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Abstract: Friction and wear behavior of AZ91D and its nanocomposites reinforced by different contents of hybrid multi-walled 

CNTs and nano-SiC particulates under oil lubrication was investigated using a MRS-10P four-ball tribometer. Friction coefficients 

and wear rates were measured within a load range of 200–1000 N at a spindle rotary speed of 380 r/min. Worn surface morphologies, 

phase and element compositions were studied by scanning electron microscope (SEM), X-ray diffraction (XRD) and energy 

dispersive spectroscopy (EDS), respectively. The mechanism of synergistic effect of CNTs and SiC nanoparticles was discussed. The 

results indicate that the AZ91D nanocomposites show better wear resistance properties and different wear mechanisms compared 

with AZ91D. The AZ91D nanocomposites reinforced with 0.5% CNTs and 0.5% nano-SiC have the best tribological capacity. The 

wear mechanisms for the Mg-based hybrid nanocomposites appear to be a mix-up of micro-ploughing, micro-cutting, slight adhesive 

wear and delamination. 
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1 Introduction 
 

Magnesium alloys have been attractive to designers 

as an advanced material owing to their low density and 

excellent specific strength. However, low wear resistance 

under service conditions has been an important factor in 

limiting the use of magnesium alloys in high friction and 

wear designs [1−3]. Magnesium alloy matrix composites 

reinforced with short fibers and hard particles especially 

nanosized reinforcements display a number of useful 

integrated properties in comparison with the monolithic 

matrix metal or reinforcement, being potentially 

attractive for aerospace, aircraft, automotive and other 

important engineering applications which require 

suitable friction coefficient and wear [4−8]. The 

tribological and wear behavior study of magnesium alloy 

nanocomposites is therefore of practical and theoretical 

significance. 

In recent years, the fabrication method, 

microstructure and mechanical behavior of magnesium 

matrix nanocomposites reinforced with nano-sized 

particle or fiber such as Al2O3, Y2O3, SiC, AlN and/or 

carbon nanotubes (CNTs) have been studied  

extensively [9−14], whereas a relatively little amount of 

research is conducted to investigate tribological and wear 

behavior of nano-sized particulate or fiber reinforced 

metal matrix composites. NARAYANASAMY and 

SELVAKUMAR [5] investigated mechanical properties 

and wear behaviour of self-lubricating magnesium 

composites reinforced with the graphite and MoS2 

particles. They found that the addition of MoS2 solid 

lubricants at all mass fractions can improve the hardness, 

tensile and compressive strength and tribological 

properties over that of the graphite. HABIBNEJAD- 

KORAYEM et al [6] investigated the wear and friction 

behavior of pure Mg and AZ31 Mg alloy and their 

composites reinforced with 2.0% Al2O3 nano-particles. 

Results indicated that magnesium based nanocomposites 

had a better wear resistance than the monolithic pure Mg 

or AZ31 magnesium alloy under the same conditions. 

SHANTHI et al [15] illustrated that the wear resistance 

of calcium containing AZ31B/Al2O3 nanocomposites 

was improved due to the presence of nanosized alumina 

reinforcement and hard intermetallic phases because of 

alloying of calcium in the matrix under both low and 

high sliding speeds. DAS et al [16] further studied 

tribological properties of magnesium−nano-alumina 
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composites under nano-graphite lubrication and found 

that protective self-lubricating graphite layer could 

improve the wear resistance and reduce friction of the 

Mg composites. UMEDA et al [7] prepared the 

CNT-Mg2Si/MgO reinforced magnesium composite by 

powder metallurgy process. They attributed the 

improvement in tribological properties to hard Mg2Si 

intermetallic compounds distributed in the matrix and 

carbon nanotubes having significant self-lubricant 

properties [8]. As stated above, the research on the 

friction and wear behavior of magnesium alloy based 

composites is mainly focused on the magnesium alloy 

based composites containing single nanosized 

reinforcement and micro/nano-sized hybrid reinforce- 

ments. Although the wear resistance of these magnesium 

alloy based composites is significantly improved, there 

are still some problems in improving wear resistance and 

analyzing wear mechanism due to the presence of 

nanosized reinforcements in magnesium alloy. 

Mg-based hybrid composites reinforced by different 

forms of reinforcements such as particle, whisker or 

short fiber are attractive as structural materials because 

of their high thermal stiffness, good wear resistance, 

strength and isotropic mechanical property compared 

with other types of MMC and monolithic alloys [17]. 

Such hybrid MMCs can attain tailored properties through 

the appropriate combination of different forms and sizes 

of reinforcements [18,19]. In our previous studies, 

AZ91D matrix hybrid composites with uniform 

dispersion of CNTs and SiC nanoparticles have been 

fabricated by semisolid stirring assisted ultrasonic 

cavitation [20]. The preliminary research results 

indicated that small amounts of nanosized SiC and CNT 

reinforcement additions (1.0%) can significantly  

improve the mechanical properties of the hybrid 

composites [20,21]. However, the research on the friction 

and wear behavior of magnesium based hybrid 

nanocomposites is rarely reported [22]. The objective of 

this work was to study the friction and wear behavior as 

well as relevant wear mechanisms of the AZ91D matrix 

hybrid composites under oil lubricated conditions. Focus 

was placed to correlate the mechanical properties, 

friction and wear behavior with the microstructural 

characteristics due to the co-presence of SiC nanoparticle 

and CNT reinforcement. In addition, the friction and 

wear properties of the hybrid composites were compared 

with those of AZ91 alloy to justify their property 

improvements. 
 

2 Experimental 
 

2.1 Raw materials and fabrication of Mg-based 

hybrid composites 

Bulk AZ91D magnesium alloy with a nominal 

composition of Mg−9.0Al−0.95Zn−0.2Mn (acquired 

from Shenyang Research Institute of Foundry, China) 

was used as the matrix material. The beta-SiC with a 

particulate size range of 30 nm (supplied with Jiuyuan 

Nano-materials Inc., Sichuan, China) and MWCNT with 

an average diameter of 50 nm and a length of 1−5 μm 

(procured from Nanotech Port Inc., Shenzhen, China) 

were used as the hybrid reinforcements. To improve the 

interfacial adhesion between hybrid nanosized 

reinforcements and AZ91D alloy matrix, the Ni-coated 

CNT and Ni-coated SiC nanoparticle were prepared by 

an electroless coating technique before fabrication of 

composites. The detailed electroless plating processes 

and the chemicals used as well as their concentrations of 

the plating solution for CNTs and SiC nanoparticles can 

be found elsewhere [23,24]. The Ni-coated CNTs and 

SiC nanoparticles were further dispersed in the alcohol 

solution containing 5% polyvinyl alcohol by continuous 

stirring at 99 °C for 1 h. The TEM image of the hybrid 

reinforcements is shown in Fig. 1 after they were 

pretreated by purification, surface modification, and 

ultrasonic dispersion. 

 

 
Fig. 1 TEM image of surface-coated CNT and SiC nanoparticle 

hybrid composites 

 

The AZ91D alloy based hybrid composites 

AZ91D/(CNT+SiC) reinforced with different hybrid 

mass ratios of CNTs and SiC nanoparticles were 

prepared by using self-designed semisolid stirring 

assisted ultrasonic cavitation process and subsequent hot 

extrusion in two steps. First, 1.0% total content of 

Ni-coated CNTs and Ni-coated SiC nanoparticles were 

ultrasonically dispersed in the AZ91D alloy melt to 

obtain Mg matrix nanocomposites with non- 

agglomerated nanosized hybrid reinforcements by using 

self-signed experimental setup for the semisolid stirring 

assisted ultrasonic processing. More details of ultrasonic 

activation method for preparing AZ91D matrix hybrid 

nanocomposite billets can be found in our previous  

work [20]. In the next step, all AZ91D hybrid composite 

billets prepared with semisolid stirring assisted ultrasonic 
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cavitation process were machined to 30 mm in diameter 

and hot extruded using 18.3:1 extrusion ratio at extrusion 

speed of 2.5 mm/s on a 100 ton hydraulic press with 

colloidal graphite as a lubricant. The extrusion 

temperature was 380 °C. The billets were held at 200 °C 

for 2 h and then solution treated at 410 °C for 22 h in a 

furnace prior to extrusion. Rod of 16 mm in diameter 

was finally obtained following the above hot extrusion 

process and it is shown in Fig. 2. 

 

 

Fig. 2 Photo of magnesium alloy matrix nanocomposites after 

extrusion 

 

In the AZ91D/(CNT+SiC) hybrid composites 

mentioned in this work, the total mass fraction of CNTs 

and SiC nanoparticles was 1.0%, while the hybrid mass 

ratio of CNTs to SiC nanoparticles could be different. 

The hybrid mass ratios of CNTs to SiC nanoparticles 

were 7:3, 5:5 and 3:7, respectively. The corresponding 

AZ91D alloy based hybrid composites were respectively 

denoted as AZ91/(0.7%CNT+0.3%SiC), AZ91/ 

(0.5%CNT+0.5%SiC) and AZ91/(0.3%CNT+0.7%SiC). 

For comparison, 1.0% carbon nanotube reinforced AZ91 

alloy based composites (AZ91D/1.0%CNT) and 1.0% 

SiC nanoparticle reinforced AZ91 alloy based 

composites (AZ91D/1.0%SiC) were also prepared with 

semisolid stirring assisted ultrasonic cavitation process. 

 

2.2 Microstructural characterization and mechanical 

performance tests 

The AZ91D alloy based hybrid nanocomposite 

samples were cut vertically to the extrusion direction to 

observe their microstructure and check their 

microhardness. The metallographic samples of the 

monolithic AZ91D Mg alloy and its hybrid composites 

were produced by a standard metallography method, and 

etched using a 4% nitric acid alcohol solution. The 

microstructure and fractography of these samples as well 

as morphology of nanosized hybrid reinforcements were 

observed with a XJG-05 optical microscope (OM), an 

environmental FEI Quanta 200 scanning electron 

microscope (SEM) and a TECNAI G2205-TWIN TEM, 

respectively. The X-ray diffraction (XRD) pattern was 

measured for identification of intermetallic phases and 

microstructure contents in the Mg matrix composites 

using the X-ray diffractometry with Cu Kα radiation of 

wavelength 1.54056 Å, while the morphological and 

elemental analysis of the Mg matrix and its composites 

was conducted using SEM and energy dispersive 

spectroscopy (EDS). The room temperature tensile 

properties of the monolithic AZ91D Mg alloy and its 

hybrid composites were measured on 3354 Instron 

tensile testing machine using round tension test 

specimens of 5 mm in diameter and 25  mm in gauge 

length at a nominal strain rate of 2×10−3 s−1, while 

Brinell hardness was measured with a HB−3000 Brinell 

hardness tester using 29400 N indenting load and 10 mm 

indenter in diameter as well as 15 s dwell time. 

 

2.3 Wear tests under oil lubricated conditions 

A MRS−10P four-ball tribometer (supplied by 

Ji’nan Yihua Tribology Testing Technology Co., Ltd., 

Shandong, China) was used to evaluate the sliding 

friction and wear characteristics of the monolithic 

AZ91D Mg alloy matrix and AZ91D Mg alloy matrix 

nanocomposites against a SUS440C stainless steel 

counterface under oil lubricated conditions. The upper 

counterpart for friction pairs was machined from the 

extruded AZ91D Mg alloy matrix nanocomposites and 

monolithic AZ91D Mg alloy. Wear tests were carried out 

onto surfaces that were perpendicular to the extrusion 

direction. The annular specimen had a dimension of   

45 mm in outer diameter and 25 mm in inner diameter. 

The lower counterpart for friction pairs was ring-shaped 

SUS440C stainless steel with the hardness of HRC62 

and it had a dimension of 48 mm in outer diameter and 

20 mm in inner diameter. All specimens were polished, 

cleaned in an ultrasonic bath with acetone, dried in the 

oven at 60 °C and weighed prior to each test. The 

specimens were cleaned again with acetone cotton balls 

after they were mounted on the wear test machine. In 

addition, the specimens were also ultrasonically cleaned 

in acetone for 10 min after the wear test was finished. 

When the wear test was conducted, the upper counterpart 

was fixed with the rotating shaft together and the 

hydraulic motor drove the mainshaft to rotate, while the 

lower counterpart was connected with the wheel torque 

sensor installed on the front panel and it was subjected to 

a downward load applied at its upper face by the upper 

counterpart through the hydraulic loading system. Thus, 

the sliding wear tests could be carried out onto the 

appressed counterface of the upper and lower counterpart 

through the rotation of the upper counterpart driven by 

the rotating shaft with the fixed speed. When different 

loads were applied, the signals were received by the 

force sensor connected with the wheel torque and thus 

the friction force could be calculated under loading force, 
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while the friction coefficient could be obtained by 

conversion. At least three samples were tested for each 

wear condition and the friction coefficient (μ) was given 

by Eq.(1): 
 
μ=T/(p×r)                                   (1) 
 

where T is the friction torque (N·mm), p is the force 

applied vertically downward (N) and r is the radius of 

hard SUS440C stainless steel counterpart (mm). 

A diagram of the wear test configuration with a 

photo of wear tester chamber is shown in Fig. 3. The 

wear testing conditions selected are as follows: a 

constant mainshaft rotating speed of 380 r/min was 

maintained under different loads (200, 400, 600, 800, 

and 1000 N) for the test. The friction time and the 

ambient temperature are 1−5 h and 20−25 °C, 

respectively. The CD40 diesel engine oil is used as the 

lubricating oil. The wear amount of the AZ91D Mg 

based nanocomposite specimens was measured by mass 

loss. Before and after each test, the surfaces of the 

specimens were cleaned ultrasonically in acetone and 

weighed using an electronic balance with an accuracy of 

0.0001 g to measure the mass loss. 

 

3 Results and discussion 
 

3.1 Microstructure and mechanical properties of 

AZ91D based nanocomposites 

The optical micrographs of the monolithic AZ91D 

Mg alloy and AZ91D/(0.7%CNT+0.3%SiC) hybrid 

nanocomposites are shown in Figs. 4(a) and (b), 

respectively. Here, AZ91D/(0.7%CNT+0.3%SiC) refers 

to the hybrid CNT/SiC nanoparticle mass ratio of 7:3 and 

the hybrid content of 1.0% in this composite. The rest 

can be analogized. It can be seen that a significant grain 

refinement is achieved due to the concurrent presence of 

a small amount (1.0%) of CNT and nanosized SiC hybrid 

reinforcements in the composites. Representative SEM 

images of the AZ91D/(0.7%CNT+0.3%SiC), shown in 

Fig. 5, indicate a relatively good dispersion of SiC 

nanoparticles (Fig. 5(a)) and CNTs (Fig. 5(b)) in the 

matrix. The small bright spots in Fig. 5(a) correspond to 

SiC nanoparticles, while the gray strips in Fig. 5(b) 

denote carbon nanotubes embedded in the Mg matrix. 

The uniform distribution of SiC nanoparticles and carbon 

nanotubes in the Mg matrix can be attributed to the 

 

 

Fig. 3 Wear-test device and schematic diagram of ring and ring with directions of rotation and force 

 

 

Fig. 4 Optical micrographs of monolithic AZ91D Mg alloy (a) and AZ91D/(0.7%CNT+0.3%SiC) hybrid nanocomposite (b) 
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Fig. 5 SEM images of SiC nanoparticles distributed in AZ91D 

Mg alloy (a) and CNTs distributed in tensile fracture surface of  

composites (b) 

 

combined effects of surface modification of hybrid 

nanoreinforcements, mechanical stirring and high 

intensity ultrasonic dispersion. 

Figure 6 shows the XRD patterns of the extruded 

AZ91D matrix alloy and AZ91D/(0.5%CNT+0.5%SiC) 

hybrid nanocomposites. It can be found that the primary 

α-Mg and eutectic β-Mgl7Al12 phases were present in the 

AZ91D Mg alloy, while the peaks of α-Mg, β-Mgl7Al12, 

β-SiC and C phases could be observed in the case of the 

AZ91D matrix hybrid composites. This indicates the 

co-existence of the SiC and carbon nanotube phases in 

the Mg matrix hybrid composites. Moreover, the peaks 

of α-Mg and β-Mgl7Al12 phases in the hybrid composites 

become sharper than those in the monolithic Mg alloy. 

This is related to the grain refinement of the Mg matrix 

alloy and less connected β-Mgl7Al12 phase [25] caused 

by addition of nanosized hybrid reinforcements. 

Figure 7 shows the SEM images and EDS spectra of 

AZ91D magnesium alloy and AZ91D/(0.5%CNT+ 

0.5%SiC) hybrid nanocomposites. It is clear that the 

eutectic β-Mgl7Al12 phases are coarse and mainly 

distributed around the primary α-Mg grain boundaries in 

the AZ91D magnesium matrix (Fig. 7(a)). In the case of 

hybrid nanocomposites (Fig. 7(b)), the volume fraction 

of β-Mgl7Al12 phases is significantly decreased and they 

are discontinuously distributed in the hybrid 

nanocomposite. The EDS analysis results further 

demonstrate that the local content of element Al is higher 

and the possible AlMn dispersion phases appear in the 

hybrid nanocomposite compared with the magnesium 

alloy matrix. 

 

 

Fig. 6 XRD patterns of AZ91D Mg alloy and AZ91D/ 

(0.5%CNT+0.5%SiC) hybrid nanocomposite 

 

Table 1 lists the room-temperature mechanical 

properties of the monolithic AZ91D Mg alloy and its 

nanocomposites. Compared with the monolithic AZ91D 

Mg matrix, the significant improvements in both tensile 

properties and microhardness can be achieved for the 

hybrid carbon nanotube and SiC nanoparticle reinforced 

AZ91D magnesium based composites, while the smaller 

increase in tensile properties and microhardness can be 

obtained for the single carbon nanotube or single SiC 

nanoparticle reinforced Mg matrix composites. This is 

because when hybrid CNT and SiC nanoparticle fillers 

were incorporated in the Mg matrix, the van der Waals 

attractive forces between the same kind of nanosized 

reinforcements will be reduced. It is the synergistic 

effects between the CNT and nanosized SiC hybrid 

nanoreinforcements that can greatly enhance dispersion 

of nanosized reinforcements in the matrix and thus they 

can play an effective strengthening role [26]. In addition, 

the improvement of the mechanical properties of the Mg 

matrix composites is beneficial to enhancing their wear 

resistance. 

 

3.2 Wear properties of AZ91D alloy based 

nanocomposites 

Figures 8(a)−(c) respectively show variations of 

friction force, wear loss and friction coefficient with 

applied loads for the monolithic AZ91D Mg alloy and its 

nanocomposites at a sliding speed of 380 r/min for 1 h of 

wear time. As can be seen from Fig. 8, the friction force, 

wear loss and friction coefficient of the AZ91D Mg  
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Fig. 7 SEM images and EDS spectra of AZ91D magnesium alloy (a) and AZ91D/(0.5%CNT+0.5%SiC) (b) 

 

Table 1 Room-temperature mechanical properties of AZ91D alloy and its nanocomposites 

Material Tensile strength/MPa Elongation/% Yield strength/MPa Brinell hardness/(N∙mm−2) 

AZ91D 205±5 6±0.2 153±4 607.6±19.6 

AZ91D/1.0%CNT 330±4.3 8±0.1 190±3.7 705.6±9.8 

AZ91D/(0.7%CNT+0.3%SiC) 375±4.7 12±0.32 235±2 754.6±29.4 

AZ91D/(0.5%CNT+0.5%SiC) 358±5 10±0.9 218±3 784±40.18 

AZ91D/(0.3%CNT+0.7%SiC) 343±4.2 9±0.5 203±4 770.3±35.3 

AZ91D/1.0%SiC 325±9 7±0.1 185±2 739.9±19.6 

 

based nanocomposites were all less than those of the 

monolithic AZ91D Mg alloy matrix under the same 

conditions, while the wear resistance of the AZ91D 

based hybrid nanocomposite reinforced with CNTs to 

SiC nanoparticles was superior to that of the AZ91D 

based composites with single reinforcement. Moreover, 

when the hybrid mass ratio of CNTs to SiC nanoparticles 

was 5:5, the AZ91D based hybrid nanocomposites 

displayed the best wear resistance, whereas the 

increment in wear resistance was smaller in the 

single-CNT or single-SiC nanoparticle reinforced 

AZ91D based nanocomposites than that in the Mg based 

hybrid nanocomposites. This is because the synergistic 

effects of the carbon nanotube and nanosized SiC hybrid 

reinforcements can make them evenly disperse in the Mg 

matrix more easily than a single reinforcement when the 

addition amount of carbon nanotubes and SiC 

nanoparticles is larger. The friction force, wear mass loss 

and friction coefficient of the AZ91D/(0.5%CNT+ 

0.5%SiC) composites respectively were reduced by 

57.4%, 67.9% and 57.4%, respectively at an applied load 

of 1000 N compared with those of the monolithic AZ91D 

Mg alloy matrix. 

It has to be also noted from Fig. 8 that the friction 

force, wear loss and friction coefficient of the monolithic 

AZ91D Mg alloy and its nanocomposites all increase 

with increasing the applied load, but these experimental 

data of the AZ91D matrix all increase more sharply 

under high applied loads (600−1000 N) than those of the 

AZ91D matrix hybrid nanocomposites, indicating that 

the Mg matrix suffers more serious wear damage than 

the Mg based nanocomposites. For example, in the range 

of the testing loads (600−1000 N), the wear rates of the 

AZ91D matrix and AZ91D/(0.5%CNT+0.5%SiC) 
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composites increased by 168% and 83%, respectively. 

Therefore, the coupled addition of nanosized hybrid 

reinforcements led to an increasement in the hardness 

and strength properties of the Mg matrix composites (see 

Table 1) and further improved the wear resistance under 

high applied loads. 

 

 

Fig. 8 Effects of applied load on wear performance of  

monolithic AZ91D Mg alloy and AZ91D based 

nanocomposites: (a) Friction force; (b) Wear mass loss;      

(c) Friction coefficient 

 

Figure 9 shows variation of mass wear rate as a 

function of friction time for the monolithic AZ91D Mg 

alloy and its nanocomposites under a high applied load 

of 800 N. It can be seen that the wear rate of the AZ91D 

matrix shows a dramatic increase with the increase of 

friction time although it has no significant change at the 

beginning of the friction test. However, the wear rate of 

the AZ91D hybrid nanocomposites increases from small 

to large and then tends to be stable with increasing the 

friction time, while the wear rate of the single CNT or 

nanosized SiC reinforced AZ91D based composites 

increases constantly with increasing time though there is 

substantial improvement in the wear rate compared  

with the Mg matrix. This also shows that the wear 

resistance of the Mg matrix hybrid composite reinforced 

with carbon nanotubes and SiC nanoparticles is better 

than that of the Mg matrix and has the best wear 

resistance. 

 

 

Fig. 9 Variation of wear rate as function of wear time 

 

3.3 Wear surface morphology and wear mechanism 

Figure 10 shows SEM images of worn surfaces of 

AZ91D and its nanocomposites subjected to wear for 1 h 

at a high applied load of 800 N with a sliding speed of 

380 r/min. It can be found from Fig. 10(a) that there are 

wide and deep plowing grooves with adhered powders 

from wear debris and scratch marks parallel to the sliding 

direction on the worn surfaces of the AZ91D sample. 

The adhesive wear and abrasive wear are the dominant 

wear mechanisms of the AZ91D matrix. Compared with 

Fig. 11(a), when adding different contents of CNTs and 

SiC nanoparticles into the AZ91D matrix, the worn 

appearance of the nanocomposite samples shown in  

Figs. 10(b)−(f) has generally become smoother, and no 

deep mechanical plowing grooves and shearing tear 

features can be observed on their wear surface. As can be 

seen from Figs. 10(c)−(e), the main wear mechanism of 

the AZ91D matrix hybrid nanocomposites is the abrasive 

wear and mild adhesive wear. Different from the wear 

mechanism of the Mg matrix hybrid nanocomposites, 

when the addition of 1.0% CNTs (Fig. 10(b)) or 1.0% 

SiC nanoparticles (Fig. 10(f)) to the AZ91D matrix,   

the peeling wear features exist on the wear surface of  

the single CNT or SiC nanoparticle reinforced AZ91D 
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Fig. 10 Worn surfaces of AZ91D alloy and its nanocomposites at high applied load of 800 N with sliding speed of 380 r/min:      

(a) AZ91D alloy; (b) AZ91D/1.0%CNT; (c) AZ91D/(0.7%CNT+0.3%SiC); (d) AZ91D/(0.5%CNT+0.5%SiC); (e) AZ91D/ 

(0.3%CNT+ 0.7%SiC); (f) AZ91D/1.0%SiC 

 

matrix nanocomposites. Although the wear resistance of 

the magnesium matrix composites reinforced by single 

reinforcement is improved, delamination on surface is 

still present and this can also be observed under dry 

sliding friction conditions [27,28]. 

For the AZ91D/1.0%CNT and AZ91D/1.0%SiC 

composites with single nanoreinforcement (see     

Figs. 10(b) and (f)), there both existed delamination 

peeling phenomena occurred on their worn surface 

although the presence of CNTs or SiC nanoparticles 

improved the wear resistance of the AZ91D matrix. The 

main reason is that when the mass fraction of CNTs or 

nanosized SiC addition is up to 1%, their relatively 

uneven dispersion in the AZ91D matrix will result in the 

formation of the loose oxide film on the partial surface of 

the composites, and the abrasive grains resulting from 

the spalling of the oxide film during the sliding friction 

process accelerate the wear of the composites. On the 

other hand, the agglomerated nano-reinforcements will 

also lead to the decrease in the strength and hardness of 

the composites, thus making the composites prone to 

peeling off and the spalling pits formed on the wearing 

surface. Different from the wear situations of the 

AZ91D/1.0%CNT and AZ91D/1.0%SiC composites with 

single nano-reinforcement, the mild wear is observed to 

occur and the worn surface is smoother for the AZ91D 

hybrid nanocomposites such as AZ91D/(0.7%CNT+ 

0.3%SiC), AZ91D/(0.5%CNT+0.5%SiC) and AZ91D/ 

(0.3%CNT+0.7%SiC) under the same wear conditions. 

The worn surfaces of the Mg matrix hybrid 
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nanocomposites have shown un-conspicuous plastic 

deformation and micro-ploughing in the form of  

shallow grooves, as can be seen in Figs. 10(c)–(e). The 

wear resistance of the hybrid nanocomposites especially 

the AZ91D/(0.5%CNT+0.5%SiC) composites is 

significantly higher than that of the composites with 

single nano-reinforcement, which is consistent with the 

experimental results in Figs. 8 and 9. The reason for 

higher wear resistance of the hybrid nanocomposite is 

that the smaller size of hybrid nano-reinforcements can 

prevent the plastic flow of the AZ91D matrix as surface 

asperities during sliding wear [29] and meanwhile the 

carbon nanotubes with low friction efficient of 0.016− 

0.0040 can also play a self-lubrication role [30,31]. As 

shown in Fig. 7(c), the decrease in the friction 

coefficients of the Mg matrix hybrid composites is also 

partly attributed to the self lubrication nature of CNTs. 

Another reason for higher wear resistance of the hybrid 

nanocomposite is that when hybrid ratio is appropriate 

for CNTs and SiC nanoparticles, the hybrid composites 

are not liable to spall off during the wearing tests and 

fewer spalling pits are formed on the worn surface due to 

the excellent compatibility of deformation between the 

matrix and nanohybrids. As shown in Fig. 11, micro- 

cracks are produced in the nanocomposite samples under 

yield loads during the wear process and the worn surface 

roughness of the nanocomposites varies with the content 

of carbon nanotubes and SiC nanoparticles in the 

composite, indicating that the AZ91D/(0.5%CNT+ 

0.5%SiC) composites with 5:5 mass ratios of CNTs to 

SiC nanoparticles can most effectively prevent the 

serious wear of the AZ91D magnesium alloy. 

As for the reasons of the difference in the hybrid 

enforcing effects between magnesium matrix composites 

containing different hybrid ratios of CNTs to SiC 

nanoparticles, CNTs and SiC nanoparticles in the Mg 

matrix play different roles and the proper dispersion of 

hybrid reinforcements is affected by hybrid ratios, 

resulting from different synergistic reinforcement effects 

in mechanical and wear properties. Carbon nanotubes 

have high specific strength, specific stiffness and 

self-lubricating behavior, and the CNTs in the hybrid 

reinforcements play a dominant role in the improvement 

of the strength and ductility of the Mg matrix  

composites. However, a high content of CNTs will lead 

to a significant deterioration in the mechanical properties 

of the composites due to the CNT agglomeration [32]. 

On the other hand, nanosized SiC particles have high 

hardness and high wear resistance, and the nano-SiC 

contents in the hybrid reinforcements have positive 

effects on wear resistance of the composites. What is 

more, the enhancement effect of hybrid nano- 

reinforcements is also related to their dispersion, hybrid 

nano-reinforcements with the appropriate hybrid ratio 

can be well dispersed in the Mg matrix under a given 

hybrid content. 
 

 

Fig. 11 High-resolution SEM images of worn surfaces of AZ91D alloy and its nanocomposites at high applied load of 800 N with 

sliding speed of 380 r/min: (a) AZ91D alloy; (b) AZ91D/1.0%CNT; (c) AZ91D/(0.5%CNT+0.5%SiC); (d) AZ91D/1.0%SiC 
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4 Conclusions 
 

1) The wear resistance of AZ91D magnesium alloy 

can be improved by the addition of single carbon 

nanotube or nanosized SiC especially their nanohybrids 

under oil lubricated sliding wear. Moreover, when    

the hybrid mass ratio of CNTs to SiC nanoparticles    

is 5:5, the AZ91D/(0.5%CNT+0.5%SiC) hybrid 

nanocomposites have the best wear resistance and good 

application prospect under high applied loads. This is 

due to the load supporting action of SiC nanoparticles, 

the self-lubricating property of CNTs and the synergistic 

effects of the hybrid nanoreinforcements on improving 

the strength and hardness of the composites. 

2) The abrasive wear and adhesive wear are 

identified as the main wear mechanism of the AZ91D 

alloy, while the micro-ploughing and micro-cutting 

combined with slight adhesive wear and delamination 

appear to be the predominant wear mechanisms of the 

AZ91D matrix nanocomposites with single and hybrid 

nano-reinforcements under oil lubricated sliding 

contacts. 

3) The friction force, wear loss and friction 

coefficient of the AZ91D Mg based nanocomposites are 

all less than those of the monolithic AZ91D Mg alloy 

matrix under the same conditions, but the wear resistance 

of the AZ91D based hybrid nanocomposite reinforced 

with CNTs and SiC nanoparticles is superior to that of 

the AZ91D based composites with single reinforcement. 

The effect of applied load on the wear rate of the hybrid 

composites is not obvious. 
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混杂比对 AZ91D 纳米复合材料 

油润滑摩擦磨损行为的影响 
 

周 霞，李 利，文 冬，刘霄霞，吴承伟 

 

大连理工大学 运载工程与力学学部 工程力学系 工业装备结构分析国家重点实验室，大连 116024 

 

摘  要：使用 MRS-10P 型四球摩擦试验机对 AZ91D 镁合金及不同混杂比碳纳米管和纳米碳化硅增强 AZ91D 镁

合金复合材料在油润滑条件下的摩擦磨损行为进行研究。在加载载荷为 200~1000 N、主轴转速为 380 r/min 时测

试 AZ91D 及其复合材料的摩擦因数和磨损率，采用扫描电子显微镜(SEM)、X 射线衍射仪(XRD)和能谱分析仪 

(EDS)分析磨损表面形貌、相和元素组成，并讨论碳纳米管和纳米碳化硅的协同作用机制。结果表明，与 AZ91D

镁合金相比，由少量碳纳米管和纳米碳化硅混杂增强的 AZ91D 镁基纳米复合材料具有更好的耐磨性能和不同的

磨损机理, 质量分数分别为 0.5%的碳纳米管和纳米碳化硅增强的 AZ91D 镁合金基纳米复合材料具有最好的摩擦

性能。镁基混杂纳米复合材料的磨损机理为微犁沟、微切削、轻微磨粒及脱粘磨损的复合形式。 

关键词：镁纳米复合材料；混杂比；油润滑；滑动磨损；磨损机理 
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