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A B S T R A C T   

Despite the great potential of Mg and its alloys as material for biodegradable implants, their low resistance to the 
simultaneous action of corrosion and mechanical stresses in the human body have hampered their use. Stress 
Corrosion Cracking has been reported as one of the most critical failure modes to overcome to allow such ma
terials to be clinically applied. Thus, in this paper we investigate the effect of Equal Channel Angular Pressing 
(ECAP) on the Stress Corrosion Cracking (SCC) susceptibility of the AZ31 Mg alloy. To do so, AZ31 alloy has been 
subjected to 1, 2 and 4 passes of ECAP, and the samples so obtained have then been tested by means Slow Strain 
Rate Tests (SSRTs) in Simulated Body Fluid (SBF) at 37 �C. Samples subjected to one pass of ECAP are shown to 
be less susceptible to SCC compared to the material in the as-received condition, while further ECAP processing 
(2 and 4 passes) are found to worsen the SCC susceptibility. To understand the different SCC susceptibilities 
shown by the differently ECAPed samples, microstructural analyses, potentiodynamic polarization curves, 
hydrogen evolution experiments and Scanning Electron Microscopy (SEM) analyses of the fracture surfaces were 
carried out. The improved corrosion resistance of the samples subjected to 1 pass of ECAP compared to the 
samples in the as received condition (due to a finer grain size) and to the samples subjected to 2 and 4 passes (due 
to a more favourable texture evolution) represents the reason of their reduced SCC susceptibility.   

1. Introduction 

In the past years, the amount of people undergoing surgical pro
cedures involving the implantation of medical devices is continuously 
growing (Ginebra et al., 2006). In particular, orthopaedic surgery is the 
most important, with the associated healthcare system costs estimated to 
increase by 26% in 2030 compared to 2019 in Europe (share.iofbone
health). The materials currently used in orthopaedic surgery are per
manent metallic materials, such as stainless steel, titanium, and 
cobalt-chromium alloys (Chen and Thouas, 2015). In particular, these 
inert materials are used as load-bearing implants for replacement of 
diseased or damaged tissues (Hanawa, 2010; Albrektsson et al., 1981; 
Rossi et al., 2014). However, two main disadvantages are linked to the 
implementation of these materials. Firstly, the great difference in elastic 
modulus of these materials compared to that of human bone results in 
the occurrence of the stress-shielding phenomenon. This is a 

consequence of stress distribution changes between the bone and the 
implant (Bauer and Schils, 1999; Dujovne et al., 1993; Engh and Bobyn, 
1988; Kerner et al., 1999; Sumner and Galante, 1992; Turner et al., 
1997; Van Rietbergen et al., 1993): bones adapt to the reduced stress 
field according to the Wolff’s law (Wolff, 1986), resulting in the bone 
either becoming more porous (internal remodelling) or thinner (external 
remodelling), leading to a higher risk of implant failure. Secondly, after 
the bone has healed, permanent metals must be removed from the body 
by using a secondary surgical intervention since they can lead to 
long-term complications, such as local inflammations due to the po
tential release of cytotoxic ions as a consequence of corrosion or wear 
processes (Pound, 2014a, 2014b; Jacobs et al., 1998, 2003; Beech et al., 
2006). To solve these drawbacks, biodegradable materials like magne
sium and iron alloys have been proposed in medical science as a novel 
class of highly bioactive materials. That is, these materials are supposed 
to temporarily aid the healing process of a diseased tissue or organ and 
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then they can progressively disappear by virtue of body fluids corrosion 
after a certain length of functional use, leading to simultaneous implant 
replacement through the surrounding tissue (Peron et al., 2017). Mag
nesium is one of the most promising candidates for biodegradable ap
plications due to its excellent bio-compatibilities with human 
physiology and the best mechanical compatibility with human bone 
(Singh Raman et al., 2015). Its low density and elastic modulus best 
mimic the properties of natural bones, reducing the risk of the stress 
shielding phenomenon (Peron et al., 2017). Moreover, Mg is the fourth 
most abundant element in the human body (it is recommended that an 
adult receives 240–420 mg daily and any excess can be harmlessly 
excreted in the urine (Staiger et al., 2006)). Finally, it is essential for the 
metabolism in many biological mechanisms, being a cofactor for many 
enzymes (H€anzi et al., 2009), and Mg2þ ions resulting from the degra
dation process are reported to aid the healing and growth of tissue. 
However, the greatest limitation of Mg consists of its fast corrosion rate, 
especially in human body fluid containing chloride, giving rise to 
immature drop in mechanical integrity of the device before accom
plishing its defined mission (Song, 2007). Over and above corrosion 
rate, critical hydrogen gas bubbles and alkalization resulting from 
corrosion of Mg in body fluid are also other problematic subjects in fast 
corrosion-rate processes, leading to accumulation of evolved hydrogen 
bubbles in gas pockets next to the implant and consequently, causing 
necrosis of tissues. However, if the corrosion rate of Mg implant can be 
suitably controlled, hydrogen evolution will not be rapid enough to 
cause critical subcutaneous bubbles, and the alkalization effect could be 
easily balanced by metabolic mechanisms in the human body. A further 
challenging issue to be faced concerns the fact that the implant must 
possess adequate resistance to cracking under the simultaneous action of 
the corrosive human body fluid and the mechanical loading character
istics of the human body. Corrosion-assisted cracking phenomena, such 
as stress corrosion cracking (SCC) and corrosion fatigue (CF), were in 
fact reported to cause the failure of several traditional implants (Teoh, 
2000; Akahori et al., 2000; Jafari et al., 2015; Antunes and de Oliveira, 
2012). In particular, SCC is particularly dangerous because it leads to a 
sudden and catastrophic fast failure under mechanical loading condi
tions otherwise considered to be safe, and magnesium and its alloys have 
been reported to be susceptible to it in simulated physiological condi
tions (Jafari et al., 2017, 2018; Kannan and Raman, 2008). Therefore, it 
is important to develop Mg-based implants that confer a combination of 
strength and corrosion resistance in human body fluid without causing 
corrosion-assisted cracking phenomena. However, most studies have 
focused on improving the electrochemical properties of Mg and its al
loys, whereas the literature on improving their resistance to 
corrosion-assisted cracking phenomena is very limited. In fact, while 
different procedures have been applied in the recent years to improve 
their corrosion resistance, from alloying to surface modification tech
niques, only few of them have been assessed regarding their effects on 
the susceptibility to corrosion-assisted cracking phenomena. Mohajernia 
et al. (2018) reported that hydroxyapatite coating containing 
multi-walled carbon nanotubes reduced the corrosion current density of 
AZ31 alloy of three order of magnitude. In addition, they reported the 
elongation to failure of AZ31 samples subjected to slow strain rate tests 
(SSRT) in simulated body fluid (SBF) at 37 �C to be increased about 70% 
with the application of the coating. These results agree with those ob
tained by Chen et al. (2018). They coated Mg-4Zn-0.6Zr-0.4Sr with a 
composite coating consisting of a poly (lactic-co-glycolic acid) (PLGA) 
superimposed to a micro-arc oxidation (MAO) layer and they reported 
this composite coating to increase the elongation to failure of the bare 
alloy subjected to SSRT in modified simulated body fluid (m-SBF) at 37 
�C from 5% to 11%. Again, the corrosion rate was reduced of three order 
of magnitude. However, when repetitive loadings are applied, the 
presence of coatings might result to be detrimental for the fatigue life of 
the implants due to the formation of cracks in the coating (due to elastic 
modulus mismatch) that act as stress concentrators and also due to the 
generally higher surface roughness of the coated samples compared to 

the polished uncoated counterparts (Gao et al., 2015). Alternatively, 
alloying has been reported as a valuable solution to improve the 
corrosion resistance of Mg and the effect of different alloying elements 
on the corrosion-assisted cracking phenomena. For instance, Kannan 
et al. (Bobby Kannan et al., 2008), compared the SCC susceptibility of 
three different rare earth (RE)-containing alloys, namely ZE41, QE22 
and EV31A, with that of AZ80 alloy. They suggested that rare-earth el
ements in magnesium alloys can improve the SCC resistance signifi
cantly, being EV31A alloy the most resistant to SCC compared to the 
other alloy. The beneficial effect of RE was found also by Choudhary 
et al. (2014). According to their findings, a lower SCC susceptibility was 
observed for RE-containing alloys, i.e. WZ21 and WE43 compared to 
Mg-Zn-Ca alloy (ZX50). However, some RE elements were reported to be 
toxic for the human body (Rim et al., 2013), and in general alloying may 
introduce elements that lead to adverse biological reactions. In recent 
years, mechanical processing inducing severe plastic deformation (SPD) 
have been investigated as an alternative to alloying and coating tech
niques. Again, broad attention was given to the effect of SPD techniques 
on the corrosion properties, whereas very few on the SCC susceptibility. 
Machining has been studied as method to reduce the corrosion rate. In 
particular, cryogenic machining has attracted researcher’s attention on 
its effect on the corrosion behaviour of Mg alloys. Bertolini et al. re
ported dry machined AZ31 samples to be characterized by an hydrogen 
evolution rate twice that of the cryogenic machined counterparts (Ber
tolini et al., 2017). In addition, Peron et al. (2020) reported the elon
gation to failure of AZ31 samples subjected to slow strain rate tests 
(SSRT) in simulated body fluid (SBF) at 37 �C to be increased only about 
30% with the cryogenic machining. These improvements were associ
ated with the formation of a nano-crystalline and compressed surface 
layer. However, once the nano-crystalline surface layer dissolves, the 
machining induced corrosion resistance disappears. Recently, Equal 
Channel Angular Pressing (ECAP) has been proved to induce a very fine 
and homogeneous microstructure throughout all the samples. Broad 
attention was given to the effects of ECAP on the corrosion properties, 
whereas very few on the SCC susceptibility. Dealing with the corrosion 
behavior, the effects of ECAP still remain uncertain. In fact, some re
searchers reported that ultrafine-grained Mg alloy produced by ECAP 
deteriorated the corrosion resistance (Song et al., 2019; Kutniy et al., 
2009; Witecka et al., 2016), whereas other works observed improved 
performances after ECAP (Wang et al., 2008; Linderov et al., 2017; 
Min�arik et al., 2017). This work aims thus to provide further insight into 
the effects of ECAP on the corrosion resistance. One, two and four passes 
of ECAP have thus been applied on AZ31 alloy and the corrosion 
behaviour has been assessed. To this aim, both potentiodynamic polar
ization curves and hydrogen evolution tests were used. The as-received 
material has also been tested as reference. In addition, for the first time 
to the best of the authors’ knowledge, the effect of ECAP on the SCC 
susceptibility has been investigated. Slow strain rate tests (SSRT) at a 
strain rate of 3.5⋅10� 6 s� 1 have been carried out on one, two and four 
ECAPed AZ31 samples. The samples were immersed for the whole 
duration of the tests in SBF at 37 �C. Fracture surfaces were analyzed by 
means of scanning electron microscopy (SEM) to provide a better un
derstanding of the different failure mechanisms shown by the different 
ECAP-treated samples. 

2. Materials and methods 

2.1. Material and ECAP processing 

In this study, ECAP was performed on AZ31 magnesium alloy. The 
commercially available bars (Dynamic Metals Ltd, Bedfordshire, UK) 
were machined into square billets with 19.7 mm side and 100 mm 
length. ECAP pressing was conducted through a die with an internal 
angle (Φ) of 90� between the vertical and the horizontal channels and a 
curvature angle (ψ) of 20� (Fig. 1). 

The ECAP temperature was set as 250 �C to avoid the formation of 
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extensive cracking that otherwise would have formed due to a lack of 
adequate ductility (Ge et al., 2013). The die was homogeneously heated 
by 4 electrical resistance heaters placed along the vertical channel and at 
the intersection point of the channels. The temperature was monitored 
throughout the process using a thermocouple inserted in the die in the 
proximity of the sample. Repetitive pressings of the same sample were 
performed up to a maximum of 4 passes by rotating in the same direction 
the sample along their longitudinal axis by 90� before each new pass 
(route Bc according to established designation given in the literature 
(Segal, 1999). The billets were pressed into the ECAP die with a speed of 
1 mm/min using molybdenum disulphide (MoS2) as lubricant. The 
tensile testing machine used for this operation was an MTS 311 
(1000kN) (MTS, MN, USA). 

2.2. Microstructural observation 

Microstructural characterizations were performed on the as-received 
alloy and the ECAP processed billets. Samples were cut along their 
longitudinal cross-section, polished up to mirror finishing surface with 
silica colloidal suspension and, finally, etched using a solution of 10 ml 
H2O, 10 ml acetic acid, 80 ml ethanol and 4.2 g picric acid. The 
microstructure was analyzed using a Leica DMRETM Optical Microscope 
(Leica microsystems, Wetzlar, Germany). 

2.3. Mechanical characterization 

The mechanical properties were characterized by means of uniaxial 
tensile tests and Vickers hardness measurements. The tensile tests were 
conducted on dogbone cylindrical samples having the gauge length of 
20 mm and the diameter of 4 mm. The specimens were machined from 
the billets parallel to the ECAP direction. Each specimen was pulled to 
failure using an Instron 5969 testing machine (MA, USA) with a 50 kN 
load cell to obtain the load–displacement curves of the fabricated sam
ples. A strain rate of 3.5⋅10� 6 s� 1 was used to conduct tensile tests under 

strain control mode. The reported results are averaged over three tests. 
The Vickers hardness tests were conducted on the plane perpendicular to 
the ECAP direction in accordance with ASTM E92 standard (ASTM E92, 
2017). The surfaces of the sections were ground and mechanically pol
ished to a mirror-like finish with silica colloidal suspension. The hard
ness tests were carried out at ambient temperature using a load of 100 g 
and a holding time of 15 s. The values of Vickers hardness (HV) were 
recorded using a Struers Duramin-A300 hardness tester equipped with a 
Vickers diamond indenter. An average over at least seven separate 
measurements taken at randomly selected points was used to measure 
the mean values of HV. 

2.4. Corrosion performance evaluation 

The corrosion performances of the as-received and of the ECAPed 
AZ31 alloy were measured by means of potentiodynamic polarization 
curves and hydrogen evolution experiments. In order to perform the 
former, small parallelepipeds with a thickness of 2 mm and a square face 
of 16 mm side were manufactured from the as-received bars and from 
the billets subjected to one, two and four passes of ECAP. The samples 
obtained this way were first polished with 2000 and then with 4000 grit 
silicon carbide papers and then cleaned with acetone and ethanol for 
five minutes in ultrasonic bath prior to testing. To perform the hydrogen 
evolution tests, the as-received bars and the billets subjected to one, two 
and four passes of ECAP were machined into small cubes with a 10 mm 
side, respectively. Again, prior to testing, the cubes were first polished 
with 2000 and then with 4000 grit silicon carbide papers and then 
cleaned with acetone and ethanol for five minutes in ultrasonic bath. 

2.4.1. Potentiodynamic polarization curves 
Potentiodynamic polarization tests were carried out on a Gamry 

Interface 1000 potentiostat (Gamry Instruments, PA, USA) in order to 
compare the effects of the ECAP process on the corrosion resistance. 
Samples obtained from the as-received material and from the billets 
subjected to one, two and four passes of ECAP were tested. The elec
trochemical tests used three-electrode equipment with the as-received 
or the ECAPed samples as a working electrode, a Hg/Hg2SO4 electrode 
as a reference electrode, and a platinum plate electrode as a counter 
electrode. The samples were immersed in SBF solution (composition 
reported in Table 1). The temperature was set to 37 � 1 �C to reproduce 
human body conditions. The potentiodynamic polarization curves were 
obtained applying a potential from �2 V with respect to the open circuit 
potential (OCP), obtained after a stabilization period of 30 min. The scan 
rate of the potentiodynamic polarization test was 0.5 mV/s. The area of 
the samples exposed to SBF was 1 cm2 and corrosion current density 
were determined using the Tafel extrapolation method, according to the 
ASTM G5-14 standard (ASTM G5 - 14). The tests were repeated three 
times for each condition. 

2.4.2. Hydrogen evolution tests 
The corrosion of one mole Mg leads to the evolution of one mole of 

Fig. 1. Schematic illustration of die configuration for ECAP processing.  

Table 1 
Reagents and their quantities for preparation of 
1000 ml of the SBF solution according to Kokubo 
and Takadama (2006).  

Reagents Amount 

NaCl 8.035 g 
NaHCO3 0.355 g 
KCl 0.225 g 
K2HPO4⋅3H2O 0.231 g 
MgCl2⋅6H2O 0.311 g 
1.0M-HCl 39 ml 
CaCl2 0.292 g 
Na2SO4 0.072 g 
Tris 6.118 g  
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hydrogen gas. This allows the measurement of Mg’s corrosion rate 
through the collection of evolving hydrogen gas bubbles. Hence, 
hydrogen evolution tests were used to assess the effects of the ECAP 
process for improving corrosion resistance. The samples described in 
Section 2.4. were obtained from the as-received material and from the 
billets subjected to one, two and four passes of ECAP and were immersed 
individually in SBF at 37 �C for 96 h. From each sample, the hydrogen 
bubbles were collected in a burette (Fig. 2), according to an established 
protocol published elsewhere (Song et al., 2013). 

2.5. Stress corrosion cracking (SCC) susceptibility 

Slow strain rate tests are a common technique used for studying the 
combined effect of stress and corrosion/degradation process on the 
mechanical properties of a material, and they have been used in this 
work to investigate the effect of ECAP on the SCC susceptibility. The 
SSRT experiments were carried out on the as-received and ECAPed dog- 
bone samples described in Section 2.3. at a strain rate of 3.5⋅10� 6 s� 1 in 
SBF solution at body temperature (37 � 1 �C). The strain rate value was 
chosen according to Bobby Kannan et al. (2008) to render the AZ31 alloy 
susceptible to SCC. A schematic representation of the experimental 
set-up is shown in Fig. 3. The sample was immersed for the whole 
duration of the test and the SBF solution was constantly changed by a 
pumping system. The SBF solution container was immersed in a water 
bath, which’s temperature was constantly monitored with a thermom
eter. When the temperature was below its set value, a commercial 
resistance heating element placed inside the water bath automatically 
turned on until the desired temperature was reached again. In addition, 
while carrying out the SSRTs, the area of the specimen exposed to SBF 
was restricted to its gauge length using Teflon tapes wrapping the rest of 
the specimen, thus maintaining a constant area of exposure to the cor
rosive solution as well as avoiding the possibility of galvanic effects with 
other components of the testing set-up. For sake of comparability, the 

results obtained from the mechanical characterizations (Section 2.3.) 
were used as reference in air. 

The gauge length of the specimens were polished up to 4000 grit 
silicon carbide papers and then cleaned with ethanol prior to testing as 
suggested in other works (Jafari et al., 2017, 2018; Choudhary and 
Raman, 2011). SSRTs were repeated three times for reproducibility. 

In order to quantify the AZ31 SCC sensitivity, the susceptibility 
indices IUTS and IƐ were calculated according to Eq. (1) and Eq. (2) 
(Choudhary et al., 2014): 

IUTS¼
UTSair � UTSSBF

UTSair
(1)  

and 

Iε¼
εair � εSBF

εair
(2)  

where UTS is the Ultimate Tensile Strength and ε the elongation at 
failure, both evaluated during tests conducted in SBF solution and air. 
When the value of the susceptibility index approaches zero, the material 
is considered to be highly resistant to SCC, namely the greater the index 
the greater the susceptibility to SCC. 

2.6. Fractography 

The specimen fracture surfaces of the samples tested in air and in SBF 
were observed by means of a FEI Quanta 450 Scanning Electron Mi
croscope (Thermo Fisher Scientific Inc., USA). Prior to fractographic 
evaluations, the samples tested in the corrosive environment were 
cleaned from the corrosion products by immersion for one minute in a 
solution prepared using 50 g chromium trioxide (CrO3), 2.5 g silver 
nitrate (AgNO3) and 5 g barium nitrate (Ba(NO3)2) in 250 ml distilled 
water, as suggested elsewhere (Thirumalaikumarasamy et al., 2014). 
Both the samples tested in air and in SBF were washed with distilled 
water and finally ultrasonically cleaned in acetone for 10 min before the 
fractographic evaluations. 

Fig. 2. Schematic illustration of the set-up for the measurement of the evolved 
hydrogen volume. 

Fig. 3. Schematic representation of the SSRT set-up.  
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3. Results 

3.1. Microstructural observation 

Fig. 4 presents optical microstructures of the as-received material (a) 
and those of the material ECAPed by 1 pass (b), 2 passes (c) and 4 passes 
(d). Their equivalent diameter distributions determined by means of an 
image analysis software (Leica Application Software v.3.8, Leica 
Microsystems, Wetzlar, Germany) are reported in Fig. 5 and in Table 2. 

The as-received material exhibits large grains (Fig. 4a) with a broad 
grain size distribution (Fig. 4a) and an average grain diameter of 27.5 
μm; moreover, the microstructure is characterized by almost equiaxed 
grains. After 1 pass, the material displays a heterogeneous microstruc
ture (Fig. 4b) so-called “bimodal” grain structure (Xia et al., 2005) 
consisting of coarse grains, that are reported to be the un-recrystallized 
grains from the initial state (Gzyl et al., 2014), surrounded by colonies of 
very fine grains, nucleated along the grain and twin boundaries through 
dynamic recrystallization (DRX) (Figueiredo and Langdon, 2010). For 
this process condition, the average grain diameter decreases to 8.3 μm. 
In addition, the broad roundness distribution (Fig. 6b) reveals that the 
grains are significantly distorted and elongated due to the plastic shear 
deformation after 1 pass. On the contrary, the microstructure of the 
material after 2 passes significantly changes and now comprises a uni
form grain structure with fine equiaxed grains and an average diameter 
of 6.8 μm (Fig. 5c). The grain structure after 4 passes is almost equiva
lent to the material after 2 passes: the average grain size is still 6.5 μm 
(Fig. 5d) but the grain roundness distribution is narrower and more 
peaked close to the unit (Fig. 6d). Therefore, even if processing the 
material by 4 ECAP passes at 250 �C do not induce a further grain 
refinement of the alloy due to the grain nucleation stimulated by high 
temperature during strain accumulation (Bryła et al., 2012), it produces 
a totally recrystallized and equiaxed microstructure. 

3.2. Mechanical characterization 

In Table 3, the Vickers hardness of the as-received and the 1, 2 and 4 

ECAPed passed material is presented. 
The Vickers hardness value of AZ31 alloy slightly increases after 1 

pass of ECAP, but 2 passes of ECAP leads to its reduction towards a value 
comparable to the as-received condition. Further ECAPing leads to a 
further reduction of the Vickers hardness. 

The engineering stress-strain curves of the as-received and the 1, 2 
and 4 passes ECAPed specimens are presented in Fig. 7. In addition, 
Table 4 compares the yield strength (σy), the UTS and the elongation at 
failure obtained from the curves in Fig. 7. 

The data demonstrated that both the yield and ultimate tensile 
strength and the elongation to failure increases after 1 pass of ECAP. 
However, further ECAP passes lead to a continuous decrease in the yield 
strength whereas to a continuous increase in ductility (the elongation to 
failure after 4 passes of ECAP is more than 3 times higher than the 
elongation to failure of the as-received material). 

3.3. Corrosion performance evaluation 

3.3.1. Potentiodynamic polarization curves 
The potentiodynamic polarization curves of the AZ31 cylindrical 

samples in SBF plotted on a semi-logarithmic scale are shown in Fig. 8. 
The related kinetic and thermodynamic corrosion electrochemical 
characteristics are reported in Table 5. The effect of ECAP on the 
corrosion resistance is of complex nature. One pass of ECAP leads to a 
reduced corrosion current density, and thus to an improved corrosion 
resistance since the corrosion current density is directly related to the 
corrosion rate, whereas further ECAP passes are found to worsen the 
corrosion resistance. It is worth to note that the corrosion current den
sity of 2 and 4 ECAPed AZ31 alloy is even worse than that of the as- 
received material. 

3.3.2. Hydrogen evolution tests 
The results from the hydrogen evolution tests are reported in Fig. 9. 
The results from the hydrogen evolution tests agree with those ob

tained from potentiodynamic polarization curves. 1 pass of ECAP leads 
to a reduction in the amount of hydrogen evolved compared to the as- 

Fig. 4. Micrograph of AZ31 alloy at the (a) as-received condition and after (b) 1 pass, (c) 2 passes and (d) 4 passes of ECAP; note the different scale bar in (a).  
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received material. However, 2 passes of ECAP lead to a deterioration in 
the corrosion resistance since the hydrogen evolved from the AZ31 alloy 
treated with 2 passes of ECAP is slightly higher than that of the as- 
received counterpart. Furthermore, further ECAP processing (4 passes) 
leads to a further increase of the amount of hydrogen evolved. 

3.4. Stress corrosion cracking susceptibility 

Fig. 10 shows the engineering stress-strain curve of the as-received 
material (a) and that of the material ECAPed by 1 pass (b), 2 passes 
(c) and 4 passes (d) tested in SBF. For sake of comparison, the corre
sponding engineering stress-strain curves of the materials tested in air 
are reported. Finally, Fig. 10e shows the comparison of the samples 
tested in SBF. 

In addition, Table 6 compares the UTS and the elongation to failure 
values obtained from the curves in Fig. 10. 

From the considerably reduced elongation at failure it can be seen 
that the alloy suffered embrittlement in SBF regardless the adoption of 
ECAP treatments. It is however worth noting that the introduction of 
ECAP processing led to an increased elongation at fracture. 

To quantify the SCC susceptibility of the as-received and ECAPed 
material, the IUTS and IƐ indices were evaluated and are reported in 
Fig. 11. 

The SCC indexes reveals that after one pass of ECAP, the SCC sus
ceptibility of the alloy was highly reduced, i.e. by 67% and 47% for IUTS 

and the IƐ, respectively. However further ECAP treatments led to a 
worsening of the SCC indexes. In fact, IUTS increased from 4.8% for 1 
pass of ECAP to 8.2% and 19.3% for 2 and 4 passes, respectively, while IƐ 
increased from 28.9% to 58.1% and 68.2% for 2 and 4 passes, respec
tively. This suggests that the lowest SCC susceptibility indexes were 
obtained for the material treated with 1 pass of ECAP, that also leads to 
the highest UTS and elongation to failure when tested in SBF. 

3.5. Fractography 

3.5.1. Samples tested in air 
The fracture surfaces of the samples tested in air are reported in 

Fig. 12, and in particular the fractographies of the samples in the as- 
received condition are reported in Fig. 12a and e, while those of the 
ECAPed samples are reported in Fig. 12b and f, Fig. 12c and g and 
Figs. 12d and h for 1, 2 and 4 passes of ECAP, respectively. 

From the SEM pictures it can be seen that in the alloy in the as- 
received condition a predominant feature of the fracture surfaces is 
the occurrence of cleavage. This agrees with the reduced ductility shown 
by the mechanical tests in Fig. 7 (red curve). After one pass of ECAP the 
fracture morphologies show a mixed fracture mode of ductile-brittle 
type with the typical combination of dimples and cleavage planes. 
This change in fracture morphology reveals an enhanced ductility, 
which is confirmed by the mechanical tests (green curve in Fig. 7). 
Further ECAP processing leads to the transition from the mixed ductile- 

Fig. 5. Equivalent diameter distribution of AZ31 alloy at the (a) as-received condition and after (b) 1 pass, (c) 2 passes and (d) 4 passes of ECAP.  
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brittle fracture mode experienced by 1 pass ECAPed samples to the 
ductile markedly ductile fracture behavior of 2 and 4 passes ECAPed 
samples (Fig. 12c and g and Fig. 12d and h, respectively). 

3.5.2. Samples tested in SBF 
The fracture surfaces of the samples tested in SBF are reported in 

Fig. 13, and in particular the fractographies of the samples in the as- 
received condition are reported in Fig. 13a and e, while those of the 
ECAPed samples are reported in Fig. 13b and f, Fig. 13c and g and 
Figs. 13d and h for 1, 2 and 4 passes of ECAP, respectively. 

Fig. 6. Grain roundness distribution of AZ31 alloy at the (a) as-received condition and after (b) 1 pass, (c) 2 passes and (d) 4 passes of ECAP.  

Table 2 
Equivalent diameter and roundness from Figs. 5 and 6.   

As-received ECAP 

1 pass 2 passes 4 passes 

Equivalent Diameter 27.5 � 13.4 8.3 � 5.2 6.8 � 2.8 6.5 � 3.1 
Roundness 1.7 � 0.3 1.9 � 0.6 1.5 � 0.3 1.4 � 0.2  

Table 3 
Vickers hardness of the as-received and of the material ECAPed by 1 pass, 2 
passes and 4 passes.   

As-received ECAP 

1 pass 2 passes 4 passes 

HV 65.1 � 5.1 69.2 � 4.1 65.6 � 5.7 57.9 � 1.9  Fig. 7. Engineering stress-strain curves of as-received AZ31 alloy (red) and 
ECAPed by 1 pass (green), 2 passes (blue) and 4 passes (fuchsia). 

Table 4 
Mechanical properties from Fig. 7.   

As-received ECAP 

1 pass 2 passes 4 passes 

σy (MPa) 97.7 � 4.8 122.7 � 5.3 109.5 � 4.1 86.0 � 3.7 
UTS (MPa) 212.9 � 5.6 229.1 � 4.3 228.8 � 2.5 227.2 � 3.2 
εf (%) 14.2 � 1.9 22.8 � 1.0 36.0 � 0.7 46.8 � 1.3  
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The surface fracture appearance of the samples tested in SBF are 
characterized by transgranular and intergranular cracks. The sample in 
the as-received condition shows a combination of the two crack typol
ogies, while the sample subjected to 1 pass of ECAP shows a predomi
nance of intergranular cracking. However, further increasing the 
number of ECAP passes are shown to change the failure mode from 
intergranular fracture of samples subjected to 1 pass of ECAP to a pre
dominance of transgranular fracture of the samples subjected to 4 passes 
of ECAP. 

In addition, the tilted views of the gauge section are reported in 

Fig. 14. A small number of secondary cracks were shown by the sample 
in the as-received condition (Fig. 14a). The effect of one pass of ECAP is 
shown to reduce the number of cracks, that were also less deep than in 
the as-received material (Fig. 14b). However, denser and deeper sec
ondary cracks were evident in the samples subjected to 2 passes of ECAP 
(Fig. 14c), and even more visible in the samples subjected to 4 passes of 
ECAP, where corrosion pits are evident (Fig. 14d). 

4. Discussion 

Mg and its alloys have been widely studied as materials for tempo
rary applications such as stents and bone fixators. However, their use 
has been hampered by their high corrosion rate and by their high sus
ceptibility to corrosion-assisted-cracking phenomena such as SCC and 
CF. The corrosion rate of Mg and its alloys is widely known to be 
influenced by several parameters, such as surface roughness, grain size, 
crystallographic orientation of the grains, residual stresses and electro
lyte composition (op’t Hoog et al., 2008; Bagherifard et al., 2018). In 
particular, the reduction of grain size has been extensively studied as an 
approach to reduce the corrosion rate due to the increased stability of 
the oxide layer associated with fine grains. In this perspective, several 
processing techniques have been investigated and ECAP has been 
proved to be an effective way to reduce the grain size. However, the data 
regarding the effect of ECAP on corrosion of Mg and its alloys are con
tradicting. In fact, while on the one hand ECAP improves the corrosion 
resistance due to the reduced grain size, on the other hand it decreases 
the corrosion resistance orienting the basal planes towards the shearing 
directions (Pu et al., 2012). Moreover, to the best of the authors’ 
knowledge, the effect of ECAP on the SCC susceptibility has never been 
investigated before. Therefore, in the present study, 1, 2 and 4 passes of 
ECAP were applied to an AZ31 alloy with the aim to evaluate their effect 
on the SCC susceptibility. Furthermore, microstructural analyses, me
chanical characterizations, potentiodynamic polarization curves, 
hydrogen evolution experiments and Scanning Electron Microscopy 
(SEM) analyses of the fracture surfaces were carried out in order to 
relate the observed SCC susceptibilities to the corrosion behavior and 
consequently to the microstructure and crystallographic orientation of 
the grains. 

Fig. 8. Potentiodynamic polarization curves for the as-received and ECAPed AZ31 samples in SBF solution at 37 �C.  

Table 5 
Electrochemical corrosion data extrapolated from Fig. 8.   

As-received ECAP 

1 pass 2 passes 4 passes 

Ecorr (V) � 1.83 �
0.018 

� 1.84 �
0.015 

� 1.90 �
0.025 

� 1.86 �
0.013 

icorr (μA/ 
cm2) 

215.6 � 4.1 83.5 � 10.6 286.5 � 8.7 349.1 � 13.8  

Fig. 9. Hydrogen evolved from the as-received and ECAPed AZ31 alloy.  
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Dealing with the SCC susceptibility, from the experimental results 
(Figs. 10 and 11) it can be seen that the application of one pass of ECAP 
has been proved to yield higher resistance to SCC in SBF compared to the 
material in the as-received conditions. The susceptibility indices IUTS 
and IƐ of samples subjected to one pass of ECAP were in fact decreased 
up to approximately 67% and 47%, respectively, indicating a strength
ened response to the combined application of mechanical load and 
corrosive environment. However, further ECAP processing led to an 

Fig. 10. Engineering stress-strain curves of as-received AZ31 alloy (a) and ECAPed by 1 pass (b), 2 passes (c) and 4 passes (d) tested in SBF. For sake of comparison, 
the corresponding Engineering stress-strain curves of the samples tested in air are also reported; in Fig. 10e the results of the samples tested in SBF are compared. 

Table 6 
Mechanical properties of the as-received material and of the material ECAPed 
tested in SBF.   

As-received ECAP 

1 pass 2 passes 4 passes 

UTS (MPa) 181.6 � 8.2 218.0 � 3.9 210.0 � 5.4 183.3 � 6.1 
εf (%) 6.5 � 1.6 16.2 � 1.1 15.1 � 2.1 14.9 � 1.7  

Fig. 11. SCC susceptibility indexes for as-received material and for the ECA
Ped material. 
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increased susceptibility to SCC, that, in the case of the samples subjected 
to 4 passes of ECAP, resulted to be even higher than the SCC suscepti
bility of the as-received material. These results can be linked to the 
different corrosion behavior of the material subject to different ECAP 
treatments. 

SCC of Mg alloys is widely attributed to the combination of two 
mechanisms, namely the anodic dissolution and cleavage-like fracture 
due to hydrogen embrittlement (Winzer et al., 2005). The rupture of the 
protective Mg(OH)2 film due to the anodic dissolution or due to 

mechanical loads allows the hydrogen evolved from the corrosion pro
cess to enter into the matrix and to embrittle the material, leading to a 
premature fracture (Jafari et al., 2015). Pitting is reported as main 
precursor for the initiation of SCC cracks (Stampella et al., 1984; Raja 
and Padekar, 2013). The lower the tendency of a material to be sub
jected to pitting and to localized corrosion, the lower the corrosion rate 
and hence the SCC susceptibility. The increased resistance to pitting 
(Fig. 14) and to corrosion (Figs. 8 and 9) of samples subjected to 1 pass of 
ECAP reduced the SCC susceptibility of this material. The improved 

Fig. 12. Fracture surfaces of the as received material (a and e) and of the material ECAPed by 1 pass (b and f), 2 passes (c and g) and 4 passes (d and h) tested in air.  
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corrosion behavior can be linked to the reduced grain size compared to 
the as-received material (Fig. 5). In fact, after 1 pass of ECAP, the grain 
size was reduced from 27.5 to 8.3 μm as a consequence of dynamic 
recrystallization (DRX), where the nucleation of new fine grains occurs 
along the grain and twin boundaries during strain accumulation (Fig
ueiredo and Langdon, 2010). These results agree with those obtained by 
Minarik et al. (Min�arik et al., 2017) that reported the reduction of almost 
15% in the corrosion rate after 12 passes of ECAP to be a consequence of 
the decrease in the grain size from 21 μm to 1.7 μm. This reduction in 

grain size hinders the corrosion due to three mechanisms. Firstly, the 
grain boundary acts as a physical corrosion barrier; smaller grain sizes 
yield an increased number of grain boundaries and hence a reduced 
corrosion rate (Aung and Zhou, 2010). Secondly, the geometrical mis
matches between the MgO layer and the metallic substrate arising when 
the oxide forms causes tensile stresses in the oxide, thereby increasing its 
propensity for cracking. A fine-grained microstructure is known to 
relieve these stresses (Birbilis et al., 2010). This leads to a reduced de
gree of oxide cracking that provides a better surface coverage and hence 

Fig. 13. Fracture surfaces of the as received material (a and e) and of the material ECAPed by 1 pass (b and f), 2 passes (c and g) and 4 passes (d and h) tested in SBF.  

M. Peron et al.                                                                                                                                                                                                                                  



Journal of the Mechanical Behavior of Biomedical Materials 106 (2020) 103724

12

an increased corrosion resistance (Orlov et al., 2011). Thirdly, the pos
itive effect of small grain sizes on corrosion resistance can be attributed 
to the rapid formation of passivation oxide films at grain boundaries, 
which provides nucleation sites for passivating oxide films and the 
higher interfacial adherence of the passive film (MgO) at grain bound
aries compared with the bulk (Birbilis et al., 2010; Ralston et al., 2010) 
that provide a barrier to the corrosive fluid. 

However, the results concerning the corrosion performances of the 
samples obtained with 2 and 4 passes of ECAP (Figs. 8 and 9) are in 
contrast with what just stated. In fact, although the grain size is 
decreased, the corrosion resistance gets worse and becomes even lower 
than that of the as-received samples for the samples subjected to 4 passes 
of ECAP. The deterioration of the corrosion resistance despite the 
decrease of the grain size has been reported also elsewhere (Shahar 
et al., 2017; Song et al., 2011; Gu et al., 2011) and can be explained with 
the texture evolution within the material. ECAP is reported to modify the 
texture of the material due to the heavy shear strains imposed. The 
critical resolved shear stress (CRSS) for basal plane slip is 100 times 
lower than that for non-basal plane slip (Mukai et al., 2001). The basal 
plane hence rearranges to the shearing direction, which is inclined by 
45� with respect to the “extrusion” direction. However, the basal plane is 
reported to be more corrosion resistance than the non-basal planes due 
to its high atomic density (Song, 2012). The activation energy required 
for the dissolution of an atom from a crystal is proportional to the atomic 
packing density of the crystallographic plane. As more and more basal 
planes will be rearranged at 45� from the “extrusion” direction with 
increasing number of ECAP passes, the corrosion resistance is reduced 
(Figs. 8 and 9) and the susceptibility to pitting is increased (Fig. 14), thus 
leading to enhanced SCC susceptibility (Fig. 11). In addition, the 
arrangement of the basal planes along with the shearing direction (ori
ented at 45� to the stress axis) is of major importance from a mechanical 
point of view. Basal planes are in fact in positions favourable for basal 
slip, inducing an increased ductility with an increase of the number of 
passes (Fig. 7 and Table 3) (Gzyl et al., 2015; Kim and Jeong, 2005). This 
affect also the strength of the material. Dealing with the yield strength, 
the reduction in grain size led to an increment by 30%. However further 
ECAP passes reduced the yield strength although the grain size remained 

approximately constant. We hypothesize that this is due to the texture 
evolution occurring after 2 and 4 ECAP passes, that, rotating the basal 
planes towards the shearing direction, reduced the strength necessary to 
activate the basal slip systems. This is in agreement with previous work 
(Agnew et al., 2004). The texture softening was also hypothesized to be 
responsible of the results regarding the UTS (Fig. 7 and Table 4). In fact, 
after 1 pass of ECAP, the UTS is shown to be almost independent on the 
number of passes, slightly decreasing. A similar behaviour was observed 
by Gopi et al. (2017). In their work, an AM90 alloy was subjected up to 4 
passes of ECAP. Although the grain size constantly decreased, the UTS 
was found to be maximum after 2 passes, and to decrease with further 
ECAP processing. They related this decrease in strength to the texture 
softening, in accordance with Shi et al. (Shi et al., 2019) and Hassani 
et al. (2011). Similarly, the effect of ECAP on the hardness measure
ments can also be related to the orientation of basal slip systems. In fact, 
although the Hall-Petch equation would suggest an increase in hardness 
as the number of passes increases as a consequence of the reduced grain 
size, the results reported in Table 3 shows that the hardness increases 
after 1 pass of ECAP, while it decreases after 2 and 4 passes. These results 
are in agreement with those reported by Muralidhar et al. (2013), where 
the hardness of an AZ31 alloy was found to decrease after 2 passes 
despite the reduction in grain size. This is due to the effect of the texture 
evolution during the ECAP process that becomes predominant over the 
grain reduction. Since the basal grains that are characterized by a higher 
hardness than that their non-basal counterparts (Sahoo et al., 2015), the 
arrangement of the basal planes towards the shearing direction are thus 
responsible for the drop in hardness. 

5. Conclusion 

In this study, the effect of ECAP processing on the stress corrosion 
cracking (SCC) susceptibility of the AZ31 Mg alloy was assessed. SSRTs 
at a strain rate of 3.5⋅10� 6 s� 1 were carried out in SBF at 37 �C. In 
addition, potentiodynamic polarization tests, hydrogen evolution tests, 
a mechanical characterization of the treated and un-treated alloy by 
means of tensile tests and hardness measurements and fracture surfaces 
analyses were carried out to explain the different observed SCC 

Fig. 14. SEM fractographies of the gauge section of the as received material (a) and of the material ECAPed by 1 pass (b), 2 passes (c) and 4 passes (d) tested in SBF.  
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susceptibilities in terms of microstructure and crystallographic orien
tation of the grains. 

The main findings can be summarized as follows:  

� Samples subjected to 1 pass of ECAP are characterized by the lowest 
susceptibility in SBF at body temperature (IUTS and the IƐ were found 
to be 4.8% and 28.9%, respectively). Further ECAP processing (2 and 
4 passes) are reported to deteriorate the SCC susceptibility (IUTS and 
the IƐ were found to be 8.2% and 58.1% and 19.3% and 68.2% for 2 
and 4 passes, respectively). Their SCC susceptibility becomes higher 
than that of the material in the as-received condition (IUTS and the IƐ 
were found to be 14.7% and 54.2%, respectively).  
� The improved corrosion resistance after one pass of ECAP (icorr is 

almost three times lower than that obtained for the as-received 
material and the evolved hydrogen is reduced of almost 20%) was 
held responsible of the enhancement in the SCC susceptibility. This 
was related to the reduced grain size that allows both a faster for
mation of the passivating surface oxide and a better surface coverage 
provided by this oxide layer as a consequence of a reduced degree of 
oxide cracking.  
� The crystallographic orientation was hypothesized the cause of the 

deterioration in the SCC after 2 and 4 passes of ECAP. The alignments 
of basal planes with the shearing direction as a consequence of ECAP 
can in fact explain the detrimental effects on the corrosion resistance 
shown by the potentiodynamic polarization curves (icorr increases 
from 83.5 μA/cm2 for 1 pass of ECAP to 286.5 and to 349.1 μA/cm2 

for 2 and 4 passes of ECAP, respectively) and by the hydrogen evo
lution tests (the hydrogen evolved from the as-received material 
increases by 7% and 39% for 2 and 4 passes of ECAP, respectively). 
Further evidences of the alignments of basal planes with the shearing 
direction are the results of the mechanical tests and of the hardness 
measurements. 

It can be concluded that the ECAP process is an effective method to 
decrease the AZ31 sensitivity to SCC due to the great grain refinement 
that can be obtained. However, when the texture evolution becomes 
predominant over the grain refinement effect, ECAP processing results 
become detrimental to SCC susceptibility. 
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