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Abstract 

Lightweight magnesium (Mg) alloys have great potential to be used in a variety of structural applications. However, Mg’s hexagonal crystal 
lattice and the limited number of deformation slip systems create fundamental challenges during forming. Furthermore, the selection and 
amounts of alloying additions can lead to complex phases and transformations or location-sensitive precipitate reactions (i.e., in grain or grain 
boundary regions). Mg-Zn alloys are promising candidates for applications requiring high strength due to their high hardening response. In this 
study, we processed solution treated Mg-3Zn (wt.%) using equal channel angular extrusion (ECAE) along the Bc route at 150 oC. The 
microstructure of the extruded material showed two distinct regions. The grain interior showed a dense distribution of nano precipitates. The 
grain boundary region contains recrystallized ultrafine grains with some reprecipitation occurring inside them. We employed the Lukác-Balík 
strain hardening model to estimate the dislocation density evolution during the processing, and we linked these dislocations to the high density 
of precipitates seen in the grain interiors. 
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1. Introduction 

Precipitation hardening and grain boundary strengthening 
remain popular methods to strengthen lightweight magnesium 
(Mg) alloys (1–8). To fully benefit from these two 
strengthening mechanisms, careful selection of alloying 
elements and processing conditions is critical. Further still, 
effective thermomechanical processing of Mg alloys requires 
an understanding of the impact of deformation on 
precipitation, grain refinement, texture evolution, solute 
segregation, dislocation generation, and annihilation (9–11). 
  In the past, precipitation hardening has proven very 
successful in strengthening aluminum (Al)  alloys but less so 
in the case of Mg alloys (12,13).  Conventional aging of Mg 
alloys often results in coarse, high aspect ratio precipitates 

with a very low number density (1,14).  Furthermore, many 
alloying elements produce precipitates along the basal habit 
plane, which is not effective in resisting basal slip (15). To 
overcome this, research has focused on using Rare-Earth (RE) 
elements to produce plate-shaped precipitates along the 
prismatic plane (16). However, due to their cost, this solution 
is not always viable, practical, or scalable for industrial 
applications.  

Alloying Mg with zinc (Zn) is an alternative approach to 
strengthening Mg alloys. The precipitates produced in this 
system grow as rods along the c-axis (1) and thus are 
promising in creating strong and cost-effective Mg alloys. The 
phase transformations in the Mg-Zn system are quite complex, 
and there are ongoing studies to understand the underlying 
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mechanisms of these processes. So far, the mapped sequence 
is as follows (1): 
 
Mg-Zn (Solid Solution):  
 
GP zones →  β’

1 (Mg4Zn7) →  β”
2 (MgZn2) →  β (MgZn)  

                          [0001] α rod  
  

Several studies show that the rod precipitates significantly 
resist basal slip and inhibit twin motion (2,17). One 
fundamental way to boost this resistance even further is to 
increase the number density of precipitates (18). These 
precipitates should ideally be very fine and closely spaced.  

Dynamic precipitation is one way to accelerate the 
formation of nano precipitates in Mg alloys (11,19–22). The 
method relies on deformation driving the precipitation of fine 
particles. For example, extrusion of Mg-9Al (wt.%) at low 
temperature (~150 oC) can produce very fine Mg17Al12 

precipitates. These particles are much harder compared to long 
precipitates produced via conventional aging (11,22). The 
high density of dislocations generated during deformation act 
as solute sinks and drive down the nucleation barrier for 
precipitation.  

In this study, we employ a similar approach in processing a 
Mg-3Zn (wt.%) alloy. We use the severe plastic deformation 
processing method of Equal Channel Angular Extrusion 
(ECAE) at low temperature to promote nucleation of nano 
precipitates within grain interiors. We expect that processing 
at low temperatures will significantly limit growth and 
coarsening once precipitates nucleate (12,23,24). Furthermore, 
the ECAE process should be producing fine grains when 
recrystallization commences at the grain boundaries.  
 
Nomenclature 
DA         Dynamic Aging  
ECAE    Equal Channel Angular Extrusion  
LBM      Lukác-Balík Model      
TEM      Transmission Electron Microscopy   
XRD      X-ray Diffraction  

2. Materials and Methods 

Mg-3Zn (wt.%) alloy - referred to as Z3 was synthesized 
by melting and mixing high purity Mg (99.97%, Grade II, US 
Magnesium) and Zn (99.999%, Alfa Aesar) elements at 
730°C in a tantalum crucible under an argon protective 
environment. The melt was cast to a steel mould. We 
solutionized the as-cast Z3 by holding at 500°C for 25 hours, 
followed by an oil quenching. Rectangular samples were then 
cut for ECAE at 150 oC along the 4Bc route at 0.15 mm/min. 
We found that maintaining the same extrusion rate and the 
temperature was critical in the reproducibility of 
microstructure. We also cut thin slices normal to the extrusion 
direction. We polished samples in water using varying grit 
size (800-1200) and fine-grinding pads, followed by a cloth 
pad and colloidal silica suspension. We examined these 
samples with light microscopy, nanoindentation, and X-ray 
diffraction (XRD) experiments. Samples were then thinned 

further to 50 μm thickness, and 3-mm disks punched for 
precision ion polishing. We perforated a hole during this 
process, and transmission electron microscopy (TEM) studies 
were carried out on the thinned regions of the samples. We 
used a field emission gun TF 30 TEM operating at 300 keV 
for this study. 

3. Results 

We carried out light microscopy of the extruded 4Bc Z3 
samples to obtain information about the global microstructure. 
A representative dark field light micrograph shown in Fig.1 
reveals two types of regions produced by the ECAE process. 
First, we can see “river” like features in the micrographs. 
These are recrystallized regions that account for ~42.3% of 
the area. These typically initiated from the grain boundaries 
and spread into the grain interiors. The grain interiors appear 
as black in Fig. 1.  
 

 

Fig. 1. Darkfield light micrograph of 4Bc Z3 alloy showing a bimodal 
structure: recrystallized “river” like features (blue) and unrecrystallized 
regions (black) 

To evaluate the phase composition of the alloy after 
processing, we carried out XRD. The XRD data plotted in 
Fig. 2 shows strong intermetallic peaks as well as peaks from 
the Mg matrix. The data confirm that processing does induce 
precipitate formation at a much larger scale. The precipitate 
phase identification in this system is non-trivial, but 
preliminary analysis shows the Mg4Zn7 as the most prominent 
precipitate phase after the four extrusions. This observation is 
consistent with other studies in the literature (1,25,26).  
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Fig. 2. X-diffraction plot of the extruded 4Bc Z3 alloy  

   

Fig. 3. (a) Nanoprecipitates in the grain interiors of extruded 4Bc Z3 alloy (b) 
Recrystallized grains along the grain boundaries of extruded 4Bc Z3 alloy  

We employed TEM to evaluate the sub-microstructure in 
the extruded alloy. Fig. 3a shows the grain interior region 
filled with fine precipitates. Fig. 3b shows recrystallized 
grains with a low density of reprecipitated particles within 

them. To evaluate the relative contributions of these regions, 
we conducted site-specific nanoindentation experiments. We 
show the results in Fig. 4. The grain interiors of the extruded 
4Bc Z3 sample that contains a high density of nano 
precipitates are much harder compared to the solutionized 
sample. This increase is likely due to precipitation hardening. 
The grain boundary regions are slightly harder than the grain 
interiors, suggesting that we obtain more strengthening from 
this extensive grain refinement than from the dense 
distribution of nano precipitates within the grain interiors.  

 

 

Fig. 4: Site-specific nanoindentation hardness results of solutionized Z3 and 
extruded 4Bc Z3 alloy (grain interiors and recrystallized grain boundary 
regions). 

4. Discussion 

The ECAE process produces a high density of dislocations 
due to the associated large plastic strains and the relatively 
low temperatures that limit recovery. These dislocations can 
play a critical role in the nucleation and growth of 
precipitates. Therefore, a model that predicts the dislocation 
density during the processing is needed. We adopted the 
Lukác-Balík model (LBM) (27–29) to predict the variation of 
dislocation density as a function of applied strain: 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 𝐴𝐴1 + 𝐴𝐴2𝜌𝜌1/2 − 𝐴𝐴3𝜌𝜌 − 𝐴𝐴4𝜎𝜎𝑦𝑦𝜌𝜌3/2                                  (1) 

Equation 1 has two types of terms: additive and 
subtractive. Additive terms capture the dislocation nucleation 
and multiplication. The first term is the contribution from 
impenetrable obstacles, and the second term considers the 
effect of forest dislocations. The last two subtractive terms are 
for dynamic recovery events that annihilate dislocations such 
as cross slip and climb, respectively.  

Next, we define the work hardening rate as:  

Θ ≡ 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 𝑃𝑃

𝑑𝑑−𝑑𝑑𝑦𝑦
+ 𝑄𝑄 − 𝑅𝑅(𝜎𝜎 − 𝜎𝜎𝑦𝑦) − 𝑆𝑆(𝜎𝜎 − 𝜎𝜎𝑦𝑦)3

                 (2) 

where σ is the stress, and σy is the yield stress. Terms P, Q, R, 
S are proportional to A1, A2, A3, and A4 in Equation (1).  

𝑃𝑃 =  0.5 𝑀𝑀3(𝛼𝛼𝛼𝛼𝛼𝛼)2 ( �̇�𝑑
�̇�𝑑0

)
2
𝑛𝑛 𝐴𝐴1                                                (3) 
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𝑄𝑄 = 0.5 𝑀𝑀2𝛼𝛼𝛼𝛼𝛼𝛼 ( �̇�𝜀
�̇�𝜀0

)
1
𝑛𝑛 𝐴𝐴2                                                      (4) 

𝑅𝑅 = 0.5 𝑀𝑀𝐴𝐴3                                                                         (5)  

𝑆𝑆 = (2𝑀𝑀2𝛼𝛼𝛼𝛼𝛼𝛼) ( �̇�𝜀
�̇�𝜀0

)
−1

𝑛𝑛 𝐴𝐴4                                                     (6)  

M is the Taylor factor (~4.5), 𝛼𝛼 is a numerical constant (~1), 
G is the shear modulus (~18 GPa), b is the Burger’s vector, 𝜀𝜀̇ 
is the strain rate (~10-4 s-1), 𝜀𝜀0̇ is a normalization parameter, 
and n is the stress exponent (~102). For this Z3 alloy, stress-
strain curves have been reported previously (30,31). From this 
data, the values of P, Q, R, and S can be extracted (29) and 
shown in Table 1.  

Table 1. LBM parameters for Z3 (29) 

Parameter Value 
P (MPa2) 46000 ± 6000 

Q (MPa)  1360 ± 190 

R  3×10-3 ± 1.7 

S (MPa-2)  

σy (MPa) 

1.17×104  ± 0.28 

114.70 ± 0.10 

 
By using equations (1-5), and by assuming the initial 

dislocation density to be ~51012 m-2 (22), we can plot the 
dislocation density as a function of strain, as shown in Fig. 5. 
 

 

Fig. 5. Dislocation density evolution predicted during the processing of Z3 as 
a function of strain 

 

Given a high level of von Mises strain is introduced in the 
material during each ECAE pass (~115.5%), the model 
predicts that dislocation density saturates during the first pass, 
as it rises by order of magnitude, i.e., ~31013 m-2. Previous 
studies have reported increased values of dislocation density 
using X-ray and TEM studies for ECAE Mg alloys (24,32). 
From our earlier studies (11,22), we know that the presence of 
dislocation can significantly impact the activation barrier for 
nucleation. Thus, such a high dislocation density likely 
enables the precipitation of many particles, as seen in Fig. 3a. 
The areal density of the fine nano precipitates within the grain 
interiors is ~837.41012 m-2.  Furthermore, recrystallization is 
driven by consumption of dislocations (33). The driving force 
which is the stored energy due to dislocations is expressed as 
𝑃𝑃 ~ 0.5 𝜌𝜌𝛼𝛼𝛼𝛼2 . Thus, along with enhanced precipitation, we 
see enhanced recrystallization as, observed in Fig. 1, and  Fig. 
3b.  

5. Conclusions 

We studied the impact of deformation applied during 
ECAE processing of a Z3 alloy on the concurrent phenomena 
of precipitation and recrystallization at low temperatures. 
Employing the LB model, we predict that extrusion injects a 
high density of dislocations into the Mg matrix that favors the 
formation of nano precipitates. The creation of a high density 
of nanoscale precipitates in the grain interiors leads to 
significant hardening compared to the fully solutionized alloy.  
The fine-grained recrystallization regions along the grain 
boundaries are slightly harder still. This heterogeneous 
microstructure may activate different slip/twinning 
mechanisms on loading, which could offer a balance of 
strength and ductility.  
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