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Abstract: The cenosphere dispersed Ti matrix composite was fabricated by powder metallurgy route, and its wear and corrosion 
behaviors were investigated. The results show that the microstructure of the fabricated composite consists of dispersion of hollow 
cenosphere particles in α-Ti matrix. The average pore diameter varies from 50 to 150 μm. The presence of porosities is attributed to 
the damage of cenosphere particles due to the application of load during compaction as well as to the hollow nature of cenospheres. A 
detailed X-ray diffraction profile of the composites shows the presence of Al2O3, SiO2, TiO2 and α-Ti. The average microhardness of 
the composite (matrix) varies from HV 1100 to HV 1800 as compared with HV 240 of the as-received substrate. Wear studies show a 
significant enhancement in wear resistance against hardened steel ball and WC ball compared with that of commercially available 
Ti−6Al−4V alloy. The wear mechanism was established and presented in detail. The corrosion behavior of the composites in 3.56% 
NaCl (mass fraction) solution shows that corrosion potential (φcorr) shifts towards nobler direction with improvement in pitting 
corrosion resistance. However, corrosion rate of the cenosphere dispersed Ti matrix composite increases compared with that of the 
commercially available Ti−6Al−4V alloy. 
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1 Introduction 
 

Titanium and its alloys are widely used for dental 
and orthopedic implants due to their excellent chemical 
stability, good mechanical and biocompatibility 
properties [1]. In this regard, it is relevant to mention that 
porous Ti−6Al−4V alloy is a future bio-material as it can 
provide not only a favorable environment for bone 
ingrowth, but also similar elastic modulus and stiffness 
to those of the surrounding bone, which would be 
expected to reduce the extent of stress shielding [2−3]. In 
the past, porous titanium was reported to be developed 
by powder metallurgy route [4], space holder method [5], 
rapid prototyping method [6], and the replication of 
polymeric sponge [7].  However, a precise control of 
pore structure (e.g., porosity, pore size, pore shape, 
interconnection between pores, and pore alignment) for 
the achievement of improved mechanical properties and 
biological performance is a real challenge [8]. 
Furthermore, porous titanium has poor friction and wear 
properties. Although these properties can be improved by 

using particulate reinforced composites, the weak 
interface between the particles and matrix often results in 
debinding or loosening of the particles. In the wear 
process, the release of these hard particles can cause 
further damage to the implant and a cascade of cellular 
activity that degenerates bone. 

Among the reinforcements used for synthesizing 
MMCs, hollow fly ash particulate (cenospheres) has 
recently gained a significant attraction due to its 
excellent energy absorption properties [9]. Considerable 
studies have been conducted on measuring the 
mechanical properties of metal matrix syntactic foams 
[10−13] and coefficient of thermal expansion of 
aluminum based composites [14]. It has been observed 
that hollow spherical cenosphere particles in aluminum 
matrix provide excellent wear resistance in both dry and 
lubricating conditions [15]. Because of spherical nature 
of these particles, these particles may not cause wear to 
the counter surface or the implant. In the past, the 
development of cenosphere dispersed titanium foam was 
presented by powder metallurgy route with an average 
porosity of 45%−70% and elastic modulus of 25−42 GPa 
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by the present authors [16]. 
In this work, the wear and corrosion behavior of the 

cenosphere dispersed titanium matrix composite was 
studied in detail and compared with those of the 
commercially available Ti−6Al−4V alloy. 
 
2 Experimental 
 

Sintering of cenosphere dispersed Ti-based 
composite was performed by blending of cenosphere 
(12%) with particle size of 75−150 µm and Ti with 
particle size of 20−40 μm for 7 h. The cenospheres 
primarily contain mullite and sementite. The chemical 
composition (mass fraction) of cenospheres is as follows: 
28.5% Al2O3, 58.3% SiO2, 6.3% Fe2O3, 0.4% TiO2, and 
5.8% C(carbon) [17]. The XRD pattern was reported in 
detail elsewhere [17]. The compaction of the blended 
cenosphere dispersed Ti was conducted at 75 MPa (this 
pressure was used to avoid crushing of cenospheres 
during cold compaction for making pallets) at ambient 
temperature and at 600 °C for 2 h (a) and 400 °C for 2 h 
followed by heat treatment at 800 °C for 2 h (b). After 
debinding (removal of the binding agent used during 
cold compaction through heating), sintering of the 
compact was conducted at 1200 °C under vacuum sealed 
condition for 3 h. Following sintering, the 
microstructures of the sintered samples (both the top 
surface, i.e., the surface exposed directly to the 
atmosphere which was removed through polishing and 
then used for microstructural characterization and XRD 
analysis) were characterized by optical microscopy and 
scanning electron microscopy (SEM). Any reaction did 
not take place between Ti and Si cenospheres, which was 
confirmed by the XRD analysis. If any reaction takes 
place between Ti and Si, there will be the presence of the 
peak corresponding to Ti5Si3 phase. Furthermore, the 
cenospheres did not melt during sintering process. The 
top surface here means the inner top surface (about 2 mm 
inside from the bare top surface). Thus, the XRD pattern 
of this surface indicates the XRD pattern of inner 
materials. The XRD pattern did not show any peaks for 
Ti−Si intermetallics as visible from XRD analysis. The 
pallets are small and Ti matrix has good thermal 
conductivity. It is therefore expected that the samples are 
uniformly heated during debinding and sintering. 
Conditionally, the samples are porous. Thus, there will 
be no difference in microstructure and phase constituents 
at different locations of sintered pallets. A detailed 
analysis of the phases was carried out by X-ray 
diffraction technique. 

The compositions of the top surface and cross 
section of the composite were measured by energy 
dispersive spectroscopy (EDS) analysis attached to the 
SEM. The microhardness of the surface was measured by 

Vickers microhardness tester using a 100 g (0.98 N) 
applied load. Finally, the kinetics of wear of the treated 
surface was compared with that of the as-received one by 
a fretting wear tester (DUCOM, TR−283M−M4). Before 
the test, all samples were mechanically polished to the 
roughness of 2.5 μm and cleaned using acetone and  
dried. Commercial bearing AISI E−52100 grade steel 
ball with the hardness of HRC 58−66 and the diameter of 
5 mm and WC ball with the diameter of 5 mm were used 
as counter body. The wear tests were carried out at 
varying normal loads of 5 and 10 N for constant testing 
duration of 30 min and at constant frequency of 10 Hz 
and constant stroke length of 1 mm. With the help of 
Winducom 2006 software the cumulating loss of depth 
with time was computed. The microstructure of the worn 
debris was analyzed with SEM to understand the wear 
mechanism. The electrochemical property of the surface 
in terms of pitting corrosion resistance was compared 
with that of the conventional Ti−6Al−4V alloy by 
potentiodynamic anodic polarization study in Hank’s 
solution with the following electrolytic composition: 
0.185 g/L CaCl2, 0.4 g/L KCl, 0.06 g/L KH2PO4, 0.1 g/L 
MgCl2·6H2O, 0.1 g/L MgSO4·7H2O, 8 g/L NaCl, 0.35 
g/L NaHCO3, 0.48 g/L Na2HPO4 and 1.00 g/L D-glucose. 
In the corrosion study, a standard calomel electrode was 
used as the reference electrode and platinum was used as 
the counter electrode [15]. Polarization was carried out 
from −2 to 7 V (vs SCE) at a scanning rate of 2 mV/s. 
The pitting corrosion behavior was determined by 
measuring the primary potential for pit formation, φpp1 
(the potential at which there is a sudden rise in current 
density with a small increase in potential) and corrosion 
potential (φcorr). 
 
3 Results and discussion 
 

The microstructures and phases present in 
cenosphere reinforced titanium composite were 
characterized. A detailed investigation of the mechanical 
properties of the composite in terms of microhardness 
and wear resistance was evaluated. Finally, the corrosion 
resistance property of the cenosphere dispersed titanium 
composite was evaluated and compared with respect to 
the Ti−6Al−4V alloy in Hank’s solution. 
 
3.1 Microstructural characterization of cenosphere Ti 

matrix composite 
Figures 1(a) and (b) [16] show SEM images of the 

cenosphere dispersed Ti matrix composite debinded at 
600 °C for 2 h (a) and 400 °C for 2 h followed by heat 
treatment at 800 °C for 2 h (b) and sintering at 1200 °C 
for 3 h, respectively. 

Figure 1 shows the presence of globular cenosphere 
(as shown by arrows) in α-Ti matrix and the composites 
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are indeed porous in nature. The porosity varies with the 
process parameters. The specimen debinded at 600 °C 
for 2 h possesses a higher area fraction of porosities 
(70%) than that debinded by two steps (i.e., at 400 °C for 
2 h followed by 800 °C for 2 h), i.e., 45%. A lower area 
fraction of porosities is observed when two-step 
debinding is conducted prior to sintering. This is 
attributed to the fact that, porosities are also partly 
generated due to the vaporization of organic binder 
during sintering and partly due to inadequate bonding 
between titanium particles. The lower area fraction of 
porosities when the specimen is debinded for adequate 
time is attributed to the presence of lower volume 
fraction of organic binder between the powder particles 
while sintering and hence, more chances of bonding 
between the particles appear. 
 

 
Fig. 1 SEM images of cenosphere dispersed Ti matrix 
composites debinded at 600 °C (a) and 400 °C (b) for 2 h [16] 
 

Figures 2(a)−(c) show the higher magnification 
view of the top surface (a), the sintered zone (b) (matrix 
vs cell wall), and the porous region (c) (inside hollow 
region of cenosphere in foam) of cenosphere dispersed Ti 
matrix composite debinded at 400 °C for 2 h followed by 
heat treatment at 800 °C for 2 h and sintering at 1200 °C 
for 3 h. 

From Fig. 2 it may be noted that the pores are of 
different shapes with size varying from 25 to 200 μm and 
distribute uniformly throughout the surface. The porosity 
formation is due to the presence of hollow cenospheres 
and its subsequent removal during polishing operation 
after sintering and also due to the no filled inter-particle 
spacing during sintering. Further, it can be observed that 

the solid region is defect free with the presence of 
titanium grain with an average grain size of 3−6 μm  
(Fig. 2(b)). Titanium grains observed in Fig. 2(b) also 
show the presence of fine particle dispersoids (crushed 
cenosphere shells). On the other hand, in the porous 
region, there is cenosphere with a cell thickness of 2.5 
μm   (Fig. 2(c)). This figure also shows the 
inter-particle porosities (as marked with arrow). The 
interface between the cenosphere and α-Ti matrix is 
continuous and defect free. The composition distribution 
in different regions of Fig. 2(a) is summarized in Table 1. 
 

 
Fig. 2 Higher magnification SEM images of top surface (a), 
sintered zone (b), and porous region (c) of cenosphere 
dispersed Ti matrix composite 
 
Table 1 Composition distribution in different zones in Fig. 2  

Mole fraction/% 
Zone 

Ti O Al V Fe 

1 100 0 0 0 0 

2 45.07 47.29 4.62 1.95 1.07 

 
From Table 1, it may be noted that the solid region 

is enriched predominantly with titanium. On the other 
hand, in the porous region there are significant amount of 
Si, Al and O apart from minor amount of Ti. However, 
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EDS analysis confirms that the porous region is 
cenosphere only. Titanium comes into the porous region 
in EDX primarily because of the spreading of Ti over 
cenosphere regions during machining and polishing of 
metallographic samples. 

Figure 3 [16] shows the XRD profile of the top 
surface of the cenosphere dispersed Ti matrix composite 
debinded at 400 °C for 2 h followed by heat treatment at 
800 °C for 2 h and sintering at 1200 °C for 3 h. The XRD 
profile shows the presence of α-Ti, mullite, SiO2  and 
TiO2. 
 

 
Fig. 3 XRD profile of top surface of cenosphere dispersed Ti 
matrix composite [16] 
 
3.2 Microhardness of cenosphere Ti matrix composite 

The microhardness of Ti matrix region of top 
surface and cross section of the sintered titanium 
cenosphere composite was extensively measured. Table 2 
summarizes the average microhardness, mechanical and 
electrochemical properties of the composites under 
different conditions. 

From Table 2, it may be noted that when single step 
debinding is conducted, the average hardness achieved is 
HV 1190. When debinding is carried out in two steps, the 
average microhardness is HV 1350. The improvement in 
hardness of the cenosphere dispersed Ti matrix 
composite as compared with that of the commercially 
available Ti−6Al−4V alloy (HV 240) is attributed to the 
presence of dispersed fine and fragmented    
cenosphere particles in matrix, which leads to dispersion 

strengthening. Higher hardness in two-stage debinding 
process may be due to greater density and better bonding 
between Ti particles. Furthermore, strain hardening of 
the matrix due to high pressure applied during 
compaction is also significant. 
 
3.3 Fretting wear behavior of cenosphere Ti matrix 

composite 
Figure 4 shows the comparison of the kinetics of 

wear in terms of the wear depth as a function of time 
measured by friction and wear monitor (Model 
TR−208M1) using specimen as disc and hardened steel 
ball (with diameter of 3 mm) as a pin for commercially 
available Ti−6Al−4V alloy. The analysis was carried out 
at an applied load of 10 N and cenosphere dispersed Ti 
matrix composites debinded at 400 °C for 2 h followed 
by sintering at 1200 °C for 3 h at applied load of 5 N and 
10 N, respectively. 

From Fig. 4, it is evident that the wear depth 
increases with the increase of time and attains the steady 
state wear at later stage for all the samples. It is 
interesting to note that at the initial stage the wear rate of 
Ti cenosphere composite is similar to that of Ti−6Al−4V 
alloy. But at later stage, Ti−6Al−4V alloy shows higher 
wear depth than Ti cenosphere composite. It is further 
noted that, under similar conditions, Ti cenosphere 
composite attains almost constant wear rate after a time 
of 100 s, but, Ti−6Al−4V alloy attains the steady state 
wear rate after 1600 s. A close comparison of different 
curves in Fig. 4 also reveals that the wear resistance of 
the sintered Ti cenosphere composite sample is about 
60% higher than that of dense Ti−6Al−4V alloy. The 
effect of load evidences a marginal improvement in wear 
with increase in applied load. The significant 
improvement in wear resistance of the sintered titanium 
cenosphere composite is attributed to: 1) improved 
microhardness of the Ti matrix in the composite, 2) 
lower area of interaction between mating surface and 
matrix in the composite, 3) a large fraction of energy 
during the wear processes lost due to the cushion effect 
of the cenosphere present on the surface and subsurface 
region, and 4) lower degree of adhesion due to the 
presence of cenosphere cells and also due to greater 

 
Table 2 Average microhardness, mechanical and electrochemical properties of composite 

Sample Microhardness,
HV 

Corrosion 
potential, 

φcorr(vs SCE)/V

Corrosion current 
density/ 

(mA·cm−2) 

Corrosion 
rate/ 

(mm·a−1) 

Pitting 
potential, 

φpit(vs SCE)/V
Ti−6Al−4V alloy 240 −0.52 0.416 0.28 0.21 

Cenosphere dispersed α-Ti matrix composite 
debinded at 600 °C for 2 h followed by heat 

treatment and subsequent sintering 
1190 0.072 1.53 1.03 0.30 

Cenosphere dispersed α-Ti matrix composite 
debinded at 400 °C for 2 h followed by 
heat treatment and subsequent sintering 

1350 0.065 1.51 1.02 0.26 
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Fig. 4 Kinetics of wear in terms of wear depth as function of 
time for different samples 
 
extent of heat conduction because of porous structure 
[16]. 

Figure 5 shows the variation of coefficient of 
friction of commercially available Ti−6Al−4V alloy at 
an applied load of 10 N and cenosphere dispersed Ti 
matrix composites debinded at 400 °C for 2 h followed 
by sintering at 1200 °C for 3 h at applied load of 5 and 
10 N, respectively. 
 

 

Fig. 5 Variation of coefficient of friction of different samples at 
different applied loads 
 

From Fig. 5, it is evident that the coefficient of 
friction increases gradually from 2.6 to 3.5 for 
commercially available Ti−6Al−4V alloy. In cenosphere 
dispersed Ti matrix composites, it is constant to a value 
of 0.4 at an applied load of 10 N and 0.8 at an applied 
load of 5 N. The increased coefficient of friction in 
commercially available Ti−6Al−4V alloy is attributed to 
its low hardness; its gradual increasing trend is due to the 
surface roughening caused by wearing of the surface 
with the combined action of abrasive and fretting. 
Significantly low value of coefficient of friction in case 
of cenosphere dispersed Ti is mainly due to the presence 

of cenosphere cell that absorbs shock during fretting 
motion. A detailed analysis of the worn surface was 
undertaken to understand the mechanism of wear.  
Figure 6 shows the microstructures of the worn surface 
of commercially available Ti−6Al−4V alloy at an applied 
load of 10 N and cenosphere dispersed Ti matrix 
composites at applied loads of 5 and 10 N, respectively. 
 

 
Fig. 6 Microstructures of worn surface at different applied 
loads: (a) As-received Ti−6Al−4V alloy worn at 10 N; (b) Ti 
cenosphere worn at 5 N; (c) Ti cenosphere worn at 10 N 
 

A close comparison between Fig. 6(a) and Fig. 6(b) 
reveals that the degree of wear in terms of dimension of 
worn area is much lower in the cenosphere dispersed Ti 
as compared to the as-received one under the same 
conditions. Furthermore, on both surfaces there are fine 
scratches and lose worn debris. The degree and area 
fraction of worn debris are larger in as-received 
Ti−6Al−4V alloy surface as compared to those of the 
composite. Finally, in the as-received Ti−6Al−4V alloy, 
there is a signature of material flow and material removal 
in the form of pits attributed to the combined action of 
adhesive and fretting wear. In cenosphere dispersed Ti 
matrix composite the surfaces turn smoother following 
wear, which is due to the collapse of cenosphere cell and 
its subsequent entrapment within the matrix because of 
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the combined action of load and frictional heating. The 
collapsed and fragmented fine cenosphere cells get 
accommodated at the hollow space provided by itself 
(pores of the composite) and get accumulated. Due to the 
presence of fragmented hard debris, there is lower 
kinetics of wear and hence, a reduced degree of scratch. 
As a consequence, a strong and polished mechanically 
mixed layer forms in the Ti cenosphere porous  
composite. In case of dense Ti−6Al−4V alloy, materials 
remove from the surface either by abrasive or adhesive 
action continuously released from the wear groove. The 
presence of fine scratches (as observed in Fig. 7(a)) is 
attributed to the abrasive action of the mating surface. 
The microstructure at a high magnification shows the 
presence of deep scratches, pits and worn debris in 
Ti−6Al−4V alloy. Figure 7(b) shows the presence of fine 
scratches with a lower area fraction of loose debris on  
 

 

Fig. 7 SEM images of cenosphere Ti matrix composite and 
Ti−6Al−4V alloy after abrasion test: (a) Fine debris on worn 
surface of Ti−6Al−4V alloy; (b) Ti-cenosphere porous 
composite showing accommodation of wear debris at 
cenosphere grove; (c) Microcrack formation and adherence of 
broken cenosphere on matrix of porous Ti-cenosphere 
composite 

the surface and the debris get accommodated at the 
hollow space provided by cenosphere (marked by A). 
Furthermore, there are also a few micro-cracks that are 
attributed to: 1) the fracture of the cenosphere cells from 
the matrix, 2) cracking of the matrix at cenosphere− 
matrix interface, and 3) debinding of Ti particles in the 
matrix. At higher magnification the porosities are also 
visible. However, there is no signature of micro-crack 
formation from the porosities due to application of load. 
Figure 7(c) shows the presence of cenosphere particles 
broken and adhered to the surface after wear for 
cenosphere dispersed α-Ti matrix composite. Few pores 
are also observed on the surface apart from fine scratches. 
A detailed EDS analysis shows the presence of oxides in 
the worn debris hence, the distributed particles are 
primarily oxides of aluminum and silicon due to damage 
of hollow cenosphere under combined action of load and 
fretting motion. 
 
3.4 Corrosion behavior of cenosphere Ti matrix 

composite 
The corrosion behaviors of the as-received and 

cenosphere dispersed Ti matrix composite were 
evaluated by potentiodynamic polarization studies in 
3.56% NaCl solution. The corrosion current density (Jcorr) 
and corrosion potential (φcorr) values for the respective 
samples are obtained from the intersection of cathodic 
and anodic Tafel plots. The calculated values of 
corrosion current density (Jcorr), corrosion potential (φcorr) 
and corrosion rate are presented in Table 2. Detailed 
analysis of the corrosion data reveals that corrosion 
potential (φcorr) shifts significantly towards nobler 
direction. Shifting of the corrosion potential towards the 
nobler direction is possibly attributed to the presence of a 
large fraction of cenosphere, which is cathodic in nature. 
A comparison of corrosion rate, however, reveals that 
there is a significant enhancement of corrosion rate in 
cenosphere dispersed Ti matrix composite as compared 
to Ti−6Al−4V alloy. The increase in corrosion rate is 
possibly attributed to the large area fraction of porosities 
in the microstructure and hence, decreasing in nominal 
area of Ti exposed to the solution, causing the 
enhancement of current density. Even though the 
nominal contact area decreases, because of porosity and 
the presence of cenosphere, 1) the interfacial area 
between cenosphere and the Ti particles increases and 2) 
more curved surface leads to more effective area of Ti 
exposed to the corrosion media, and thus increases the 
corrosion current density. Pitting potential also increases 
in cenosphere dispersed Ti matrix composite as 
compared to the Ti−6Al−4V alloy. The improvement in 
pitting corrosion property confirms that pitting corrosion 
resistance is not deteriorated due to the presence of 
cenosphere, even though there are pores. A magnified 
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view of the pore is shown in Fig. 2(c). From Fig. 2(c) it 
is relevant that presence of pores does not really expose 
the fresh surface, as it is coated with cenosphere cell 
which is nobler. Furthermore, the interface between the 
cenosphere and matrix is continuous and defect free. 
During compaction, part of the cenosphere particles are 
fragmented and disperse throughout the surface. 
Cenosphere fragments (complex oxides of silicon and 
aluminum) increase the overall areas of interface, but do 
not deteriorate the pitting property. This is attributed to 
the fact that cenospheres are highly inert to the corrosion 
solution. 
 
4 Conclusions 
 

1) The surface microstructure of the cenosphere 
dispersed Ti matrix composite consists of a large area 
fraction of porosities and dispersion of complex silicate 
within the matrix. The matrix forms the network. 

2) The fragmented fine cenospheres (silicates) in the 
matrix improve the average microhardness of the matrix 
from HV 240 to HV 1350. 

3) A significant improvement in wear resistance is 
observed on the surface when it is evaluated by fretting 
wear testing against both WC and steel ball at applied 
load of 10 N. The porous composites show plateau wear 
depth which is attained at very short time. 

4) The evaluation of corrosion behavior shows that 
φcorr shifts towards nobler direction in cenosphere 
dispersed Ti matrix composite as compared with 
Ti−6Al−4V alloy. However, the corrosion rate of the 
composite material increases as compared with 
commercially available Ti−6Al−4V alloy, possibly due to 
the presence of porosities and hence, increasing in 
effective area for corrosion reaction and causing the 
enhancement in corrosion rate. 
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采用粉末冶金技术制备的空心微珠分散钛基 
复合材料的表征及磨损性能 
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摘  要：采用粉末冶金技术制备空心微珠分散的钛基复合材料，并对其磨损和腐蚀行为进行研究。结果表明，所

制备的复合材料组织中在 α-Ti 基体中分散有平均孔径为 50~150 μm 的空心微珠。复合材料的多孔性归因于压制过

程中载荷对空心微珠颗粒的破坏及空心微珠本身的空心特性。X 射线衍射分析表明复合材料由 Al2O3、SiO2、TiO2

和 α-Ti 相组成。基体钛合金的显微硬度为 HV 240，而复合材料的显微硬度在 HV 1100~HV 1800 范围内变化。磨

损实验表明，相对于商用 Ti−6Al−4V 合金，复合材料对硬化钢球和 WC 球的抗磨损性能得到显著增强。复合材料

在 3.56%NaCl(质量分数)溶液中的腐蚀行为表明，其耐点蚀性能改善，腐蚀电位向正(更高)方向移动。然而，与商

用 Ti−6Al−4V 合金相比，空心微珠分散钛合金的腐蚀速率增大。 

关键词：钛基复合材料；烧结；磨损性能；腐蚀；显微组织 
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