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A B S T R A C T   

Zinc alloys have become one of the most promising material groups for biodegradable medical implants due to 
their desirable degradability, excellent biocompatibility, unique atherosclerotic resistance, and modest me
chanical performance. Grain refinement is an important strengthening mechanism for such an alloy system to 
improve the mechanical properties. In the present work, an ultrafine-grained (UFG) zinc alloy (Zn-0.033 Mg, in 
wt.%) was fabricated by equal-channel angular pressing (ECAP) process. The effect of the ECAP process on 
microstructural evolution, mechanical properties, and biodegradability of the material was investigated. The 
results indicated that a large number of sub-boundary and recrystallized-grain structures were generated by 
continuous and discontinuous dynamic recrystallization during severe plastic deformation. Grain size was 
significantly refined to an average grain size of 1.36 ± 0.90 μm, and the percentage of grains below 1 μm reached 
37.4% after 12 ECAP passes. Simultaneously, the texture was changed from the extrusion direction (ED)‖<
0001> fiber texture to a texture with ED deviating 70 ± 5◦ away from <0001>. Due to the synergy effect of grain 
refinement and texture, as well as dislocation strengthening, the yield strength was enhanced to 276 ± 3 MPa 
after 12 ECAP passes. However, this was inevitably accompanied by a sacrifice of elongation (8.17 ± 1.21%). 
Therefore, an optimal combination of yield strength (250 ± 22 MPa) and elongation (25.37 ± 0.79%) at room 
temperature was obtained after 4 ECAP passes. Moreover, a low corrosion rate of 0.004–0.01 mm/year in the 
UFG Zn-0.033 Mg alloy fabricated by ECAP was achieved, which fully satisfies the requirements for biode
gradable implant materials.   

1. Introduction 

Zinc-magnesium (Zn–Mg) alloys are increasingly used as next- 
generation biodegradable implant materials due to their superior me
chanical properties, appropriate degradation rates in vivo, and desirable 
biocompatibility [1,2]. Compared with traditional biodegradable bio
materials such as polymers, ceramics, as well as magnesium alloys and 
iron alloys, Zn–Mg alloys exhibit superior strength compared to low 
strength polymers, and have improved corrosion rates compared to 
magnesium alloys and iron alloys, which are either too fast or too slow 
[3,4]. Furthermore, zinc is an indispensable element for cell growth and 
wound healing, and the degradation products of zinc contribute to the 
anti-proliferation and prevention of restenosis during the treatment [5]. 
Unfortunately, cast Zn–Mg alloys have insufficient mechanical proper
ties for stent applications [6]. 

Equal-channel angular pressing (ECAP) is one of the most promising 

techniques to refine materials’ microstructure via severe plastic defor
mation and prepare large bulk metal materials with enhanced yield 
strengths. Tong et al. [7] successfully prepared the Mg–Zn–Ca–Mn alloy 
with an average grain size of ~1 μm through ECAP with high yield 
strength (~261.4 MPa) and superior ductility (~19.29%) properties 
compared to the traditional hot-extruded one, which had a yield 
strength of only 229 MPa and elongation to fracture of 10% [8]. The 
researchers stated that the combination of strength and ductility was 
attributed to homogenous deformation as a result of the ECAP process, 
which promoted prominent grain refinement and the coordination of 
non-basal slip systems. Yan et al. [9] also reported the effects of ECAP on 
the microstructure of Mg–6Zn alloy, and decreased the grain size from 
~15 μm to 1–4 μm after 6 ECAP passes at 433 K. The effective refine
ment mechanism was characterized as the synergistic effect of dynamic 
recrystallization (DRX) and the pinning effect of the fine particles. Ma 
et al. [10] also prepared a fine-grained Mg alloy through a two-step 

* Corresponding author. 
E-mail address: mengbao@buaa.edu.cn (B. Meng).  

Contents lists available at ScienceDirect 

Materials Science & Engineering A 

journal homepage: www.elsevier.com/locate/msea 

https://doi.org/10.1016/j.msea.2021.141857 
Received 12 April 2021; Received in revised form 28 July 2021; Accepted 31 July 2021   

mailto:mengbao@buaa.edu.cn
www.sciencedirect.com/science/journal/09215093
https://www.elsevier.com/locate/msea
https://doi.org/10.1016/j.msea.2021.141857
https://doi.org/10.1016/j.msea.2021.141857
https://doi.org/10.1016/j.msea.2021.141857
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msea.2021.141857&domain=pdf


Materials Science & Engineering A 824 (2021) 141857

2

low-temperature ECAP method. They found that low-temperature ECAP 
deformation could only refine the size of the second phase particles, but 
no changes were observed in their distribution, which would restrict 
DRXed grains growth with the pinning effect. In addition, Wang et al. 
[11] comparatively studied the as-cast and as-homogenized states of Mg 
alloys after 2 ECAP passes, and found that the second phase particles 
effectively promoted the microstructural refinement and mechanical 
improvements. Skryabina et al. [12] investigated the effects of ECAP 
temperature, and the number of the ECAP passes on the microstructure 
transformation of AZ31. They suggested that it was helpful to produce 
an ultrafine-grained structure when the temperature was kept low 
enough to inhibit the fast recrystallization process. Tong et al. [13] also 
achieved significant grain refinement of an equal-channel angular 
pressed (ECAPed) Mg alloy with an average grain size of ~0.9 μm, and 
the improvement in both yield strength and elongation. Furthermore, 
they concluded that the grain refinement mechanism was related to the 
low-temperature progressive recrystallization process. 

The influence of the ECAP process on mechanical properties can be 
categorized into two aspects: boundary strengthening and texture 
modification effect. The latter depends on the specific alloy and pro
cessing conditions. For example, Suresh et al. [14] performed 4 ECAP 
passes on AA2195 and achieved a significant refinement, with a smaller 
average grain size of 2.8 μm compared to the initial grain size of 56 μm. 
They observed that the slip activities per grain became more and more 
active during ECAP, but the texture after ECAP overall weakened. 
Martynenko et al. [15] also analyzed the effect of texture evolution on 
mechanical properties during ECAP by assessing an Mg–Zn–Ca alloy 
after 10 ECAP passes. They suggested that during the ECAP process the 
alloy exhibited weakened texture effect due to the dispersed orienta
tions. The deformed texture caused a decrease in strength and 
tensile-compression asymmetry, and was accompanied by the prismatic 
slip, which was the predominant deformation mode without changes in 
the activity of the pyramidal slip and twinning. Wang et al. [16] 
compared the microstructural evolution of the cold-drawn Zn-0.02 Mg 
and cold-drawn AZ31 wires, and found that the former had an increasing 
intensity texture with deviating from the <0001> and the latter 
exhibited a decline in basal fiber texture intensity. They surmised that 
the two alloys, zinc and magnesium, both had hexagonal close-packed 
(HCP) crystal structure, and exhibited significant differences in the 
evolution of microstructure, texture, and deformation mechanism dur
ing drawing. The effects of ECAP on grain refinement and mechanical 
properties of Zn-0.8Ag, Zn-0.5Cu and Zn-0.4Mn alloys at room tem
perature were also investigated by Bednarczyk et al. [17]. The authors 
observed that the effects of various alloying elements in zinc alloys 
during ECAP treatment differed, in terms of their microstructural evo
lution and mechanical properties, and their deformation mechanisms 
during tensile testing. 

Previous studies have demonstrated that ECAP is a powerful 
manufacturing technique for improving the mechanical properties of 
metallic materials, by grain boundary strengthening, second phase 
particle strengthening, and texture modification via grain refinement. 
This makes it attractive to apply such a manufacturing technique also for 
zinc alloys, to improve their mechanical performances. For HCP metals, 
the c/a ratio is a critical parameter for the mode of plastic deformation, 
where a donotes the hexagonal dimensions, and c denotes the elemen
tary cell extension along the hexagonal axis [18]. Unlike most HCP 
metals, the c/a ratio of zinc is 1.853, which exceeds 1.633 (the ideal c/a 
ratio of HCP metals). Thus, the deformation mechanisms observed in 
zinc alloys during ECAP may significantly differ from other HCP metals, 
such as magnesium (c/a ratio of 1.623). In addition, the recrystallization 
temperature of zinc is supposed to be approximately 261 K [17], and 
that of zinc alloy is also low, and is very close to room temperature (293 
K). It has been reported that during ECAP, when a large strain was 
applied, DRX could occur at a lower temperature [19]. Therefore, the 
comprehensive effects of the ECAP process on the microstructural evo
lution, macro-mechanical behavior, and service performance of zinc 

alloys with ultrafine grains are not fully understood. Furthermore, 
existing studies on Zn–Mg alloys are limited, including microstructure, 
mechanical property, corrosion property, biocompatibility assessments. 
These alloys have relatively high levels of Mg content. Previous research 
has suggested that an increase in Mg content enhances the strength of 
the material, but deteriorates the balance of ductility and strength [20], 
either or reduces corrosion resistance due to the increasing Mg2Zn11 
phase, which easily forms a galvanic cell with α-Zn matrix [21]. Thus, to 
satisfy the requirements for implants, a trace amount of 0.033% by 
weight of Mg was chosen to design the special Zn–Mg alloy, with a 
minimal secondary phase to avoid brittleness and pitting corrosion. 

In this study, the ultrafine-grained zinc alloy was produced using a 
multi-pass ECAP process, and the microstructural evolution, mechanical 
properties, and corrosion behavior of the alloy after several ECAP passes 
were systematically investigated. Our findings provide new information 
regarding the performance of zinc alloys and provide new insights into 
the application of zinc alloys in degradable implants. 

2. Experimental methods 

2.1. Material and processing 

In this study, a zinc alloy with a nominal chemical composition of Zn- 
0.033 Mg (in wt.%) was fabricated by smelting, casting, heat treatment, 
and extrusion. The fabrication processes are schematically illustrated in 
Fig. 1. Commercially pure zinc (99.95 wt%) and pure magnesium 
(99.95 wt%) ingots were melted in a well-type resistance furnace at a 
temperature of 843 K. Subsequently, the laboratory-processed alloy was 
cast at 773 K in a cylindrical steel mold with a diameter of 120 mm. Two- 
step homogenization treatment was then performed at 573 K for 2 h, 
then at 613 K for 2 h, followed by cooling in open air to room temper
ature. A two-step swaging process was then conducted to further reduce 
the rod diameter. Subsequently, the Zn-0.033 Mg rods were swaged at 
623 K to a diameter of 50 mm, then transformed to a diameter of 46 mm, 
and finally extruded at 373 K to a diameter of 10 mm with a swaging 
speed of 1 mm/s. The swaged rods were further machined into 

Fig. 1. Schematic illustration of the fabrication processes of the Zn-0.033 Mg 
(in wt.%) alloy. 
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cylindrical samples with a diameter of 8 mm and a length of 60 mm. 
These were denoted as the as-received samples. 

2.2. Equal-channel angular pressing 

Equal-channel angular pressing (ECAP) was further employed to 
manufacture the ultrafine-grained (UFG) Zn-0.033 Mg alloy. The ECAP 
setup, consisting of a heating device and an ECAP die, is shown in 
Fig. 2a. The latter part contained two equal diameter channels, with an 
inclined angle of 90◦. The diameters of the vertical and horizontal 
channels were 10.1 and 9.9 mm, respectively. Such a difference in 
channel diameter was necessary to easily feed the workpieces in mul
tiple passes. In addition, the radii of the inner and outer corners were 1.5 
and 3.4 mm, respectively. Because the ECAP process can induce unde
sirable jagged cracks on the surface of a brittle material, 1 mm copper 
cladding was adopted on the surface of the as-received Zn-0.033 Mg 
rods, for protection. The ECAP process was conducted according to the 
route shown in Fig. 2b. During each pass, the sample was inverted and 
rotated 90◦ clockwise around the longitudinal axis. The first pass was 
conducted at room temperature. Owing to their HCP crystal structure, 
zinc alloys usually exhibit poor forming abilities at room temperature. 
Thus the warm ECAP at an elevated temperature of 416 K was utilized 
from the second pass to improve the formability of the Zn-0.033 Mg 
alloy. The die was preheated for half an hour before the second ECAP 

process to ensure homogeneous temperature distribution in the die. The 
molybdenum disulfide was utilized as a lubricant to reduce any adverse 
friction forces at the die/sample interface. Finally, prior to warm ECAP, 
the sample was preheated in the channel for 10 s, and then extruded at a 
speed of 6 mm/s. To reveal the effect of grain size on mechanical 
properties of the Zn-0.033 Mg alloy, the ECAP process with various 
passes, i.e., 4, 8, and 12 passes, was performed to adjust grain size. The 
ECAPed samples (Fig. 2c) were denoted as 4p-, 8p-, and 12p-ECAPed 
samples according to the number of ECAP passes. 

2.3. Microstructure characterization 

The microstructures of the as-received and ECAPed materials were 
characterized using an Oxford scanning electron microscope equipped 
with electron backscatter diffraction (EBSD). The EBSD specimens were 
mechanically grounded using progressively fine grit sand papers, and 
then polished in the electrolytic mixtures of 7% HClO4 and 93% 
C2H5OH, with the current density of 450 mA/cm2 for 1 minute. The 
observations of the as-received and ECAPed materials were conducted 
on the radical plane and the longitudinal plane (perpendicular to 
extrusion direction (ED)), respectively. The corresponding specimens 
were taken from the center of the rods, as shown in Fig. 3. The step sizes 
for EBSD measurements were 1.1 and 0.08 μm for the as-received and 
ECAPed specimens, respectively. The acquired EBSD data were then 

Fig. 2. The ECAP setup and process route: (a) ECAP die; (b) ECAP route and (c) ECAPed samples.  
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reconstructed using Channel 5 commercial software. 

2.4. Mechanical testing 

The mechanical properties were evaluated by uniaxial tensile tests, 
which were conducted on a tensile machine at room temperature. The 
initial strain rate was set to 10− 3 s− 1. Dog-bone–shaped rod specimens 
were cut along the ED (as shown in Fig. 3), and the gauge length and 
diameter of the tensile specimens were 12.5 and 4 mm, respectively. The 
ECAPed-sample was whittled from ECAPed samples to a thickness of 2 
mm in the radial direction, thereby the copper cladding was completely 
removed. In addition, reports have shown that this composite interface 
by diffusion in cladding metals, where the region was merely a few 
microns in thickness [22], was not readily to form or could be destroyed 
by huge shearing force during severe plastic deformation [23]. There
fore, the effect of the copper cladding material on the mechanical per
formance of Zn-0.033 Mg was negligible. A grating displacement sensor 
was also used to quantify the deformation strain. Three tests were 
repeated for each condition to ensure repeatability. 

2.5. Corrosion tests 

To assess the degradation behavior, the immersion tests were per
formed in Hank’s solution, which consists of 8.00 g/L NaCl, 0.40 g/L 
KCl, 1.0 g/L glucose, 0.0358 g/L Na2HPO4 (anhydrous), 0.06 g/L 
KH2PO4, 0.072 g/L CaCl2, 0.123 g/L MgSO4⋅7H2O and 0.35 g/L 
NaHCO3. The specimens were cut from the rods stripped off copper 
cladding, and manufactured into disks. The diameter and thickness of 
disks were 6 mm and 2 mm, respectively. The specimens were grounded 
using SiC paper down to 2000 grit, cleaned with ethanol in an ultrasonic 
bath, and then dried in ambient air. The specimens were immersed in 
Hank’s solution for 1, 2, 4, 8, and 14 days. The Hank’s solution was kept 
at 310 ± 1 K and 7.4 pH during the tests and changed every 24 h. After 
immersion testing, the corrosion products were removed using a chro
mic acid solution (200 g/L CrO3 + 10 g/L AgNO3 + deionized water) in 
an ultrasonic bath. To calculate the weight loss, the specimens were 
weighed using an electronic balance with an accuracy of 0.0001 g, 
before and after immersion testing. The corrosion rate was further 
calculated according to the following formula: 

V =K⋅(W1 − W0)/(S× t× ρ) (1)  

Where K is the conversion coefficient for the corrosion rate of millime
ters per year, W1 and W0 are the weights of the corroded specimen and 
initial one, S is the surface area of the specimen, t is the corrosion time in 
an hour, and ρ is the alloy density. 

3. Results and discussion 

3.1. Effects of ECAP on microstructural evolution 

3.1.1. Microstructure of as-received material 
Fig. 4 shows the microstructure of the as-received sample. A het

erogeneous microstructure was characterized by the mixture of coarse 
and fine grains in bands along ED direction. According to grain size and 
orientation, the fine-grained bands were interspersed with coarse grains. 
It could be inferred in the material preparation stage, the coarse original 
grains became fragmented and split into deformation bands, which were 
energetically easier to deform in fewer than the five slip systems 
requiring for restricted deformation [24]. The grain bands were subse
quently subdivided by the expansion and contraction of grain bound
aries due to strain energy and combined with the newly-subdivided 
grains [14]. The inverse pole figure (IPF) of the full DRXed fine grains 
was mostly coded in red (Fig. 4a). This indicated a significantly 
preferred orientation for the DRXed grains, i.e. the <0001> direction 
parallel to ED. Furthermore, a small amount of stretched twins with a 
misorientation of 86.5◦ and DRXed grains of the “necklace” structure 
were observed in Fig. 4a. A typical fiber texture in the ED plane tended 
to rotate about 20 ± 5◦ away from the ED || <0001> existing a 
maximum pole intensity of 2.1, as displayed in the triangular IPF map in 
the ED (Fig. 4b) and the {0001} pole figure (Fig. 4c). Fig. 4d shows the 
grain boundary profile, with the high-angle grain boundaries (HAGBs, 
misorientations > 15◦) and low-angle grain boundaries (LAGBs, mis
orientations between 2◦ and 15◦), as highlighted by the black and the 
red lines, respectively. The misorientation angle distribution frequency 
between adjacent grain boundaries is plotted in Fig. 4f. The average 
misorientation θav was 50.6◦ and the HAGBs fraction was up to 94.8%, 
while the LAGBs were uniformly distributed. This indicated the defor
mation of as-received material was termed as continuous DRX due to the 
HAGBs fraction was an important parameter for the determination of 
continuous recrystallization [25]. The average grain size of the 
as-received material was 9.02 ± 4.37 μm, and numerous grains were in a 
size range of 3.5–11.5 μm (Fig. 4e). Moreover, there was a higher frac
tion peak near the misorientation of 86.5◦, which was consistent with 
the deformation twin boundaries (as shown in Fig. 4a). This peak was 
possibly related to the high intensity of the fiber texture with {0001} 
plane inclined about 20◦ toward ED (in Fig. 4c) and the large grain size 
[26]. Combined with the boundary profile shown in Fig. 4d, grains with 
HAGBs dominated in the material, indicating a completely recrystallized 
state of the as-received material. Therefore, the microstructural evolu
tion in this stage was dominated by deformation bands and continuous 
DRX. 

Fig. 5 shows the Schmid factor distributions of the various major slip 
systems. The results showed a higher Schmid factor value of a basal slip 
and <c+a>-pyramidal slip systems. This indicated that most grains 
possessed soft orientations (with their basal planes and c-axis inclined 
toward the main slip plane), once the tensile stress was aligned with ED 
[7]. The pyramidal slip was subjected to actuate and coordinate defor
mation with the basal slide. Thus, plastic deformation of the as-received 
sample was dominated by the slip of the basal plane, complemented by 
<c+a>-pyramidal slip. 

3.1.2. Microstructural evolution of ECAPed alloy 
To fully understand microstructural evolution during ECAP and the 

underlying grain refinement mechanism caused by severe plastic 
deformation, the microstructural characteristics of specimens after 
various ECAP passes were analyzed and compared. The results showed 
that the microstructure of the Zn-0.033 Mg alloy was significantly 
refined by ECAP and did not show obvious preferred orientation (Fig. 6). 
The average grain sizes were 1.53 ± 0.81 μm, 1.71 ± 0.94 μm, and 1.36 
± 0.90 μm for 4p-, 8p- and 12p-ECAPed samples, respectively. Grain size 
inhomogeneity was significantly eliminated in the ECAPed samples 
compared to the as-received material. The fine grains completely 

Fig. 3. Locations of the tensile and EBSD specimens in the as-received and 
ECAPed materials. 

X. Wang et al.                                                                                                                                                                                                                                   



Materials Science & Engineering A 824 (2021) 141857

5

replaced the original coarse grains, and the grain size range was reduced 
within a range of 0.2–5 μm. With more ECAP passes, the grains of 12p- 
ECAPed sample represented a characteristic of bimodal grain size dis
tribution characteristic, with a high frequency of less than 0.5 μm, and 
secondarily in the range of 1–1.5 μm. The fraction of ultrafine grains 
(less than 1.0 μm) in the 12p-ECAPed sample was 37.4%, which was 
much higher compared to 4p- and 8p-ECAPed samples with a fraction of 
28.1% and 24.3%. This implied that the grains were significantly refined 
with the accumulating strain in the ECAP process. The formation of 
ultrafine grains appeared to be strongly correlated with further refine
ment of 12p-ECAPed sample, where new grains were generated at the 
boundaries of the primary large grains. This bimodal refinement 
microstructure, accompanied by substantial equiaxed grains, was 
attributed to DRX during ECAP, which was typically responsible for the 
refinement of HCP metals with high stacking fault energies, occurring 
during severe plastic deformation [27]. Moreover, the average grain size 
of the 8p-ECAPed sample increased slightly from 1.53 ± 0.81 μm to 1.71 
± 0.94 μm, compared to the 4p-ECAPed sample, which was attributed to 
the expansion of DRX [28]. Fig. 6a revealed a necklace-shaped structure 
of grains, and the orientation of the fine-grained chains with similar 
orientations to the central grains. This microstructural characteristic 
was typically produced by discontinuous DRX [29]. Thus, new recrys
tallized grains were formed at the boundaries of the parent grains, and 

Fig. 4. The microstructure of as-received Zn-0.033 Mg alloy: (a) Inverse pole figure map, (b,c) corresponding inverse pole figure of ED plane and {0001} pole figure 
map, (d) grain boundary map, (e) grain size distribution, (f) distribution frequency histogram of misorientations. 

Fig. 5. Schmid factor distributions of various main slip systems of the as- 
received sample. 
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developed from the newly generated sub-boundaries, which were 
generally small in size and formed DRXed-grain chains, i.e., the “neck
lace” structure of DRXed-grain chains [28]. Moreover, the new 
DRXed-grain chains were formed by the bulging of the prior grain 
boundaries, and their orientations were close to the orientations of the 
parent grains. The existence of this type of structure confirmed that DRX 
was the major grain refinement mechanism for the ECAPed Zn-0.033 Mg 
alloy. As deformation progressed and the grains became refined, it was 
difficult to continue to generate DRXed grains through the expansion of 
the “necklace” structure, i. e, the expansion of DRX, due to the formation 
of the necklace structures by boundaries bulging to spread out at the 
DRXed-grain front [28]. Fig. 6b shows that the major color code of the 
grains after 8 ECAP passes was obviously different from that of the 4 
ECAP passes (in Fig. 6a), and the orientation correlation between DRXed 
grains and the adjacent parent grains disappeared mirrored that the 
DRXed grains underwent continuous reorientation in the ECAP process. 
This indicated that the expansion was proceeded through other mech
anisms other than boundaries bulging. Previous studies [30] have 
confirmed that continuous DRX exhibited progressive lattice rotation 
crystallization, especially through subgrain-rotation nucleation. There 
also appeared to be evidence of continuous DRX activation in this study. 
This type of DRX process did not develop subgrain structures but 
eventually developed subgrains along the existing grain boundaries. 
Furthermore, the misorientation of subgrains gradually accumulated 
until a regular grain character was obtained. Therefore, the trans
formation of the recrystallization caused slight coarsen in the grain size, 
and the progressive subgrain rotation recrystallization was an important 
refinement mechanism during the ECAP process [30]. 

To further explore the mechanism of grain refinement during ECAP, 
the evolution of the misorientation of adjacent grain boundaries was 

investigated. Fig. 7 displays the grain boundary profiles and the histo
gram maps of relative frequency of the misorientation angles for the 
ECAPed samples, where LABGs are distinguished with green lines. 
Fig. 7d–f shows the misorientation fraction of 4p-, 8p- and 12p-ECAPed 
samples. LAGBs fractions of ECAPed samples were all considerably 
higher than that of as-received sample, especially when the misorien
tation angle was less than 5◦ with a large peak. The LAGB fractions of 4p- 
, 8p- and 12p-ECAPed samples were 34.7%, 28.3% and 44.4%, respec
tively, and the average misorientation angles were calculated as 38.5◦, 
41.1◦ and 31.0◦, respectively. For the 4p-ECAPed sample, the fraction of 
multiplied LAGBs increased to 34.7% compared to the as-received state 
of 5.2% and the small misorientation boundaries were widely scattered 
around relatively large grains, and even served as partial boundaries of 
some large grains. After further passes, the small misorientation 
boundaries of 8p-ECAPed sample were conspicuously diminished and 
became uniformly distributed, and the peak fraction of the misorienta
tion angle less than 5◦ substantially declined, which was attributed to 
the continuous DRX of the progressive lattice rotation nucleation. 
Moreover, the LAGBs fraction of 12p-ECAPed sample notably increased 
to 44.4% and the LAGBs assembled in the subgrain region, indicating 
that ECAP created substantial subgrain structures, although recrystalli
zation behavior did occur. Thus, the substructure correlated quite well 
with the grain refinement process, due to sub-boundary accommodation 
with the accumulating strain. The sub-boundary structure would 
contribute to subdividing primary large grains by LAGBs [31]. In Fig. 7d, 
a second peak fraction at a misorientation of 88.5◦ was observed, and its 
fraction reached 4.3%, which was attributed to the twin boundaries 
caused by excessive strain accumulation after 4 ECAP passes. This 
indicated that twinning was slightly stimulated, which coordinated 
deformation due to huge amount of shear strain, compared to the 

Fig. 6. EBSD observation results of 4p-, 8p- and 12p-ECAPed samples: (a,b,c) the inverse pole figure maps and (d,e,f) corresponding grain size distributions.  
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as-received sample. However, deformation was still dominated by dis
locations. Reports have shown that the deformation mechanism of 
as-drawn Zn-0.02 Mg gradually transitioned from twins to dislocations 
during deformation [16]. In addition, the refinement could suppress 
twinning to a certain extent [32]. The boundaries vanished after 8 ECAP 
passes process due to the sufficient recrystallization and the assistant 
nucleation mechanism of progressive subgrain rotation recrystallization 
[33,34]. After 12 ECAP passes, the LAGBs fraction increased again, and a 
fairly large number of misorientation angle at 2◦, with the peak fraction 
of 33.55%, was observed. In addition, second peak fractions of 30◦ and 
94◦ were noticed (Fig. 7f), which were accompanied by the formation of 
numerous substructures (Fig. 7c). This type of grain boundary occurred 
as a result of preferential nucleation due to the Mg2Zn11 particle stim
ulated nucleation (PSN) mechanism, and growth of DRXed grains due to 
high mobility compared with other grain boundaries [35]. The 
second-peak orientation angle of the DRXed grains might be induced by 
excess strain accumulation, which was accompanied by the formation of 
a large number of substructures [36]. This mirrored the nucleation 
mechanism of discontinuous DRX in this stage. 

To reveal the effects of ECAP on the DRX process, the grain orien
tation spread (GOS) value was calculated, which was the average dif
ference in orientation between the average grain orientation and all 
measured points in one grain [37]. The GOS method can evaluate the 
volume fraction of DRX grains to a certain extent, based on the principle 
that the GOS value of DRXed grains will be lower than that of deformed 
grains [38]. The GOS threshold can be determined by the endpoint of the 
first prominent peak in the GOS distribution curve, and defined by the 
differences between recrystallized grains and deformed grains [37]. The 

GOS value distributions of the as-received, 4p-, 8p- and 12p-ECAPed 
samples are shown in Fig. 8; according to the statistical results, the 
GOS thresholds of as-received, 4p-, 8p- and 12p-ECAPed samples were 
determined as 1◦, 0.9◦, 1.4◦, and 1◦, respectively. Since recrystallization 
can effectively absorb deformation energy and dislocations, a smaller 
average GOS value was generally associated with a less geometrically 
necessary dislocation to a certain extent. A higher average GOS value 
indicated that the geometrically necessary dislocations were more likely 
larger, and the samples had accumulated greater strain energies [39]. As 
shown in Fig. 8e, the average GOS values of the as-received and 4p-, 8p- 
and 12p-ECAPed samples were 0.89◦, 0.67◦, 0.58◦ and 0.73◦, respec
tively. These results demonstrated that with increasing passes, disloca
tion accumulation gradually declined and the degree of recrystallization 
increased until 8 ECAP passes. After the 8th ECAP pass, the dislocation 
began to store up positively and the recrystallization weakened simul
taneously with more passes. Before 8th ECAP pass, the GOS peak got 
shifted to the smaller GOS value signifying that a large number of grains 
had recrystallized. After 8 ECAP passes, the GOS peak of 12p-ECAP 
sample got moved to a larger value, implying that the DRX did not 
consume enough dislocations generated by ECAP. 

The recrystallization maps can be used as a reference to distinguish 
the evolution of newly recrystallized grains and substructures and 
deformed grains, which are shown in Fig. 9a, based on the previously 
mentioned GOS approach [40]. The blue area denoted fully recrystal
lized grains, which contributed to stabilizing plastic deformation and 
preventing cracking during the ECAP process. The yellow and red area, i. 
e., non-recrystallized region, obviously declined in size as the ECAP 
passes increased, indicating that more complete recrystallization. 

Fig. 7. Microstructural evolution of Zn-0.033 Mg with various passes: (a,d) 4p-ECAPed samples, (b,e) 8p-ECAPed samples, and (c,f) 12p-ECAPed samples (In the 
boundary maps, HAGBs (>15◦) in red lines；LAGBs (≤15◦) in green lines). (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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Fig. 9b shows a statistical percentage of DRXed grains. The DRXed-grain 
percentages of as-received, 4p-, 8p- and 12p-ECAPed samples were 
84.1%, 86.9%, 90.1% and 80.4%, respectively. These fractions were 
consistent with the above analysis results, indicating that until 8 ECAP 
passes had completed recrystallization. Afterward, an increasing ECAP 

passes restricted the recrystallization process. Moreover, the fractions of 
the substructure and the deformed grains both increased significantly 
for the 12p-ECAPed sample, indicating excessive accumulation of strain 
energy and high dislocation density. 

The kernel average misorientation (KAM) value is defined as the 

Fig. 8. The grain orientation spread distributions of Zn-0.033 Mg: (a) as-received sample, (b) 4p-ECAPed sample, (c) 8p-ECAPed sample, (d) 12p-ECAPed sample, (e) 
the combination map of four curves from Fig. 8a–d. 

Fig. 9. The distribution maps of recrystallized grains: (a) The character distribution maps of recrystallized grains (blue stands for fully recrystallized grains, yellow 
for substructure and red for deformed), and (b) the fraction of grains that underwent recrystallization. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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average value of the difference in orientation between each pixel and its 
neighboring pixels. It represents the average misorientations between 
the points in the local area and the center, and can reflect the arrange
ment and accumulation of dislocations to a certain extent [41,42]. To 
further illustrate the effect of ECAP on microstructural evolution, the 
KAM maps of as-received and ECAPed samples are shown in Fig. 10, 
which were retrieved from the misorientation of EBSD data. Fig. 10a 
shows that the KAM value of as-received sample was very high, 
revealing that a high accumulation of dislocations in the material after 
two-step swaging. Low KAM values of ECAPed samples were mainly 
concentrated inside the grains, while high KAM values were mainly 
located in the boundaries around the grains. Thus, dislocation evolution 
played a vital role in the nucleation and growth of DRXed grains through 
stimulating nucleation, consuming dislocations, and alleviating defor
mation. In the early stage of ECAP, accompanied by significant grain 
refinement, the KAM value of 4p-ECAPed sample was greatly reduced, 
compared to the as-received sample indicating that the dislocations 
consumed by DRX exceeded the accumulation of dislocations caused by 
plastic deformation in this ECAP stage. As the ECAP passes increased, 
the KAM values of the 8p-ECAPed sample further decreased, while the 
fraction of HAGBs increased via the translation from LAGBs. In addition, 
the grain size grew slightly, due to the synergistic consumption effect of 
continuous DRXed and dynamic recovery. After 12 ECAP passes, the 
KAM values increased significantly, and LAGBs and the substructures 
increased greatly, but the grain size reduced. These results manifested 
that recrystallization had occurred but was not sufficient to offset 
dislocation accumulation. In addition, the KAM map was also used to 
visualize the geometrically necessary dislocation density distributions 
[43]. The KAM map of 12p-ECAPed sample showed a remarkable in
crease in geometrically necessary dislocation density, which may be 
responsible for both increasing the LAGBs and further refinement. The 
sub-boundaries formed by these dislocations apparently stimulated the 
refinement of the original grains into subgrains [44]. 

Fig. 10b displays the relative frequency curve of KAM values in the 
samples before and after several ECAP passes. The KAM distribution can 
be considered as a regime with high and low dislocation densities [45]. 
It could be identified with two regions, i.e., a lognormal KAM distribu
tion in the range of above 0.05◦ and a small average value of KAM 
(dashed rectangle zone) implying randomly distributed small local 
strain. The as-received sample exhibited a high relative frequency of 
large KAM values (more than 0.5◦), while the ECAPed samples all 
existed a high relative frequency of the small KAM values (lower than 
0.5◦). This suggested that the free-strain region increased, and disloca
tion accumulation was restricted via ECAP. This was considered as proof 
of the occurrence of DRX during ECAP, with increasing fraction of 
recrystallization and grain size refinement. Moreover, for the 
8p-ECAPed sample, 90.1% of recrystallization and 71.1% of HAGBs 
were considered evidence of continuous DRX in this stage. Until 12 
ECAP passes, the fraction of the small KAM region reduced, while the 

normal distribution crest moved to the right, which confirmed that the 
dislocations changed high-density dislocations with a homogeneous 
arrangement. 

For HCP metals, texture plays a critical role in the mechanical 
properties of ECAPed zinc alloy, as important as grain size. Texture 
changes were presented by the IFPs, with correlated pole figures due to 
the asymmetry of the HCP crystal structure. The IPF maps of ED plane 
and {0001} pole figure maps are demonstrated in Fig. 11. With the 
increasing ECAP passes, the texture intensity of ECAPed samples 
increased (Fig. 11e,f,g). However, the orientation axis of ECAPed sam
ples on the ED plane tilted slightly during ECAP processing, compared to 
a typical <0001> fiber texture in the as-received state, which was 
aligned with ED (Fig. 4b). Texture evolution of other Zn–Mg alloy also 
has been reported, such as Zn-1.6 Mg, which was subjected to a rotary 
die-ECAP process [46], and Zn-0.02 Mg, which was subjected to a rolling 
process [16]. Thus, shifts of texture have been previously reported, and 
worthy of further study. It seemed that this transformation exhibited a 
strong correlation with the DRX development during plastic deforma
tion. EBSD IPF analysis of ECAPed samples showed that the relatively 
strong texture was formed deviating away from <0001> axis 50 ◦–70◦

(in Fig. 11a–c). For the 4p-ECAPed sample, a second texture component 
was generated on the ED plane, in the form of a weak component be
tween [0001] and [1210], tilting about 60◦ away from <0001>. This 
indicated that the reorientation of newly generated DRXed grains had 
occurred. However, dislocations that resulted from ECAP driven rota
tion process would be stored at boundaries, and thus induced internal 
stress would form within the material [47]. Once the internal stress was 
high enough to activate the cooperative dislocation rearrangement, it 
would generate new strain-induced boundaries. For the 12p-ECAPed 
sample, the pole intensity in {0001} pole axis was 13.04, which was 
attributed to the newly generated DRXed grains due to the repeated it
erations of recrystallization and dynamic recovery processes during 
ECAP. 

3.2. Effect of ECAP on mechanical properties 

To study the effect of ECAP on the deformation behavior of ultrafine- 
grained Zn-0.033 Mg alloy, and establish a the relationship between 
microstructure and mechanical properties, the uniaxial tensile tests 
were performed at room temperature. Fig. 12 depicts the engineering 
stress-strain curves of the samples with various ECAP passes. The results 
showed that the as-received sample exhibited continuous yielding 
behavior, while the ECAPed samples presented a discontinuous yielding 
phenomenon. In addition, the yield strength was significantly improved 
by ECAP process. 

The as-received sample showed significant work hardening after the 
onset of yielding, and deformed uniformly. The yield stress and elon
gation were 166 ± 7 MPa and 40.09 ± 4.37%, respectively. These values 
were much higher than the as-extruded Zn-0.02 Mg alloy reported by 

Fig. 10. Distribution of kernel average misorientation (KAM) values: (a) KAM maps of as-received, 4p-, 8p- and 12p-ECAPed samples; (b) the corresponding relative 
frequency of KAM values. 
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Ref. [16] which had a grain size of 25 μm. According to the Zn–Mg bi
nary alloy phase diagram, Zn–Mg alloy in this study was composed of 
α-Zn matrix and Mg2Zn11 intermetallic compounds, which have also 
been observed in zinc alloys with similar magnesium content [48]. 
Furthermore, Mg2Zn11 content increased with the alloying magnesium 
content. Shen et al. [49] pointed out that after hot extrusion, the grains 
became refined and homogeneous, and the area fraction of the eutectic 
region was reduced. Liu et al. [50] also proposed that after multi-pass 
ECAP, the eutectic structure was crushed into fine particles and mixed 
with DRXed grains. Thus, second phase strengthening should exist to 
better investigate Zn-0.033 Mg alloy. However, compared to the con
tributions of grain boundary refinement toward strength, the effect of 
this factor was weak due to the lower magnesium content in this alloy. 
The ECAPed samples reached the peak stress rapidly, which was the 
upper yield point. The flow stress dropped to the lower yield point, and 
subsequently entered into a steady-state until fracture for the 
4p-ECAPed sample. In contrast, in the 8p- and 12p-ECAPed samples, the 
stress continued decreasing after yielding, and eventually fractured. In 
this situation, except for the section near the fracture point, the rests of 
the uniaxial tensile specimens were virtually undeformed [51], and the 
lower yield point was higher than the ultimate tensile stress at the 
fracture point, as shown in Fig. 12. In the inset of Fig. 12, the 
strain-softening of 8p-ECAPed sample was relatively weaker compared 
to other ECAPed ones. It was speculated that this was attributed to the 
complete DRX grains of 8p-ECAPed sample, and slightly large grain 

generated. 
The deformation process of 4p-ECAPed sample is depicted in Fig. 13, 

which consisted of a stress drop accompanied by yielding and a steady- 
state until fracture. A yield stress drop typically occurred in ultrafine- 
grained materials, and was called the yield point phenomenon [52]. 
Thus, combined with the macroscopic characteristics of the specimen 
gauge length during the uniaxial tensile testing, it could be inferred that 
result corresponded to Lüders bands. Therefore, the deformation process 
was comprised of the initiation of Lüders bands, nucleation, and then 
propagation until fracture, as shown in the insets of Fig. 13. Lüders 
deformation was observed when discontinuous yielding occurred in the 
fine-grained samples during plastic deformation, which was also 
consistent with the results of ECAPed samples in this study. Currently, 
there are two popular explanations for the yield point phenomenon in 
literature. One explanation proposed by Cottrell and Bilby [53] sug
gested that the dislocations become locked by a Cottrell atmosphere. 
Another explanation suggests an insufficient initial mobile dislocation 
density leads to the abrupt yield stress drop [54]. According to the 
former theory, the addition element Mg segregates to the dislocation 
strain fields, and high stress is needed to overcome the obstacles of Mg 
solute atoms. Consequently, under the actions of external force, high 
stress was required to overcome the Mg atoms. As the dislocations 
hurdle the restrictions in the form of barrier Mg, the stress required to 
move dislocations was much smaller, resulting in the yield drop [55]. 

For a given strain rate, the velocity of dislocation movement is 
inversely proportional to the density of mobile dislocations based on the 
Taylor equation, which is expressed as a function of dislocation density 
and dislocation movement: 

Fig. 11. Texture evolution of Zn-0.033 Mg alloys during ECAP process: (a,e) 4p-ECAPed sample, (b,f) 8p-ECAPed sample and (c,g) 12p-ECAPed sample.  

Fig. 12. Engineering stress-strain curves and the magnified plot of the yield 
drop region. 

Fig. 13. The tensile deformation process of 4p-ECAPed sample at room 
temperature. 
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ε̇= bρmv (2)  

where b is the Burgers vector, ρm denotes the density of the mobile 
dislocations, and v is the velocity of dislocations. Thus, a large external 
stress was required to generate large dislocation velocities, and maintain 
the plastic strain rate when the materials exhibited a low initial mobile 
dislocation density. This was associated with the upper yield point for 
ECAPed samples entering the plastic state rapidly through the elastic 
regime. As deformation continued, the dislocation velocity decreased 
due to increasing mobile dislocation density caused by multiplication, 
and this was attributed to the yield drop of ECAPed samples. 

Fig. 14 presents the yield strength and elongation of samples, as a 
function of the number of ECAP passes and corresponding grain size, 
where △σ denotes the yield drop value, which was defined as the dif
ference between the upper and lower yield stresses. Both the upper yield 
stress and △σ increased with the ECAP passes increased. Furthermore, 
the △σ value was related to the initial mobile dislocation density in the 
material. Thus, the effects of mobile dislocation density on yield 
behavior were well rationalized by Hahn’s model [54]. The mobile 
dislocation density of ECAPed samples was very low, as the dislocations 
were locked by solute atoms blocked by stacking and grain boundaries. 
Thus, a larger external stress was required to move the mobile disloca
tions at a high velocity, to maintain the plastic deformation strain rate. A 
high yield stress was consequently generated, which became the upper 
yield stress. As plastic strain increased, an abrupt multiplication of dis
locations caused a significant decrease in the externally loaded stress, 
which produced the yield drop phenomenon on the stress-strain curve. 
As shown in Fig. 14, the △σ of the 4p-ECAPed sample was 33 ± 3 MPa, 
while those of the 8p- and 12p-ECAPed ones were 53 ± 4 MPa and 60 ±
7 MPa, respectively. Thus, the more passes, the greater the yield drop, 
creating a more obvious yield point phenomenon. This demonstrated 
that as the passes increased, the mobile dislocation density decreased, 
despite the increasing amount of accumulated dislocations and plastic 
deformation strain (as shown in Fig. 10a). This results were consistent 
with the dislocation density simulation results, as a function of strain 
using the mobile/immobile dislocation models, as reported by Bratov 
et al. [56]. 

The commonly used pile-up model for explaining the Hall-Petch 
relationship (Eq. (3)), ky is usually considered to sign the ability to 
resist the slip transmission of grain boundaries, such as from one grain to 
the neighbor, which also means the grain boundary strength. 

σy = σ0 + kyd− 1
2 (3) 

Many previous studies have reported that a correlation between the 
Hall-Petch slope and yield behavior, regardless of the conventional or 
ultrafine grain sizes. However, for the zinc alloy in this work, this cor
relation was not valid. Wang et al. [57] found that when the grain size 

was reduced to about 1 μm, the material exhibited a significant transi
tion from continuous yield behavior to discontinuous yield behavior 
during the plastic deformation. A large volume fraction of grain 
boundaries, due to the presence of ultrafine grains, provided a high 
density of dislocation source, which resulted in a rapid increase in 
dislocation density. 

In addition, Petch also proposed another explanation for the grain 
size dependence of discontinuous yield in 1962, in the form of a micro- 
yielding model. Petch showed that plastic deformation was localized in 
these micro-yielded grains in the polycrystalline structure during 
discontinuous yielding. The local strain rate was much higher in the 
yielded grains, compared to the macroscopic strain rate exerted by the 
tensile test machine. Thus, in the engineering stress-strain curves of 
ECAPed samples, the lower yield stress was greater than the ultimate 
tensile strength, and fracture occurred at the point where the Lüders 
bands nucleated, while the rest of the sample was virtually unstrained. A 
similar conclusion was also achieved by Rooyen [51]. Because this type 
of plastic deformation only occurred in the local region of the gauge 
length, the yield strength was affected by the grain size and other 
microstructural characteristics, such as dislocation distribution and 
crystallographic orientation. As grain size decreased, the yield stress 
decreased, which was due to the increased contribution of grain 
boundary slip toward total deformation [58]. After 12 ECAP passes, the 
elongation decreased to 8.17 ± 1.21%, which resulted from deformation 
instability during the early stages of deformation. In ultrafine-grained 
materials, smaller grains typically inhibited the generation and storage 
of dislocation necessary for strain hardening [59]. Thus, the work 
hardening rate must be increased to delay necking and improve the 
strain to failure for UFG-ECAPed samples. For other ECAPed alloys, it 
has been reported that low-temperature or short-duration annealing 
achieved improvements in both ductility and high strength [60,61]. 
Thus, an effective and appropriate thermal treatment for 12p-ECAPed 
sample, to recover ductility, would be investigated further. 

The above texture analysis revealed that ECAP process achieved 
significant microstructure refinement and homogenization, but intro
duced different strong texture components. For HCP metals, the evolu
tion of texture can govern the Schmid factors of different slip systems 
and effect various mechanical properties, especially ductility. This can 
be related to the c/a ratio of the alloy, which had an ideal value of nearly 
1.633, and tended to form a basic fiber texture with a higher Schmid 
factor, resulting in lower yield stress and excellent elongation. Thus, in 
zinc (c/a = 1.856, which exceeds the ideal value), there is a lower 
critical resolved shear stress (CRSS) of pyramidal {1122} <1123> than 
prismatic {1010} <1120> slip system [18]. Thus, a combination of 
basal slip and pyramidal slip systems drove the texture evolution, where 
the basal pole tilted toward away to ED during ECAP process. This 
deformation mode was supported by taking into account the texture 
distribution and slightly increased texture intensity of the sample 
(Fig. 11). The results confirmed that the newly generated DRXed grains 
had slightly rotated, and most of the grains exhibited textures with basal 
poles tilted away from the ED, which was consistent with previous re
ports in the literature [6]. 

Fig. 15 plots the Schmid factors for main slip systems. It was obvious 
that ECAPed samples had lower Schmid factors for the basal slip system, 
suggesting that most grains on the basal plane were in hard orientations 
related to the tensile direction. Thus, the deformation mechanism of 
non-basal <c+a> slip system was activated, and sustained plastic 
deformation, such as the pyramidal <c+a>-type slip system [62]. 
Comparing the IPF of ED plane between the 4p- and 8p-ECAPed samples 
(in Fig. 11a and b), it was confirmed that the DRXed fined grains in the 
4p-ECAPed sample provided greater actuation of pyramidal slip. This 
was consistent with the high average Schmid factor values of <a> py
ramidal slip in the 4p-ECAPed sample (Fig. 15). Thus, the 4p-ECAPed 
sample exhibited a larger elongation, due to the coordinated deforma
tion of the non-base slip system. In addition, because the pyramidal 

Fig. 14. The dependence of yield strength and elongation on the ECAP passes.  
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CRSS for <c+a> slip system was higher than that for <a> slip, a larger 
stress was required to actuate it, which resulted in the higher yield 
strength in the 8p- and 12p-ECAPed samples, compared to that in the 
4p-ECAPed sample. The non-basal slip could control the macroscopic 
response and internal strain development in the sample [63], even 
though the basal slip accommodated the majority of the strain during 
tensile deformation. These results thus suggested that the most active 
non-basal slip system in Zn-0.033 Mg during the warm-ECAP process 
was the <c+a>-pyramidal slip system. Consequently, an important 
factor of yield strengthening was ascribed to the ultrafine-grained 
boundaries, dislocation, and texture strengthening caused by ECAP. 

3.3. Effect of ECAP on corrosion behavior 

As a possible material for degradable vascular stents, corrosion 
resistance is critical. Fig. 16a shows the corrosion rates of the samples 
after immersion testing in Hank’s artificial body fluid for several days. 
The corrosion rates of the investigated samples rapidly abated in the first 
four days, then gradually decreased, and finally stabilized. The stable 
rate of about 0.02 mm/year was achieved for as-received samples, and 
0.004–0.01 mm/year for ECAPed samples after immersion for 14 days. 
For the as-received sample, the corrosion rate was more than double the 
rate of ECAPed samples, suggesting that the ECAP process sufficiently 
improved the degradation performance of Zn-0.033 Mg. However, for 
the 12p-ECAPed sample, the rate was overall higher than the other two 
ECAPed samples, due to the increase in grain boundaries stemming from 
a substantial number of ultrafine grains. Moreover, the corrosion rate 
entered a steady state soon and was maintained at a rate of 0.01 mm/ 
year, after immersion 4 days, as shown in Fig. 16a. This result was likely 
to be ascribed to the passive film composed of compact corrosion 
products covering the surface. With the increasing ECAP passes, the 

surface structure of ECAPed samples became more compact, and the 
micro-spatial structure between the grain boundaries was restrained. 
Thus, the distribution of corrosion products was more uniform, and 
would not be susceptible to surface deterioration. 

Fig. 16b shows the corrosion rates of the Zn and Zn-0.05 Mg alloy, 
with grain sizes of approximately 100 μm and 10 μm [21], as well as the 
12p-ECPAed sample in this study with a grain size of 1.36 ± 0.90 μm. 
Corrosion rate of the 12p-ECAPed sample obtained by the ECAP process 
exhibited an entirely opposite trend compared to Zn-0.05 Mg, in the first 
four days. Then the rates stabilized at approximately 0.15 mm/year and 
0.01 mm/year, verifying the important effect of grain size on corrosion 
rate, especially at the ultrafine-grained level. This verified once again 
that the corrosion rate of the ultrafine-grained Zn–Mg alloy was signif
icantly reduced by the ECAP process. 

4. Conclusion 

In the present study, an ultrafine-grained Zn-0.033 Mg (in wt.%) 
alloy was prepared by multi-pass equal-channel angular pressing (ECAP) 
at 416 K. The evolution of the microstructure, mechanical properties, 
and corrosion behavior of the material during the ECAP process was 
studied in detail. The main conclusions are drawn as follows.  

(1) The warm ECAP process of the copper-clad sample is an effective 
way to fabricate the ultrafine-grained Zn-0.033 Mg. Substantial 
grain refinement is achieved through 12 ECAP passes, yielding an 
average grain size of 1.36 ± 0.90 μm.  

(2) The average grain size is reduced from 9.02 ± 4.37 μm (in the as- 
received material) to 1.53 ± 0.81 μm after 4 ECAP passes and 
then slightly increased to 1.71 ± 0.94 μm after 8 passes owing to 
the continuous dynamic recrystallization of the progressive sub
grain rotation nucleation. Simultaneously, a texture with extru
sion direction deviating 70 ± 5◦ away from <0001> is formed by 
newly recrystallized grains during ECAP.  

(3) A large number of low-angle grain boundaries and substructures 
are formed, and both the grain orientation spread and the kernel 
average misorientation are increased after 12 ECAP passes. 
Although further grain refinement is achieved with more ECAP 
passes, more dislocations accumulate, which is detrimental to 
ductility.  

(4) The yield strength is ultimately enhanced to 276 ± 5 MPa after 12 
ECAP passes, which can be put down to the synergy effect of grain 
refinement and texture and dislocation strengthening. An optimal 
properties combination of yield strength (263 ± 11 MPa) and 
elongation (25.37 ± 0.79%) at room temperature is obtained by 4 
ECAP passes. 

Fig. 15. The average Schmid factors for diverse slip systems of ECA
Ped samples. 

Fig. 16. Corrosion rates of the immersion tests for 14 days: (a) for Zn-0.033 Mg in Hank’s and (b) for Zn and Zn-0.05 Mg in simulated body fluid [21].  
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(5) The ultrafine-grained Zn-0.033 Mg alloy exhibits uniform corro
sion with a low corrosion rate of 0.004–0.01 mm/year, which 
fully fulfills the requirements for biodegradable implant material. 
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