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Abstract 

The effects of multi-walled carbon nano-tubes (MWCNTs) and the ball milling parameters on the 

mechanical properties of the Al-Mg alloy powders were investigated. Three different composite powders 

were synthesized through ball-milling process at different time and milling rates. The microstructural and 

phase analyses were carried out via scanning electron microscopy and X-ray diffraction spectroscopy, 

respectively. The results indicated that increasing the ball-milling time and rate would lead to the 

formation of finer particles, which consequently intensifies the plastic deformation and then, results in 

lower crystallite size. The morphological investigations indicated that while the MWCNTs agglomerates in 

lower milling rates, increased milling rate not only improve the distribution of the MWCNTs, but also 

decreases the length of the nano-tubes and promotes their diffusion into Al-Mg matrix. The formation of 

Al-Mg intermetallic phases through the ball-milling process of the composite powders was also confirmed 

via microstructural investigations.  
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1. Introduction 

Powder metallurgy (PM) methods have been recently attended by researchers for manufacturing CNT-

reinforced metal matrix composites (MMCs), due to their relatively simple processing as well as their 

adjustability [1,2]. Among the MMCs, aluminum-matrix composites have found extended applications in 

last years, which promote the researches on enhancing the strength and elastic modulus of the materials, 

as well as improving their corrosion behavior. Ball-milling (BM) is known as one of the simplest technics 

to homogenize the distribution of the fine reinforcement particles in the metal matrixes [3-5]. Specifically, 

high-energy ball-milling (HEBM) not only facilitate the homogenous distribution of the reinforcement in 

powder matrix, but also simultaneously results in finer metal powder particles through cracking and 

crashing the raw particles [6-8]. The repeated cold-welding/crushing of the particles induced by the BM 

method, also influences the mechanical, physical, and chemical properties of the powder particles. Hence, 

the process parameters of the ball-milling such as rotation rate, ball/powder ratio, and the milling time 

should be accurately controlled to achieve the final product with favorable properties [9].  

Aluminum alloys are widely applied in several industries including automobile, aerospace, and 

transportation, thanks to their unique combination of properties such as low density (2.7 g.cm-3), low 

melting point (660 °C), good formability and excellent corrosion resistance [10-12].  However, more 

promising outcomes have also been achieved through aluminum matrix composites. Improved properties 



through manufacturing Al-matrix composites have led to lower production and maintenance cost as well 

as fuel consumption, which are economically favorable factors for materials development [10, 12-13].  

Magnesium and Mg-based alloys present a combination of properties including high strength and stiffness, 

as well as the attenuation ability. This group of metallic alloys with the density of 1.74 g.cm-3, provides 

structures 40% and 80% lighter than aluminum and steels, respectively [10, 14-15].  Hence, Mg-based 

materials have been widely used in Al-Mg alloys to enhance the specific strength and corrosion resistance, 

mainly in Al-MMCs [16,17]. Several research works have been dedicated to the Al-Mg alloy system 

including different reinforcements. For instance, Eltaher et. al reported that the addition of only 5 wt.% 

nano-Al2O3 particles results in 94.2% and 81.8% increment in hardness and compressive strength of the 

Al-Mg matrix, respectively [18].  

Carbon nano-tubes (CNTs) are well-known reinforcement in metal-matrix-nano-composites, due to their 

excellent mechanical properties such as superior tensile strength (150 GPa) and high elastic modulus 

(1TPa). Hence, CNTs have been extensively used to reinforce the nano-composites [19-21]. Significant 

increase in the mechanical properties of the commercially pure aluminum has been reported by Rikhtegar 

et. al. They used 1.5 wt.% CNTs to reinforce the Al-MMCs manufactured through semi-wet (SW) and 

slurry-based (SB) methods, and found increased yield and ultimate tensile strengths from 90 and 136 MPa 

to 110 and 170 MPa in SW method, respectively. Through the SB method, 152 and 203 MPa were obtained 

as YS and UTS of the material, respectively [22]. Al-matrix composites reinforced with 2 and 4 vol% CNTs 

were produced by Akbarpour et. al through hot-pressing method. They found that while 35 and 50% 

reduction in the crystallite size is observed in 2 and 4 vol% CNT-reinforced composites respectively, 

increased CNT content can result in about 30% enhancement of YS and UTS of the material [23]. 

Nevertheless, excellent research works which have been carried out on Al-CNTs composites through last 

years, the effects of multi-walled carbon nano-tubes (MWCNTs) on the properties of the Al-based 

composites have not been deeply investigated yet. Hence, this study is dedicated to the synthesis of Al-

Mg-MWCNTs triple composite through mechanical alloying and ball-milling process. The effects of process 

parameters such as milling duration (time) and rate on the properties of the final products have also been 

investigated in this study. 

 

2. Experimental 

 

2.1. Materials 

Commercially pure aluminum and magnesium powders (average particle sizes of 45 and 100 µm, 

respectively, Sigma-Aldrich) as well as multi-walled carbon nano-tubes (outer diameter of 20-30 nm, 

length of 10-30 µm, purity > 95%, US Research Nanomaterials) were used as the starting materials. Fig. 1 

shows the morphological SEM micrographs of the raw materials. 

The starting materials were weighed and mixed according to the equation (1): 𝐴𝑙 −  (1 − 𝑥)𝑀𝑔 −  𝑥 𝑀𝑊𝐶𝑁𝑇𝑠, 𝑥 = 0, 2 𝑤𝑡. %     (1)   



 

 

Fig. 1. SEM micrographs of (a) Al, (b) Mg powders and (c) MWCNTs used in this study. 

 

2.2. Ball Milling 

The powder mixtures were then ball-milled in stainless steel cups at room temperature under the argon 

atmosphere (BPR: 10:1, stainless steel balls with a diameter of 15 mm). The mechanical alloying processes 

were performed at 300 and 400 rpm for 1, 4, 7, and 10 hours, and 3 wt.% stearic acid was used as the 

process control agent (PCA) to minimize the cold-welding and oxidation of the powder particles through 

all the milling runs, and a quarter hour of a break was given for every 1 hour of work. Three groups of the 

samples were prepared including mixed and milled Al/Mg (milled Al-Mg), mixed and milled Al-Mg-MWCNT 

(MM Al-Mg-MWCNT), and MWCNT-added milled Al-Mg (double milled Al-Mg-MWCNT). While in the first 

and second groups the raw materials were initially mixed and milled, in the last group, the mixture of Al 

and Mg were initially ball milled for 15 hours at 500 rpm, and then mixed and milled with the MWCNTs 

up to 10 hours. The experimental conditions process of this study are presented in Table 1.  

 

Table 1. experimental conditions process. 

 

 

 

Experimental conditions  Milled Al-Mg MM Al-Mg-MWCNT Double milled Al-Mg-MWCNT 

Rotation speed [rpm]  300, 400, (500 for special condition) 

Grinding time [hour]  1, 4, 7, 10, (15 for special condition) 

Ball diameter [mm] 15 

Ball powder ratio  10:1 (All samples) 

Amount of MWCNTs  0 wt.% 2 wt.% 

Material  Stainless Steel  

Temperature  Room Temperature 

Atmosphere  Argon 



2.3. Morphological analysis & Structural evolutions 

The prepared samples were then characterized via a scanning electron microscope (SEM, VEGA-TESCAN-

XMU) and a field emission scanning electron microscope (FESEM: MIRA3-TESCAN). Phase analysis of the 

samples was also performed using X-ray diffraction spectroscope (XRD, Phillips PW1730). The XRD pattern 

of the samples were obtained in 2θ range of 20-80 °, step size of 0.05 °, and the scan rate of 1 degree per 

minute. The crystallite size and the lattice strain of the aluminum-based composite powders were 

calculated based on the William-Hall equation [24] (Eq. 2): 

 𝐵 cos 𝜃 =  0.9𝜆𝐷 + 4𝜀 sin 𝜃          (2) 

 

In which, B, λ, θ, D, and ɛ show full width in half maximum, wavelength, peak position, crystallite size, and 

lattice strain, respectively. 

 

3. Results and discussion 

 

3.1. Morphological investigations 

The SEM micrographs of the milled Al-Mg samples at the rate of 300 and 400 rpm for 1, 4, 7, 1nd 10 hours 

are presented in Fig. 2. Compared with Fig. 1, Fig. 2a shows the crashed and deformed Al and Mg particles 

after milling for 1 hour at 300 rpm. Further increasing the milling time at the constant rate of 300 rpm (4 

and 7 h) seems to not significantly change the particle size. However, increasing the milling time to 10 h 

has led to increased particle size, which addresses the occurrence of cold-welding phenomenon. 

Compared to Fig. 2a, Fig. 2b shows higher efficiency of the milling process at the rate of 400 rpm in which, 

finer particles of Al and Mg have been achieved in all the milling times. Even after 10 h of milling, Fig. 2b 

shows decreased particle size which can be attributed to the continuous crashing of the particles without 

any cold-welding through the milling process at 400 rpm. The highly deformed morphology of the powder 

particles in Fig. 2b also addresses the progression of mechanical alloying, derived by the interaction 

between balls and the powder particles that leads to the flake morphology of the initial particles. Such 

phenomenon also confirms the direct relationship between the milling time and plastic deformation of 

the powder particles, which has led to higher degree of deformation in particles ball-milled for longer 

period [9]. 

Based on the finer size of the particles shown in Fig. 3 (SEM micrographs of the MM Al-Mg-MWCNT 

samples), the presence of MWCNTs seems to play a key role in crushing the powder particles. Accordingly, 

while it seems that at the lower milling rates the powder crushing phenomenon has slowly progressed, 

higher milling rate and time have led to intensified crushing and plastic deformation of the Al and Mg 

particles. Hence, the semi-spheroidal morphology of the mentioned particles has been replaced by the 

flake-type morphology, which confirms the extensive progression of the plastic deformation. 

The 2-step milling approach which is used for ball-milling of the double milled samples has led to finer 

particles of the final composite in Al-Mg-MWCNT samples compared to other sample groups, according 



to Fig. 4. Also in the last series, increasing the milling rate and time seem to have stronger effects on the 

reducing particle size of the samples, compared to other sample groups. Hence, as can be comparatively 

seen in Fig. 4, the finest composite powders have been obtained through the 2-step milling process. 

                    (a)                                                                            (b) 

 

Fig. 2. SEM micrographs of the Al-Mg powder mixtures ball-milled at (a) 300 rpm and (b) 400 rpm. 

                                (a)                                                                          (b) 

Fig. 3. SEM micrographs of the MM Al-Mg-MWCNT powder mixtures ball-milled at (a) 300 rpm and (b) 

400 rpm. 



                               (a)                                                                          (b) 

Fig. 4. SEM micrographs of the double milled Al-Mg-MWCNT powder mixtures ball milled at (a) 300 rpm 

and (b) 400 rpm. 

 

Fig. 5 shows the FESEM micrographs and related EDS elemental maps of the milled Al-Mg mixtures for 10 

h in different milling rates. According to Fig. 5a, it can be found that a homogenous distribution of the 

particles has been achieved. While the particle size of the mixture still seems to be large, no signs of 

particles’ cold-welding and agglomeration are also observed in the mixture milled at 300 rpm. However, 

the particles’ distribution and crushing seems to be improved in sample milled at 400 rpm, which can be 
attributed to higher milling time (Fig. 5b). 

The FESEM micrographs on MM Al-Mg-MWCNT powder mixture in different magnifications are presented 

in Figs. 6 and 7. While the MMCNTs have agglomerated on the surface of the Al and Mg particles in sample 

milled for 1 h (Fig. 6a), increasing the milling time to 10 h seems to promote the MWCNT entrapment in 

the structure of the composite powders and decreases the MWCNTs. Fig. 6b confirms the decreased 

agglomeration of MWCNTs at the milling rate of 400 rpm and relatively more homogenous distribution of 

MWCNT clusters. Higher magnification of the mentioned figure which is provided in Fig 7b also addresses 

the shortening of the milled MWCNTs compared to their initial length as well as their length in sample 

milled at 300 rpm (Fig. 7a). According to Fig. 7b, it is also worth to note that the entrapment of MWCNTs 

in the milled composite powders has been intensified, as MWCNTs cannot be well-distinguished at the 

sample milled at 400 rpm for 10 hours. 

According to Fig. 8, homogenous particle distributions without any meaningful difference can be observed 

in both of the samples milled for 10 hours, which addresses the minimum effect of milling rate on the 

particle distribution in 10 hours-milled samples. The FESEM nanograph of the Al-Mg-MWCNT powder 

mixture milled for 10 hours at 400 rpm, confirms the intensified crushing of the Al-Mg particles, shortened 

MWCNTs, and favorable distribution of the MWCNTs in the Al-Mg composite powders (Fig. 9b). 



                         (a)                                                                (b 

Fig. 5. FESEM micrographs and related EDS elemental maps of the milled Al-Mg powder mixtures in 10 

hours at (a) 300 rpm and (b) 400 rpm. 

                               (a)                                                                           (b) 

Fig. 6. FESEM micrographs of MM Al-Mg-MWCNT composite powders milled at (a) 300 rpm and (b) 400 

rpm. 



                              (a)                                                                            (b) 

Fig. 7. FESEM micrographs of MM Al-Mg-MWCNT composite powders milled at (a) 300 rpm and (b) 400 

rpm in higher magnification than Fig. 6. 

                                    (a)                                                                 (b) 

 

Fig. 8. FESEM micrographs and related EDS elemental maps of the MM Al-Mg-MWCNT powder mixtures 

milled for 10 hours at (a) 300 rpm and (b) 400 rpm. 



                                       (a)                                                           (b)                                                               

 

 

Fig. 9. FESEM nanographs of the MM Al-Mg-MWCNT powder mixtures milled for 10 hours at (a) 300 rpm 

and (b) 400 rpm. 

 

The FESEM micrographs of double milled composite powders are presented in Fig. 10. According to Fig. 

10a it can be paraphrased that increasing the milling time not only has resulted in decreased particle of 

Al and Mg powders, but also promoted the de-agglomeration and homogenized the distribution of the 

MWCNTs in the matrix. Enhancing the milling rate to 400 rpm, has also resulted in further decrease of the 

particles’ size as well as the intensified de-agglomeration of MWCNTs, based on Fig. 10b. the EDS 

elemental maps of the double milled samples which are presented in Fig. 11, show better particle 

distribution in sample milled for 10 h at 400 rpm (Fig. 11b) compared to other samples (Fig. 11a). The 

shortening of the MWCNTs is also indicated based on the elemental maps presented in Fig. 11. Higher 

magnification FESEM micrographs presented in Fig. 12 confirm the improved de-agglomeration of the 

MWCNTs and intensified entrapment of the MWCNTs in the composite powder particles, due to the 

increased milling time and rate.  The FESEM nanographs of Fig. 13 also indicate that no MWCNT has 

remained on the surface of the composite powders (MWCNTs have fully entrapped in the matrix) in 

samples milled at 400 rpm for 10 h. the stabilized state of the cold-welding and crushing of the powders 

and the occurrence of plastic deformation in the powder particles have also resulted in better distribution 

and entrapment of the MWCNTs [17,25], based on Fig. 13. 

 

 

 

 

 



                               (a)                                                                           (b) 

Fig. 10. FESEM micrographs of the double milled composite powders milled at (a) 300 rpm and (b) 400 

rpm. 

                         (a)                                                          (b) 

Fig. 11. FESEM micrographs and related EDS elemental maps of the double milled composite powders, 

processed for 10 h, at (a) 300 rpm and (b) 400 rpm. 

 



                               (a)                                                                          (b) 

Fig. 12. FSEM micrographs at higher magnification of the double milled composite powders processed at 

(a) 300 rpm and (b) 400 rpm. 

                                           (a)                                                      (b)                   

 

Fig. 13. FESEM nanographs of the double milled composite powders processed for 10 h, at (a) 300 rpm 

and (b) 400 rpm. 

 

3.2. Structural analysis 

The phase analysis of the Al-Mg and Al-Mg-MWCNT composite powders were carried out based on the 

XRD patterns of the samples. Fig. 14 shows the XRD patterns of the milled Al-Mg composite powders. As 

can be seen, while the only detected peaks belong to Al and Mg phases and the peak intensities are 

decreased at the higher milling rate, no other peaks are detected, which addresses the occurrence of no 



chemical reaction between Al and Mg. Kwangjae Park et. al have shown that the ball-milling of Al-Mg 

powder mixtures for 12 h at 200 rpm would not result in any chemical reaction between two metals [10]. 

Similar outcome has also obtained in this study, even a higher milling rate up to 400 rpm.  

 

Fig. 14. XRD patterns of the milled Al-Mg composite powders at (a) 300 rpm and (b) 400 rpm. 

 

The XRD patterns of the MM Al-Mg-MWCNT composite powders are presented in Fig. 15. As can be seen, 

the only difference between the XRD patterns of this group with those of milled Al-Mg samples is the 

appearance of MWCNTs peaks. Hence, it can be paraphrased that the presence on MWCNTs has not 

resulted in any reactions between Al, Mg, and carbon (MWCNTs), while the intensity of the peaks has 

decreased via increased milling time and rate. Comparing the XRD patterns of MM Al-Mg-MWCNT 

composite powders milled at 300 rpms and 400 rpm, the peaks of MWCNTs seem to be disappeared in 

higher milling rate. Such a result has been previously reported by A. D. Rud et. al for similar powders milled 

for 3 h at 400 rpm [26].  

The XRD patterns of the double milled group are presented in Fig. 16. As can be seen in Fig. 16a, the phase 

arrangement of double milled samples resembles that of MM Al-Mg-MWCNT group. The only difference 

is the lower intensity of peaks in double milled samples, which can be attributed to the 2-step milling 

process. Decreased peak intensity is also the only significant impact of the milling time on the phase 

arrangement of the double milled samples. However, the arrangement of the peaks in the XRD pattern 

presented in Fig. 16b shows obvious differences with the other samples of the double milled group, and 

confirms the formation of intermetallic phases in the sample milled at 400 rpm. In other words, the higher 

milling rate in this sample has promoted the reaction between Al and Mg, and resulted in the formation 

of intermetallic phases such as Al0.56Mg0.44, Al12Mg17, Al2.4Mg0.4O4, AlMg and Al2O3. 

 

 

 



 

Fig. 15. XRD patterns of the MM Al-Mg-MWCNT composite powders at (a) 300 rpm and (b) 400 rpm. 

 

Fig. 16. XRD patterns of the double milled Al-Mg-MWCNT composite powders at (a) 300 rpm and (b) 400 

rpm. 

 

The variations of crystallite size and lattice parameters of the milled composite powders at two different 

milling rates and four different milling times are depicted in Fig. 17. According to Fig. 17a, it can be seen 

that in the milled Al-Mg composite powders milled at 300 rpm, increasing the milling time can reduce the 

Al crystallite size from 34.69 nm in pure aluminum powder to 26.27 nm in the sample milled for 10 hours. 

Similarly, in the samples milled at 400 rpm, the Al crystallite size has reduced to 23.03 nm after 10 hours 

of milling process. in the other words, at a constant milling time, increased milling rate has resulted in 

about 12% reduction in the crystallite size of aluminum. The addition of MWCNTs has resulted in 

dramatically decrease in the crystallite size of aluminum, from 34.69 to 25.52 and 24.73 nm in samples 

milled for only 1 hour at 300 and 400 rpm, respectively. Increasing the milling time to 10 h has resulted in 



40% and 42% decrease in the crystallite size of aluminum in MM Al-Mg-MWCNT samples milled at 300 

rpm and 400 rpm, respectively.  

Further decrease in the Al crystallite size has been achieved in double milled samples, based on Fig. 17a. 

For example, the Al crystallite sizes of 22.50 nm and 19.82 nm have been achieved in samples milled for 

only 1 hour at 300 rpm and 400 rpm, respectively. While in the sample milled for 10 hours at 300 rpm the 

Al crystallite size has reduced to 10.05 nm, increasing the milling rate to 400 rpm has resulted in Al 

crystallite size of about 5.86 nm. Such outcomes can be attributed to the two-step milling time in which, 

higher energy is applied on the powder particles and not only intensifies the crushing of the powders, but 

also promotes the crystalline defects such as spot defects and dislocations [27].  

According to Fig. 17b, decreasing the Al crystallite size has resulted in increased lattice parameters of all 

the samples. While the increased lattice parameter has slowly occurred in samples of milled Al-Mg and 

MM Al-Mg-MWCNT groups, a sharp slope is seen in the lattice parameter diagram of double milled 

samples. Such observations may also address the formation of intermetallic phases and crystalline defects 

during the milling process. 

                                     (a)                                                             (b) 

 

Fig. 17. (a) crystallite size and (b) lattice parameter of all the three groups of the milled composite 

powders. 

 

4. Conclusions 

The effects of milling parameters on the physical and microstructural characteristics of the milled Al-Mg 

composites powders reinforced with MWCNTs were investigated. Three different composite powder 

groups including milled Al-Mg (no MWCNTs added), MM Al-Mg-MWCNT, and double milled Al-Mg-

MWCNT samples were prepared. The outcomes of this study can be concluded as follows: 

1. In the MWCNT-free samples it was observed that at the milling rate of 300 rpm, increasing the milling 

time would result in decreased particle size. However, milling for 10 hours has found to cause increased 
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particle size, which was attributed to the cold-welding of the particles in this sample. Increasing the milling 

time and rate is found to intensify the particle crushing and improve the distribution of the particles. 

Microstructural investigations of the milled Al-Mg samples also indicated that no intermetallic phases 

were formed, while the Al crystallite size was decreased from 34.69 to 26.27 and 23.03 nm for samples 

milled at 300 rpm and 400 rpm, respectively. 

2. Morphological investigations of MM Al-Mg-MWCNT and double milled Al-Mg-MWCNT samples 

indicated that enhancing the milling time and rate would lead to decreased particle size in both samples. 

It can also de-agglomerate and promote MWCNTs to enter the matrix. Comparatively, improved 

outcomes were obtained in double milled Al-Mg-MWCNT samples. The formation of Al0.56Mg0.44, Al12Mg17, 

Al2.4Mg0.4O4, AlMg and Al2O3 phases was also validated in double milled Al-Mg-MWCNT samples milled at 

400 rpm. 

3. Analyzing the XRD patterns of the samples indicated that the Al crystallite size is continuously decreased 

due to the intensifying plastic deformation of the particles, and finally dropped to 5.86 nm in double milled 

Al-Mg-MWCNT sample milled for 10 hours at 400 rpm (about 83% decrease).   
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