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Abstract: The recrystallization nucleation processes of two cold-rolled Al−Mg−Si/SiCp composites with different contents of Mg are 

investigated mainly by dynamic mechanical analyzer (DMA) and electron microscopy including high angle annular dark field 

scanning transmission electron microscopy (HAADF-STEM) and high-resolution transmission electron microscopy (HRTEM). 

Internal friction and electron microscopy results show that solute atom clusters are present in association with dislocations in 

supersaturated cold-rolled composites. During recrystallization process, the internal friction peak position of Al−Mg−Si/3SiCp/2Mg 

(volume fraction, %) is higher than that of Al−Mg−Si/3SiCp (volume fraction, %) due to more solute atom clusters formed in 

association with the dislocations in the cold-rolled composite with a much higher Mg content, indicating a stronger resistance for the 

recrystallization nucleation. 

Key words: aluminum matrix composites; recrystallization; internal friction; dislocation; microstructures；transmission electron 
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1 Introduction 
 

Al−Mg−Si alloys (6000 series) have received 

considerable attention for automotive and aerospace 

applications on account of their low density with good 

mechanical properties [1,2]. Furthermore, the addition of 

SiC reinforcement phase can raise the performance limits 

of Al−Mg−Si alloys. Aluminum matrix composites 

(AMCs) are designed to have the required toughness of 

alloy matrix along with the desired hardness, stiffness 

and strength of hard ceramic reinforcements [3,4]. The 

purpose of Mg addition is manifold, because it can 

promote the formation of spinel (MgAl2O4) or MgO at 

the oxidized SiCp/Al interface, as well as enhance the 

wetting behavior of the SiC particles with the matrix [5]. 

The bonding strength between MgAl2O4 and Al is higher 

than that between Al4C3 and Al [6,7]. According to some 

researches [8,9], it is found that the main reaction 

product is MgAl2O4 for AMCs with a Mg content less 

than 4% while it is MgO for AMCs with a Mg 

concentration higher than 4%. In previous studies [10], 

we found that a MgAl2O4 phase becomes the main 

reaction product at the SiCp/Al interface and the bonding 

strength of SiCp/Al interface is improved in Al−Mg−Si/ 

3SiCp/2Mg (volume fraction, %) composite. A 

significant amount of works have been made in studying 

the effect of Mg at the SiCp/Al interface in AMCs, but 

much less has been done in researching the effect on the 

recrystallization process of AMCs. 

The aluminum alloys may exhibit complex behavior 

of recrystallization and precipitation，especially when 

recrystallization of a deformed supersaturated solid 

solution is not completed and precipitation is still 

ongoing. There is a strong interest in the 

recrystallization−precipitation interaction in aluminum 

alloys in order to optimize their properties [11,12]. Great 

efforts have been made in studying the recrystallization- 

precipitation interaction mechanisms and microstructural 

evolutions in the deformed and annealed aluminum 

alloys so far [13−15], but much less has been done in 

AMCs, especially at the early-stage of recrystallization− 

precipitation interaction. 

Compared with other techniques such as the 

hardness measurement, the internal friction technique 

can well detect the microstructural evolution taking place 
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in high resolution [16−20]. In our research, internal 

friction technology is applied as a new characterization 

method to research the nucleation process of 

recrystallization and the interactions between solute atom 

clusters and dislocations. The aim of the present work is 

to investigate the effect of Mg addition on the 

recrystallization nucleation in the cold-rolled 

Al−Mg−Si/3SiCp (volume fraction, %) composites using 

internal friction and electron microscopy. 

 

2 Experimental 
 

The Al−Mg−Si/3SiCp and Al−Mg−Si/3SiCp/2Mg  

composites were produced by powder metallurgy 

technique. The chemical composition of the metal matrix 

was Al−1.3Mg−1.1Si−0.7Cu (mass fraction, %). The 

samples were hot-rolled at 450 °C to a plate of 4 mm in 

thickness, solution treated at 520 °C for 2 h and 

quenched into water at room temperature. Then, the 

sheets were cold-rolled along the hot-rolled direction to a 

thickness of 2 mm with a total reduction of 50%. 

STEM and HRTEM were conducted using a Titan 

G2 60-300 TEM with an image corrector and a Super-X 

detector operated at 300 kV. The specimens for 

microscopy were prepared by mechanically grinding, 

polishing, dimpling and finally ion-milling using a Gatan 

PIPS 691. 

Both measurements of temperature dependent 

internal friction (TDIF) and strain amplitude dependent 

internal friction (ADIF) were carried out with a dynamic 

mechanical analyzer (DMA) Q800 Ta instrument in a 

dual cantilever mode. The specimens for internal friction 

test were cut off to sizes of 35 mm × 2 mm × 10 mm. 

The TDIF measurements were carried out at a strain 

amplitude 2×10−6，in a temperature range between room 

temperature and 400 °C at the frequencies of 0.5, 1 and  

3 Hz, respectively. The rate used for both the heating and 

the cooling was 2 K/min. The ADIF measurements were 

carried out at strain amplitude between 1×10−6 and 

1×10−3 with a frequency of 1 Hz. 

 

3 Results and discussion 
 

3.1 microstructures 

Figure 1 shows the precipitates of the two 

cold-rolled supersaturated composites after annealing at 

200 °C for 3 h. As for Al−Mg−Si alloys, the complex 

decomposition sequence in metal matrix is generally 

considered to be as follows [21,22]: super-saturated solid 

solution (SSSS)→clusters/co-cluster of Mg and Si→

Guinier−Preston (GP) zones→β″→β′→Q′→β+Q. The 

nucleation, growth and coarsening rates of Mg2Si 

precipitates are largely dependent on the element     

Mg [23]. As seen from the micrographs in Figs. 1(a) and 

(b), the addition of Mg can also promote the precipitation 

of spherical phase and improve its dispersive distribution 

in cold-work supersaturated composites after annealing 

treatment. To investigate the dislocation evolution during 

heating, internal friction technique was employed in the 

following experiment. 

 

 

Fig. 1 TEM BF images of phase present in cold-rolled 

supersaturated composites after annealing treatment at 200 °C 

for 3 h: (a) Al−Mg−Si/3SiCp; (b) Al−Mg−Si/3SiCp/2Mg 

 

3.2 TDIF measurements 

Figure 2 shows the internal friction curves upon 

heating and cooling for the two cold-rolled 

supersaturated composites. Because the recrystallization 

nucleation is formed by the movement of dislocation, the 

increase or decrease of internal friction value Q−1 could 

be interpreted as an increase or decrease in the 

dislocation motion for recrystallization nucleation. The 

internal friction peak appeared during heating can be 

denoted as PR (recrystallization) peak, and PR peak 

disappears at cooling or second heating because the 

irreversible transition of recrystallization nucleation. The 

PR peak can be clearly observed at a starting point about 

100 °C (Fig. 2(a)) upon heating, implying that the  
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dislocation motion of recrystallization is activated at 

about 100 °C in Al−Mg−Si/SiCp, while the PR peak can 

be clearly seen at a starting point about 200 °C in 

Al−Mg−Si/SiCp/2Mg (Fig. 2(b)) upon heating, indicating 

that dislocation motion is activated at about 200 °C in 

Al−Mg−Si/SiCp/2Mg. The dislocation motion of 

Al−Mg−Si/SiCp/2Mg is more difficult to be activated 

with a higher content of Mg. 

 

 
Fig. 2 Temperature dependent internal friction measurements 

for cold-rolled supersaturated composites: (a) Al−Mg−Si/3SiCp; 

(b) Al−Mg−Si/3SiCp/2Mg 

 

The PR peak position of Al−Mg−Si/3SiCp/2Mg (see 

Fig. 2(b)) is about 3.8 °C higher than that of Al−Mg−Si/ 

3SiCp (see Fig. 2(a)), which indicates that the 

recrystallization nucleation process becomes harder due 

to the effect of Mg addition. As the recrystallization 

nucleation is completed and the newly formed grains 

grow up, the PR peak decreases sharply due to the 

reduction of dislocation density [9]. 

The PR peaks of both composites occur in the 

temperature range 100−350 °C in which the precipitates 

will precipitate and would not be dissolved [24]. Hence, 

these precipitates will have an effect of pinning the 

dislocation movement and thus impeding 

recrystallization nucleation throughout the entire process 

of recrystallization nucleation. In this way, the 

dislocation motion could be deeply modified by 

precipitation [25]. 

 

3.3 ADIF measurements 

As seen from the ADIF curves in Fig. 3, the slopes 

of the lower amplitude strain part in both Figs. 3(a) and 

(b) are almost approaching zero and they are not related 

to the amplitude strain, which is because the dislocation 

relaxation is restricted under low strain. In previous 
 

 

Fig. 3 ADIF measurements at room temperature for cold-rolled 

supersaturated composites: (a) Al−Mg−Si/3SiCp; (b) Al−Mg− 

Si/3SiCp/2Mg; (c) Schematic representation of dislocation 

breaking away from weak pinning points 
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research [26], the solute Si atoms have a strong 

interaction with the dislocations and thus act as hard 

pining points where the dislocations cannot break away 

under low strain. The solute Mg atoms act as weak 

pinning points where the dislocations can break away 

under low strain, but the dislocations unpinned away 

from some Mg atoms are pinned down immediately by 

other Mg atoms concentrated around the dislocations. 

The well-defined critical amplitude εcr corresponds 

to the dislocation unpinning from the pinning points 

under high strain [24,26−28]. In Figs. 3(a) and (b), the 

critical amplitude is the cross point of two lines which 

are obtained by fitting two different slopes of ADIF 

curves using least squares principle. The process of 

dislocations breaking from solute atom clusters is 

illustrated in Fig. 3(c). 

According to the equation in Ref. [17]: εcr∝1/l , 

where l  is the average length between pinning points 

which pin a dislocation. The more the solute atoms 

interacting with dislocation, the higher the value of εcr 

needed for dislocation to unpinning from pinning, due to 

the reduction of the weak pinning point distance l . The 

εcr of Al−Mg−Si/3SiCp/2Mg is 1.2×10−4 in contrast to 

0.8×10−4 of Al−Mg−Si/3SiCp, which is a 50% increase. 

This substantial increase of εcr reveals that more amount 

of solute atom clusters associated with dislocations make 

a greater obstruction effect on the dislocation motion due 

to the addition Mg. 

 

3.4 HRTEM and HADDF-STEM characterizations 

To confirm the validity of cluster−dislocation 

associations in 50% cold-work supersaturated 

composites, HRTEM and HADDF-STEM characteriza- 

tions have been conducted and the results are further 

analyzed by the Fourier masking method. Figure 4(a) 

indicates the dislocation pile ups in the Al matrix close to 

the SiCp/Al interfaces due to the obstruction effect of SiC 

particles on the dislocation motion during cold work. 

These dislocations are aligning along the SiCp/Al 

interface. As shown in Figs. 4(b) and (c), the elongated 

clusters appear after cold work, with a length of about 5 

nm and a width of about 2 nm. The slight lattice 

distortions in Figs. 4(b) and (c) are due to the segregation 

of solute atoms, because no second phase diffraction can 

be observed in fast Fourier transformation (FFT) but 

only the lattice structure of Al matrix, implying that 

some of Al atoms are replaced by solute atoms. The 

inserted FFT patterns of these clusters also reveal some 

diffraction streaks on the Al-rich matrix reflections in a 

direction perpendicular to their elongated orientations. 

This is an indication that the lattice parameter of cluster 

deviates slightly from that of Al-rich matrix linked to the 

compositional deviation from the average matrix 

composition. The inverse fast Fourier transformation 

(iFFT) images of both HRTEM and HADDF-STEM 

reveal that the clusters are indeed surrounded by 

dislocations, which is in good agreement with the results 

of ADIF measurements. 

 

 

Fig. 4 TEM micrographs of cold-rolled supersaturated 

Al−Mg−Si/3SiCp/2Mg: (a) TEM BF image showing dislocation 

distribution around interface of SiCp/metal: (b, c) HRTEM 

images and HADDF-STEM images showing dislocations 

associated with solute atoms cluster (Inserted Fourier-masked 

micrographs reveal dislocations marked with squares) 
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The early-stage precipitation in Al−Mg−Si alloys 

was simulated by FALLAH et al [29], in which the 

Si-rich clusters appeared in the supersaturated matrix, 

some of Si-rich clusters then attracted a higher 

proportion of Mg and became Mg-rich clusters. The 

dislocations in a supersaturated solid solution could 

effectively reduce the energy of precipitation  

nucleation [30,31]. Our results also indicate that the 

solute atoms Mg and Si prefer to concentrate in and 

around the line defects such as dislocations. With a much 

higher content of Mg, the εcr value of the Al−Mg−Si/ 

3SiCp/2Mg composite is substantially increased (Figs. 

3(a) and (b)), indicating that more Mg−Si atom clusters 

are formed. More Mg−Si atom clusters make a greater 

obstruction effect on the dislocation motion by pinning 

dislocations during recrystallization. 

During heating, the precipitates based on the Mg−Si 

atom clusters are nucleated and then coarsened [29]. That 

more Mg−Si atom clusters in Al−Mg−Si/3SiCp/ 2Mg 

result in that more precipitates evolved from these 

clusters are formed with a more dispersive and 

homogenous distribution (Figs. 1(a) and (b)). Some 

researchers have reported that precipitates could strongly 

affect recrystallization behavior, severely inhibit the 

recrystallization [32,33]. Therefore, the motion of 

dislocations in Mg-added composite should become 

more difficult due to the greater precipitate pining effect 

on dislocations. 

On the whole, the recrystallization nucleation of 

Al−Mg−Si/3SiCp/2Mg (see Fig. 2(b)) is harder to 

proceed than that of Al−Mg−Si/3SiCp (see Fig. 2(a)), due 

to a more effective effect in pinning the motion of 

dislocations by a larger number of Mg−Si solute atoms 

and precipitates, 

 

4 Conclusions 
 

1) Mg−Si atom clusters are found associated with 

dislocations in supersaturated composites after cold 

work. 

2) With a much higher content of Mg, more Mg−Si 

atom clusters are formed due to the substantial increase 

of εcr value of the Al−Mg−Si/3SiCp/2Mg composite after 

cold work. 

3) The recrystallization nucleation of Al−Mg−Si/ 

3SiCp/2Mg is harder to proceed than that of Al−Mg−Si/ 

3SiCp/2Mg because a more effective effect in pinning the 

motion of dislocations by a larger number of Mg−Si 

solute atoms and precipitates. 
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Mg 元素对 Al−Mg−Si/SiCp复合材料 

再结晶形核过程的影响 
 

李 彬 1，罗兵辉 1，何克坚 2，范文丽 1 

 

1. 中南大学 材料科学与工程学院，长沙 410083； 

2. 中南大学 高等研究中心，长沙 410083 

 

摘  要：通过内耗、高角环形暗场像扫描透射电子显微镜(HADDF-STEM)和高分辨透射电子显微镜(HRTEM)等技

术手段，研究两种不同 Mg 含量的冷变形 Al−Mg−Si/SiCp复合材料的再结晶形核过程。实验结果表明，固溶态冷

变形 Al−Mg−Si/SiCp 复合材料中溶质原子与位错相联，形成溶质原子气团。在再结晶过程中，Mg 含量较高的复

合材料中与位错相联的溶质原子气团的数量更多，对复合材料再结晶形核过程有更大的阻碍作用，因而

Al−Mg−Si/3SiCp/2Mg 复合材料的再结晶内耗峰峰温高于 Al−Mg−Si/3SiCp复合材料的再结晶内耗峰峰温。 

关键词：铝基复合材料；再结晶；内耗；位错；显微组织；透射电镜 
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