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Abstract 

In the present work, the grain growth activation energy, Q was evaluated in a Mg-0.3Ce (wt. 

%) alloy after equal-channel angular pressing (ECAP) processing via route Bc for 4 passes at 

300 and 350 °C and followed by isochronal annealing at 150, 250, 350, and 450 °C for 2 h. The 

results demonstrated that Q depends strongly on the deformation processing. The Q value was 

equal to 111.4 kJ/mol for the sample ECAP-processed at 300 °C. While the sample ECAP-

processed at 350 °C shows the presence of two different Q values depending on the annealing 

temperature, QI = 26.5 kJ/mol in the low-temperature range (150–350 °C) and QII = 120.7 

kJ/mol in the high-temperature range (350–450 °C). This behaviour was attributed to the 

resulting deformation microstructure and the occurrence of dynamic grain growth during ECAP 

processing at 350 °C. 
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1. Introduction 

Ultra-fine materials are characterized by superior mechanical properties and enhancement of 

superplasticity at elevated temperatures [1, 2]. Severe plastic deformation (SPD) including 

equal-channel angular pressing (ECAP) processing is one of the effective procedures to 

fabricate ultra-fine materials with submicrometer (0.1–1 µm) or nanometer (< 100 nm) scale 

grain sizes [3, 4]. Basically, in ECAP processing the material undergoes a high shear 

deformation by pressing it through an L-shaped die without any change in the cross-section 

area which permits repetition of the deformation [3]. Nowadays, ECAP processing is frequently 

used for processing diverse Magnesium Mg-based alloys such as AZ series [5-10] or Mg-

containing rare-earth (RE) elements (Mg-RE) alloys [11-17]. The reports demonstrated that 

ECAP processing can significantly enhance the ductility and reduce the mechanical anisotropy 

of Mg-based alloys through exceptional grain refinement and texture modification [5-12]. For 

example, excellent ductility (elongation of 22.6%) and high strength (ultimate tensile strength 

of 417.2 MPa) were reached in a Mg-10.6Gd-2Ag (wt. %) alloy after ECAP processing at 350 

°C for 8 passes [12]. However, the deformation and recrystallization behaviours of Mg-based 

alloys are greatly controlled by ECAP processing conditions such as strain level, strain path, 

and deformation temperature [5, 8, 14, 16]. It was reported recently that ECAP processing of a 

Mg-0.3Ce (wt.%) alloy at 300 and 350 °C for 4 passes led to similar dynamic recrystallization 

(DRX) fraction but with different grain size due to the occurrence of dynamic grain growth 

during ECAP processing at 350 °C [14]. Moreover, the annealed microstructure at 450 °C of 

the ECAP-processed Mg-0.3Ce alloy at low strain (1 ECAP pass) was found very 

heterogeneous due to the pinning effect of second particles and the absence of DRX [16]. While 

an increasing number of ECAP passes (2 and 4 ECAP passes) provided sufficient 

recrystallization nucleation sites which led to a more homogeneous microstructure after 

annealing at 450 °C [16]. It is well known that the thermal stability of SPD-processed alloys 

during subsequent annealing is important to maintain or even improve their excellent 

mechanical and physical properties [1, 18]. It has been reported that ECAP processing at 200 

°C for 6 passes of a ZK60 alloy can achieve a superior superplasticity elongation in the 

temperature range of 177–200 °C. However, such superplastic behavior was vanished at 220 

°C which has been attributed to the occurrence of grain growth [1]. Therefore, the 

recrystallization and grain growth kinetics must be inspected to control the mechanical 

properties of Mg-based alloys. The recrystallization and grain growth kinetics are typically 

evaluated by calculating the activation energy which controls the extent of the resistance to any 
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grain growth [19]. So far, limited studies can be found in the literature dealing with the evolution 

of microstructure and the corresponding mechanical properties of ECAP-processed Mg alloys 

containing RE elements (Mg-RE alloys) after annealing treatments [16, 20]. Consequently, the 

recrystallization/grain growth kinetics and information on the activation energies of ECAP-

processed Mg-RE alloys are lacking. Hence, the present study aims to evaluate the activation 

energy of grain growth of a Mg-0.3Ce (wt.%) alloy after ECAP processing at 300 and 350 °C. 

The purpose of choosing a low content of Ce element (0.3%) is to obtain a low-cost and single-

phase Mg-Ce alloy [21]. More information on the evolution of microstructure, texture and 

microhardness after ECAP processing and annealing treatments of the Mg-0.3Ce alloy can be 

found in references [14, 16].  

  

2. Experimental procedure 

The as-cast Mg-0.3Ce alloy was processed by ECAP via route Bc for 4 passes at 300 and 350 

°C using a die having a channel angle of Φ = 90° and an outer arc of curvature of Ψ =37° as 

illustrated in Figure 1. More details on the ECAP die processing and deformation behaviour of 

the alloy can be found in the reference [14]. The deformed samples experienced isochronal 

annealing at 150, 250, 350, and 450 °C for 2h followed by air quenching. 

The microstructure was revealed near the centre of the TD-ND plane (see Figure 1), where TD 

and ND mean the transversal and normal directions respectively. Metallographic preparation 

consisted of mechanical grinding and electropolishing with 5:3 of ethanol and phosphoric acid 

for 30 min and then etching for 3 s in a 5% HNO3, 15% CH3COOH, 60% C2H5OH, and 20% 

H2O. At least six metallographs were used for an accurate mean grain size measurement. The 

mean grain size of the samples was measured by the line intercept method. 

 

Figure 1: Sketch showing details of the ECAP die and sample reference axes. 



4 
 

Scanning Electron Microscopy (SEM) and Electron BackScatter Diffraction (EBSD) areas of 

100 × 100 μm2 with a step size of 0.1 μm of the ECAP-processed samples were used to identify 

the presence of the second phase and the distribution of strain. More details on the EBSD 

preparation and microstructural evolution of ECAP-processed Mg-0.3Ce alloy can be found in 

the reference [14].  

A SHIMADZU type HMV-2 tester was used to measure the Vickers microhardness of the 

annealed samples with a load of 100 g and a dwell time of 10 s. At least 10 indentations were 

recorded on one sample to obtain the average microhardness value. 

 

3. Results and discussion 

Figure 2 reveals the microstructure evolution of ECAP-processed Mg-0.3Ce alloy at 300 and 

350 °C with annealing temperature. The progress of mean grain size as a function of annealing 

temperatures is shown in Figure 3a. It is worth noting that the mean grain size under the 

deformation condition was found equal to 1.6 and 4.3 µm for ECAP-processed samples at 300 

and 350 °C, respectively [14].  
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Figure 2: Microstructure of ECAP-processed Mg-0.3Ce alloy at 300 °C after annealing 

temperature at: (a) 150, (c) 250, (e) 350, and (g) 450 °C and microstructure of ECAP-processed 

sample at 350 °C after annealing temperature at: (b) 150, (d) 250, (f) 350, and (h) 450 °C. 
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Obviously, the microstructure of both samples is heterogenous at low annealing temperature 

(150–350 °C). It is mainly formed by a mixture of deformed grains and small recrystallized 

grains. It became more homogenous with equiaxed grains at 450 °C due to the occurrence of 

static recrystallization and grain growth. It is visible that the recrystallized grains fraction is 

higher in the ECAP-processed sample at 350 °C. It can be observed that all the annealed 

samples contain globular second particles distributed randomly through the microstructures.  

Figure 3a displays that the mean grain size raises at increasing annealing temperatures. As well, 

the mean grain sizes of the ECAP-processed sample at 300 °C are lower than those for the 

ECAP-processed sample at 350 °C. The mean grain size of the ECAP-processed sample at 300 

°C increases from 2.1 ±0.7 µm at 150 °C to 9.5 ±1.1 µm at 450 °C. While the mean grain size 

of the ECAP-processed sample at 350 °C increases from 6.7 ±1 µm at 150 °C to 13.7 ±0.8 µm 

at 450 °C.  

 

 

Figure 3: (a) Evolution of mean grain size as a function of annealing temperature, (b) evolution 

of microhardness as a function of annealing temperature and (c) Hall-Petch relationship of 

ECAP-processed Mg-0.3Ce alloy at 300 and 350 °C, respectively.  
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As a consequence of the occurrence of static recrystallization and grain growth phenomena, the 

microhardness of both samples decreases with increasing annealing temperature as shown in 

Figure 3b. It was reported earlier that the microhardness of the Mg-0.3Ce alloy increased from 

37±1.2 HV in the as-cast state to 64.3±2.4 HV and 54.7±2.1 HV after the ECAP processing at 

300 and 350 °C, respectively [14]. The microhardness values of the ECAP-processed sample at 

300 °C are higher than those for the ECAP-processed sample at 350 °C in the temperature range 

of 150–350 °C. For example, the microhardness at 150 °C was found equal to 58.1±1.9 HV for 

the ECAP-processed sample at 300 °C versus 47.6±2.6 HV for the ECAP-processed sample at 

350 °C. However, the microhardness of both samples reached an almost similar value at 450 °C, 

43.4±1.4 HV vs. 42.7±2.2 HV for the ECAP-processed sample at 300 and 350 °C respectively, 

probably due to the grain growth process. 

The microhardness values were replotted versus the grain size values in Figure 3c following 

the Hall-Petch equation [22]: 

𝐻𝑣 = 𝐻𝑣0 +
𝐾𝐻

√𝑑
                                                         (1) 

where Hv0 is the friction microhardness that characterizes the lattice resistance to the motion of 

dislocations and KH a parameter that reflects the role of the grain boundaries on the hardening. 

 

Accordingly, Figure 3c shows that the Hall–Petch relationship more or less holds over the 

different annealing conditions with the fitting parameters: Hv0 = 32.3 and KH = 39.6 HV µm-1/2. 

The present results indicated that the variation of mechanical properties during static 

recrystallization and grain growth phenomena of the ECAP-processed Mg-0.3Ce alloy are more 

related to the grain size than the precipitation or dislocations effects.   

Similar fitting values were reported for a AZ31 alloy (Hv0 = 38 and KH = 42 HV µm-1/2) after 

ECAP processing [6] and for a Mg-1.44Nd (wt.%) alloy (Hv0 = 39 and KH = 43 HV µm-1/2) 

processed by high-pressure torsion [23].  

The grain growth kinetics of ECAP-processed samples at 300 and 350 °C are investigated 

following the general equation [24]: 

𝑑𝑛 − 𝑑0
𝑛 = 𝐴𝑒𝑥𝑝⁡(−

𝑄

𝑅𝑇
)                                                     (2) 

where d is the mean grain size, d0 is the initial mean grain size (taken as 1.6 and 4.3 µm for 

ECAP-processed samples at 300 and 350 °C, respectively [14]), n is the grain growth exponent, 

A is a pre-exponential constant, Q is the activation energy, R is the gas constant and T is the 

annealing temperature. 
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Theoretically, n = 2 for metals without defects and therefore a parabolic growth law is assumed 

[24]. Practically, the n value has been reported in a range from 2 to 15 in Mg-based alloys under 

various deformation and recrystallization conditions [19, 25-29]. For example, it was found 

previously that n = 8 for hot-rolled and annealed AZ31 alloy and it was attributed to the effect 

of microstructure heterogeneities such as presence of second phases, dislocation network and 

crystallographic texture on the static recrystallization and grain growth. Based on the previous 

study [19], the n for the present investigation is chosen equal to 8.  

Figure 4 shows the plot of ln(𝑑8 − 𝑑0
8) versus 1000/RT of ECAP-processed Mg-0.3Ce alloy at 

300 and 350 °C, respectively. As can be evidenced, the sample ECAP-processed at 300 °C 

exhibits only one temperature range with one activation energy. While two temperature ranges 

with different activation energy can be distinguished in the sample ECAP-processed at 350 °C. 

The activation energy value (111.4 ±5.7 kJ/mol) of the sample ECAP-processed at 300 °C is 

slightly higher than the activation energy for grain boundary diffusion in pure Mg (92 kJ/mol) 

[30]. A similar activation energy, Q = 109.2 kJ/mol, was found for a hot-rolled AZ31 alloy at 

the temperature range of 150–350 °C [19]. It is well known that the activation energy for grain 

boundary diffusion is higher in alloys containing stable second particles than in pure metals [7].  

 

 

Figure 4: Activation energy estimation by plotting ln(𝑑8 − 𝑑0
8) as a function of 1000/RT of 

ECAP processed Mg-0.3Ce sample at: (a) 300 °C, and (b) 350 °C. 

 

Indeed, the SEM images shown in Figures 5a and 5b indicate that both ECAP-processed 

samples exhibit the presence of low amount of a second phase (see the arrows) containing 2.8% 

(at. %) of Ce element. These particles are randomly distributed in both deformed samples and 

they are characterized by a circular form with a diameter range of 2-2.5 µm. It is believed that 
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these particles are the same as those observed during the isochronal annealing of both ECAP-

processed samples, as shown in Figure 2. In addition, similar particles were found stable in 

ECAP-processed sample at 300 °C through the isothermal annealing treatment at 450 °C for a 

time ranging from 5–180 min [16].  

The activation energy (26.5 ±3.4 kJ/mol) in the low-temperature range (150–350 °C) of the 

sample ECAP-processed at 350 °C is lower than the grain boundary diffusion one (92 kJ/mol). 

Such low value was already reported in severely deformed Mg-based alloys [5, 23, 31]. In the 

high-temperature range (350–450 °C), the activation energy (120.7 KJ/mol) is close to the bulk 

diffusion in pure Mg (135 kJ/mol) [30]. This value is in good agreement with the supposition 

that the grain growth occurs by lattice self-diffusion process when the microstructure is 

characterized by large grain size (Figure 2). Two activation energies of 26 and 147 kJ/mol were 

found for HPT-processed Mg-1.4Nd alloy at temperature ranges of 150–250 °C and 250–450 

°C, respectively [23]. The difference in the activation energy at a high-temperature range in 

comparison with the present work could be explained by the occurrence of precipitation in the 

Mg-1.4Nd alloy [23]. Two activation energies of 31.3 kJ/mol in the temperature range 200–400 

°C, and 109.2 kJ/mol in the temperature range 400–500 °C were obtained for ECAP-processed 

AZ31 alloy for 4 passes [5]. Interesting to note that only one activation value of 33.7 kJ/mol in 

the entire temperature range (200–500 °C) was reported for the same ECAP-processed AZ31 

alloy after 1, 2 and 3 passes [5]. Two main explanations were proposed to elucidate the low 

grain growth activation energy. The first reason is that the grain growth occurs in deformed 

microstructure with very high dislocation density and non-equilibrium grain boundaries (un-

recrystallized conditions) [32]. The second reason is that the grain growth occurs in dynamically 

recrystallized microstructure having already low dislocation density due to the enhancement of 

the recovery process (recrystallized conditions) [5]. It was reported earlier that the precipitation 

during annealing treatment could be also a factor in decreasing the activation energy of grain 

growth [23]. The second explanation is more adapted in the present case since the 

microstructure of the Mg-0.3Ce alloy was dynamically recrystallized after ECAP processing 

for 4 passes [14]. However, it must be mentioned that the dynamic recrystallization fraction was 

identic ( ~ 55 %) in samples ECAP-processed at 300 and 350 °C for 4 passes [14] and both 

sample show completely different grain growth activation energy behavior. The transition of 

the activation energy from one temperature range to two temperature ranges with increasing 

deformation processing from 300 to 350 °C can be attributed to the resulting deformation 

microstructure [14]. The effect of the distribution of second particles can be excluded since both 
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samples in the deformation state were characterized by similar second particle distribution and 

identical particle composition as demonstrated in Figures 5a and 5b.  

To calculate the stored energy in the ECAP-processed samples, the Kernel Average 

Misorientation (KAM) method was used following the equation [33]:  

 

𝐸 =
𝜇𝑏𝜃𝐾𝐴𝑀

2𝑑
                                                                  (2) 

where μ is the shear modulus, b is the Burgers vector, d is the scan step size and θKAM is the 

misorientation angle and it was calculated from the mean misorientation angle between a given 

point and its 3rd neighbors and by excluding misorientations of θ > 15°. 

Figures 5c and 5d present the KAM maps of the ECAP-processed Mg-0.3Ce alloy at 300 and 

350 °C, respectively. The KAM maps indicate that the distribution of dislocation and strain is 

denser in the sample ECAP-processed at 300 °C (see green color) than in the processed at 350 

ºC. 

 

Figure 5: SEM photo and KAM map of ECAP-processed Mg-0.3Ce alloy at: (a, c) 300 °C and 

(b, d) 350 °C, respectively.  
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It can be noticed that the dislocation density is lower inside the small equiaxed grains which 

are dynamically recrystallized. The θKAM is found slightly higher for ECAP-processed Mg-

0.3Ce alloy at 300 °C (θKAM = 1.5°) than 350 °C (θKAM = 1°). Consequently, the stored energy 

was found equal to 5 J/mol for ECAP-processed Mg-0.3Ce alloy at 300 °C and equal to 3.3 

J/mol for ECAP-processed Mg-0.3Ce alloy at 350 °C. Since both ECAP-processed samples 

exhibit similar DRX fractions, the difference in the stored energy (1.7 J/mol) is related to the 

dynamic grain growth observed in the dynamically recrystallized grains of the sample ECAP-

processed at 350 °C. Indeed, ECAP processing at 350 °C led to a larger grain size (4.3 µm) than 

for the sample ECAP-processed at 300 °C (1.6 µm) [14] which is noticeable in the KAM maps 

(Figures 5c and 5d). It can be concluded that the deformed grain size resulting from dynamic 

recrystallization and dynamic grain growth could be the origin of the transition of activation 

energy from one to two regimes. 

 

4. Conclusion 

 The activation energy of grain growth of the ECAP-processed Mg-0.3Ce alloy was 

found equal to 111.4±5.7 KJ/mol for the sample processed at 300 °C. While the sample 

processed at 350 °C shows the presence of two different values depending on the 

annealing temperature, QI = 26.5 ±3.4 kJ/mol in the low-temperature range (150–350 

°C) and QII = 120.7 kJ/mol in the high-temperature range (350–450 °C). 

 The transition of activation energy from one to two regimes with increasing ECAP 

deformation temperature is attributed to the grain growth of the dynamically 

recrystallized grains during ECAP processing at 350 °C. 

 The evolution of microhardness against the mean grain size follows the Hall-Petch 

relationship with the fitting parameters Hv0 = 32.3 and KH = 39.6 Hv µm-1/2. 
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