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    Chapter 2   
 Ceramic Coating of Ti and Its Alloys Using 
Dry Processes for Biomedical Applications                     

     Takatoshi     Ueda    ,     Natsumi     Kondo    ,     Shota     Sado    ,     Ozkan     Gokcekaya    , 
    Kyosuke     Ueda    ,     Kouetsu     Ogasawara    , and     Takayuki     Narushima    

    Abstract     In this chapter, bioceramic coatings on Ti and its alloys are examined. 
Surface modifi cation processes of metallic biomaterials are reviewed, and the for-
mation and evaluation of amorphous calcium phosphate (ACP) and anatase-rich 
TiO 2  coatings are described. Dry processes such as radio-frequency (RF) magnetron 
sputtering and thermal oxidation are employed for coating. Ag-containing ACP 
coating fi lms exhibited antibacterial activity through the continuous release of Ag 
ions, caused by the resorbability of ACP. Anatase-rich TiO 2  layers fabricated by a 
two-step thermal oxidation process showed photodegradation of organic com-
pounds under both UV- and visible-light irradiation. The introduction of Au into 
TiO 2  layers from Ti-Au alloy substrates by thermal oxidation contributed to the 
expression of visible-light response.  

  Keywords     Calcium phosphate   •   Silver   •   Antibacterial activity   •   Anatase   • 
  Photocatalytic activity  

2.1       Introduction 

 Ti and its alloys (along with stainless steels and Co-Cr alloys) are recognized as 
primary metallic biomaterials because of their excellent balance of strength and 
ductility, along with their high corrosion resistance when forming passivation fi lms, 
low allergenic nature, and bone compatibility (osseointegration) [ 1 ,  2 ]. However, 
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biofunctions of metallic biomaterials are insuffi cient compared to those of ceramic 
and polymer biomaterials. Some ceramics have chemical compositions close to that 
of hard tissue and exhibit bioactivity and bioresorbability, while polymers can 
polymerize to form functional groups and segments for biomedical applications. 
Therefore, surface modifi cation is necessary to improve the biofunctionality of Ti 
and its alloys [ 3 ,  4 ]. Metallic biomaterial microstructures can generally be con-
trolled to exhibit desired mechanical properties seen in the bulk material, an advan-
tage they hold over ceramic and polymer biomaterials. Surface modifi cation can in 
turn impart biofunctionality without impacting the bulk properties. 

 The different processes used for surface modifi cation of metallic biomaterials are 
summarized in Fig.  2.1  [ 5 ]. These techniques are classifi ed into two groups of wet 
and dry processes. Wet processes use aqueous solution for steps such as immersion 
and electrifying, while dry processes are based on the reactions of the surface with 
gases, ions, and plasma. Surface modifi cation can control the morphology, compo-
sition, and/or phase of a given material. Controlling the surface morphology allows 
for high mechanical bonding between metallic biomaterials and hard tissues 
(mechanical anchoring) and for control of biological reactions of cells and proteins 
on the modifi ed surface. Acid etching, blasting, laser treatment, additive manufac-
turing (AM), and porous treatments using beads, Ti plasma spraying, and fi ber mesh 
coating are various examples of these processes.

   Controlling the composition/phase of a surface can be conducted through physi-
cal, chemical, and biological processes. Since the primary application of metallic 
biomaterials is for hard-tissue substitution, bioceramics with excellent bone com-
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patibility can be utilized as agents for surface composition/phase control. Processes 
such as thermal spraying, vapor deposition, electrochemical treatment, and immer-
sion in simulated body fl uid (SBF) have been used to coat apatite, which is an 
 analogue for the inorganic components of hard tissues. In addition, TiO 2 , calcium 
phosphate, sodium titanate, and CaTiO 3  coatings formed by anodic oxidation, gas 
treatment, NaOH treatment and heating, ion implantation, and chemical conversion 
can improve bone compatibility of implant substrates under biological conditions. 
Anodic oxidation changes both the chemical composition and roughness of a sur-
face. Hybrid coatings of ceramics and polymers are candidates for further improve-
ments in the biofunctionality of metallic biomaterials. To this end, hybrids such as 
calcium phosphate+collagen and calcium phosphate+bone morphogenetic protein 
have been seen in recent study [ 6 – 8 ]. 

 In this chapter, the formation and evaluation of ceramic coatings of Ti and its 
alloys are described with a focus on their antibacterial potential. Radio-frequency 
(RF) magnetron sputtering and thermal oxidation are the main processes dis-
cussed here for controlling composition/phase of surfaces, which are classifi ed as 
dry processes. Surgical site infection (SSI) related to implants occurs at rates of 
2–30 % depending on the surgical site and the procedure, and SSI is even more 
frequent after revision surgery [ 9 ,  10 ]. Several approaches are known to lower the 
risk of SSI, such as the use of antibiotics. However, prolonged use of antibiotics 
at higher doses can lead to systematic drug resistance and local toxicity [ 11 ]. The 
use of ceramic coatings with antibacterial activity is a powerful method to miti-
gate SSI.  

2.2     Antibacterial Properties of Ag-Containing Amorphous 
Calcium Phosphate Coating Films 

 Ag, Cu, and Zn ions are known antibacterial agents. Ag ions are effective against 
many types of bacteria, are less likely to cause bacterial resistance, and express 
antibacterial activity at lower concentrations than Cu and Zn ions [ 12 – 14 ]. Here, 
amorphous calcium phosphate (ACP) coating fi lms on Ti and its alloys are fabri-
cated by RF magnetron sputtering and evaluated in vivo and in vitro [ 15 – 17 ]. 
Coating of implants with Ag-containing ACP is one possible technique for prevent-
ing infection; ACP possesses bioresorbability under biological conditions, which 
causes the continuous release of Ag ions from such Ag-containing fi lms, creating 
antibacterial activity for a desired duration. The addition of Ag to HAp (hydroxy-
apatite, Ca 10 (PO 4 ) 6 (OH) 2 ) has been studied previously [ 18 – 21 ], but HAp is less 
resorbable than ACP. Both antibacterial activity and improved bone forming are 
expected from implants coated with Ag-containing ACP. 

 Ag-containing β-TCP (β-type tricalcium phosphate, Ca 3 P 2 O 8 ) sintered body was 
fabricated by hot-pressing Ag and β-TCP raw powders as targets in RF magnetron 
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sputtering. The Ag content in Ag-containing β-TCP targets was 0, 15, and 30 mass% 
as listed in Table  2.1 . Plates (10 × 10 × 1 mm) of mirror-polished commercially pure 
(CP) Ti (grade 2) and blasted Ti-6mass%-Al-4mass%V (Ti-6Al-4V) alloy were 
used as substrates. The thickness of the coating fi lms for analysis and evaluation of 
antibacterial properties was fi xed at 0.5 μm, as controlled by adjusting the deposi-
tion time.

   Figure  2.2  shows X-ray diffraction (XRD) patterns of the coating fi lms formed 
on mirror-polished CP Ti substrates using a 15mass%-Ag-containing TCP 
(15AgTCP) target. A broad peak is present at a 2θ value of 25–35°, which is a char-
acteristic of ACP coating fi lms [ 15 ]. Cross-sectional scanning electron microscopy 
(SEM) images of coating fi lms on mirror-polished CP Ti substrates are present in 
Fig.  2.3 . The coating fi lms are dense and uniform, with good adhesion to the sub-
strates. The deposition rates were 0.02–0.1 nm⋅s −1 , depending on the target compo-
sition and RF power.

    The Ag contents of the coating fi lms formed using 15AgTCP and 30AgTCP 
targets were 2 and 15 mass%, respectively, lower than those of the targets. Lower 
Ag contents compared to target compositions have been previously reported in 
Ag-containing HAp coating fi lms [ 22 ]. These discrepancies may be linked to differ-
ences in the ionization rates between elements during sputtering. 

  E. coli  and  S. aureus , Gram-negative and Gram-positive bacteria, respectively, 
were used for antibacterial testing. Ag-containing ACP coating fi lms on blasted 
Ti-6Al-4V substrates were shaking cultured at 200 rpm in 1/500 nutrient broth (NB) 
solution with an initial bacterial concentration of 1 × 10 7  CFU (colony-forming 
unit)·mL −1  for  E. coli  and 1 × 10 5  CFU·mL −1  for  S. aureus . Solution temperature was 
maintained at 310 K and incubation was carried out for 10.8 and 86.4 ks. Afterward, 
the numbers of viable bacteria colonies were counted using a smear-plate culture 
method. 

 Figure  2.4  shows the relationship between the incubation time and the number of 
viable bacteria for coating fi lms formed on blasted Ti-6Al-4V substrates using a 
15AgTCP target. After incubation for 10.8 ks, the number of viable  E. coli  was less 
than 1, which was plotted as 100 CFU. The number of viable  S. aureus  decreased 
after incubation for 10.8 ks and became less than 1 after incubation for 86.4 ks.

   The amounts of Ca, P-related, and Ag ions after immersion of Ag-containing 
ACP coating fi lms in the 1/500 NB solution with shaking at 200 rpm are depicted in 
Fig.  2.5 . Ag ions elute from the Ag-containing ACP coating fi lms and exhibit anti-
bacterial activity. The Ag ion concentration was almost constant over all measured 
immersion times, caused by the formation of AgCl between the eluted Ag +  and Cl −  
present in the 1/500 NB solution.

  Table 2.1    Notation and 
composition of sputtering 
targets (mass%)  

 Notation 

 Composition 

 Ag  β-TCP 

 0AgTCP  0  100 
 15AgTCP  15  85 
 30AgTCP  30  70 
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2.3        Photocatalytic Activity of TiO 2  Layers Formed 
by Two- Step Thermal Oxidation 

2.3.1     UV (Ultraviolet) Response 

 TiO 2  layers have been used as surface coatings of Ti implants [ 23 ], as TiO 2  exhibits 
photocatalytic activity under UV-light irradiation, such as photoinduced superhy-
drophilicity and photodegradation of organic compounds [ 24 ]. The photoinduced 
superhydrophilicity of TiO 2  layers on Ti improves bone compatibility [ 25 ,  26 ], and 
photodegradation contributes to the antibacterial activity of Ti implants by killing 
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  Fig. 2.2    XRD patterns of 
coating fi lms fabricated on 
mirror-polished CP Ti 
substrates at RF powers of 
50, 100, and 150 W using a 
15AgTCP target       
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nearby bacteria through radical formation [ 27 ,  28 ]. Rutile is a thermodynamically 
stable phase of TiO 2  with a band gap of 3.0 eV, while anatase is a metastable phase 
of TiO 2  having a band gap of 3.2 eV. The lifetimes of these electronic excitations are 
an order of magnitude larger for anatase as compared to rutile [ 29 ], and as such the 
higher photocatalytic activity is expected in anatase. 

 The present authors presented a two-step thermal oxidation process for the fab-
rication of anatase-rich TiO 2  layer on Ti and its alloys [ 30 – 32 ], consisting of initial 
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  Fig. 2.4    Number of viable ( a )  E. coli  and ( b )  S. aureus  after incubation with Ag-containing ACP 
coating fi lms fabricated on blasted Ti-6Al-4V substrates using a 15AgTCP target       
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treatment under CO-containing atmosphere and subsequent treatment in air, and 
evaluated the photocatalytic activity of anatase-containing TiO 2  layers on CP Ti and 
Ti-25mass%Mo and Ti-25mass%Nb alloys [ 32 ]. The anatase fraction in the TiO 2  
layer can be controlled during this process by controlling the temperature of the 
second step. By using TiO 2  layers with various anatase fractions, the degradation 
rate of methylene blue (MB) under UV-light irradiation was measured. Illumination 
was performed using a UV lamp with a central wavelength of 351 nm. The UV-light 
intensity was 1.0 mW⋅cm −2  at the surface of the specimen. The effects of anatase 
fraction on the MB degradation rates are summarized in Fig.  2.6  [ 32 ], where the 
maximum rate was obtained at an anatase fraction of approximately 0.8 for both CP 
Ti and its alloys. Su et al. [ 33 ] measured the MB degradation rates of TiO 2  fi lms on 
CP Ti formed by anodic oxidation, where the grain sizes, surface areas, and crystal-
linity of the TiO 2  fi lms were fi xed, but the anatase fraction was varied. They reported 
a maximum decomposition rate at an anatase fraction of approximately 0.6 and 
indicated that electrons that are photoexcited in rutile can migrate to the conduction 
band of anatase to leave electron holes in the rutile; as a result, recombination is 
effectively suppressed in anatase-rich TiO 2  layers. In our case, the second step tem-
perature was altered to control the resulting anatase fraction, but the thickness and 
surface roughness were not controlled. Nevertheless, a similar dependence of 
decomposition rate upon the anatase fraction was obtained compared to Su et al.; 
these anatase-rich TiO 2  layers show excellent photodegradation of organic 
compounds.
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  Fig. 2.6    Effects of the 
anatase fraction in the TiO 2  
layers on the rate constant 
of methylene blue 
degradation under UV-light 
irradiation for CP Ti and 
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[Reprinted from Ref. [ 32 ] 
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2.3.2        Visible-Light Response 

 The visible-light-responsive photocatalytic activity of implants is useful for anti-
bacterial activity during operation and in the reactivation of implants. Because SSI 
is caused by endogenous fl ora in the patient’s skin, mucous membranes, or hollow 
viscera, SSI cannot simply be prevented by sterilization before operation [ 34 ]. In 
order to express the photocatalytic activity of TiO 2 , UV-light irradiation is generally 
required, which is harmful to the human body. Therefore, visible-light response is 
more desirable for preventing infection during operation. Reactivation of implants 
is required during usage for some periods in a human body. While UV-light irradia-
tion is known to reactivate Ti implant surfaces [ 35 ], reactivation using visible-light 
irradiation is more favorable for the human body. 

 Au solutes in TiO 2  [ 36 ] and the addition of metallic Au nanoparticles to TiO 2  [ 36 , 
 37 ] can lead to visible-light response. Therefore, two-step thermal oxidation was 
applied to a Ti-Au alloy in order to fabricate Au-containing TiO 2  layers with visible- 
light- responsive photocatalytic activity. Ti-4.2at%Au alloy was employed as a sub-
strate material. The fi rst step treatment was conducted under an Ar-1%CO 
atmosphere at 1073 K for 3.6 ks, and the subsequent second step treatment was 
conducted in air at 673 K for 10.8 ks. An anatase-rich TiO 2  layer was obtained on 
the Ti-4.2at%Au alloy substrate after this process. Figure  2.7  depicts the cross- 
sectional microstructure of the anatase-rich TiO 2  layer as observed via transmission 
electron microscopy (TEM). Au nanoparticles can be seen here as small black par-
ticles approximately 5 nm in diameter.

   The photocatalytic activity of the Au-containing TiO 2  layer was evaluated by 
self-cleaning tests (JIS R 1753: 2013) based on the decomposition of a layer of 
steric acid on the Au-containing TiO 2  layer under visible-light irradiation, where the 
steric acid layer was prepared by dip coating. Substrates with this steric acid layer 
were irradiated with visible light with an intensity of 10 mW·cm −2  at the surface of 
the steric acid layer, for as long as 86.4 ks. The light source was a Xe lamp with a 
UV fi lter to produce light of λ >400 nm. Changes in the water contact angles under 
visible-light irradiation were measured to determine the extent of steric acid photo-
degradation, and the TiO 2  layer expressed visible-light-responsive photocatalytic 
activity. 

 Figure  2.8  shows the changes in water contact angles on as-polished and two- step 
(i.e., after two-step thermal oxidation) CP Ti and Ti-4.2at%Au substrates under vis-
ible-light irradiation [ 38 ]. The water contact angles on the as-polished specimens 
remained almost constant, indicating no visible-light response. On the other hand, 
the two-step specimens showed decreased water contact angles. For the two-step 
Ti-4.2at%Au alloy, the water contact angle decreased from 80 to 10°. Silva et al. [ 37 ] 
reported that electrons in Au nanoparticles (1.87–6.40 nm in diameter) attached on 
TiO 2  particles were excited by surface plasmon resonance and migrated to TiO 2  par-
ticles, producing H 2  by the photoreduction of H 2 O. The Au particle size recom-
mended in their study is close to that of our study (Fig.  2.7 ). One possible mechanism 
of visible-light response in the Au-containing TiO 2  layer formed by two-step thermal 
oxidation involves the decrease in band gap due to Au solutes in the TiO 2  layer [ 36 ] 
and/or the surface plasmon resonance of the Au nanoparticles in the TiO 2  layer [ 37 ].
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2.4         Summary 

 The surface modifi cation of Ti and its alloys using ceramic coatings and their anti-
bacterial activity were described in this chapter. Both Ag-containing ACP coating 
fi lms and Au-containing TiO 2  layers, fabricated by RF magnetron sputtering and 
two-step thermal oxidation, respectively, indicated antibacterial activity. Control 
over Ag ion elution from Ag-containing ACP coating fi lms and the improved 
visible- light response of Au-containing TiO 2  layers will be discussed in future 
publications. 
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 Ti and its alloys are expected to see continued use as metallic biomaterials for 
implants. Figure  2.9  shows factors that must be considered when developing 
ceramic coatings on Ti and its alloy substrates for biomedical applications [ 5 ]. The 
interface between a coating fi lm and the human body requires designed properties 
such as hard/soft tissue and blood compatibilities, antibacterial activity, wear and 
corrosion resistance, resorbability, and suppression/enhancement of protein and cell 
attachment. These properties are affected by surface morphology, phase, composi-
tion, and orientation of the coating fi lms. High-strength and durable bonding 
between a coating fi lm and substrates, which are affected by physical and chemical 
properties of the substrates and the morphology at the interface, are also crucial. 
Therefore, the mechanical properties and thickness of coating fi lms, as well as the 
reaction between coating fi lm and substrates, must be taken into consideration.
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