stress corrosion cracking inside a smaller area A and brittle fracture features in 
area B of smooth appearance. (b) BSE SEM image revealing oxidations and secondary cracks. (c) Detail showing a larger number of smaller secondary cracks. 

Fig. 9. Schematic of different SCC mechanisms between uncoated and PEO-coated magnesium alloys. Corrosion pits lead to SCC initiation in uncoated specimens at 
an early experimental stage, while crack formation inside brittle coating is the precursor event of PEO-coated WE43 for SCC. In the second stage, the crack will enable 
the permeation of the surrounding fluid to the substrate material under high stresses, which results in a faster crack growth compared to that in uncoated WE43. 
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Adjacent to area A, which encircles the specimens’ circumferences, 
an oxidised region can be identified by its darker appearance in the BSE 
SEM images (Fig. 7b and Fig. 8b). In both specimens, a significant 
number of secondary cracks are visible inside areas A and B. Moreover, 
area B shows V-shaped ridges or chevron markings, which is typical for 
brittle fractures and implies that the fracture mechanism changes be-
tween areas A and B. Following stress corrosion cracking in the 
circumferential region, a brittle fracture is initiated. In magnesium al-
loys, the appearance of such brittle fracture morphology in a stress 
corrosion environment is often associated with hydrogen embrittlement. 
One underlying mechanism is hydrogen ingress in the region around the 
crack tip, leading to increased hydrogen concentration in this area, 
which in turn results in embrittlement and facilitates crack propagation 
through this embrittled area. Furthermore, the source of hydrogen is of 
importance for hydrogen-assisted failures. In this context, the coating 
process increases the atomic hydrogen concentration of the underlying 
substrate material. Thereby, hydrogen-assisted mechanisms are fav-
oured as critical hydrogen concentrations for crack propagation are 
reached after shorter times. The initially higher hydrogen concentration 
of the PEO-coated specimens explains the smoother appearance of fan- 
shaped ridges as the crack follows an easy path. 

The side view of the failed specimens is shown in Fig. 10. In the 
uncoated specimen, a large number of secondary cracks are present that 
are aligned perpendicular to the loading direction, which is a common 
feature of SCC. In the coated specimen, coating damage is shown in 
terms of aligned microcracks and corrosion products formed on the 
surface of the coating. 

In general, the fracture surfaces of both specimen groups support the 
phenomenological description of CLT fractures suggested by Raja et al. 
[18], i.e., a precursor event occurs, the crack initiates and then grows. 
The crack growth is driven by a hydrogen-assisted mechanism and 
proceeds slowly at the initial stage. With increasing crack size, the local 
stress concentrations become sufficiently high, leading to faster crack 
propagation until final overloading. 

4.3. Slow strain rate testing 

Fig. 11 presents typical stress-strain curves of non-coated and PEO- 

coated WE43 alloy in the SSRT experiments in DMEM medium with 
three different strain rates (v1, v2, v3). The curves show that the failures 
occurred in the plastic deformation stage. The elongation-to-failure 
significantly decreased in DMEM which indicates that the non-coated 
and coated WE43 alloy suffered significant embrittlement in DMEM. 
For quantifying the SCC susceptibility of the two tested groups, the 
resultant sensitivity values of the tensile strength IUTS and the 
elongation-to-failure Iε are presented in Fig. 11. The SCC susceptibility 
index expresses the percentage loss of the property referred to the non- 
coated alloy tested in air, with higher values indicating higher SCC 
susceptibility. 

The uncoated WE43 alloy reveals an almost strain-rate independent 
decrease of 12 % in the ultimate tensile strength. In comparison with the 
results of other magnesium alloys in aggressive environments in Table 3, 
this IUTS value indicates very good SCC resistance of the WE43 alloy. In 
contrast, the elongation-to-failure is significantly decreased by the cor-
rosive environment. Iε is 56 % in the case of the strain rate v1 and takes 
values about 82 % for v2 and v3, indicating the effect of the decrease in 
strain rate on more pronounced material embrittlement. The coated 
specimen group shows similar results, but slightly larger values. How-
ever, only the coated specimens show a strain-rate dependent decrease 
in the material strength, especially in the case of the smallest strain rate 
v3. The slower strain rate allows more corrosion time for a higher degree 
of material embrittlement and therefore leads to a smaller elongation to 
failure. 

Uncoated (Fig. 12) and coated (Fig. 13) specimens show similar 
fracture characteristics observed in the failing specimens in CLT tests. 
The fracture surface of the uncoated specimen in Fig. 12a reveals a 
distinct area of stress corrosion cracking along its circumference with a 
larger number of crack initiation sites that are again marked as region A. 
The side view of the specimen is presented in Fig. 12d. It is shown that 
the surface is covered by corrosion products and contains a large number 
of cracks orientated perpendicular to the loading axis. Fig. 12e shows a 
typical crack in more detail, revealing corrosion products inside the 
crack, which clearly indicate stress corrosion cracking. Region A is 
adjacent by a region of steep radial fan-shaped ridges that are typical 
features for brittle fracture. A more detailed view of area B in Fig. 12b 
shows the corrosion-assisted cracking accompanied by a network of 

Fig. 10. SEM images of side-view of failed specimens in the 0.8 Rm CLT loading case: (a) Overview of uncoated specimen failing after 7 h showing aligned secondary 
cracks. (b) The coating surface with aligned secondary microcracks and corrosion products of the coated specimen failed after 9.7 h. 
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secondary cracks and oxidations along primary cracks. A mixed mode of 
transgranular and intergranular cracking can be identified, which is 
consistent with the reported embrittlement behaviour of rare-earth al-
loys with similar grain sizes [17,49,53]. The intergranular cracking can 
also be related to the electrochemical dissolution of the precipitates at 
the grain boundaries, which has also been observed in other studies as 
hydrogen-assisted embrittlement [17,53,54]. Final failure results from 
overloading as we observe dimple formation, as shown in Fig. 12c in 
more detail. During SSRT experiments, the exposure to high stress levels 
favours hydrogen-assisted mechanisms and thereby leads to brittle 
failure patterns. Furthermore, it is emphasised that the elongation-to- 
failures exceeds 10 %, which is very high in comparison to other re-
ported results [21,23,36,42,49,51,52,55], although the sensitivity index 
of the elongation to failure reveals a detrimental effect of the fluid. 

As shown in Fig. 13a, the area of stress corrosion cracking appears 
smaller in the coated specimen, as it has already been observed in CLT 
fracture surfaces. Such differences related to the SSC resistance have 
already been reported in the SSRT of an AZ80 alloy SSRT tested in SBF of 
various pH values. A thicker region of stress corrosion cracking was 
attributed to a better SCC resistance as the specimen had a longer time 
for crack propagation [20]. Therefore, the thicker area A of the uncoated 
alloy implies that the uncoated alloy has a better SCC resistance, which 
is also confirmed by the susceptibility values. 

Similar to the CLT results, protective/deteriorative effects of the 
brittle coating on the SCC behaviour of the substrate alloys were 
observed under SSRT conditions. However, the sensitivity values imply 
that the protective effect of the coating is lost at a much earlier exper-
imental stage, and its deteriorative impact is more dominant under SSRT 
conditions. This observation is also confirmed by the side view of the 
specimen in Fig. 14a and b. It is seen that a large number of aligned 
secondary cracks penetrate deeply into the substrate material. 
Compared to the coating damage observed in CLT tests (Fig. 10), the 
coating damage is much more severe in SSRT tests as deep secondary 
cracks and partly exfoliation can be identified on the coating surface. 
This extensive coating damage facilitates fluid permeation to the un-
derlying magnesium alloy and the initiation of SCC. Exfoliation of the 
coating is not observed in the specimens tested with the lowest strain 
rate, as shown in Fig. 14c. It might be attributed to the smallest overall 
elongation-to-failure in the case, which is not sufficiently large for 
exfoliation of the coating. 

5. Conclusions 

The present study has investigated the effect of PEO coating on the 
stress corrosion cracking behaviour of an as-extruded rare-earth mag-
nesium alloy WE43 under different loading conditions. To ensure the 
required sterile test conditions for applying physiological fluids with 
organic compounds, a new experimental setup was developed to enable 
corrosion experiments under mechanical loadings. For quantifying the 

Fig. 11. Typical stress-strain curves of non-coated (blue) and PEO-coated (red) WE43 alloy in the SSRT in DMEM medium with three different strain rates (left), and 
summary of SSRT susceptibility indices of tensile strength IUTS (centre) and elongation-to-failure Iε (right). 

Table 3 
Comparison of SCC susceptibility factors for different magnesium alloys.  

Alloy Fluid Strain 
Rate 

IUTS 

[%] 
Iε 
[%] 

Grain size 
[μm] 

Ref. 

WE43 DMEM 1.1 ×
10− 6 

12 56 2.7  

WE43 DMEM 3.6 ×
10− 7 

12 83 2.7  

WE43 DMEM 2.2 ×
10− 7 

12 81 2.7  

WE43 + PEO DMEM 1.1 ×
10− 6 

14 62 2.7  

WE43 + PEO DMEM 3.6 ×
10− 7 

15 85 2.7  

WE43 + PEO DMEM 2.2 ×
10− 7 

19 89 2.7  

AZ61 ASTM 
D1348 

1 ×
10− 6 

33 81 40 [48] 

AZ61 + PEO ASTM 
D1348 

1 ×
10− 6 

23.4 76 40 [48] 

WE43 DMEM 1 ×
10− 6 

20 32 13 [43] 

Mg-Zn-Zr 3.5 wt% 
NaCl 

1 ×
10− 6 

– 98 5 [49] 

ZX50 m-SBF 3.1 ×
10− 7 

27 82 4 [17] 

WZ21 m-SBF 3.1 ×
10− 7 

31 73 7 [17] 

WE43 m-SBF 3.1 ×
10− 7 

20 53 15 [17] 

AZ91D m-SBF 5 ×
10− 7 

25 37 – [50] 

Mg3Zn1Ca m-SBF 5 ×
10− 7 

42 45 – [50] 

AZ31 Hank’s 
solution 

1 ×
10− 7 

33 82 – [51] 

AZ31+ LSP* Hank’s 
solution 

1 ×
10− 7 

32 80 – [51] 

AZ31 + PC** Hank’s 
solution 

1 ×
10− 7 

33 81 – [51] 

AZ31 + LSP*/ 
PC** 

Hank’s 
solution 

1 ×
10− 7 

29 76 – [51] 

AZ31 SBF 3.5 ×
10− 6 

9 75 24.1 [23] 

AZ31 + CC*** SBF 3.5 ×
10− 6 

7 68 – [23] 

AZ31B HBSS 1 ×
10− 4 

53 63 – [52] 

AZ31B + 6 h 
aged 

HBSS 1 ×
10− 4 

53 61 – [52]  

* LSP = laser shock peening. 
** PC = phosphate conversion. 
*** CC = cryogenic cooling. 
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influence of loading conditions on the SCC behaviour, constant loading 
tests and slow strain rate tests were performed under in vitro conditions. 
Moreover, the fracture surfaces of specimens were systematically ana-
lysed using scanning electron microscopy to clarify the SCC mecha-
nisms. Based on the experimental results and discussions, the following 
conclusions can be drawn:  

1. CLT tests reveal a critical stress level of 0.8 Rm, leading to the high 
probability of specimen failure in uncoated and coated specimens.  

2. The residual mechanical strength of WE43 after CLT tests with stress 
levels below the critical value is insensitive to the applied stress level 
and loading duration (≤ 3 days). The reduction of the tensile strength 
after 3 days loaded with 0.6 Rm is 3.1 % and 2.2 % for uncoated and 
PEO-coated WE43, respectively. 

Fig. 12. SEM images of the uncoated specimen in SSRT with the strain rate v1. (a) Overall, the fracture surface reveals a thick and distinct area A of stress corrosion 
cracking and area B with steep ridges. (b) Higher magnification of detail b inside of the brittle region B shows secondary cracks and oxidised areas. (c) Higher 
magnified detail c with evidence of dimple formation inside the overload failure region. (d) Side view of fractured specimen shows a large number of aligned 
secondary cracks. (e) High magnification image reveals corrosion products inside the secondary crack. 

Fig. 13. SEM images of fracture surface of coated specimen in SSRT with the strain rate v1: (a) Overall fracture surface reveals a thinner distinct area A of stress 
corrosion cracking and the brittle fracture area B with crack coalescence. (b) BSE SEM image at higher magnification of detail b showing secondary cracks and 
oxidised areas. (c) Higher magnification of detail c with evidence of dimple formation inside the overload failure region. 
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3. Fracture surfaces of uncoated and coated specimens failed in CLT 
tests reveal distinct patterns of stress corrosion cracking: (1) a 
circumferential area of stress corrosion cracking; (2) a brittle fracture 
area with an oxidised region; (3) and a region of final overload 
failure. 

4. Fractographical analysis suggests that the coating protects the sub-
strate material only at the initial stage of corrosion under low 
stresses. The transition from the protective to a detrimental stage is 
triggered by crack formation inside the brittle coating, which enables 
the permeation of the surrounding fluid to the substrate material and 
leads to faster crack growth than uncoated WE43. 

5. Compared with the other magnesium alloys in aggressive environ-
ments, the uncoated and PEO-coated WE43 alloys show high SCC 
resistance in SSRT conditions. The resultant sensitivity factor IUTS of 
the uncoated specimen is 12 %, while it increases to 19 % in the 
coated specimens with decreasing strain rate.  

6. Both specimen groups suffer strain-rate dependent embrittlement in 
DMEM in SSRT. The elongation-to-failure is reduced in the uncoated 
specimen group by 56 % at 1.1 × 10− 6 s− 1 and by 81 % at 2.2 × 10− 7 

s− 1, and in the coated specimen group by 62 % at 1.1 × 10− 6 s− 1 and 
by 89 % at 2.2 × 10− 7 s− 1, respectively. In SSRT conditions, the 
deteriorative impact of the coating increases with decreasing strain 
rate, which results in a strain-rate dependent SCC susceptibility of 
the coated specimens. 
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