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Abstract: The effect of equal channel angular pressing (ECAP) on the microstructure, texture, 
mechanical properties, and corrosion resistance of the alloys Mg-6.0%Ag and Mg-10.0%Gd was 
studied. It was shown that ECAP leads to grain refinement of the alloys down to the average grain 
size of 2–3 μm and 1–2 μm, respectively. In addition, in both alloys the precipitation of fine 
particles of phases Mg54Ag17 and Mg5Gd with sizes of ~500–600 and ~400–500 nm and a volume 
fraction of ~9% and ~8.6%, respectively, was observed. In the case of the alloy Mg-6.0%Ag, despite 
a significant grain refinement, a drop in the strength characteristics and a nearly twofold increase 
in ductility (up to ~30%) was found. This behavior is associated with the formation of a sharp 
inclined basal texture. For alloy Mg-10.0%Gd, both ductility and strength were enhanced, which 
can be associated with the combined effect of significant grain refinement and an increased 
probability of prismatic and basal glide. ECAP was also shown to cause a substantial rise of the 
biodegradation rate of both alloys and an increase in pitting corrosion. The latter effect is 
attributed to an increase in the dislocation density induced by ECAP and the occurrence of 
micro-galvanic corrosion at the matrix/particle interfaces. 

Keywords: biomedical materials; magnesium alloys; equal-channel angular pressing (ECAP); 
microstructure; X-ray diffraction (XRD); texture; mechanical properties; biodegradation 
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1. Introduction 

The combination of good biocompatibility and acceptable mechanical properties made 
magnesium alloys one of the most popular groups of materials for bioresorbable implants [1–7]. In 
recent years, research has been increasingly directed towards the development of magnesium alloys 
for medical applications. Along with good biocompatibility, these alloys often have additional 
functional properties. These properties, in combination with a suitable degradation rate, result from 
a smart selection of alloying elements. For example, it is possible to create an alloy with 
antibacterial activity. A medical prosthesis or implant made from such an alloy can reduce a risk of 
wound infection in the postoperative period due to gradual release of metal ions in combination 
with temporal pH changes inhibiting the growth of bacteria during the degradation of the 
implanted device. A good example are alloys of the Mg-Zn-Sn system. Not only do they possess 
good biocompatibility, but they also inhibit the growth of bacteria due to alkalization of the 
medium during degradation and the concomitant release of Mg, Sn, and Zn ions [8,9]. Gao et al. 
[10] showed that alloying magnesium with a small amount of Sr and Ga (up to 0.1 wt.%) effectively 
suppresses the activity of Gram-positive and Gram-negative bacteria (Staphylococcus aureus, 
Staphylococcus epidermidis, Escherichia coli), mainly due to the release of Ga3+ ions. Magnesium 
alloyed with silver also shows similar properties [11–14]. 

Another important area of research concerns medical magnesium alloys with an antitumor 
effect. Currently, development of drugs with systemic cytostatic activity for treatment of cancer 
patients is a truly topical area of medicine. Despite that, surgery is still one of the most used 
treatments. In this case, there usually is a need for partial replacement of the affected area with an 
artificial product. Examples include resection of bone affected by osteosarcoma or excision of a part 
of the esophagus. Due to their biodegradability, magnesium alloys are promising candidates for 
such applications. An emerging area of application of Mg alloys is oncology. Indeed, 
biodegradability potentially enables deployment of implants made from magnesium alloys as a 
platform for targeted delivery of gradually released cytostatic agents that suppress the growth and 
vitality of tumor cells in the area of neoplasm formation. Recent studies of medicinal magnesium 
alloys have been aimed at developing alloy compositions that would allow for inhibiting the vital 
activity of cancer cells, while not exerting a detrimental effect on normal cells. Thus, Wang et al. [15] 
showed that a Mg-Zn-Y-Nd alloy has a greater cytotoxicity to esophageal cancer cells than 317L 
stainless steel, which is frequently used in the production of stents. Studies carried out on giant cell 
tumors of bone incubated with samples of zoledronic acid-loaded magnesium-strontium alloys also 
demonstrated the advantages of this approach [16]. It was shown in [17] that the appropriate 
degradation of even pure magnesium leads to the inhibition of the growth of the MG63 
osteosarcoma cell line, while the addition of Ag and Y enhances this effect. Studies carried out on 
the U2OS cancer cell line showed the effectiveness of the additions of Zn [18] and La [19] as 
inhibitors of cell growth, the effect being enhanced with an increase in the content of these 
elements. In addition, the present authors also carried out research aimed at studying the effect of 
the addition of rare earth elements [20] and Ag [21] on the vitality of tumor cells. These previous 
studies allow us to conclude that the use of magnesium alloys with an appropriate composition and 
degradation behavior is a promising avenue for treatment of cancer patients. 

However, it should be emphasized that, quite often, the medical magnesium alloys may 
contain alloying elements which negatively affect their mechanical properties. This may preclude 
their use in medical devices. Indeed, orthopedic implants must have a sufficiently high level of 
strength, while stents require good ductility. Potential negative effects of alloying may be 
compensated for by the microstructure modification of the alloy. This can be achieved, for example, 
by plastic deformation imparting the desired properties to the material. From this viewpoint, 
equal-channel angular pressing (ECAP) looks particularly promising [22]. Due to significant grain 
refinement this technique generally produces, it can improve the mechanical characteristics of 
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metallic materials quite substantially. However, in contrast to the body-centered cubic and 
face-centered cubic metals, which deform well at room temperature [23–25], the low number of slip 
systems in magnesium and its alloys makes it necessary to carry out deformation processing at 
elevated temperatures. In this case, the accumulation of crystal lattice defects with a density 
sufficient for the formation of an ultrafine-grained (UFG) structure is hindered by the processes of 
recovery and recrystallization. Therefore, it is advisable to carry out ECAP with a stepwise decrease 
in the processing temperature for microstructure refinement [26–29] that would allow accumulation 
of sufficiently high dislocation density. 

In this work, the effect of ECAP on the structure, texture, mechanical properties, and corrosion 
behavior of magnesium-based alloys Mg-6.0%Ag and Mg-10.0%Gd was studied. These alloys are 
attractive candidates for treatment of cancer patients. The earlier studies on alloys of the Mg-Ag 
[21,30] and Mg-Gd [31–33] systems showed that this deformation method is promising for the 
refinement of the microstructure and the associated increase in strength and ductility of alloys of 
these systems. 

2. Materials and Methods  

The alloys investigated, Mg-6.0%Ag and Mg-10.0%Gd, were obtained by smelting in a 
Nabertherm induction furnace (Nabertherm, Lilienthal, Germany) at a temperature of 720 °C using 
a mixture of Ar+ with 3 vol.% SF6 as a protective gas. Subsequently, cast ingots with a diameter of 60 
mm underwent a T4 heat treatment (annealing at 425 °C for 16 h for Mg-6.0%Ag and at 525 °C for 8 
h for Mg-10.0%Gd, followed by quenching in water). To obtain billets 10 mm in diameter required 
for ECAP, ingots of the alloys were extruded with an extrusion ratio of 1:25. The extrusion was 
conducted at a temperature of 425 °С and a ram speed of 1.1 mm/s for Mg-6.0%Ag alloy and at a 
temperature of 400 °С and a ram speed of 2.2 mm/s for Mg-10.0%Gd alloy. Before extrusion, the 
alloys were preheated for 60 minutes at deformation temperatures. After extrusion, both alloys 
were annealed again at a homogenization temperature (425 °С for 2 h and 525 °С for 1 h for 
Mg-6.0%Ag and Mg-10.0%Gd, respectively) and cooled by quenching in water. The resulting 
condition will be referred to as the initial state of the alloys. Route Bc ECAP was carried out with 
temperature being dropped in discrete steps after defined strain increments (Figure 1a). The 
intersection angle between the entry and exit channels of the ECAP die was 120° (Figure 1b), and 
the total number of passes was 12. 

.  
(a) (b) 

Figure 1. The equal channel angular pressing (ECAP) processing regime employed (a) and the 
scheme of ECAP process (b). N denotes the number of passes at a given temperature. 

The study of the microstructure of the alloys in the initial state and after ECAP was carried out 
in the direction parallel to the direction of ECAP and extrusion preceding annealing for the initial 
state of the alloys. The microstructure of the alloys in the initial state and after ECAP was 
investigated using an optical microscope Axio Observer D1m (Carl Zeiss, Jena, Germany). The 
microstructure of alloys after ECAP was also studied by transmission electron microscopy (TEM) 
using a JEOL JEM 2010 microscope (Jeol, Tokyo, Japan). The operating voltage was 200 kV. The foils 
for TEM studies were prepared by ion-milling in a precision ion polishing system (Gatan, PIPS II, 
Gatan Inc. Pleasanton, United States). A quantitative assessment of structural components was 
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carried out by the method of random secants using the software Image Expert Professional 3 
(Version 3, Moscow, Russia). 

Phase analysis by means of X-ray diffraction (XRD) was performed on a Rigaku Ultima IV 
diffractometer (Rigaku, Japan) using Co-Kα radiation and a graphite monochromator for a 
diffracted beam. The spectra were analyzed using the PDXL software (Rigaku, Japan) by the 
Rietveld method with the PDF-2 powder diffractogram database (ICDD). Texture measurements 
were carried out using a DRON-7 X-ray diffractometer (SPE “Burevestnik,” St. Petersburg, Russia) 
in CuKα radiation with the aid of the Texx [34] and Texxor [35] software (IMET RAS, Moscow, 
Russia). Five incomplete direct pole figures {1012}, {1120}, {1013}, {0004}, and {1014} were obtained 
with a maximum inclination angle αmax = 70° and a step size of 5° in the radial angle α and the 
azimuth angle β on a pole figure. The orientation distribution functions (ODFs) were calculated 
from the measured pole figures presented as a superposition of a large number (1,000) of standard 
distributions with a small scatter. The centers of standard functions were located on a regular 
three-dimensional grid in the orientation space [35]. From these ODFs, complete pole figures were 
also calculated. The volume fractions of the major orientations were estimated using the ODF as 
described in [36]. Using the Euler angles and the volume fractions of the orientations, the 
generalized Schmid factors for the existing deformation systems and the inverse orientation factors 
were calculated, following the procedure reported in [36]. The texture analysis was carried out in 
the directions parallel and perpendicular to the pressing axis. 

The mechanical properties of the alloys were evaluated based on uniaxial tensile tests carried 
out at room temperature in an Instron 3382 testing machine (Instron, High Wycombe, UK) with an 
extension rate of 1 mm/min. The tests were carried out on flat samples with a cross-section of 2 mm 
× 1 mm and a gauge length of 5.75 mm. 

The degradation of the alloys in vitro was studied at 37 °С. Before testing, the samples in the 
form of disks 10 mm in diameter and 1.5 mm in thickness were grinded with abrasive paper (from 
P800 to P2500), cleaned using an ultrasonic bath, and then sterilized by immersing them for four 
hours in 70% ethanol and drying under sterile conditions. The specimens (no less than four for each 
condition) were incubated in a DMEM (Dulbecco’s Modified Eagle Medium; Sigma-Aldrich, St. 
Louis, MO, USA) culture medium for four days. After incubation, the specimens were rinsed in a 
solution of Cr2O3, AgNO3, Ba(NO3)2, and distilled water for one minute in order to remove 
degradation products from their surfaces. The mass loss was determined by weighing the 
specimens with a Sartorius Pro 11 scale (ISO 9001; Sartorius Lab Instruments GmbH & Co, 
Göttingen, Germany) with an accuracy of three decimal places, or 0.001 g. The degradation rate, DR 
(in mm/year) was calculated using the following equation (ASTM_G1-03-E): 

DR = 8.76×104× × ×  (1) 

Where Δm is the mass loss in grams, t is the immersion time in hours, A is the specimen 
surface area in cm2, and ρ is the density of the alloy in g/cm3. 

The surface of the samples after degradation tests was inspected using an instrumental 
microscope MMI-2 (NPZ, Novosibirsk, USSR). 

3. Results 

Figure 2 shows the microstructure of the alloys Mg-6.0%Ag and Mg-10.0%Gd in the initial 
state and after ECAP. The microstructure of both alloys after annealing consisted of grains of a 
supersaturated solid solution of silver or gadolinium in magnesium. No second-phase particle 
precipitation after quenching in water was detected metallographically and by XRD. The average 
grain size in the initial state was 70.9 ± 4.0 μm for the alloy Mg-6.0%Ag and 70.8 ± 4.0 μm for the 
alloy Mg-10.0%Gd (Figure 2a,b). 

ECAP led to a substantial refinement of the microstructure of both alloys. It should be noted 
that this microstructure was generally homogeneous without signs of bimodality (Figure 2c,d). The 
grain size decreased to ~2–3 μm in the case of the Mg-6.0% Ag alloy and to ~1–2 μm in the case of 
the Mg-10.0%Gd alloy. ECAP deformation conducted at elevated temperatures with cooling of the 
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billets at room temperature led to the precipitation of second-phase particles in both alloys. In the 
Mg-6.0%Ag alloy, the precipitation of second-phase particles with a size of ~ 500–600 nm, located 
mainly at the grain boundaries, was found. In alloy Mg-10.0%Gd, precipitation of second-phase 
particles was observed mainly at triple points. The particles were round and ~400–500 nm in size 
(Figure 2e,f). 

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 2. Structure of the alloys Mg-6.0%Ag (a,c,e) and Mg-10.0%Gd (b,d,f) in the initial state (a,b) 
and after ECAP (c–f). 

To identify the stoichiometric composition of precipitated particles and to determine their 
volume fraction, the XRD phase analysis of the alloys was carried out before and after deformation 
(Figure 3). Investigation of the Mg-6.0%Ag alloy in the initial state showed that after quenching, the 
alloy was entirely in a single-phase condition represented by a supersaturated solid solution of 
silver in magnesium. By contrast, in Mg-10.0%Gd alloy, about ~1.9% of a second phase, identified 
as Mg46Gd9, was detected. According to our analysis, this phase had face-centered cubic structure 
(space group F43m). In earlier studies [37] a compound with about the same stoichiometric 
composition was already identified as a Mg5Gd. Furthermore, according to literature, the 
occurrence of this compound (Mg5Gd) was also identified in Mg-10.0%Gd alloy after aging 
treatment [38]. It can be surmised that in our case this phase was formed during the extrusion 
process prior to annealing and did not have enough time to dissolve during the initial heat 
treatment. After ECAP, the volume fraction of particles of the Mg46Gd9 (Mg5Gd) phase was found to 
be about 18.6%. 

Investigation of the Mg-6.0% Ag alloy after ECAP also showed precipitation of second-phase 
particles with a volume fraction of ~9%, apparently during heating process before and during the 
ECAP processing. We identified this phase as Mg54Ag17 (space group Immm), which is in good 
agreement with the literature data [11,30,39]. 
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. 

Figure 3. XRD spectra of the alloys Mg-10.0%Gd (a) and Mg-6.0%Ag (b) after ECAP. (Note that the 
Mg46Gd9 phase is nearly identical with the Mg5Gd phase.). 

Table 1 and Figure 4 show a summary of the mechanical properties of the alloys at the room 
temperature before and after ECAP. The yield stress (YS) of the alloy Mg-6.0%Ag in the initial state 
was 162 ± 3 MPa and its ultimate tensile strength (UTS) was 239 ± 1 MPa. After ECAP, a drop in 
these characteristics to 44 ± 6 MPa and 224 ± 5 and, respectively, was observed. At the same time, 
tensile elongation (El) of the alloy after ECAP rose to 30.6 ± 3.0% - to be compared to 16.0 ± 0.3% in 
the initial state. By contrast, ECAP of Mg-10.0%Gd led to an increase in both strength and ductility 
characteristics. The respective values of YS, UTS, and El rose from 123 ± 7 MPa, 185 ± 4 MPa, and 
13.2 ± 1.7% in the initial state to 211 ± 1 MPa, 258 ± 2 MPa, and 18.0 ± 3.6% in the post-ECAP 
condition.  

Table 1. Mechanical properties of the Mg-6.0%Ag and Mg-10.0%Gd alloys before and after ECAP. 

Processing YS, MPa UTS, MPa El, % Grain size, μm 

Mg-6.0%Ag 
Initial state 162 ± 3 239 ± 1 16.0± 0.3 70.9 ± 4.0 

ECAP 44 ± 6 224 ± 5 30.6 ± 3.0 2 – 3 

Mg-10.0%Gd 
Initial state 123 ± 7 185 ± 4 13.2 ± 1.7 70.8 ± 4.0 

ECAP 211 ± 1 258 ± 2 18.0 ± 3.6 1 – 2 
 

  
(a) (b) 

Figure 4. Engineering stress–strain response of the alloys Mg-6.0%Ag (a) and Mg-10.0%Gd (b) 
before and after ECAP. 
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It should also be noted that for the Mg-10.0%Gd alloy processed by ECAP the elastic portion of 
the engineering stress vs. engineering strain curve has a greater slope than for the alloy in the initial 
condition (Figure 4b). We believe that the reason for such behavior is an increase in Young’s 
modulus due to texture and structure transformations that occur in the alloy after ECAP 
deformation. Our calculations (to be presented in forthcoming publications) confirm this hypothesis 
at a qualitative level. Another interesting issue for discussion is the occurrence of an inflection in 
the deformation curve for alloy Mg-6.0%Ag after ECAP (Figure 4a). This behavior (also observed 
for Mg-4.0%Ag deformed in compression [30]) may be associated with the activation of new slip 
systems during uniaxial tension or deformation twinning. While the latter mechanism cannot be 
ruled out on theoretical grounds, no twins were detected in the ECAP-processed Mg-6.0%Ag after 
uniaxial tension. At this stage, the question of the mechanism responsible for the occurrence of the 
inflection remains open. 

 
(a) 

 
(b) 

 
(c) 
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 (d) 

Figure 5. {0004} and {1120} pole figures and cross-sections of orientation distribution functions 
(ODF) of the Mg-6.0%Ag (a,b) and Mg-10.0%Gd (c,d) alloys in the initial state and after ECAP for 
transversal (a,c) and longitudinal (b,d) sections of billets. (The notation LD, TD, and ND 
corresponds to the longitudinal, transverse, and normal direction, respectively.). 

In addition to the influence of ECAP on the mechanical characteristics through microstructure 
changes, the texture variation usually also comes into play. Therefore, we conducted texture 
measurements in the initial state and after ECAP (both in the longitudinal and the transversal 
sections of the billets) (Figure 5). The pole figures (PFs) of Mg-6.0%Ag exhibited a transformation 
from a sharp prismatic texture in the initial state to an inclined basal one. The inclination angle α = 
45–50° relative to the longitudinal direction (LD) and a rotation angle β = 25–30° relative to the 
normal direction (ND) clockwise in the cross-section of the billet were found after ECAP (see pole 
figure (PF) {0004} in Figure 5a). The texture in the longitudinal section of the billet in the initial state 
was a rather weak prismatic type. It transformed to a sharp basal texture inclined at α = 85° relative 
to ND and rotated by an angle β = 45 ° relative to LD counterclockwise after ECAP (see PF {0004} in 
Figure 5b). Unlike this texture behavior, the texture of the alloy Mg-10.0%Gd in the initial and the 
post-ECAP condition was rather dispersed and did not exhibit sharp peaks, neither in the 
longitudinal nor in the transversal section of the billets (Figure 5c,d). 

 
(a) 
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(b) (c) 

  
(d) (e) 

Figure 6. Degradation rate (a) and the surface of the samples after testing but before cleaning for 
alloy Mg-6.0%Ag (b,c) and alloy Mg-10.0%Gd (d,e). The images (b,d) correspond to the initial state 
and (c,e) to the post-ECAP state of the respective alloys. The arrows indicate sites of localized 
degradation. 

The results on the degradation rate for both alloys studied in the initial state and after ECAP 
are presented in Figure 6a. These data show that the microstructure changes and modification of 
phase composition occurring as a result of ECAP lead to an increase in the degradation rate. Thus, 
the degradation rate of the alloy Mg-6.0%Ag after ECAP rose to 3.74 ± 0.56 mm/year compared to 
0.43 ± 0.10 mm/year in the initial state. In the case of the Mg-10.0%Gd alloy, an increase in the 
degradation rate from 0.15 ± 0.04 mm/year in the initial state to 2.19 ± 0.78 mm/year after ECAP was 
observed. 

Inspection of the sample surface after degradation tests showed nonuniformity of degradation 
of Mg-6.0%Ag in the initial state and especially after ECAP (Figure 6b,c). Samples of annealed 
Mg-6.0%Ag did show signs of localization of degradation but, unlike in the post-ECAP condition, 
pitting did not have a through-thickness character. In the case of the Mg-10.0%Gd alloy, 
nonuniform degradation was observed only in the post-ECAP samples (Figure 6e). Only minor 
signs of localization of corrosion were detected. To summarize these results, one can state that 
localization of degradation was most pronounced in the Mg-6.0%Ag alloy processed by ECAP. In 
this case, a profuse through-thickness pitting of samples was observed. For the ECAP-processed 
Mg-10.0%Gd alloy, a strong localization of corrosion was also found, but pitting was not as 
expressed as in the case of the ECAP-processed Mg-6.0%Ag alloy.  

The observed acceleration of the biodegradation rate of both alloys due to ECAP would 
generally be regarded as an undesirable effect, which would put in question the usefulness of this 
processing for medical implant applications of the alloys considered. However, the situation is 
entirely different for specifically targeted applications in oncological patients. Here, a bioresorbable 
implant is used not only as a mechanically strong scaffold, but also as a therapeutic agent inhibiting 
the growth and proliferation of tumor cells. It should also be stated that the increase in degradation 
rate is still relatively moderate, which in the long run is tolerated by the healthy tissue [40]. 
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4. Discussion 

The studies reported here have shown that ECAP has a strong effect on the mechanical and 
biodegradation characteristics of magnesium alloys Mg-6.0%Ag and Mg-10.0%Gd. The effect is 
different for the two alloys, though. In the case of Mg-10.0%Gd, a typical situation is found: a 
decrease in the grain size and precipitation of second-phase particles lead to an increase in the yield 
strength and the ultimate tensile strength. A different picture is observed for the Mg-6.0%Ag alloy. 
In this case, ECAP leads to grain refinement to a scale similar to that observed in the Mg-10.0%Gd 
alloy. The size of the precipitated particles has a similar magnitude, as well. However, in the case of 
ECAP-processed Mg-6.0%Ag alloy, a decrease in both strength characteristics (both YS and UTS) is 
observed. On a positive side, doubling of the tensile elongation that characterizes ductility of the 
alloy is achieved (Figure 4, Table 1). In the case of Mg-10.0%Gd, an increase in ductility is also 
observed, but it is not as significant as for Mg-6.0%Ag. The most likely reason for this behavior is a 
change in texture induced by ECAP. As was shown for Mg-6.0%Ag, a sharp inclined basal texture 
occurred as a result of ECAP (Figure 5a,b). The formation of an inclined basal texture in magnesium 
alloys is known to have a negative effect on their strength, while having a beneficial effect on 
ductility. This is what was observed for the Mg-6.0%Ag alloy. A similar behavior was already 
found for binary Mg-2.0%Ag and Mg-4.0%Ag alloys [11] and the ternary Mg-1.0%Zn-0.3%Ca alloy 
[41]. A negative effect of the inclined basal texture on the yield stress was previously shown for the 
alloys AZ31 [42] and AM60 [43]. In the case of the Mg-10.0%Gd alloy considered here, the texture 
did not undergo significant changes; a weak texture in the initial state did not change its dispersed 
character as a result of ECAP (Figure 5c,d). However, the magnitude of the orientation factors 
calculated for the basal, prismatic, and pyramidal slip systems, as well as one of the main twinning 
systems in magnesium alloys, {1012}<1011>, can provide an explanation for the observed increase in 
ductility.  

Texture orientation factors for slip systems are determined by the values of the respective 
Schmid factors and are their reciprocals. Therefore, a decrease in the value of an orientation factor 
may indicate an increase in the probability of dislocation glide on the corresponding slip system. In 
our case, the estimation of the orientation factors for the Mg-10.0%Gd alloy before and after ECAP, 
calculated for the longitudinal section of the billet, indicates the highest probability of dislocation 
slip on the basal planes. Indeed, the orientation factor does not show big changes, while slip on 
other planes weakens (Table 2). At the same time, the calculation of the orientation factors for the 
cross-section of the billet indicates an increase in the probability of prismatic slip, as reflected in a 
decrease in the value of the respective orientation factor. An increase in the probability of slip on 
prismatic planes can be the reason for a slight rise of the ductility of the Mg-10.0%Gd alloy. We 
have already observed a similar effect on a magnesium alloy with Y and Nd treated by ECAP [44]. 
An improvement of the ductility of magnesium alloys due to the formation of a prismatic texture 
was also demonstrated earlier for the quaternary Mg-4.4%Al-0.9%Zn-0.4%Mn alloy [45]. In the case 
of the Mg-6.0%Ag alloy, the calculation of the orientation factors indicates the most probable slip of 
dislocations mainly on the basal planes, which is also confirmed by the type of the observed texture. 
However, it should be noted that this trend is most clearly expressed in the transversal cross section 
of the billet. The calculation of the orientation factors for the twinning system {1012}<1011> for both 
alloys showed a decrease in the probability of twinning, which was confirmed by the absence of 
twins in the structure of both alloys after ECAP. 

Table 2. Orientation factors for deformation systems of the alloys studied. (The abbreviations CS 
and LS stand for a (transversal) cross section and a longitudinal section, respectively.). 

State of the alloys Basal 
{0001}<1120> 

Prismatic 
{1010}<1120> 

Pyramidal 
<c+a> 

Twinning 
{1012}<1011> 

Mg-6.0%Ag  
CS 

Initial state 7.5 3.6 4.9 4.7 
ECAP  4.0 5.1 5.3 5.9 

LS 
Initial state 4.7 5.1 4.4 4.4 

ECAP  4.3 5.1 5.1 5.5 
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Mg-10.0%Gd 
CS 

Initial state 4.7 5.7 5.1 5.3 
ECAP  4.9 5.3 5.9 6.6 

LS 
Initial state 4.5 4.7 4.9 5.0 

ECAP  4.5 5.1 5.0 5.2 
The homogeneity of the microstructure of both alloys processed by ECAP suggests that the 

observed changes in their mechanical characteristics are associated with the structure refinement, 
precipitation of particles, and texture evolution. The calculation of the orientation factors shows 
that the basal slip prevails in the ECAP-modified alloy Mg-6%Ag. This holds true both for a 
longitudinal section of a processed billet (parallel to the direction of the tensile tests conducted to 
determine the mechanical characteristics) and for a transversal cross section of the billet. In the case 
of Mg-10%Gd, the magnitude of the calculated orientation factors indicates the activation of 
non-basal sliding. This assertion is valid only for the longitudinal section of the billet. It can be 
considered as established that for the alloy Mg-6%Ag the mechanical characteristics are primarily 
affected by texture effects, microstructure refinement and particle precipitation playing a 
subordinate role. By contrast, for the alloy Mg-10%Gd all three factors appear to influence the 
mechanical properties in accord. The combined effect of grain refinement and precipitation of 
particles of the Mg5Gd phase (with the volume fraction of about 19%) is responsible for 
strengthening, while the activation of prismatic sliding accounts for an enhancement of ductility. 
However, it is known that the greatest strengthening effect after aging is observed in alloys 
containing from 10 to 20 wt.% Gd [46]. At the same time, the aging of the quenched alloy 
Mg-10%Gd has a little effect on its Vickers hardness [47], which in our case indicates that the 
contribution of grain refinement to strengthening still prevails over the contribution of particles. It 
is interesting that the equilibrium phase of Mg5Gd precipitates in the form of plates parallel to 
prismatic planes {1010}Mg at the early stages of aging [46,48]. In our case, the main process of 
nucleation of phase particles is apparently observed at the initial stages of ECAP (sequentially 
through the nucleation of phases β՛ ՛  (Mg3Gd) → β՛  (Mg3−5Gd) → β1 (Mg3−5Gd) → β (Mg5Gd)), but 
the coagulation and particle growth occurs with an increase in the number of passes (and, 
consequently, the number of heating before and during deformation). In the final state (after 12 
ECAP passes), we mostly deal with large, rounded overaged particles, but we do not exclude the 
possibility of presence of small number of lamellar particles. At the same time, the studies carried 
out on the Mg–1.5Sn–1.4Zn–0.2Mn alloy with the addition of 0.3Ag indicated the formation of the 
particles ε′ (Mg54Ag17) [49]. These particles were rod-shaped and was normal to (0001)Mg. Probably, 
in our case, there can also be a fraction of fine particles ε’, which inhibit dislocation slip, but the 
most part of the phase in the structure of the alloy Mg-6%Ag after ECAP is a rounded coagulated 
Mg54Ag17 particle ~500–600 nm in size (Figure 2e). 

The study of the corrosion properties of the alloys showed that ECAP leads to a significant 
acceleration of the degradation process for both Mg-6.0%Ag and Mg-10.0%Gd alloys. The reason 
for the recorded increase in the degradation rate is the structural and phase changes occurring in 
the alloys during severe plastic deformation. On the one hand, grain refinement leads to a 
significant increase in the grain boundary area and in the density of dislocations. It is known that an 
increase in the dislocation density in metals and alloys often leads to a deterioration of their 
corrosion resistance [50,51]. Magnesium and its alloys are no exception to that rule. Thus, it was 
previously shown that grain refinement in pure magnesium caused by ECAP leads to an increase in 
its degradation rate and the formation of deeper pitting owing to a greater density of crystal lattice 
defects [51]. In the case of the ternary Mg-4.0%Zn-2.0%Ni alloy, it was shown that an increase in the 
extrusion temperature, which promotes a decrease in the dislocation density, led to a reduction of 
the degradation rate [52]. It was also shown that a reduced density of dislocations in the alloy 
LAZ832-0.2%Zr after extrusion is also one of the reasons for its good corrosion resistance [53]. On 
the other hand, there are also a number of reports asserting that the formation of an 
ultrafine-grained (UFG) structure in magnesium alloys can reduce the degradation rate due to the 
accelerated formation of a protective oxide-hydroxide layer and an ensuing increase of corrosion 
resistance [54–56]. However, it should be noted that no UFG structure was formed in the alloys 
studied. In the case of the Mg-4.0%Zn-2.0%Ni and LAZ832-0.2%Zr alloys, the dislocation density 
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played an important role in the degradation rate. However, it was not the only factor governing the 
magnitude of the degradation rate. The occurrence of a second phase in the structure and its 
distribution affected the corrosion resistance substantially. It is known that the presence of more 
corrosion-resistant phases in magnesium alloys can lead to micro-galvanic corrosion, when a less 
resistant matrix acts as an anode, and second-phase particles act as a cathode. In our case, an 
increase in the degradation rate for both alloys was accompanied by the precipitation of particles of 
a second phase: Mg54Ag17 in the Mg-6.0%Ag alloy and Mg5Gd in the Mg-10.0%Gd alloy. That is, 
particles of Mg54Ag17 and Mg5Gd phases, acting as a cathode in relation to the less stable 
magnesium matrix, lead to an increase in the degradation rate of the alloys studied. At the same 
time, accelerated degradation, predominantly at the matrix/particle interface, can also promote a 
stronger localization of corrosion, as was observed for ECAP-treated alloys. Such behavior was also 
found for other magnesium alloys. For example, in the case of binary Mg-Sc alloys, an increase in 
the Sc content to 0.3 wt% led to an improvement of corrosion resistance, while a further increase in 
the Sc content led to the precipitation of Mg-Sc particles and an increase in the degradation rate by 
galvanic corrosion [57]. Similar behavior was demonstrated for Mg-Bi-Al-based alloys [58], 
Mg-6.0%Gd-2.0%Y-1.0%Zn-0.3%Zr alloy [59], Mg-Li-Ca alloys [60], etc. Not only does the 
micro-galvanic mechanism of corrosion cause the degradation of the matrix in the immediate 
vicinity of the particles, but it also causes grain-boundary corrosion if the precipitate particles reside 
at grain boundaries. For both alloys considered in this paper, the particle sites were the same. In 
addition, the formation of a protective film during corrosion of magnesium alloys was observed, 
mainly consisting of degradation products and compounds formed during the reaction with 
components of the corrosive medium. Although this film protects against degradation, it is rather 
unevenly distributed over the surface of the sample, often leaving unprotected spots. In such 
particle locations degradation proceeds at an accelerated rate, first around a particle, and then along 
the grain boundaries. In this case, separation of a grain (and sometimes of several grains) from the 
sample surface can occur, which entails the formation of pitting. Pits of this kind were observed 
especially clearly for alloys processed by ECAP, where the concentration of the second phase was 
high. The micro-galvanic mechanism of corrosion and grain-boundary corrosion of magnesium 
alloys are described in several works, for example, in [61–63].  

Thus, the increase in the degradation rate of the Mg-6.0%Ag and Mg-10.0%Gd alloys after 
ECAP can be explained by a deformation-induced increase in the density of crystal lattice defects 
and the precipitation of second-phase particles, which promoted the occurrence of micro galvanic 
corrosion. Therefore, a potential way to improve the properties of Mg-based alloys, including their 
corrosion resistance, should focus on developing regimes of deformation in which precipitation of 
particles would be suppressed, or their amount would be minimized. This can be realized by 
lowering the initial deformation temperature, reducing the number and duration of heating cycles 
before and during ECAP, as well as reducing the number of deformation steps and the associated 
temperature drops. A suitable method to reduce the dislocation density can be the use of 
low-temperature annealing after ECAP (below the temperature corresponding to the onset of active 
decomposition of a supersaturated solid solution). In trying to optimize the properties of the alloys 
one should bear in mind their intended application in bioresorbable implants. Hence, processing 
regimes need to be tuned to ensure the level of the degradation rate desirable for a given implant 
application. 

5. Conclusions 

1. Processing by ECAP was shown to cause a decrease in the average grain size down to 2–3 
μm for the Mg-6.0%Ag alloy and 1–2 μm for the Mg-10.0%Gd alloy. In addition, ECAP-induced 
precipitation of particles of the Mg54Ag17 and Mg5Gd phases with a size of 500–600 nm and 400–500 
nm and a volume fraction of ~9 and ~18.6%, respectively, was observed. 

2. ECAP was also found to lead to an increase in both strength and ductility of the 
Mg-10.0%Gd alloy. In the case of the Mg-6.0%Ag alloy, a decrease in the UTS and especially in the 
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YS was observed. This was accompanied with an almost twofold increase in tensile ductility as 
represented by the strain to failure: from 16.0 ± 0.3% in the initial state to 30.6 ± 3.0% after ECAP. 

3. An increase in the ductility of the Mg-6.0%Ag alloy combined with a decrease in the strength 
characteristics is associated with the formation of a sharp inclined basal texture and the 
predominant slip of dislocations on the basal planes. The improvement in the ductility of the 
Mg-10.0%Gd alloy achieved by ECAP is associated with an increase in the probability of dislocation 
slip on prismatic planes, with a retained high probability of slip on the basal planes. 

4. For both alloys studied, ECAP led to a significant increase in the biodegradation rate and to 
a pronounced pitting. In the case of the Mg-6.0%Ag alloy, the degradation rate increased from 0.43 
± 0.10 mm/year in the initial state to 3.74 ± 0.56 mm/year after ECAP. For the Mg-10.0%Gd alloy, the 
degradation rate after ECAP increased to 2.19 ± 0.78 mm/year compared to 0.15 ± 0.04 mm/year in 
the initial state. The observed rise of the degradation rate after ECAP is associated with an increase 
in the dislocation density after deformation and the occurrence of micro galvanic corrosion due to 
the precipitation of particles of the Mg54Ag17 and Mg5Gd phases. 

The pronounced ECAP-induced rise of the biodegradation rate is undesirable for many 
medical applications. However, this property can be useful for obtaining alloys considered as a 
platform for local delivery of anticancer agents to reduce the tumor volume or to prevent 
recurrence of tumor growth in cancer patients. Indeed, the associated accelerated release of alloying 
elements with potential antitumor activity directly into the area of tumor growth can be considered 
as an additional remedy in antitumor therapy, complementing the standard course of systemic 
therapy. 
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