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A B S T R A C T   

Lean alloy (low alloyed) is beneficial for long-term sustainable development of metal materials. Creating a 
nanocrystalline microstructure is a desirable approach to improve biodegradability and mechanical properties of 
lean biomedical Mg alloy, but it is nearly impossible to realize. In the present study, the bulk nanocrystalline Mg 
alloy (average grain size: ~70 nm) was successfully obtained by hot rolling process of a lean Mg-2wt.%Zn (Z2) 
alloy and both high strength ((223 MPa (YS) and 260 MPa (UTS)) and good corrosion resistance (corrosion rate 
in vivo: 0.2 mm/year) could be achieved. The microstructure evolution during the rolling process was analyzed 
and discussed. Several factors including large strain, fine grains, strong basal texture, high temperature and Zn 
segregation conjointly provided the possibility for the activation of pyramidal <c+a> slip to produce nano-
crystals. This finding could provide a new development direction and field of application for lean biomedical Mg 
alloys.   

1. Introduction 

Magnesium (Mg), a biodegradable metal, is a promising material for 
degradable implant devices due to excellent mechanical compatibility to 
bone [1], superior biocompatibility [2], and special bio-functions [3], 
which have been researched and developed for more than ten years. 
Even though traditional alloying method still dominats the development 
of biomedical Mg to achieve high performance (high strength and low 
corrosion rate), low alloy systerms (lean alloy) have a better perspective 
for long-term sustainable development, because it can simplify their 
processing including recycling, and avoid the risk of exhaustion of rare 
elements (RE) [4,5]. Anyway, decreasing or forbidding adverse elements 
such as Al and RE is an option, thus microalloying can ensure the 

biosafety [6]. However, the mechanical properties of Mg mainly depend 
on the strengthening effects of the alloying elements, especially pre-
cipitation strengthening [7]. With limited number of alloying elements, 
controlling microstructure is the primary way to maintain properties. 

Nanocrystalline metals (grain size <100 nm) contain a large fraction 
of grain boundaries (GBs), usually showing superior strength according 
to the Hall-Petch relation [8,9]. Moreover, grain refinement and surface 
nanocrystalline can improve the corrosion resistance of Mg alloys [10]. 
Nanostructured material can also influence the behaviour of cell pro-
liferation and differentiation [11]. Therefore, it is a practical way to 
obtain high strength and improve corrosion resistance by nanocrystal-
line Mg alloys. 

However, bulk nanocrystalline Mg alloys have not been reported in 
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literatures before. Until now, just bulk ultra-fine-grained Mg alloys (100 
nm~1 μm) were successfully processed by using sophisticated severe 
plastic deformation (SPD) technologies. For example, the grains size was 
340 nm in WE43 magnesium alloy processed by ECAP [12] and 500 nm 
in AZ31 magnesium alloy processed by high-pressure torsion [13]. Mg 
with hexagonal close packing (hcp) crystal structure is challenging to 
provide large deformations at relatively low temperatures [14]. Inter-
estingly, in the present work the bulk nanocrystalline Mg–2Zn (Z2) bi-
nary alloy with high strength, and favourable corrosion resistance was 
produced by hot rolling process. The Z2 alloy contains only nutritive 
element, which has shown in vitro and in vivo studies to have superior 
biosafety [15,16]. The present study characterizes the microstructures 
of Z2 alloy and discusses the mechanism of grain refinement during 
rolling process. This work is not only providing a practical approach to 
realize a new lean biodegradable Mg alloy but also contributes to the 
development of nanocrystalline Mg alloys. 

2. Materials and methods 

2.1. Material processing 

The as-cast ingots of Z2 alloy were provided by Suzhou Origin 
Medical Technology Co. Ltd., China. The chemical composition of Z2 
could be found in Table 1. A rectangular plate 50 (RD) × 50 (TD) × 22 
(ND) mm was cut from the ingot for hot rolling (where RD is the rolling 
direction, TD the transverse direction and ND the normal direction). The 
samples were hot-rolled at 400 ◦C with a reduction of 20% and 50% in 
one pass, named as R1-20% and R1-50% respectively. The second pass 
was 50% rolling reduction acted on R1-50%, named as R2-75%. The 
third pass was 64% rolling reduction acted on R2-75%, named as R3- 
91% with the final thickness of 2 mm. All samples were reheated at 
400 ◦C for 5min between every two contiguous passes. The diameter of 
the rolls was 160 mm, and the rolling speed was 14 m/min. 

2.2. Microstructural analysis 

The specimen for determination of the microstructure of rolled 
samples was cut from the core of rolled sheets and characterized by 
Electron Backscatter Diffraction (EBSD) measurements performed with 
a scanning electron microscope (Mira3 (SEM) & AZtec Nordlys Max3). 
The EBSD data was analyzed by Channel 5 analysis software. Specimens 
for EBSD measurements were prepared by conventional grinding and 
diamond polishing (down to 0.5 μm), followed by Ar+ ion milling in a 
precision ion polishing system (PIPS, Gatan). The accelerating voltage in 
operation is 0.5 kV, and the incident angle was set at 3◦ under a liquid- 
nitrogen cooling system. For transmission electron microscopy (TEM), 
thin foil specimens were prepared by punching 3 mm diameter discs, 
followed by dimple grinding and Ar+ ion milling in the precision ion 
polishing system. The accelerating voltage in operation was 4.5 kV, and 
the incident angle was set at 6◦. High angle annular dark-field (HAADF)- 
scanning transmission electron microscopy (STEM), and annular dark 
field (SDF) STEM images were obtained using a FEI Talos-F200X (200 
kV) equipped with a field-emission gun. Corrosion morphology were 
characterized through a scanning electron microscope with energy 
dispersive spectroscopy (TESCAN-RISE). 

2.3. Tensile testing 

Tensile testing samples were cut from the rolled sheets with a gauge 

length of 10 mm, a width of 4 mm, and a thickness of 2 mm. They were 
tested using a SANS type tensile test machine. The tensile direction was 
along the RD of the samples, and the test was conducted with a strain 
rate of 1 × 10− 3 s− 1 at room temperature. The final data of tensile tests 
were based on the average result of three specimens. 

2.4. Corrosion testing 

An immersion test, using the weight loss of samples, was performed 
for 7 days in m-SBF at 37 ◦C. The ratio of the m-SBF solution volume (ml) 
to the sample surface area (cm2) was 20 ml/cm2. Before weighting, the 
corroded sample was cleaned in a solution containning 180 g/L chromic 
acid and 10 g/L AgNO3 solution. The final data collected from the im-
mersion tests were averaged from three different specimens. 

2.5. In vivo degradation testing 

Three 4-month-old male Sprague Dawley (SD) rats with body weight 
of 200–250 g were provided by Sixth People’s Hospital affiliated to 
Shanghai Jiao Tong University, School of Medicine. The rats were 
anesthetized with 3% pentobarbital sodium and exposed through the 
anterolateral approach. Operation site was around the back of the rat for 
subcutaneous implantation. The as-cast Z2 alloy, R3-91%, and high pure 
Mg (99.99%) were selected for implantation (the size of sheet implants 
6 × 4 × 1.5 mm). After implantation, no antibiotics were given and no 
infections were observed post operation. After 3 months of post- 
operation, these rats were sacrificed. The sheet implants were 
removed and then ultrasonically rinsed with a solution of 180 g/L 
chromic acid and 10 g/L AgNO3 to remove the corrosion product around 
the samples. Then, all samples were cleaned with deionized water and 
pure ethanol. The corrosion rate of these samples was calculated from 
weight loss using the following formula: 

Corrosion ​ rate ​ (mm / year)=
k × W

T × A × D
(1)  

where k is a constant (8.76 × 104), W is the weight loss (g), T is the time 
exposed to solution (h), A is the surface area (cm2) of sheet implants, and 
D is the density of the material (g/cm3, for Z2 alloy and HPM, it is 1.74). 

All animal experiments were conducted according to the Guidance 
Suggestions for the Care and Use of Laboratory Animals (issued by the 
Ministry of Science and Technology of the People’s Republic of China) 
and approved by the Animal Care and Experiment Committee of Sixth 
People’s Hospital affiliated to Shanghai Jiao Tong University, School of 
Medicine. 

2.6. Statistical methods 

The values determined in the present study were shown as mean 
values (three samples) and standard deviation. Statistical analysis was 
performed with SPSS (SPSS 16.0 Inc., Chicago, USA). One-way ANOVA 
and Student–Newman–Keuls post hoc tests were used to determine the 
level of significance for the weight loss of samples during the in vivo 
degradation testing. p values less than 0.05 were considered to be 
significant. 

3. Experimental results 

Fig. 1 demonstrates the microstructures of R1-20% and R1-50% 
observed using EBSD. The red colour represents all the grains oriented to 

Table 1 
The chemical composition of Z2 alloy as analyzed by Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES). (ppmw: ppm in weight).  

Element Mg Zn Si Fe Ni Cu Al Mn Ti Pb Sn 

Ppmw Bal. 20000 ± 200 20 
±10 

20 
±5 

5 
±4 

5 
±2 

20 
±3 

20 
±7 

10 
±2 

10 
±4 

7 
±4  
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Fig. 1. EBSD inverse pole figure (IPF) maps (a, b) and images (c, d) of deformed grains (red colour), sub-grains (yellow colour) and recrystallized grains (blue colour) 
for R1-20% (a, c) and R1-50% (b, d). 

Fig. 2. (a) Grains size distribution for recrystallized grains, (b) IPF images of recrystallized grains and pole figures of recrystallized grains and sub-grains, (c) a 
histogram of the Schmid factor distribution for four slip systems in the recrystallized grans and sub-grains of R1-20% and R1-50%. 
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(0001). The c-axis of many grains is almost perpendicular to the rolling 
plane for both R1-20% and R1-50%, forming a strong basal texture 
(Fig. 1a–b). The basal texture is usually unavoidable and produced by an 
effect of tension twin formation and basal <a> slip during normal 
rolling process in most non-RE (Rare Earths) containing Mg alloys [17]. 
Besides, R1-20% contains a considerable amount of deformation twins, 
while the deformation twins were challenging to observe in R1-50%. 
Fig. 1c–d shows the condition of recrystallization, and the blue colour 
symbolizes recrystallized grains, occupying 24% and 53% area fraction 
in R1-20% and R1-50%, respectively. The recrystallized grains of 
R1-20% were mainly produced inside twins, as shown in Fig. 1c, indi-
cating that recrystallization nucleation sites were primarily within 
twins, at twin-twin or twin-grain boundary intersections to form 
twin-induced dynamic recrystallization (TDRX) similar to other Mg al-
loys in recent reports [18,19]. The recrystallized grains of R1-50% seems 
to be the result of further recrystallization compared to R1-20%. These 
fine grains are much more homogeneous, and almost no twins could be 
observed. 

Fig. 2 presents the microstructural features of the recrystallized 
grains and sub-grains for R1-20% and R1-50%. The grain size distribu-
tion of recrystallized grains is shown in Fig. 2a. Tiny grains (<2 μm) in 
R1-20% are more than those in R1-50%, while the average grain size of 
R1-50% is smaller than that of R1-20%. Fig. 2b displays the inverse pole 
figure maps of the recrystallized grains and the pole figures of the 
recrystallized grains and sub-grains for R1-20% and R1-50%, respec-
tively. The texture of recrystallized grains in both R1-20% and R1-50% 
is similar (maximum intensity: 4.6 and 5.4). The pole figures of sub- 
grains express a strong basal texture. One should notice that the 
texture intensity of non-recrystallized grains decreased from 22.4 in R1- 
20% to 13.1 in R1-50%. Fig. 2c exhibits the Schmid factor for four slip 
systems (basal <a>, prismatic <a>, pyramidal <a> and <c+a> slips) of 
R1-20% and R1-50% during the rolling deformation. The two samples 
reveal a similar distribution of Schmid factor values in the recrystallized 

grains. The Schmid factor for basal slip is a little higher than the others. 
Nevertheless, the distribution of the Schmid factor in sub-grains dem-
onstrates a significant difference between R1-20% and R1-50%. For R1- 
20% only the pyramidal <c+a> slip is reaching at relatively high values 
for the sub-grains. However, for R1-50% all slip systems except for the 
prismatic slip reach relatively high values for the sub-grains especially 
the basal slip. 

Fig. 3 presents the microstructure of the R2-75% which was obtained 
after a second rolling pass of R1-50%. The grains are more homoge-
neous, and the average grain size is about 3.5 μm in R2-75%. A robust 
basal texture with a maximum intensity of 12 was formed, and most of 
the grains are recrystallized as shown in Fig. 3c. Fig. 3d demonstrates the 
Schmid factor for four slip systems of R2-75%. Only pyramidal <c+a>
slip systems show the high Schmid factor values. 

Fig. 4 displays the TEM images of the microstructures of R1-50% and 
R2-75%. The GBs of R1-50% are irregular (Fig. 4a). Moreover, Zn 
segregation at GBs shows more brightly than Mg matrix, observing in the 
HAADF-STEM image, as shown in Fig. 4b. The grains of R2-75% are tiny 
and relatively uniform (Fig. 4c), which was achieved due to sufficient 
recrystallization after the second pass of hot rolling. Likewise, GBs 
segregations still can be detected in R2-75%, as shown in Fig. 4d. 

The TEM images of the microstructure of R3-91% after the third 
rolling pass performed on R2-75% is shown in Fig. 5. The grains are very 
tiny, and just a very few grains were over 100 nm (Fig. 5a). The corre-
sponding selected area electron diffraction (SAED) pattern reveals 
continuous diffraction rings indicating the random orientations of 
nanocrystalline phase with high angle GBs. Fig. 5b–c exhibits the bright 
and dark-field STEM images for a better view of the nanocrystals. The 
average grain size of R3-91% is about 70 nm (measured by Nano 
Measurer software). In recent similar studies, large-strain hot rolling 
(three passes with total reduction 85%) [20] and accumulative roll 
bonding (80% in one pass) [21] could only refine the grain size to about 
1–3 μm in AZ61alloy. Fig. 5d confirms also the GB segregation by Zn 

Fig. 3. (a) IPF images of recrystallized grains and pole figures, (b) grains size distribution for Fig. 2a, (c) images of deformed grains (red colour), sub-grains (yellow 
colour) and recrystallized grains (blue colour), (d) a histogram of the Schmid factor distribution of four slip systems for R2-75%. 
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atoms in R3-91%, as already observed in R1-50% and R2-75%. This 
segregation behaviour was also detected in the Mg–2Zn alloy after single 
passed rolling with 80% reduction in a previous study [22]. 

Fig. 6a summarizes the mechanical properties, and corrosion resis-
tance of as-cast and all rolled Z2 samples. Compared with the as-cast 
material, the yield strength (YS) and elongation of R1-20% were 

Fig. 4. (a) Bright-field TEM and (b) HAADF-STEM image of R1-50%. (c) Bright-field TEM and (d) ADF-STEM image of R2-75%.  

Fig. 5. (a) Bright-field TEM, (b) bright-field STEM, and (c) dark-field STEM image of R3-91%. (d) EDX mapping of Zn segregations. Insert in (a) is the selected area 
electron diffraction of this area (SAED). 
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decreasing, indicating that R1-20% with a high fraction of twins was 
more susceptible to shear localization and fracture. With the increase of 
rolling reduction and rolling passes, the YS and ultimate tensile stress 
(UTS) of R1-50%, R2-75%, and R3-91% raised rapidly, while the elon-
gation was fluctuating. Finally, the yield strength (YS) and ultimate 
tensile strength (UTS) reached 223 MPa and 260 MPa, respectively, in 
R3-91%. The values of mass loss rate as a function of rolling passes and 
reduction of Z2 alloy within 1-week immersion in m-SBF solution at 
37 ◦C were about 2.2, 2.9, 1.9, 1.3 and 1.0mg/cm2day, respectively. 
Since the mass loss is equivalent to the amount of Mg dissolved in the 
anodic reaction, this result suggests that the R3-91% has the best 

corrosion resistance. Fig. 6b shows the results further to evaluate the in 
vivo degradation rate of R3-91%. The average degradation rate of R3- 
91% was 0.2 mm/year during implantation with three months in SD rat, 
which was similar to that of high purity Mg. Fig. 7 shows the in vivo 
corrosion morphology of high pure Mg, as-cast Z2 alloy, and R3-91% 
during subcutaneous implantation with 3 months in SD rat. The degra-
dation products of HPM surface are thinner than that of Z2 alloys. In 
addition, degradation product film in as-cast Z2 alloy is porous in 
comparison with the surface film of R3-91% (Fig.7 b, e, h). After 
removing degradation products, it is obvious that the corrosion attacked 
in the matrix of as-cast Z2 alloy is most serious (Fig. 7 f). The HPM and 

Fig. 6. (a) Corrosion rates (immersion in m-SBF solution at 37 ◦C with one week) and tensile properties of Z2 alloy with different rolling processes. (b) In vivo 
degradation rate of high pure Mg, as-cast Z2 alloy, and R3-91% during subcutaneous implantation with three months in SD rat. *p < 0.05. 

Fig. 7. (a) In vivo corrosion morphology (figures c, f and i are without degradation products) of high pure Mg (a, b and c), as-cast Z2 alloy (d, e, f), and R3-91% (g, h 
and i) during subcutaneous implantation with 3 months in SD rat. 
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R3-91% have a slight local corrosion. Fig. 8 represents the chemical 
composition of degradation products formed on high pure Mg, as-cast Z2 
alloy, and R3-91% after the implantation. Compositional analysis based 
on SEM and EDS demonstrates that Ca and P could be detected in 
degradation products, expressing insoluble degradation products such 
as different types of (Mg/Ca) phosphate or carbonate tend to precipitate 
on the surface of the implant. It is also noteworthy that the Zn content in 
the degradation product is a little higher (2 at.%) than that in the matrix 
(0.7 at.%) in the R3-91% sample. The degradation layers with about 
100 mm thickness can slow down corrosion, decrease local alkalization, 
thus finally influence cell attachment to the implantation surface by 
changing the surface chemical activity and morphology in these 
samples. 

4. Discussion 

The application of biodegradable Mg requires high strength, low 
corrosion rate, and proper biosafety. Usually, even though precipitates 
can significantly improve strength, they can also increase the corrosion 
rate of Mg through micro-galvanic corrosion [23,24]. Also, residual 
micro-strain and dislocations in deformed grains and deformation twin 
harm corrosion resistance [22,25]. The microstructure needs a single 
α-Mg phase with few dislocations and residual strain to avoid a low 
corrosion resistance. Thus, only grain refinement is an effective way to 
achieve both high strength and favourable corrosion resistance [26]. 
Therefore, the nanocrystalline Z2 alloy with single α-Mg phase was 
developed with superior high yield strength and relative low corrosion 
rate by multiple hot rolling steps (Fig. 6). 

Due to the hcp crystal structure with high anisotropy, Mg shows a 
complex deformation behaviour. The (0001) <1120> basal slip is 
known to be the easiest system to be activated at all temperatures [27]. 
The other potential slip systems are (1010) <1210> prismatic slip, 
(1011) <1210> pyramidal slip, and (1122) <1123> pyramidal slip 
(<c+a> slip) [28]. The main twinning systems are tension twinning 
{1012} and compressive twinning {1011} [28]. Non-basal slip systems 
are very temperature-dependent and only observed at higher tempera-
tures (>180 ◦C) [29]. In this study, the nanocrystalline R3-91% was 
obtained under hot rolling at 400 ◦C after three passes. Every pass of 

rolling exceeded 50% reduction with a large strain accommodated by 
different deformation mechanism. During the first rolling pass with 20% 
reduction, basal <a> slip and tension twining, which are the easiest to 
be activated, dominated the deformation mechanism. Both of them 
resulted in orientation of the c axis of grains perpendicular to the rolled 
surface, forming a strong basal texture (Fig. 1a) [17]. At the same time, 
TDRX, which produced fine recrystallized grains with random orienta-
tion, controlled grain refinement (Fig. 1c). Thus, the orientation of these 
fine recrystallized grains deviated from the basal texture. The parental 
(untwined) grains with coarse size formed sub-grains or deformed grains 
and remained in basal texture in R1-20%. In subsequent rolling defor-
mation (R1-20% to R1-50%), compressive twinning and pyramidal 
<c+a> slip were activated, and accommodated the plastic deformation 
with basal slip, providing further TDRX in the parental grains. The 
Schmid factor for pyramidal <c+a> slip was obviously larger than for 
the other slip systems, and the compressive twinning was activated 
when the c axis of grains was under compression (Fig. 2c) [30]. Besides, 
the critical resolved sheer stress (CRSS) for compressive twinning de-
pends on temperature and decreases considerably at 400 ◦C [27]. Above 
discussion is illustrated in a schematic diagram for better visualization 
(Fig. 9a–b). 

When the rolling reduction increased to 50% during the first rolling 
pass (Fig. 9b–c), the recrystallized grains, which originated from the 
residual coarse grains of R1-20%, increased significantly through further 
TDRX. Accordingly, these new recrystallized grains in R1-50% and R1- 
20% have similar features, including grain size distribution and orien-
tation. However, the previously recrystallized grains in R1-20% also 
underwent the deformation during the rolling reduction of 20%–50%. 
Since the Schmid factor for the four slip systems is similar, the basal slip 
with the least CRSS was dominating the deformation mechanism in 
these recrystallized grains, resulting in a rotation of the c axis to ND after 
50% reduction of rolling. Therefore, the peak of the pole figure for 
recrystallized grains rotates towards to (0001) from R1-20% to R1-50% 
(Fig. 2b). Besides, twinning could not be activated in these fine recrys-
tallized grains. The critical grain size for twinning is 2.7 μm for pure Mg 
at room temperature [31] and increases significantly with temperature. 
Below the critical grain size, dislocation slip is expected to be 
favourable. 

Fig. 8. Cross sectional images of the in vivo corrosion products of the high purity Mg, as-cast Z2 alloy, and R3-91% during subcutaneous implantation with 3 months 
in SD rat and corresponding elemental mappings. 
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During the second rolling pass (Fig. 9c–d), the sub-grains (coarse 
grains) and the recrystallized grains (fine grains) in R1-50% expressed 
different deformation behaviour due to their Schmid factor difference 
and grain size effect. Firstly, recrystallized grains with small grain size 
have a higher deformation resistance than sub-grains. Secondly, the 
Schmid factor for the four slip systems is similar in recrystallized grains, 
and the basal slip dominates the deformation mechanism. Nevertheless, 
except of basal slip, the pyramidal <a> and <c+a> slip are also with a 
high Schmid factor in the sub-grains of R1-50% (Fig. 2c). Thus, under 
the synergistic effects of basal and non-basal slips, the sub-grain dy-
namic recrystallization (DRX) occurred, resulting in further grain 
refinement. Thus, after the second rolling pass, the R2-75% formed 
uniform fine grains, and the strong basal texture is the result of the 
domination of basal slip (Fig. 3a). 

Finally, the third rolling pass performed on R2-75% produced the 
intended nanocrystalline microstructure in R3-91% (Fig. 9d–e). During 
this process, the (a+c) dislocations are required for the formation of 
three-dimensionally distributed recrystallization nuclei and high-angle 
grain boundaries to produce nanocrystals. The activation of pyramidal 
<c+a> slip was observed at 150 ◦C for ZK60 alloy [32] and for Mg-3wt. 
%Y alloy at room temperature [33]. Here, three factors can promote the 
activation of pyramidal <c+a> slip in R2-75%. Firstly, the high tem-
perature decreased CRSS of pyramidal <c+a> slip. The CRSS of pyra-
midal <c+a> slip is similar to prismatic slip and below 10 MPa in Mg 
single crystal at 400 ◦C [34]. Secondly, small grain size requires high 
stress, which in turn activates pyramidal <c+a> slip [35]. The average 
grain size was about 3.5 μm in R2-75%, providing relatively high stress. 
Finally, the strong basal texture leads to a huge Schmid factor for py-
ramidal <c+a> slip in R2-75% (Fig. 3a and d). According to the Schmid 
law requires [29]. 

σ ⋅ m = τpyra (2)  

where σ is the applied stress and τ is the CRSS for pyramidal <c+a> slip, 
and m is the Schmid factor. Therefore, high temperature (τpyra ↓), small 
grain size (σ ↑), and strong basal texture (m ↑) contribute to the acti-
vation of pyramidal <c+a> slip according to the above equation. Three- 
dimensional recrystallization nuclei formed nanocrystals under the in-
fluence of pyramidal <c+a> and basal slip under continuous plastic 
deformation with a large strain. Besides, segregation of Zn atoms at GBs 

were observed in R1-50%, R2-75%, and R3-91%, which always ac-
companies the processes of grain refinement during the whole rolling 
passes for R3-91%. This segregation behaviour is significant for the 
formation of nanocrystals. First of all, Zn segregation can harden GBs 
and restrain GB sliding [36], especially at high temperature, providing 
more dislocation slips for DRX during the rolling processes. Secondly, 
GB segregation can restrain its growth, lowering the GB energy and 
bring the system closer to thermodynamic equilibrium, thereby 
dramatically enhancing nanocrystals stability [37]. Finally, homoge-
neous nanocrystals were achieved through the synergetic effects of 
deformation mechanisms and microstructural features during the hot 
rolling process of Z2 alloy. 

In most Mg alloys, it was almost impossible to promote overall per-
formance including strength and corrosion resistance, and biocompati-
bility for biomedical by adding alloy elements. Some researchers and 
companies had to choose HPM without any alloying elements for clinical 
application to ensure biosafety and a stable degradation, although 
scarified the mechanical property [38]. In present work, the novel lean 
alloy of bulk Z2 with particular nanocrystals could coordinate the 
contradiction among strength, corrosion resistance, and biocompati-
bility. The raw material is cheap and abundant, and the preparation 
technology was simple and efficient. Under further research, the lean 
nanocrystalline Mg alloy was quite hopeful to be as biomedical devices 
for clinical application. 

5. Conclusion 

Nanograins (about 70 nm) with Zn segregation at their GBs were 
successfully produced in a lean biodegradable Z2 alloy via hot rolling 
with three rolling process. The nanocrystalline Z2 alloy demonstrates a 
high strength (223 MPa (YS) and 260 MPa (UTS)) and good corrosion 
resistance. At the first rolling stages, TDRX dominated the grain 
refinement of coarse grains. During the last rolling pass, the created 
sample microstructure and rolling parameters meet the condition for the 
activation of pyramidal <c+a> slip, and multi-slips dominated the 
deformation mechanism and DRX to form the nanocrystals rounded by 
Zn atoms final microstructure. 

Fig. 9. Schematic diagram for grains refinement of Z2alloy during hot rolling processes.  
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Exceptional mechanical properties of ultra-fine grain Mg-4Y-3RE alloy processed 
by ECAP, Mater. Sci. Eng., A 708 (2017) 193–198. 

[13] P. Serre, R.B. Figueiredo, N. Gao, T.G. Langdon, Influence of strain rate on the 
characteristics of a magnesium alloy processed by high-pressure torsion, Mater. 
Sci. Eng. 528 (2011), 3601-2608. 

[14] R.Z. Valiev, R.K. Islamgaliev, I.V. Alexandrov, Bulk nanostructured materials from 
severe plastic deformation, Prog. Mater. Sci. 45 (2000) 103–189. 

[15] S. Zhang, X. Zhang, C. Zhao, J. Li, Y. Song, C. Xie, H. Tao, Y. Zhang, Y. He, Y. Jiang, 
Y. Bian, Research on an Mg-Zn alloy as a degradable biomaterial, Acta Biomater. 6 
(2010) 626–640. 

[16] J. Li, Y. Song, S. Zhang, C. Zhao, F. Zhang, X. Zhang, L. Cao, Q. Fan, T. Tang, In 
vitro responses of human bone marrow stromal cells to a fluoridated 
hydroxyapatite coated biodegradable Mg-Zn alloy, Biomaterials 31 (2010) 
5782–5788. 

[17] D. Griffiths, Explaining texture weakening and improved formability in magnesium 
rare earth alloys, Mater. Sci. Technol. 31 (2015) 10–24. 

[18] S.H. Lu, D. Wu, R.S. Chen, E.-H. Han, Reasonable utilization of {10-12} twin for 
optimizing microstructure and improving mechanical property in a Mg-Gd-Y alloy, 
Mater. Des. 191 (2020) 108600. 

[19] I. Basu, T. Al-Samman, Twin recrystallization mechanisms in magnesium-rare earth 
alloys, Acta Mater. 96 (2015) 111–132. 
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