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Surface modification of titanium alloy (Ti-6Al-4V) has 
been performed by anodic oxidation method within 
various concentration ranges of sulphuric acid (H2SO4) 
electrolyte. It describes the oxidation kinetics of the 
anodizing process and critical analysis of process  
parameters like concentration of electrolyte, voltage, 
time and anodic current density, was performed to  
obtain homogenized nano-sized porous structure on 
the titanium substrate. XRD (X-ray diffraction tech-
nique) and FE-SEM (field emission scanning electron 
microscopy) were utilized for phase analysis as well as 
for morphological survey. XRD report revealed that 
porous structure appeared at 0.4 M concentration of 
the electrolyte and at anodic voltage of 20 V. Anatase 
to rutile phase transformation was observed at 0.5 M 
of H2SO4. Tribological test of anodized as well as non-
anodized surface performed on pin-on-disc type tri-
bometer suggested that anodized surface possessed 
high wear resisting strength compared to bare metal 
surface. The present study tries to enhance the bio-
compatible features especially bone cell attachment or 
cell proliferation of titanium alloy by improved sur-
face characteristics. 
 
Keywords: Anodic oxidation, FE-SEM, tribometer,  
X-ray diffraction. 
 
TITANIUM, due to its remarkable mechanical, optical, 
chemical or biomedical properties has large area of appli-
cations. Due to its prominent properties of adequate bio-
compatibility and osseointegration, it is widely used in 
biomedical engineering generally in dental implantation 
and orthopaedic surgery1. Despite this, their long term 
uses create complications like loosening of implants due 
to wear and also infections in some cases. Thus before 
using titanium or its alloys as a biomaterial, the surface 
of the implants should be improved by anodization2, ultra 
violet assisted technique (UVA)3, along with improved 
cell proliferation and bone cell attachment property4. It 
has been observed that application of titanium for a long 
time or say continuous service of implants releases harm-
ful ions specially vanadium ions in case of titanium grade 

5 which may spoil tissues or react with blood cells. This 
tissue spoilage creates various health problems like Alz-
heimer’s disease, neuropathy and osteomalacia5. Impro-
ved metal extraction technique and determination of new 
alloys provide advanced generation of biomaterials, tita-
nium-copper alloy (above 5% by wt.) which makes it 
more suitable as an implant since the antimicrobial pro-
perties of copper resist bacterial growth. Also, addition of 
copper with titanium enhances eutectoid in grain bounda-
ries and facilitates improved surface hardness6. 
 Normally, various techniques are available to fabricate 
nano-structured surfaces, for instance, alkaline treatment7, 
anodization8, laser treatment9 and sandblasting acid-
etching10. Minagar et al.11 suggested that fine porous sur-
face and pore morphology are essential requirements for 
growth of new tissues when anodized titanium plate is 
implanted in human body by surgery. Tissue proliferation 
mainly correlated with inorganic phase grain size, gives 
an acceptable range of grain size which is 10 to 50 nm in 
immature bone and of 20 to 50 nm in matured bones  
respectively12. 
 Moreover, microscale nano-porous structure resolves 
such critical issues observed after surgery including asep-
tic loosening, periprosthetic fractures, instability and  
infections. Several researches reported that micro and  
nano-textured implants surface have adequate level of  
interfacial bonding stamina13. Generally, nanoscale sur-
face topography is very useful for reduction of bacterial 
adhesion. Despite this, reduction of bacterial adhesion by 
formulation of nano-porous surface (80 nm range) is an 
issue of controversy14. Number of methods and tech-
niques were utilized from time to time to improve anti-
corrosion strength, biocompatibility and mechanical proper-
ties of titanium and its alloys. Aniolek et al.15 reported that 
very fine nano-porous oxide surface was formulated by 
thermal oxidation process (600°C to 800°C and time  
duration: 20 min to 72 h) and phase transformation from 
anatase to rutile at 800°C which offers 1.6 times anti-
wear strength compared to bare metal surface. 
 Critical study of literature16–30 makes it easier to 
choose a suitable and economical method among various 
alternative ways to achieve nano-porous like surface illu-
strated as anodization technique, alkaline treatment, and 
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Table 1. Details of anodization process parameters 

Parameter  Specimen 1 (S1) Specimen 2 (S2) 
 

Electrolyte molarities (H2SO4) 0.5 M–4.0 M 1 M 
Anodic voltage (V) 10–90 V 15 V     (optimum) 
Time (sec) 300 300 
Temperature (K) 298 K (room temperature) 298 K (room temperature) 
Agitation Mechanical stirrer Mechanical stirrer 

 
 

 
Figure 1. Set-up used for electrochemical process.

 
 
thermal oxidation method, etc. while for the selection of 
biomaterial, our focus should be to analyse mechanical 
and chemical attributions, surface morphology, tribologi-
cal behaviour of the nanopore surface to improve prolife-
ration, osseointegration and reliability. 

Experiment 

Pre-treatments 

Ti-6Al-4V termed as titanium grade five alloy possessing 
a chemical composition of 5.7 ˂ Al ˂ 6.5%, 3.8 ˂ V ˂ 
4.3% and titanium as remainder, was selected as substrate 
material. Energy dispersive spectroscopy (EDS) equipped 
with SEM was utilized to determine the composition of 
constituents in titanium specimen. Two types of speci-
mens adopted for anodization have same composition but 
differ in size specially thickness. First sample was tagged 
as S1 (100 mm × 300 mm × 0.4 mm sheet) and second 
(10 mm × 10 mm, with convenient thickness) as S2. S2 
was used to determine oxide film hardness only, since S1 
was not convenient to measure appropriate indentation on 
thin oxide surface. Specimen surface (S1 and S2) was  
polished properly by silicon carbide paper (300 to 1500 
grit) to remove foreign materials deposited on the sample 
surface like sand, grease/oil, paint marks and natural 

oxide film. Polished specimens were dipped in ethanol 
bath followed by acetone bath for 5 min each. After soak-
ing specimens, pickling was performed within a mixture 
of HNO3 (25 wt%) and HF (5 wt%) at room temperature 
for 15 min to obtain adequate surface finish like a mirror 
(60 nm approximately). 

Anodization kinetics 

Coupons of size 20 mm × 100 mm × 0.4 mm were cut 
from S1, and an area of 1 sq. cm (10 mm × 10 mm) was 
exposed to electrolyte for each specimen during anodiza-
tion and the remaining portion was insulated by lacquer 
(adhesive paint). Small sized coupons were anodized 
within sulphuric acid electrolyte by an EC (electrochemi-
cal) cell equipped with agitator and thermometer. Tita-
nium foil was connected with positive point and termed 
as anode while counter electrode of commercial pure 
aluminium was made cathode by connecting with nega-
tive point of DC power source (Figure 1). Time to allow 
the flow of current through the circuit was 300 sec. Elec-
trolytic concentration range adopted for anodization was 
0.5 M to 4 M, and the solution was diluted by mixing 
deionized water in concentrated sulphuric acid of specific 
gravity 1.84. Voltage range of 10–80 V was adopted for 
anodization and the operating parameters are provide in 
Table 1. After EC reaction, samples were rinsed in double 
deionized water. Stirrer was deputed to dissipate heat 
evolved during the chemical reaction. Thermometer was 
monitored continuously during anodization to maintain a  
specific temperature of electrolyte and to retain solution 
homogeneity in the cell. S2 was anodized by identical 
equipments as adopted for S1 but only at optimum values 
of process parameters, depicted in Table 1. 

Characterization of samples 

Anodized sample of area 1 sq. cm was placed on pin 
mount specimen holder succeeded by coating a thin layer 
of gold on bared sample to allow electrical conductivity 
between the specimen and the specimen carrier, and 
placed in a vacuum chamber to evaluate surface characteris-
tics. German made Ultra Plus (ZEISS) FE-SEM equipped 
with EDS was utilized for morphological investigation of 
anodized and nontreated surface by capturing high quality 
images from 1000 to 10000× magnification. BRUKER 
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(D-8, ADVANCE) XRD was used for phase identifica-
tion of anodized titanium oxide film surface. Surface 
roughness of the polished sample surface as well as that of 
the anodized sample surface, was determined through 
WYKO made (NT-1100) optical profilometer (interfaced 
with Vision® 32 software) in terms of Ra. Finally, Vick-
er’s microhardness tester (401 MVD) was utilized to dif-
ferentiate anodized surface and nonanodized sample 
surface. 50 g to 500 g indenter load was applied to deter-
mine the surface hardness of the sample and care should 
be taken that indenter does not go beneath the oxide layer 
to obtain precise and accurate surface hardness value. Five  
indentations were marked by applying a load for 20 sec on 
the sample to determine an average value of hardness. Dry 
test was performed on pin-on disc type tribometer  
(TR-20LE, DUCOM) and graph plotted with WINDUCOM 
software. Refer Table 2 for wear test parameters. 

Results and discussions 

Titanium oxidation kinetics 

Number of experiments were performed to determine  
the effects of operating parameters on oxide deposition. 
 
 

Table 2. Wear test parameters 

Parameter Value 
 

Disc speed 300 rpm 
Load 3 kg or 29.43 N 
Track diameter 100 mm 
Time 180 sec 
Disc material Hardened steel 

 
 

 
Figure 2. Process voltage, oxide film thickness and inter-pore
distance relationship, at 1 M: H2SO4, time: 300 sec. 

Voltage effect was determined initially and other parame-
ters such as electrolytic concentration, solution tempera-
ture and process time remained constant. Cell potential 
varied from 10 to 90 V with an incremental change of 
10 V in each segment. For each concentration of electro-
lyte, nine experiments were performed. EC reaction 
proceeds immediately when current flows throw the  
circuit or with immersion of specimen within the electro-
lyte. It has been observed that oxide deposition rate was 
vibrant initially but the increment resisted the electrons 
flow through the circuit and deposition rate became re-
duced. Oxide film thickness increased significantly with 
inter-pore distance caused by increase in voltage which 
supports fast oxide deposition which in turn supports  
significant incremental change in inter-pore distance. 
Voltage, oxide layer thickness, and pore density/inter-
pore distance justify this statement as observed in Figure 2. 
It was observed that further increase in anodic voltage re-
sulted in oxide layer dissolution and breakdown in oxide 
deposition. 
 The next most influencing parameter is concentration 
of electrolyte. A suitable range of electrolyte was 0.5 M 
to 5 M of sulphuric acid whereas first sample was ano-
dized at 0.5 M, second at 1 M, third sample at 1.5 M and 
so on. Accordingly, a total of eight solution samples were 
prepared for anodization. Very fine homogeneous porous 
structure was observed when seen through SEM for each 
electrolyte concentration level, as explained in the follow-
ing morphological analysis section. Concentrated electro-
lyte offers poor surface roughness when used for 
anodization. Bar diagram in Figure 3 clarifies this 
process. 
 Above discussed experimental exercises were performed 
at optimum value of voltage (15 V) for each sample.  
Because this optimized anodic voltage provide very fine 
pore structure, uniform oxide deposition rate was sus-
tained. 

Phase analysis 

X-ray diffraction (XRD) pattern shown in Figure 4 re-
ported phase transformation for the anodized sample. 
XRD profiles were observed for electrolytic molarities 
from 0.5 M–3 M, for a process time of 300 sec, voltage 
15 V and performed at room temperature. Phase analysis 
was conducted schematically at a constant angle of inci-
dence say 2θ. Abscissa showed that the peak intensity of 
the substrate reduced when the concentration of H2SO4 
increased at 2θ = 40.2°. XRD also reported that the oxide 
film thickness increased with electrolyte’s concentration. 
Higher peak value attained by rutile was 116 (2θ = 36.5°), 
observed at 2.5 M of H2SO4. Instant dominated oxide 
phase transformation was observed from anatase to rutile 
when molar concentration crossed a value of 0.5 M. XRD 
revealed that cell potential and electrolytic concentration 
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both affect crystal structure and it was clearly observed 
that both these parameters altogether lead amorphous  
to crystal formation i.e. anatase to rutile formation  
(Table 3). 

SEM/morphological analysis 

Aesthetical change was observed immediately with the 
immersion of specimen in EC cell. While the circuit  
was completed, oxygen evolved at anode combined with 
Ti ion to build up titanium oxide (TiO2) layer.  
 
 

 
 

Figure 3. Electrolyte concentration versus surface roughness relation.
 
 

 
 

Figure 4. X-ray diffraction profiles of an anodized sample.

Colourful patterns or shades were obtained during EC 
reaction. This physical change was observed on the sur-
face of the specimen while anodization was caused by 
variation in process voltage at a consistent level of solu-
tion concentration. The observed colourful shades are not 
dyes or pigments as it is only the phenomenon of light. 
Thickness of the anodized TiO2 (ATO) was measured by 
SEM. A specially designed aluminium fixture was used 
to hold the specimen for SEM test, Figure 5 a shows 
drawing of fixture and Figure 5 b shows the position of 
clamped sample. Both the ends of the sample were bent at 
180°; due to this the oxide film cracked and utile 
 
 

 
Figure 5. Specially designed fixture to quantify ATO thickness 
where (a) shows drawing of the fixture, and (b) represents the direction 
of observation during SEM test and (c) is the pictorial view of the 
same.
 
 

 
Figure 6. Scanning electron microscopy (SEM) image of the ano-
dized sample (Ti6Al4V) shows the maximum value of oxide film thick-
ness at various operating parameters, viz. voltage: 60 V, electrolytic 
concentration: 1 M of H2SO4.
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Table 3. Oxide phases report 

 Molar concentration (H2SO4) 
 

Material ˃0.5 M 0.5–2.5 M ˂2.5 M 
 

Titanium (grade-5) TiO2 (anatase) TiO2 (rutile) peak TiO2 (rutile) dull 

 

 
 

Figure 7. SEM micrographs. a, Titanium substrate used for anodization. b, c, TiO2 at 10 V and 20 V respectively and at 0.5 M concentration of 
electrolyte and (d–h) at 30 V, 40 V, 50 V, 60 V and 80 V respectively, and at 1 M concentration of H2SO4. (1 μm scale used for each sample).
 
cavities were fabricated up to extremity of the layer. 
When charged particles emitted through SEM were made 
to fall on the turned surface of the sample, a clear image 
of the oxide film thickness appeared which was suitable 
to evaluate the ATO thickness. The cross-sectional area 
of the oxide film is shown in Figure 6. 
 Figure 7 represents SEM micrographs of porous oxide 
surfaces obtained when titanium substrate was anodized 
at optimum parameters, as in Table 1. Pore diameter 
change was observed with change in value of anodizing 
parameters. A critical SEM analysis report was prepared 
systematically on the basis of micrographs captured for 
each sample. For a concentration range of 0.5 M to 4 M 
and voltage range from 10 V to 90 V, such selected  
images were placed and exhibited, where, in each  
segment, increase in anodic voltage provided an incre-
mental change in pore diameters, porosity and oxide layer 
thickness. Figure 7 shows a total of eight images: (a) po-
lished surface before anodization, (b to h) anodized sam-

ple micrographs. Evaluation report observed after SEM 
analysis is shown in Table 4 which helps to recognize the 
effect of anodization parameters on morphology of the 
anodized film. Below 0.4 M concentration of electrolyte 
reduces and faded oxide film deposition occurs. 
 On the other hand it has been observed that oxide de-
position rate increases linearly with increase in voltage, 
but porous structures do not appear below 0.4 M. When 
the concentration of a solution crossed a value of 0.5 M, 
nano-porous like structure emerged on the substrate.  
Uniform change in surface morphology was observed 
when 1 M of sulphuric acid was utilized at 10–15 V of 
anodic potential, very fine nano-sized pore structures 
emerged (Figure 7 d). After crossing a value of 15 V for 
1 M of solution, concentration homogeneity vanishes as 
well as diameter starts increasing vigorously. From these 
observations it is evident that the concentrated electrolyte 
supports change in surface morphology and further  
increase in the concentration, remove chances of
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Figure 8. Energy dispersive spectroscopy analysis represents deposited oxide composition. 
 
 

 
 

Figure 9. Wear or friction force (FF) versus time relationship for non-anodized (a) and anodized samples (b).  
Maximum wear determined in nonanodized sample was ≈600 μm, whereas for anodized face it was less than 250 μm. 
Respective FF scatter repeat same relationship correspondingly.

 
 

nano-porous structure formation. For 1 M of electrolytic 
concentration and voltage of 80 V, oxide dissolution  
occurred (Figure 7 h). 
 EDS test reported that maximum availability of each 
constituent is represented by peak value. First image of 
Figure 8 shows the composition of oxygen element  
available in the oxide film deposited on titanium surface, 
while the second image in the Figure 8 shows the elemen-
tal composition of titanium specimen used for anodiza-
tion. 
 Tribology test of an anodized sample was performed 
on pin-on-disc type tribometer and a comparative report 
was obtained for both anodized and non-anodized sam-
ples. Parameters adopted for wear test are indicated in 

Table 2. Corrugation wear was observed on the surface of 
non-anodized sample in the form of wide pits and traces. 
Anodized specimen was fixed on steel disc which  
allowed to rotate at specified RPM whereas a copper pin 
was slid over the rotating sample’s surface. While per-
forming wear test it is important to maintain the position 
of the specimen or to say anodized face should be posi-
tioned between pin and steel disc properly and should not 
have any relative motion with the pin. To achieve this 
high quality adhesive was used. It was observed that the 
anodized titanium sample possessed high anti wear 
strength compared to non-treated surface (Figure 9). Thus 
nano-porous oxide film deposited through anodization  
improves anti fade quality of the surface while in 
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Figure 10. SEM image analysis of worn-out surfaces of (a) anodized and (b) non-anodized specimen after the wear test.
 
 

 
Figure 11. Hardness test for an anodized and non-anodized sample.

 
Table 4. Geometrical parameters obtained after anodization 

Voltage Pore diameter Inter-pore distance Porosity 
 

10 0.871 23.5 35 
20 1.250 28.7 48 
30 1.785 29.2 44 
40 1.840 34.5 51 
50 2.220 37.6 54 
60 2.432 44.4 61 
70 2.666 54.8 69 
80 2.894 70.4 77 

 
mechanical application where metal to metal contact 
takes place. SEM micrographs shown in Figure 10 a and b 
revealed that the oxide film was not completely exhausted 
during wear test. Thus the initial frictional difference in 
the run-in period is an indication of the evolution of con-
formity between the surfaces. 
 After wear test, SEM test was performed for worn out 
samples and it was observed that the oxide layer was not 
completely exhausted in case of anodized sample (Figure 
10 a), whereas in case of non-anodized surface compara-
tively more wear took place (Figure 10 b). Thus SEM re-
port after wear test confirmed that the anodized sample 

results showed better performance compared to bare tita-
nium substrate during mechanical application especially 
for tribological application. 
 Micro-hardness test (indicated in Figure 11) was  
performed on S2, and a diamond shaped indenter with 
load range of 50–500 g was used to mark an indent on the 
surface of the specimen over a time span of 20 sec. Three 
indentations were marked on the specimen for a particu-
lar value of load and then its average value was deter-
mined. Initially unstable value of hardness was observed 
for both anodized and non-anodized samples because of 
the involvement of larger measurement characteristics 
over smaller load (50–100 g) and of small indenter size. 
But when the indenter load increased from 100 g and 
reached its maximum value of 500 g, the hardness curve 
became stable. A maximum of 360 HV was determined 
for non-anodized sample whereas in case of anodized sur-
face hardness approached to 1116 HV. Thus hardness test 
performed on Vicker’s micro-hardness tester exhibited 
that anodized surface offered more surface hardness and  
resisted scratches and indents formation compared to 
non-anodized titanium substrate. 

Conclusion 

This study provides the technique to improve the surface  
characteristics of a biomaterial and elaborate its predomi-
nant properties illustrated as cell proliferation and  
osseointegration. From the analysis conducted following 
conclusions can be formulated: 
 (i) SEM analysis revealed to establish an optimum  
value of parameters like anodic voltage (15 V) and (1 M) 
electrolytic concentration, which would be ideal to 
achieve a fine and homogeneous nano-porous oxide sur-
face which is the key requirement for the biomaterial to 
resist bacterial growth and make it more reliable for a 
long term usage. 
 (ii) It is observed that when voltage exceeds 10 V, the 
homogeneity improved continuously, but will be lost 
when voltage approaches 20 V. To obtain a fine  
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nano-porous surface with tremendous homogeneity, ano-
dization at 15 V was performed which justified the state-
ment that 15 V is an optimum voltage to obtain a precise 
nano-porous surface. 
 (iii) It can be concluded that when our aim is to have 
amorphous to crystalline phase transformation, then  
sulphuric acid is an optimal electrolyte for anodization. 
 (iv) Voltage is observed as the most effective parame-
ter among other anodization parameters. Even a small 
change in voltage can be detected easily in the form of 
aesthetic as well as morphological change. Pore diameter, 
pore density and homogeneity of the porous structure  
depend strongly on process voltage. 
 (v) Anodization is an easy and economical process to 
improve tribological properties as well as surface hard-
ness of the titanium or its alloy which enhances their  
mechanical, optical, aeronautical and medical applica-
tions. 
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