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Abstract: The 6061 aluminum matrix composites reinforced with ZnO-coated Mg2B2O5w were fabricated by squeeze casting method 
and followed by extruded under a technical equivalent condition. The mechanical properties and microstructures of the composites 
were investigated. The results showed that the elastic modulus of the as-cast composites increased straightly with increasing ZnO 
coating content. The ultimate tensile strength and yield strength of the as-cast composites rapidly increased initially and then declined 
with increasing ZnO coating content. However, the elongations of all the as-cast composites had similar values. The elongations of 
the composites were highly enhanced and the ultimate tensile strength of the composite without ZnO coating was the largest after 
extrusion. A number of whiskers in the composites with ZnO coating were fractured during the extrusion process, but the whiskers’ 
breakage extent was limited with the increase of coating content. 
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1 Introduction 
 

Over the past two decades, metal matrix composites 
(MMCs) reinforced with a range of reinforcements were 
employed as structural materials in many fields such as 
ground transportation, thermal management industry, 
aerospace, recreation and infrastructure as a consequence 
of elevated specific modulus and strength as well as their 
superior wear and thermal resistance [1,2]. Especially, 
the light metal matrix composites (LMMCs) reinforced 
with SiC, Si3N4, Al18B4O33, and K4O4Ti whiskers and SiC 
particles were spurred by efforts in discontinuously 
reinforced LMMCs, which greatly expanded the scope of 
MMC systems [3−6]. 

It is well known that the wettability of whiskers by 
molten aluminum plays a particularly significant role in 
determining the mechanical properties of composites. 
Unfortunately, the wettability is generally poor in many 
cases. A great number of methods have been proposed to 
improve the wettability, for instance, the addition of 
alloying elements to the matrix alloy, coating of the 
ceramic reinforcements and treatment of ceramic 
reinforcements [7]. Our previous researches [8,9] 

indicated that ZnO coating on the surface of whiskers 
provided effective and feasible means to improve the 
wettability owing to an interfacial reaction which 
introduced a strong interface in the composites.  
However, the hot forming ability of the composites 
which have a strong interface is unclear. 

In addition, magnesium borate whisker (Mg2B2O5 
whisker, denoted as MBOw) reinforced magnesium 
matrix composites have been extensively investigated on 
account of their absolutely excellent mechanical 
properties and fairly low cost [10−12]. The production 
cost of MBOw is much lower since it can be synthesized 
from the byproducts of seawater desalting or the 
compounds containing Mg and B originating from  
saline [13]. Thus, MBOw will have an enormous 
potential to expand the applications of MMCs in the 
future. But little work had been done on the 
Mg2B2O5w/Al composites over the past years. 

Furthermore, secondary processing of the  
discontinuously reinforced composites can lead to the 
break-up of whiskers (or particles) agglomerates, the 
reduction or elimination of porosity, and the improved 
bonding, all of which contribute to improving the 
mechanical properties of MMCs [14]. Among various 
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classical metal forming procedures, extrusion has been 
used as the most common secondary processing 
operation because of its preferential axial alignment of 
discontinuous whiskers as well as its large compressive 
hydrostatic stress state [15,16]. However, few studies 
have been done in relation to the hot extrusion behavior 
and the tensile properties of the Mg2B2O5w/Al 
composites with coating. 

In the present study, ZnO was coated on the surface 
of MBOw in order to improve the interface wettability. 
Subsequently, the composites reinforced with MBOw 
were extruded. The mechanical properties, fracture 
mechanism and microstructure characteristics of the 
as-cast and extruded composites were investigated. 
 
2 Experimental 
 

ZnO was coated on the surface of MBOw with a 
diameter of 0.5−2 μm and a length of 10−50 μm using 
chemical precipitation method. At first, zinc nitrate 
hexahydrate and MBOw were dissolved in distilled water 
by an ultrasonic vibration technique to prevent whiskers 
from agglomeration. The solution was then vigorously 
stirred to form a stable sol. Secondly, dilute NH3·H2O 
solution was dribbled into the MBOw solution and the 
compound solution was continuously stirred. Zn(OH)2 
began to precipitate on the MBOw surface with the 
addition of NH3·H2O. The precipitation reaction is  

 
Zn2++2OH−=Zn(OH)2                                     (1) 

 
It was considered that all of Zn(OH)2 precipitated 

when the pH value was 7. The MBOw solution was then 
poured into a preform mold and the whisker preform 
with Zn(OH)2 could be obtained. Thirdly, the whisker 
preforms were dried at room temperature for 48 h and 
sintered at 80 °C and 150 °C for 24 h, respectively. 
When the preforms were sintered at 150 °C, the 
following reaction occurred: 

 
Zn(OH)2=ZnO+H2O                           (2) 

 
At last, the whisker preforms were sintered at   

900 °C for 2 h to obtain higher compression strength. 
The mass ratios of ZnO to MBOw were selected as  

0, 1:40, 1:30 and 1:10 respectively for investigating the 
effect of coating content on the extrusion behavior of the 
composites. The 6061 aluminum alloy was employed as 
the matrix and the MBOw with different ZnO coating 
contents was used as the reinforcement. The composites 
were fabricated by squeeze casting method with the 
molten aluminum of 800 °C and die temperature of 550 
°C, and the volume fraction of MBOw in the composites 
was 25%. The corresponding abbreviations for coated 
whiskers and composites are listed in Table 1. 

Table 1 Corresponding abbreviations for coated whiskers and 
composites 

Mass ratio of 
coating to whisker

Coated whisker Composite 

0 MBOw MBOw/6061 

1:40 40MBOw/ZnO 40MBOw/ZnO/6061 

1:30 30MBOw/ZnO 30MBOw/ZnO/6061 

1:10 10MBOw/ZnO 10MBOw/ZnO/6061 

 
The as-cast composite billets with a diameter of  

39 mm and a length of 35 mm were extruded by forward 
extrusion method at 450 °C with an extrusion ratio of 
10:1 and a die angle of 45°. The mixture of graphite 
powders and high-temperature oil was used as a lubricant. 
The extruded composites were cooled down in air. 

The tensile test was carried out on an Instron−5569 
tension machine at room temperature. The dimensions of 
tensile specimens are shown in Fig. 1. The tensile 
fractures were observed using a JSM6610LV scanning 
electron microscope (SEM) and the microstructures of 
the composites were observed by an LEICA DMI3000M 
optical microscope (OM). 
 

 
Fig. 1 Schematic diagrams of tensile specimens (unit: mm):      
(a) As-cast composites; (b) Extruded composites 
 
3 Results and discussion 
 
3.1 Characterization of coated MBOw 

Figure 2 shows the XRD pattern of 10MBOw/ZnO 
sintered at 900 °C, indicating that no additional 
diffraction peaks can be found besides those of ZnO and 
MBOw. Figure 3 shows the SEM images of MBOw and 
10MBOw/ZnO sintered at 900 °C. The surface of MBOw 
is relatively smooth and clear (Fig. 3(a)) and a lot of 
spherical ZnO particles are uniformly distributed on the 
surface of the whiskers after coating (Fig. 3(b)). 
 
3.2 Microstructures and mechanical properties of  

as-cast composites 
Figure 4 shows the XRD patterns of MBOw/6061 
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Fig. 2 XRD pattern of 10MBOw/ZnO composite sintered at  
900 °C 
 

 
Fig. 3 SEM images of MBOw (a) and 10MBOw/ZnO (b) 
sintered at 900 °C 
 

 
Fig. 4 XRD patterns of MBOw/6061 (a) and 10MBOw/ZnO/ 
6061 (b) composites 

and 10MBOw/ZnO/6061 composites. Only Al and MBOw 
diffraction peaks can be found in the 10MBOw/ZnO/ 
6061 composite, which reveals that ZnO is completely 
consumed during the squeeze cast route. 

To investigate the distribution of whiskers in the 
as-cast composites, the microstructures that are parallel 
to the squeeze casting direction of MBOw/6061 and 
10MBOw/ZnO/6061 composites were observed using an 
optical microscope (Fig. 5). The micrographs for MBOw/ 
6061 and 10MBOw/ZnO/6061 composites exhibit a 
relatively homogeneous whisker distribution with a 
random orientation. 
 

 

Fig. 5 OM micrographs of as-cast composites: (a) MBOw/6061; 
(b) 10MBOw/ZnO/6061 
 

Figure 6 shows the elastic modulus (E), ultimate 
tensile strength (σb), yield strength (σ0.2), and elongation 
(δ) of the as-cast and extruded composites. In the as-cast 
composites, the elastic modulus increased straightly with 
increasing ZnO coating content. It was also apparent that 
the σb and σ0.2 increased when the mass ratios of ZnO to 
MBOw were from 0 to 1:30. Eventually, the σb and σ0.2 

declined with the increase of the coating content. This 
implies that an optimal ZnO coating content exists in the 
as-cast composites. However, the elongation has no 
obvious improvement after coating. 

The mechanical properties of the as-cast composites 
were heightened with increasing coating content as the 
interface of the composites was strengthened. It is   
well known that there is no reaction between MBOw and  
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Fig. 6 Tensile properties of as-cast and extruded composites 
 
aluminum. However, the ZnO coated on the surface of 
whiskers can react with the molten aluminum during the 
squeeze casting process [8]. The reaction formula is  

 
3ZnO+2Al=Al2O3+3Zn                        (3) 

 
Obviously, more Al2O3 was generated at the 

interface of composites with the increase of coating 
content and the interfacial bonding was strong. Besides, 
the strength of the matrix was likewise enhanced with 
increasing coating content due to the solid solution of  
Zn. Thus, the elastic modulus increased with increasing 
coating content. At the beginning, the higher the ZnO 
coating content is, the stronger the interfacial bonding is, 
the more load was transferred to the whiskers. Therefore, 
the σb and σ0.2 increased when the mass ratios of ZnO to 
MBOw were from 0 to 1:30. However, the σb and σ0.2 

decreased when the coating content increased further 
(1:10). This was because a lot of alumina inclusions (as 
shown by arrows in Fig. 7) were generated in the 
10MBOw/ZnO/6061 composite during the squeeze 
casting process. The alumina inclusions were whisker 
free weak areas in the composites. The cracks could be 
easily initiated from these areas, and earlier      
fracture would occur, thus resulting in a lower tensile 
strength. 

 
Fig. 7 Alumina inclusion on surface of 10MBOw/ZnO/6061 
composite 
 

It is known that the contact surface between 
whiskers in whisker preforms becomes smaller and 
smaller with increasing coating content. As a result, it 
was hard for whiskers to bond together when the 
preforms were sintered at high temperature. Thus, the 
compression strength of whisker preform, decreased with 
the increase of coating content (Table 2). The whisker 
preforms were then easily fractured during the squeeze 
casting route, and a lot of alumina inclusions were 
generated in the 10MBOw/ZnO/6061 composite. At the 
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same time, the fractured whisker preforms easily led to 
the incomplete infiltration of the melt, which contributed 
to a coarse interface in the 10MBOw/ZnO/6061 
composite. Accordingly, the σb and σ0.2 decreased when 
the mass ratio of ZnO to MBOw was 1:10. 
 
Table 2 Compression strength of whisker preforms (MBOw) 
with increase of ZnO coating content 

Mass ratio of 
ZnO to MBOw 

0 1:40 1:30 1:10

Compression 
strength/MPa 

1.34 0.65 0.41 0.32

 
The elongations of as-cast composites were low 

owing to the high volume fraction of ceramic 
reinforcement. Figure 8 shows the fracture mechanism of 
the as-cast composites. The evident interfacial debond 
was found in the MBOw/6061 and 10MBOw/ZnO/6061 
composites (Figs. 8(a) and (d)). In the MBOw/6061 
composite, this was because the wettability of whiskers 
by molten aluminum was poor. The low compression 
strength of whisker preforms resulted in incomplete 
infiltration of aluminum melt in the 10MBOw/ZnO/6061 
composite, which was a main reason for a coarse 
interface. The coarse interface debonded when the 
imposed load was employed. However, the interfacial 
debond phenomena reduced in the 40MBOw/ZnO/6061 
composite as the ZnO coated on the surface of whiskers 
enhanced bond strength of the interface. Few interfacial 
debond can be found in the 30MBOw/ZnO/6061 
composite, which showed that the interfacial bond 
strength was particularly high. The indication accounted 

again for the highest tensile strength of the 30MBOw/ 
ZnO/6061 composite. 

 
3.3 Mechanical properties and microstructures of 

extruded composites 
The elastic modulus, ultimate tensile strength, yield 

strength and elongation of the extruded composites were 
compared with those of the as-cast composites. Only the 
elastic modulus of the MBOw/6061 composite could be 
enhanced after extrusion. The σb and σ0.2 of extruded 
composites were improved except for the σ0.2 of the 
30MBOw/ZnO composite. However, the σb and σ0.2 of 
the extruded composites had a marked decline at the 
beginning and then rose with the increase of ZnO coating 
content. The elongation of extruded composites was 
highly improved compared with that of the as-cast 
composites. The elongation of the 30MBOw/ZnO 
composite can reach 4.8% after the extrusion. 

The improvement of different extents of mechanical 
properties of the extruded composites was attributed to 
the decreased porosity level and the improved 
microstructures. The pores and defects formed during the 
casting process as the poor wettability was improved 
during the extrusion process. The porosity level of the 
composites was eventually reduced after the extrusion. 
Besides, it was caused by the work-hardening of the 
matrix due to the high density of dislocations generated 
by the extrusion deformation. Moreover, this was further 
caused by the directional alignment of the longer 
whiskers. Figure 9 shows the whiskers’ arrangement of 
the extruded composites, which displayed the     
longer whiskers aligning along the extrusion direction.  

 

 
Fig. 8 Tensile fractographs of different as-cast composites: (a) MBOw/6061; (b) 40MBOw/ZnO/6061; (c) 30MBOw/ZnO/6061;     
(d) 10MBOw/ZnO/6061 
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Fig. 9 OM micrographs of different extruded composites in longitudinal direction: (a) MBOw/6061; (b) 40MBOw/ZnO/6061;        
(c) 30MBOw/ZnO/6061; (d) 10MBOw/ZnO/6061 
 
Therefore, more whiskers bear the load in the 
longitudinal direction. Figure 9 also revealed that the 
whiskers that had a regular shape were more seriously 
fractured than the whiskers that had an irregular shape in 
the extrusion process. Additionally, a small amount of 
whiskers that have a large aspect ratio and irregular 
shape did not align along the extrusion direction as the 
whiskers hardly rotated during the plastic deformation 
process (Figs. 9(b) and (d)). The elastic modulus of the 
composites with ZnO coating decreased after the 
extrusion because the strong interface was broken and 
the whiskers were seriously fractured during the 
extrusion process. Whiskers breakage behavior was more 
and more serious with increasing the ZnO coating 
content (Figs. 9(a)−(c)). Especially, almost all the 
whiskers were fractured in the 30MBOw/ZnO/6061 
composite (Fig. 9(c)). However, the whisker breakage 
extent in the 10MBOw/ZnO/6061 composite was lower 
than that in the 30MBOw/ZnO composite, which revealed 
that the whisker breakage was limited with the increase 
of the coating content during the extrusion process. As a 
result, the σb and σ0.2 of the extruded composites had a 
marked decline at the beginning and then rose with the 
increase of ZnO coating content. Besides, almost all the 
whiskers were fractured in the 30MBOw/ZnO/6061 
composite and the matrix was then easily yielded, which 
gave rise to the fact that the σ0.2 of the extruded 
30MBOw/ZnO/6061 composite was lower than that of 
the as-cast composite. The σb of the extruded 

MBOw/6061 composite was the highest as the whiskers 
maintained a larger aspect ratio than those of composites 
with ZnO coating. 

The increased elongation of the composites after the 
extrusion was attributed to the increase of plastic 
deformation capacity of the composites compared with 
the as-cast composites. Figure 10 illustrates the fracture 
mechanism of the extruded composites, which shows 
that every tensile fracture surface has obvious 
characteristics of fracture toughness. Many holes 
generated by the pulling out of whiskers during the 
tensile test process could be found in the 
40MBOw/ZnO/6061 composite (as shown by arrows in 
Fig. 10(b)). It was quite difficult to see the fracture and 
the pulling out of whiskers in the MBOw/6061 composite. 
There were numerous microcracks in the matrix of 
30MBOw/ZnO/6061 composite (as shown by arrows in 
Fig. 10(c)). This is maybe caused by thermal mismatch 
stress between the whiskers and the matrix. No obvious 
characteristics can be found in the 10MBOw/ZnO/6061 
composite. The elongation of the 30MBOw/ZnO/6061 
composite was the highest as the optimal interfacial 
bonding was damaged and the plastic of the matrix 
played an absolutely crucial role in the fracture of the 
composite. Reference [17] revealed that the coarse 
MgAl2O4 with a high brittleness at the interface was easy 
to fracture, decreasing the mechanical properties of 
Al18B4O33w/6061Al composite considerably. In the 
present study, the coarse Al2O3 with a high brittleness at 
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Fig. 10 Tensile fractographs of different extruded composites: (a) MBOw/6061; (b) 40MBOw/ZnO/6061; (c) 30MBOw/ZnO/6061;  
(d) 10MBOw/ZnO/6061 
 
the interface was easy to fracture with the increase of 
ZnO coating content. Accordingly, the elongation 
decreased when the mass ratio of ZnO to whisker was 
1:10. 
 
4 Conclusions 
 

1) The ZnO coating content obviously affects the 
mechanical properties of the as-cast MBOw/ZnO/6061 
composites. The elastic modulus increased straightly 
with increasing ZnO coating content. The σb, σ0.2 and 
elongation of the as-cast composites initially increased 
and then declined with increasing ZnO coating content. 

2) After the extrusion, the σb of the MBOw/6061 
composite and the elongation of the 30MBOw/ZnO/6061 
composite were the highest. 

3) The whisker breakage is limited with the increase 
of ZnO coating content during the extrusion process. 
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氧化锌涂覆硼酸镁晶须增强 6061 铝基 
复合材料的拉伸性能和热挤压行为 
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摘  要：用挤压铸造法制备不同 ZnO 包覆量的硼酸镁晶须增强的 6061 铝基复合材料，并对其进行热挤压处理。

对复合材料的显微组织及其力学性能进行研究。结果表明：随着 ZnO 包覆量的增大，铸态复合材料的弹性模量直

线增加。铸态复合材料的极限抗拉强度和屈服强度随 ZnO 包覆量的增大先增大后减小。然而, 铸态复合材料的伸

长率基本一致。经挤压后，复合材料的伸长率大幅增加；无涂层复合材料的极限抗拉强度最大，且其弹性模量有

所提高。涂覆 ZnO 涂层的复合材料中晶须发生明显的折断现象。但是，随着 ZnO 包覆量的增大，晶须的破坏程

度有限。 

关键词：铝基复合材料；Mg2B2O5晶须；涂层；挤压；力学性能 
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