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Abstract
TiO2, SiO2, hydroxyapatite (HA), TiO2–HA and SiO2–HA thin films with good biocompatibility were grown on Ti–6Al–4V (coded as TC4)

substrate by sol–gel and dip-coating processes from specially formulated sols, followed by annealing at 500 8C. The chemical states of some

typical elements in the target films were detected by means of X-ray photoelectron spectroscopy (XPS). High-resolution scanning electron

microscopy (SEM) is applied to characterize the surface and cross-sectional morphologies of obtained films. Various phases of the films were

characterized by XRD. The tribological properties of thin films sliding against an AISI52100 steel ball were evaluated on a reciprocating friction

and wear tester. As a result, the target films were obtained. Compared with the TC4 substrate, all the sol–gel ceramic films are superior in resisting

wear. Among all, HA film shows the best resistance while SiO2 film shows the worst wear resistance both under higher (3 N) and lower load (1 N).

TiO2 shows a good wear resistance under lower load but higher load. Compared with TiO2, the wear resistance of the dual film TiO2–HA can be

improved under 3 N but deteriorated under 1 N. Compared with SiO2, the wear resistance of SiO2–HA is improved both under 3 N and 1 N.

Compared with HA, the wear resistances of dual films are deteriorated both under 3 N and 1 N. Under 0.5 N, a very long wear life for TiO2–HA is

also obtained, illustrating that the lower wear resistance of dual films is closely related to the applied load. SEM observation of the morphologies of

worn surfaces indicates that the wear of TC4 is characterized by abrasive wear. Differently, abrasion, plastic deformation and micro-crack dominate

the wear of ceramic films. The superior friction reduction and wear resistance of HA films are greatly attributed to the slight plastic deformation of

the film. Sol–gel is a potential method being applied to implant materials for wear protection according to proper process designs. The single HA

film and the dual TiO2–HA film is suggested for biomedical application from the point of view of wear protection.

# 2008 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: A. Sol–gel process; C. Friction; Thin film; Ti–6Al–4V; Wear
1. Introduction

Sol–gel method has been receiving increased attention in

recent years with respect to varied applications in optical,

electrical, and mechanical fields, etc. [1,2]. It also shows great

potential and capability on thin film preparation due to its

flexibility in composition, morphology and function control on

the molecular level. Sol–gel films with various functional

properties, such as cell affinity, bone conduction, piezo-

electricity, and magnetic performance have been obtained and

widely studied [3–5]. Unfortunately, compared with the widely
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studied functional properties, the mechanical properties of

these films are seldom studied [6].

Recently, it is found that the mechanical/tribological proper-

ties of the coatings become a dominant factor for the durability

and function of the prosthesis under many situations, such as on

the prone of the prosthesis or on the surface of artificial tooth

where there is fretting or scratch, etc. [7]. Actually, micro-motion

exists between the prosthesis and the host widely. Kamachi et al.

have made an extensive analysis on failure of stainless steel

orthopedic devices, according to their assessment, 74% of the

implants failed at the femoral neck region due to fretting fatigue

[8]. Under fretting conditions, Ti alloys are not wear resistant

enough as a popular used prosthesis material [9]. Abundant

researches have been carried out to improve the wear resistance

and biocompatibility of Ti alloys [10,11]. However, an ideal

method that can improve thewear resistanceand biocompatibility
d.
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of the prosthesis significantly at the same time is not available

currently while the potential applications of sol–gel films for this

purpose are still seldom studied [12].

It is well known that intermediate layers can be used to

improve the bonding strength as well as other mechanical

properties under many conditions [13]. Whether it is also true

for sol–gel ceramic films is not well understood yet.

In this study, SiO2, TiO2, HA films and TiO2–HA, SiO2–HA

dual films are prepared by sol–gel and dip-coating method. The

tribological performances are investigated and compared. The

wear mechanisms are discussed based on SEM observation in

detail. The characteristics of dual films are particularly focused

on.

2. Experimental

The substrate Ti–6Al–4V (TC4) of 25 cm � 75 cm was cut

from a Ti–6Al–4V plate. The composition of Ti–6Al–4Vused in

this study: 6.70% Al, 4.21% V, 0. 10% Fe, 0.14% O, 0.07% Si,

0.03% C, 0.015% N, 0.003% H, other Ti. The surfaces of TC4

were abraded with 600 # abrasive papers. Prior to the coating

process, all the samples were cleaned in an ultrasonic bath with

acetone, ethanol and distilled water, respectively for 10 min, then

dried in hot air, and finally saved in the desiccator for use.

2.1. Sample preparation

Ti(OBu)4, (C2H5)4SiO4, ethanol, hydrochloric acid, acet-

ylacetone (AcAc), crystal calcium nitrate, methanol and

phosphate acid were commercially obtained and used as the

raw materials for preparation of the corresponding sols without

further purification.

2.1.1. SiO2 and TiO2 film

The preparation process of SiO2 sol from ethanol solution,

starting from (C2H5)4SiO4, was as following: The solution was

prepared by adding AcAc and water in ethanol, followed by

dropping in the required amount of (C2H5)4SiO4 and hydro-

chloric acid under stirring. The volume fractions of (C2H5)4SiO4,

ethanol, hydrochloric acid, acetylacetone, and water in the

prepared solution are 7:89.5:0.5:2:1. After stirring the mixed

solution at room temperature and relative humidity 50–60% for

0.5 h, a transparent solution was obtained which was then aged

for 24 h and served for film preparation. The preparation process

of TiO2 sol is the same as that of SiO2 except that (C2H5)4SiO4

was replaced by Ti(OBu)4. The corresponding obtained ceramic

film coated sample is coded as SiO2 and TiO2, respectively.

2.1.2. HA film

Thepreparationprocess ofHA sol frommethanol solution was

as following: 9.44 g crystal calcium nitrate was firstly dissolved

in 200 ml methanol, followed by dropping into 2.76 g phosphate

acid (85 wt%) under vigorous stirring. After stirring the mixed

solution at room temperature and relative humidity 50–60% for

0.5 h, a transparent solution was obtained which was then aged

for 24 h and served for the film preparation. The corresponding

obtained ceramic film coated sample is coded as Ti–HA.
2.1.3. SiO2–HA and TiO2–HA film

The used sol for SiO2–HA and TiO2–HA films is the same as

that of SiO2, TiO2 and HA films. Different dipping procedures

are applied as following.

SiO2, TiO2 and HA films were prepared by dipping the TC4

plate in the corresponding aged solutions at a drawing speed of

38 cm/min. These films were dried at room temperature for

15 min, and then heated to 500 8C at a rate of 10 8C min�1 in an

atmospheric oven, held there for 60 min annealing, finally

cooled in the oven to room temperature. For TiO2–HA and

SiO2–HA films, the first step is the same as preparing SiO2 and

TiO2 film, and the second step is to repeat the procedures of HA

film preparation on the surface of SiO2 and TiO2 films.

2.2. Experimental apparatus and measurements

XPS analysis was conducted on a multi-functional XPS/AES

system (Model PHI-5702) by using Mg Ka radiation operating at

250 W and pass energy of 29.35 eV. The binding energy of C1s

(284.6 eV) was used as the reference. The depth profiling XPS

was performed with Ar+ ion bombardment. The beam voltage is

2 kV, the beam density 6 nA/cm2, and the sputter area

1 mm � 1 mm. The worn surfaces of the films were analyzed

with SEM (Model JSM-5600LV). The surface and cross-

sectional morphologies of coated specimens were observed by

scanning electron microscopy and energy dispersive spectro-

scopy (SEM/EDS, FEI SIRION 200, US) at 20 kV acceleration

voltages. The crystal structures of annealed gel specimens under

500 8C were analyzed by X-ray diffractometry (XRD) in a

BRUKER-AXS Diffractometer (Bruker company, Germany)

with Cu Ka radiation, tube voltage 40 kV and current 40 mA.

The angular range for 2u was from 10 to 70.

The tribological properties of the films were tested on a

reciprocating friction and wear tester (Kyowa DF�PM model) at

a sliding velocity of 90 mm min�1 in ambient conditions

(relative humidity: 40–48%). The sliding distance for each pass

is 7 mm. The counterpart is a fixed AISI52100 steel ball

(diameter 3 mm). The applied normal force is 0.5 N, 1 N and

3 N, respectively. The coefficient of friction and number of

sliding passes were recorded automatically. During the whole

sliding process, the friction coefficient keeps stable with very

little fluctuation for a short period or rises gradually and at last

gets to a stable value, which is close to the friction coefficient

value of the substrate, then the film is regarded as failure. The

corresponding sliding pass numbers are recorded as the wear

life of the film. Three replicate tests were carried out for each

specimen. The average friction coefficients and wear lives of

the three replicate tests were cited in this article. The relative

error for the replicate tests was no more than 5%.

3. Results and discussion

3.1. Characterization of the film

It is known that the microstructure and composition of the

surfaces are critical for the durability and function of the

implants [14]. A rich study has been carried out on the surface



Fig. 1. XPS analysis results of sol–gel TiO2 film on Ti alloy surface.

Fig. 2. XPS analysis results of TiO2–HA film on Ti alloy surface.

Fig. 3. XPS analysis results of sol–gel SiO2 film on Ti alloy surface.

Fig. 4. XPS analysis results of SiO2–HA film on Ti alloy surface.
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structures and compositions of biocompatible films/coatings

[15,16].

XPS is applied to detect the chemical states of some

typical elements in the target films. Fig. 1 shows the XPS

depth profile of TiO2 film. The binding energy of Ti 458.6 eV

[17] indicates that TiO2 is generated on the very outer

surface. Meanwhile, the peak of Al2O3 at 74.2 eV [18] also

appears. It is worth noting that the Al peak at the very outer

surface is stronger than those after sputtering 3 cycles. After

9 sputtering cycles, the peak of Al became strong again. The

reason is probably that the Al atom at the nearer surface

of the substrate diffused to the very outer surface during
Fig. 5. XRD patterns of HA, TiO2 and SiO2 gels annealed under 500 8C (curves

a, b and c). (a) HA, (b) TiO2, and (c) SiO2.



Fig. 6. SEM pictures of the surface morphology and the cross-section of the films. (a) SiO2 film (surface), (b) TiO2 film (surface), (c) HA film (surface), and (d) TiO2–

HA film (cross-section).
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sintering while the stronger peak of Al atom at deeper place

is from the substrate. As shown in Fig. 1, the carbon is only

absorbed on the very outer surface.

Fig. 2 shows the XPS depth profile of TiO2–HA film. The

binding energy of Ca2p and P2p is 347.25 eV [19] and 133.0 eV

[20], respectively, indicating that the HA film is obtained.

During the first several cycles, the peak of Ca and P is very

strong while the peaks become weak because the peak of Ti

appears and becomes stronger after 3 sputtering cycles. Even

so, the regular peak of TiO2 does not appear. Very possibly, the

strength of the Ti oxide is relatively weak because the surface is

mainly covered by HA film. The peak of Al is very weak during

sputtering because of the coverage of HA film, inferring that

multiplayer can reduce the harmful release of aluminum to the
Fig. 7. Tribological results of TiO2, HA and TiO2–HA films under 3 N.
body [21]. Interestingly, with sputter going, the peak of O1s

becomes asymmetric due to some newly generated oxides, such

as TiO, Ti2O3, etc. It is deserved to note that the peak of Ca

becomes wider during the last several cycles, which may be

related to some doping effect of Ti or Ti oxide, or even some

new Ca–P compound. In a word, the dual films register very

complex composition and the compositions show some

characteristics of gradient materials, which is possibly

beneficial to the wear resistance and the biocompatibility.

Certainly, sol–gel method is efficient and capable to modulate

the composition of the surface at a molecular level, which is

meaningful to cell affinity. It can be inferred that a promising

surface is very possibly to be obtained by sol–gel method based

on a proper process design.
Fig. 8. Tribological results of TiO2, HA and TiO2–HA films under 1 N.



Fig. 9. Tribological results of TiO2–HA film under 0.5 N.

Table 1

A summary of the sliding passes before failure for different couples under 3 N

and 1 N.

Couples Sliding passes

3 N 1 N 0.5 N

TiO2/steel 32 >1000

SiO2/steel 41 97

HA/steel 210 >2000

TiO2–HA/steel 93 325 >5000

SiO2–HA/steel 165 218
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Fig. 3 shows the XPS depth profile of SiO2 film. On the very

outer surface, several elements, such as Si, Ti, and C exist. After

2 sputtering cycles, C disappears, indicating which is just

absorbed on the surface from the contaminated substances but

the original reactant. The binding energy of Si2p is 103 eV,

which is assigned to SiO2 [22], indicating that the target film is

obtained. At the same time, the peak of Ti also appears, the

binding energy of Ti 457.5 eV can be assigned to Ti2O3 [23].

And this peak is very weak during the whole sputtering process.

With further sputtering, a new peak of Ti 454.1 eV appears

which is from the simple Ti of the substrate [24]. Correspond-
Fig. 10. Tribological results of SiO2, HA and SiO2–HA films under 3 N.

Fig. 11. Tribological results of SiO2, HA and SiO2–HA coatings under 1 N.
ingly, with the sputter going, the intensity of Si becomes weak

and the peak of Ti becomes stronger. The peak of Al from the

substrate is very weak to determine during the whole sputtering

process. After 3 sputtering cycles, the peak of O1s becomes

asymmetric at lower binding energy, which is probably caused

by some new generated oxides of titanium.

Fig. 4 shows the XPS depth profile of SiO2–HA film. The

result is similar to that of TiO2–HA film, i.e. HA film is formed

as a main component on the surface. At the same time, with

sputter going, Ti2p peak changes. After 4 sputtering cycles, the

peak of Ti2p can be ascribed to a Ti oxide and pure Ti, showing

some characteristics of gradient materials at the interface.

The crystal structures of HA, TiO2 and SiO2 gels annealed

under 500 8C were characterized by using XRD, as shown in

Fig. 5(a)–(c). Fig. 5(a) shows the XRD patterns of HA gels.

There are several major peaks, such as (0 0 2), (2 1 1), (1 1 2)

and (3 0 0) at 2u = 25.898, 31.788, 32.198, 32.918, respectively,

which are attributable to a HA structure, indicating that the

major phase of the sample annealed under 500 8C is HA.

Fig. 5(b) shows the XRD patterns of TiO2 gels. The major

peaks, such as (1 0 1), (0 0 4), (2 0 0) at 2u = 25.218, 37.838,
48.028, respectively, corresponding to the anatase phase of

TiO2, indicate that the TiO2 film prepared at this temperature is

mainly consisted of an anatase phase. The SiO2 gels annealed at

500 8C are found to be amorphous, as a peak of 2u = 22.518
appeared (as shown in Fig. 5(c)).

High-resolution SEM is applied to observe the morphologies

of the TiO2, SiO2, and HA surfaces on a larger scale and the

cross-sectional morphology of TiO2–HA film (see Fig. 6).

Grooves are visible on the surfaces, which are very possibly
Fig. 12. Tribological results of TC4 at 3N and 1N sliding against AISI52100

steel ball.
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caused by the abrasive process during sample preparation.

According to the current observation, no very apparent fracture

of the films is observed while particles are also observed in the

grooves (see Fig. 6(a) and (b)). At the same time, it can be

confirmed that the property, such as tightness, of the films are

changeable in a larger scale due to the changeable surface

morphology (see Fig. 6(a)–(c)). In a word, the films are even in

a smaller scale but not on a larger scale. Roughly speaking, the

substrate is fully covered by the films composed of nano-

particles. Fig. 6(d) shows the cross-sectional image of the
Fig. 13. SEM pictures of worn surfaces of TC4 and sol–gel ceramic films sliding aga

SiO2–HA (3 N), (e) Ti–HA (3 N), (f) TC4 (3 N, 1 N).
TiO2–HA film. It can be seen that the film is dense and the

thickness of the dual film is around 400 nm.

3.2. Friction and wear

The friction and wear behaviors of different TiO2, HA, and

TiO2–HA films under 3 N are presented in Fig. 7. It can be seen

that the TiO2–HA film is inferior to HA and superior to TiO2 in

wear resistance. It can be inferred that the TiO2 film between the

HA film and the substrate is negative to the longer wear life of the
inst AISI52100 steel ball. (a) TiO2 (3 N), (b) SiO2 (3 N), (c) TiO2–HA (3 N), (d)



W. Zhang et al. / Ceramics International 35 (2009) 1513–1520 1519
dual film due to the following reasons: the interface between HA

and TiO2 film is weak, thus micro-fracture may happen on the

interface of HA and TiO2 easily and generate abrasive particles

which in turn increases the failure speed of the film. As the HA

film is more wear resistant than TiO2 the wear life of the TiO2–

HA dual film is still much longer than that of TiO2. Under 1 N

(see Fig. 8), the wear life of the single films of HA and TiO2 is

longer than that of the dual films, indicating that the dual films is

more sensitive to the applied load than the single films, which

inversely illustrates that the residual stress may exist between the

interfaces of the films. Under 0.5 N (see Fig. 9), the wear life of

TiO2–HA is very long, as over 5000 passes, confirming that the

wear life is somehow a function of the applied load further. At the

same time, a critical value may exist between 1 N and 0.5 N for

the dual films. According to the above discussion, the wear life of

the dual films is a comprehensive result of the characteristics of

interface, the wear resistance of the single films, and the applied

loads, etc. And the failure mechanism is supposed to be

complicated under different applied loads.

The friction and wear behaviors of different SiO2, HA, and

SiO2–HA films are presented in Figs. 10 and 11. The order of

wear resistance under 3 N and 1 N is as following: HA > SiO2–

HA > SiO2. This result is similar to that of TiO2, illustrating

that TiO2 and SiO2 as intermediate layers are not effective to

improve the wear resistance of the dual films compared with

HA. This can be explained by the different coefficient of

thermal expansion of different materials. As a result, internal

stress generated as discussed above. Compare the tribological

results of SiO2–HAwith that of TiO2–HA, under 3 N, TiO2–HA

shows worse wear resistance than SiO2–HA though the single

TiO2 film shows better wear resistance than the single SiO2

film, indicating that the bonding between the films and the

substrate plays a minor role while the bonding between the

films is more important for the dual films. Under a lower load,

TiO2–HA shows a longer wear life, as over 5000 passes,

agreeing well with the above-mentioned supposition, i.e., the

failure of the dual film is very probably due to its sensitivity to

the load caused by the internal stress between the films. If the

stress caused by the applied load is not large enough to induce

the release of internal stress, the wear life of dual films can be

longer. The wear life for different couples is summarized in

Table 1. As a comparison, the friction curve of unmodified TC4

is relatively stable with a value about 0.4 (see Fig. 12).

In order to gain more insights into the friction and wear

mechanisms, the worn surfaces of TC4 and sol–gel ceramic films

sliding against an AISI52100 steel ball have been observed by

SEM. As shown in Fig. 13, the worn surfaces of TiO2 and SiO2

films are relatively smooth (see Fig. 13(a) and (b)). Differently,

abundant fine wear particles are observed on the surface of TiO2–

HA and SiO2–HA (see Fig. 13(c) and (d)), indicating that sever

fracture happened during wear processes. It can be inferred that

the wear mechanism of the dual films is partly different from the

single ones considering the different mechanical states, such as

interlayer stress, internal stress, friction-induced stresses, etc. It

seems that fracture easily happened on dual films, agreeing well

with the above tribological results. Differently, on the surface of

HA, apparent deformation happened, which accounts for the
longest wear life of HA (Fig. 13(e)). It is further inferred that

SiO2 and TiO2 as intermediate layers may inhibit the deformation

of HA and cause sever fracture, which in turn deteriorates the

wear resistance of the dual films. It can be concluded that the

wear mechanism of HA is characteristic of deformation, micro-

fracture and abrasive wear while the wear mechanism of the

dual films is dominated by fracture and abrasive wear. As a

comparison, apparent abrasive wear and plastic deformation

happened on the surface of TC4 both under higher (3 N) and

lower load (1 N) after 100 passes, indicating that TC4 is too weak

to resist wear (Fig. 13(f)).

4. Conclusions

All the single and dual ceramic films have been successfully

prepared by sol–gel and dip-coating method on the surface of

TC4, which are all effective in resisting wear compared with pure

TC4. For the single films, under 3 N, TiO2 and SiO2 show similar

wear resistance while HA shows the best wear resistance. Under

1 N, HA and TiO2 register very superior wear resistance and SiO2

is still very inferior to resist wear. Compared with TiO2, the wear

resistance of the dual film TiO2–HA is improved under 3 N but

deteriorated under 1 N. Compared with SiO2, the wear resistance

of SiO2–HA is improved both under 3 N and 1 N. Compared with

HA, the wear resistances of dual films are deteriorated both under

3 N and 1 N. Under 0.5 N, a longer wear life for TiO2–HA is also

obtained, illustrating that the lower wear resistance of dual films

is closely related to the applied load. It can be inferred that the

interface of dual films is inferior under higher stress and recycled

load, accounting for the shorter wear lives. The wear mechanism

of HA is characteristic of deformation, micro-fracture and

abrasive wear while the wear mechanism of the dual films is

dominated by fracture and abrasive wear.

It can be concluded that all the films register superior wear

resistance under a lower load (0.5 N) while under higher load as

1 N, HA and TiO2 films are recommended, under 3 N, HA,

TiO2–HA and SiO2–HA films are proposed for wear protection

of the titanium alloy prosthesis.
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