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Abstract 
To enhance the corrosion and wear resistance of biological titanium alloy Ti6Al4V in the human body, plasma nitrid-
ing + plasma enhanced chemical vapor deposition (PN + PECVD), laser remelting (LR) process were employed to modify 
the titanium alloy, respectively. The microhardness of LR and PN + PECVD samples was reported to increase by 117% and 
165%, respectively, in contrast to that before the samples were modified. The thickness of LR modified layer was reported 
as 10 μm, and the nitrided film on the surface of PN + PECVD sample exhibited the thickness of 2 μm. The wear and cor-
rosion performances of three samples were analyzed by friction and corrosion experiments in the simulated body fluid. As 
revealed from the experimental results, the wear rates of LR and PN + PECVD samples were 74.1% and 94.5% lower than 
that of Ti6Al4V. It can be seen that the surface modification layer can play a good role in protecting Ti6Al4V substrate from 
wear. By the electrochemical corrosion experiment, the corrosion resistance of Ti6Al4V, LR and PN + PECVD samples was 
ranked as PN + PECVD > LR > Ti6Al4V. It is therefore speculated that the PN + PECVD and LR modification processes 
could noticeably enhance the corrosion and wear resistance of Ti6Al4V in the human body.
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1 Introduction

Titanium and its alloys are the major materials for human 
orthopedic implants for their high biocompatibility, low 
elastic modulus and prominent mechanical properties [1]. 
Nevertheless, titanium alloy exhibits low hardness and poor 
wear resistance; it is hard to form an oxidation film quickly 
when worn in human body fluid [2]. Thus, the internal 
substrate is exposed to human body fluid, thereby increas-
ing the abrasion. The wear debris and corrosion products 
generated by abrasion or corrosion process will penetrate 
into organic tissues, accumulate in several organs, and even 
access to the whole circulation system, which can cause a 
range of degrees of physiological response or cause tissue 
structure to vary [3, 4]. Accordingly, the surface of titanium 
alloy implants should be modified to enhance its wear and 

corrosion resistance in human body. It is an effective method 
to enhance the corrosion and wear resistance of titanium 
alloy by producing an oxidation film or a nitride film on the 
surface of titanium alloy through the modification process 
[5].

PECVD refers to a method of producing corrosion-resistant 
and wear-resistant films on the metal surface. It is determined 
by the electron in plasma to activate the chemical reaction 
of vapor deposition, i.e., to down-regulate the internal stress 
attributed to the mismatch of the film and substrate expansion 
coefficient, as well as to enhance the deposition rate [6–9]. 
Mina et al. [10] explored the preparation of nano-TiC0.3N0.7 
coating into tool steel with PACVD technology. The hard-
ness of the coating was enhanced, and such coating exhibited 
good wear resistance and prominent mechanical properties. 
Hamed et al. [11] adopted PACVD to deposit Ta-based films to 
enhance the biological corrosion behavior of AISI316L stain-
less steel. Ta/TaN films exhibit higher integrity than single-
layer Ta films and stronger binding force with substrate; both 
of them display excellent corrosion resistance and biocom-
patibility. Though PECVD or PACVD can effectively deposit 
high-performance films on the substrate surface, the deposited 
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films still have defects (e.g., large hardness gradient between 
the surface hardness and the substrate hardness, as well as 
unstable bonding strength with the substrate) [12–14].

Plasma nitriding treatment refers to a process that complies 
with glow discharge principle, adopts the test piece as cath-
ode into a negative pressure vessel filled with nitrogen, and 
subsequently electrifies the nitrogen and hydrogen atoms to 
be ionized, as to form a plasma area between the anode and 
cathode. Under the robust electric field in the plasma region, 
the positive ions of nitrogen and hydrogen will bombard 
the surface of the workpiece at high speed. The high kinetic 
energy exhibited by the ions is converted into heat energy, 
and the specimen surface is heated to the required tempera-
ture. As impacted by the bombardment of ions, the surface of 
the workpiece is sputtered with atoms, so it gets purified. In 
the meantime, for the adsorption and diffusion, the nitrogen 
element penetrates into the surface of the workpiece, thereby 
forming compounds, which aims to enhance the corrosion 
and wear resistance of the material [15, 16]. Sun et al. [17] 
performed the mechanical grinding and plasma nitridation on 
the surface of pure titanium; they reported that the mechani-
cal properties of pure titanium were enhanced. In vitro cell 
experiments, it was reported that the cells on the surface of the 
modified samples were value-added and differentiated. Based 
on plasma nitrogen treatment chromium coating, Zhang et al. 
[18] studied the effect of microstructure and nano-mechanical 
properties of aluminum alloy. As proved experimentally, the 
surface hardness and wear resistance of aluminum alloy were 
enhanced after the sample was examined. Though plasma 
nitriding treatment could enhance the surface hardness of 
metal implants, the thin nitriding film formed on the surface 
of plasma nitrogen treatment and the uneven composition of 
the film affected the wear and corrosion resistance of titanium 
alloy [19]. For the limitations of PECVD and plasma nitrogen 
treatment, the plasma nitrogen + plasma enhanced chemical 
vapor deposition (PN + PECVD) process was adopted in the 
present study to modify Ti6Al4V titanium alloy. Such pro-
cess was a plasma composite process, with PECVD performed 
continuously after surface nitrogen treatment. Furthermore, 
Ti6Al4V samples were modified by laser remelting (LR), and 
the effects of the two processes on the corrosion and wear 
properties of Ti6Al4V in the simulated body fluid were delved 
into and compared, experimentally and theoretically underpin-
ning the surface modification and strengthening technology of 
biological titanium alloy implants.

2  Material and Method

2.1  Titanium Alloy Sample

Medical Ti6Al4V alloy, purchase from Shanghai Chun-
Ming Metal Material Co., Ltd., was adopted as the 

substrate material, with the sample size of 15 × 15 × 5 mm 
and the chemical composition (wt%): Ti 88.94, Al 5.7, V 
4.26, C 0.89, Fe 0.21. The Ti6Al4V sample was sanded 
with 400 #, 800 #, and 1200 # sandpaper, respectively, 
and then mechanically polished with the alumina polishing 
solution to smooth the surface. Subsequently, the sample 
was washed with alcohol to get dried naturally.

2.2  Laser Remelting (LR)

The laser remelting modification process adopted RFL-
A2000D type fiber laser system, which rated output power 
is 2000 W. The Ti6Al4V alloy was remelted under the 
laser power of 400 W, the distance from the light exit to 
the sample as 100 mm, the spot diameter of 5 mm, and 
at the laser scanning speed of 3 m/min. Samples cooled 
naturally after remelting.

2.3  Plasma Nitrogen + Plasma Enhanced Chemical 
Vapor Deposition (PN + PECVD)

PN + PECVD modifying processes were performed with 
the LHJMY50A-2 type plasma nitrogen treatment process 
equipment. The process flow chart is given in Fig. 1. The 
characteristic of the process is that the surface nitrogen 
treatment of plasma material was performed first, and then 
PECVD was conducted in nitrogen treatment furnace, 
which is a novel composite process of plasma nitrogen 
treatment and plasma enhanced chemical vapor deposition 
process promoted. The nitrogen treatment strengthening 
layer on the Ti6Al4V and nitriding film on the surface 
could be well combined.

Fig. 1  PN + PECVD composite process flow chart
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2.4  Morphology and Phase

The surface-interface morphology and elements of Ti6Al4V, 
LR and PN + PECVD samples were analyzed with a ZEISS 
EVO18 type SEM as well as its EDS. The phases were stud-
ied using a D/max2500 PC type X-ray diffractometer.

2.5  Microhardness

HVS-1000 M type microhardness tester was employed to 
ascertain the surface microhardness and the hardness gra-
dient of the interfaces of Ti6Al4V, LR and PN + PECVD 
samples. Before the hardness test was performed, the sample 
was wiped with alcohol to remove the stains on the sam-
ples surface. The experimental stress load of microhardness 
tester reached 10 N, and the stress holding time was set to 10 
s. The hardness value was calculated using the microhard-
ness tester system automatically.

2.6  Friction and Wear Test

The friction-wear test was performed on a CFT-I type recip-
rocating friction-wear tester based on ball-plane sliding con-
tact. The grinding ball was  Si3N4 ceramic ball, exhibiting 
the diameter of Ø5 mm, wear length of 5 mm, test time of 
30 min, load of 8 N, as well as the reciprocating frequency 
of 200t/min. This study performed the friction-wear test in 
SBF. The composition of SBF is NaCl 8.69 g/L, KCl 0.30 
g/L,  CaCl2 0.48 g/L, and the pH of the solution was set to 
7.4. After the experiment, the wear scar morphology was 
characterized by SEM and EDS.

2.7  Electrochemical Corrosion Test

Electrochemical experiments were performed in the CHI660 
electrochemical workstation. After being cleaned and dried, 
Ti6Al4V, LR and PN + PECVD surface that did not need 
to be tested were sealed with resin. In order to simulate the 
human body conditions, the SBF were used as the test elec-
trolytes and the tests were carried out at 37 ± 1 °C. A plati-
num sheet as the counter electrode and a saturated calomel 
(SCE) as the reference electrode were used. The surface of 
samples was cleaned by deionized water and acetone. The 
test surface area of the sample was fixed at 2  cm2, and the 
rest of the area except the exposed area was wrapped with a 
strong polymer adhesive to prevent crevice corrosion. After 
the experiment, CHI 660 electrochemical workstation sys-
tem could automatically plot the fitting Tafel curve. Tafel 
curves were obtained within the potential range from −0.4 
VSCE to 0.4 VSCE with a scan rate of 1 mV/s.

3  Results and Discussion

3.1  Micromorphology Analysis

After laser remelting was performed, the chemical com-
position on the surface of titanium alloy included (mass%) 
Ti 79.37, O 8.74, Al 4.37, V 4.80, C 2.42, as well as Fe 
0.03. Because the boiling point of solid Al is much lower 
than that of Ti, under laser radiation, a small amount of 
Al was vaporized due to high temperature, which caused 
the Al content in the remelted layer to decrease. Figure 2a 
presents the surface morphology of LR sample. LR sample 
had an uneven surface, belonging to the typical laser melt-
ing morphology, of which the morphology under the high 
magnification is illustrated in Fig. 2a. It is suggested that 
a small amount of warped metal particles adhered to LR 
sample surface, and stacking phenomenon existed, thereby 
resulting in the enhancement of the surface roughness of 
LR sample. However, as impacted by the reasonable con-
trol of laser power, cracks and over-burning phenomenon 
did not appear on the surface modified layer, and the sur-
face was relatively not damaged.

After PN + PECVD treatment, the chemical composi-
tion on the surface of Ti6Al4V reached (mass%): Ti 77.20, 
Al 5.95, N 7.43, V 4.71, C 2.02, O 2.65, Fe 0.01. Figure 2b 
give the surface morphology. A small amount of slight 
convexity appeared on the surface of titanium alloy, and 
its roughness was enhanced compared with that before 
PN + PECVD. PECVD process refers to a chemical reac-
tion in which the kinetic energy of the electrons in the 
plasma activated the gas phase, namely, the chemically 
active ions and radicals were generated, reacting with 
other ions, atoms and molecules in the gas phase, or caus-
ing lattice damage and chemical reaction on the material 
substrate surface. The reaction gas in the plasma body 
dissociated for the collision of high-energy electrons. As 
impacted by the electric field strength, gas pressure, etc., 
and the electrons could not act on the TiN film surface to 
be absolutely uniform, resulting in the enhancement of the 
surface roughness of the nitride film [20].

Figure 3 illustrates the interface morphology and ele-
ment scanning of titanium alloy after LR. Figure 3a shows 
the melting interface of LR sample at low and high magni-
fication, respectively. It suggests that the average depth of 
the melting layer was nearly 10 μm. To analyze the mecha-
nism of laser remelting on the strengthening of titanium 
alloy surface, the element scanning was performed on the 
interface after laser remelting, as described in Fig. 3b. The 
content of Ti, Al, V and other elements in the melting zone 
were lower than those in the titanium alloy substrate, while 
O content was elevated in the melting zone. According to 
the scanning of the Ti and O elements in Fig. 3c shows that 
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the distribution trends of Ti and O elements in the melting 
zone were similar. To be specific, during laser remelting, 
the high temperature made the titanium alloy substrate 
react with O element in the air to form titanium oxides. 
The formation mechanism of these compounds would be 
delved into based on XRD results.

The interface morphology and element scanning of tita-
nium alloy treated by PN + PECVD process is presented in 
Fig. 4. Figure 4a gives the morphology of the interface at 
low and high magnification, respectively. It is shown that 
a layer of TiN deposition film was formed with a thick-
ness of 2–3 μm on the surface of titanium alloy, and the 
nitrided layer deposited evenly on the surface of titanium 
alloy, without any bubble and pore, while the boundary was 
tightly combined with the substrate. The element line scan-
ning was performed at the position of Fig. 4b and the scan-
ning results are given in it, in which Ti element exhibited 
a lower content distribution on the surface, while a higher 
content of N element was achieved on the Ti6Al4V surface. 
Furthermore, a slow decreasing trend from the surface to 
the interior was presented, rather than a sudden decrease of 
elements. The scanning results of Ti and N elements are pre-
sented in Fig. 4c. Ti elements were scarcely gathered on the 
surface. The distribution of N elements in the substrate did 
not noticeably differ from that on the surface, demonstrat-
ing that in the process of heat preservation, chemical vapor 
deposition could effectively combine the deposition layer 

with the substrate and lower the N content gradient between 
the deposition layer and the substrate.

3.2  XRD Analysis

Figure 5 presents the XRD diffraction analysis curve of 
Ti6Al4V, LR and PN + PECVD samples. Figure 5a reveals 
that the major diffraction peak of titanium alloy substrate 
was Ti. Figure 5b gives the analyzed results of the phase on 
the surface of titanium alloy after LR. The diffraction peaks 
of  TiO2, TiO and  Ti6O were suggested on the surface of 
titanium alloy, associated with the process of laser remelt-
ing. Titanium reacted rapidly with oxygen in the air, while 
oxygen accessed into the lattice of titanium surface. In the 
meantime, the solid solution reaction of oxygen in titanium 
substrate was slower than oxidation reaction, and the solid 
solution oxygen could be neglected. The oxidation reaction 
led to the formation of a compact oxide film on titanium 
surface. At the temperature lower than 500 °C, the oxida-
tion film on the surface could prevent oxygen from diffusing 
to the interior and being oxidized. During laser processing, 
with the rise in temperature, the oxidation film on the sur-
face began to dissolve, and oxygen accessed into the inner 
lattice of metal. At the temperature over 700 °C, oxygen was 
promoted to diffuse to the metal. In the meantime, the TiO 
oxide layer was formed between the surface  TiO2 and the 
substrate, while the oxidation film became sparse, and its 

Fig. 2  a Surface morphology 
of LR sample low–magnifica-
tion, b surface morphology of 
PN + PECVD sample

Micro convex peak

(a)

(b)
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protective function was lost. At the temperature of 820 °C, 
TiO would be converted into  Ti6O. At the temperature over 
950 °C, the oxidation reaction between titanium and oxygen 
in the air turned more intense. The oxygen in the oxidation 
film diffused into the substrate via the anion vacancy and the 
phase boundary of different oxides, while titanium diffused 
to the surface, thereby intensifying the oxidation reaction 
process. The specific reaction equations are expressed in 
formula (1)–(4) [21–23]:

(1)Ti + O2 = TiO2 (< 500◦C)

Since there were various stable oxides in Ti–O system, 
the composition of the film formed by titanium at high 
temperature was relatively complicated, and the density of 
the film decreased gradually from low-valence oxides to 
high-valence oxides. With the rise in heating temperature, 

(2)Ti − O → Ti6O (820 − 830◦C)

(3)2TiO + O2 = 2TiO2 (991◦C)

(4)TiO2 + Ti = 2TiO (991◦C)
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the solubility of oxygen in titanium was elevated. At the 
same time, the saturation degree of oxygen in the oxide 
declined, leading to the reduction reaction to dioxide and 
the formation of low-valence oxide. The density of sur-
face oxide increased, and the specific volume decreased, 
which was the underlying cause of the formation of vari-
ous Ti–O-based compounds at different temperatures.

Figure 5c shows the phase analysis curve of titanium 
alloy surface after PN + PECVD processing. Diffraction 
peaks of TiN and  Ti2N are suggested on the surface of 
titanium alloy after modification. The deposition film of 
PECVD primarily consisted of TiN (δ). TiN (δ) phase 
exhibited good wear resistance, whereas the formation of 
TiN (δ) during the plasma nitrogen treatment was often 
accompanied by the formation of Ti2N (ε) [17]. Taktak 
et al. analyzed the diffusion mechanism of Ti–N com-
pound by temperature during plasma nitrogen treatment; 
they reported that the phase composition of nitriding layer 
was tightly associated with its nitriding temperature. The 
Ti–N phase formed by plasma nitrogen treatment substan-
tially refers to multi-phase diffusion process, in which the 
growth of each layer was regulated by the chemical dif-
fusion rate and interface flux in the layer. At 700 °C, the 
diffusion coefficient of TiN reached 2.66 × 10−12, while the 
diffusion coefficient of  Ti2N was 2.17 × 10−11, and α-Ti did 
not diffuse [24].

Furthermore, for the mutual diffusion of Ti–N-based 
compounds formed in plasma nitrogen treatment in the 
substrate and the film deposited by the vapor deposi-
tion, the  Ti2N (ε) phase appeared on the deposited film 
surface. Such diffusion was conducive to facilitating the 

combination of the chemical vapor deposition film and 
the substrate.

3.3  Hardness and Hardness Gradient

The microhardness of the titanium alloy substrate sur-
face and the two types of modified Ti6Al4V are listed in 
Table 1. The microhardness of LR sample was enhanced 
by 117%, higher than that of the titanium alloy substrate. 
For the temperature gradient produced by laser remelt-
ing treatment on the surface of titanium alloy, the surface 
grains were refined. Moreover, the compounds of Ti–O 
series generated in the remelting process exhibited higher 
hardness. After PN + PECVD, the hardness of the samples 
was enhanced by 165%. With the composite process of 
PN + PECVD, a dense Ti–N film was formed on the sur-
face of Ti6Al4V, exhibiting a higher hardness.

The microhardness distribution of the interface of the 
two modified samples is illustrated in Fig. 6. It reveals 
that the microhardness of sample after laser remelting 
declined from the remelting face to the substrate, which 
complied with the hardness of the Ti6Al4V at the depth 
of nearly 70 μm. A layer 0–5 μm at the interface could be 
considered the laser remelting area, and 5–70 μm refers 
to the heat affected area. After PN + PECVD treatment, 
the microhardness of the samples at the interface varied 
moderately without big hardness gradient. At the depth of 
approximately 1.8 mm, the hardness value was lowered to 
the hardness of the substrate, suggesting that the depth of 
the nitriding was about 1.8 mm.

Table 1  Microhardness of 
surface

Sample Microhardness/HV Average/HV

Point 1 Point 2 Point 3 Point 4 Point 5

Ti6Al4V 374.63 349.43 414.59 388.05 406.61 386.66
LR sample 788.77 829.59 842.91 863.52 876.31 840.33
PN + PECVD sample 1039.40 970.00 953.61 1027.43 1131.60 1024.41

Fig. 6  Mic-hardness of cross-
section
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3.4  Friction and Wear Performance Analysis

After friction and wear test, the friction coefficients of the 
three samples are given in Fig. 7a. The average friction coef-
ficients of Ti6Al4V, LR and PN reached 0.658, 0.615 and 
0.478, respectively, while the standard deviation of the fric-
tion coefficient were 0.091, 0.05 and 0.022, respectively. As 
revealed from the Fig. 7 and calculation results, the friction 
coefficient of the sample treated by the PN + PECVD treat-
ment was the minimal, and the fluctuation was the smallest, 
followed by laser remelting sample, and the Ti6Al4V was 
the worst; this finding displayed direct relations to the sur-
face hardness of the three samples. Ti6Al4V exhibits low 
hardness, making it easy to produce adhesion with ceramic 
grinding ball, and the achieved friction coefficient and the 
fluctuation gradient were large. After LR, the fluctuation 
range of friction coefficient was narrowed, whereas the 
value of friction coefficient varied irregularly in range of 
time areas. This results was because laser remelting could 
cause the rise in surface roughness of titanium alloy, the 

radial force of the grinding ball was up-regulated when the 
micro convex peak of the surface, and the grinding ball 
were grinded against each other, thus causing the friction 
coefficient to rise. Titanium alloy treated by PN + PECVD 
exhibited high surface hardness, the surface was relatively 
flat, and the friction coefficient kept stable around a certain 
value. The width, depth and wear rate of the worn cracks 
are listed in Table 2. After modification, the two samples 
exhibited better wear performance, and the wear rate of 
PN + PECVD sample was the minimal.

The micro-morphology of the worn cracks of Ti6Al4V 
substrate, LR sample and PN + PECVD sample under 10 N 
load is illustrated in Fig. 7b. There were scratches appearing 
along the sliding direction in the worn crack of Ti6Al4V 
substrate, and there was noticeable material migration phe-
nomenon. Since the hardness of Ti6Al4V substrate mate-
rial was significantly lower than  Si3N4 ceramic ball, and the 
plasticity of titanium alloy was high, the oxidation film on 
the surface of titanium alloy fallen off and began to appear 
plastic deformation during the friction and wear processes. 
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Fig. 7  a COFs vs wear time and wear profiles of Ti6Al4V, LR and PN + PECVD samples, b morphology of worn tracks

Table 2  Wear parameters Sample Wear width/μm Wear depth/μm Wear rate/mm3/N m

Ti6Al4V 1185.94 34.99 2.18 × 10−4

LR sample 555.06 17.93 5.65 × 10−5

PN + PECVD sample 515.62 6.02 1.20 × 10−5



4765Metals and Materials International (2021) 27:4757–4767 

1 3

Under a large load, the metal in the worn crack migrated 
under the radial force, thereby forming the worn crack mor-
phology, as shown in the figure, and the wear mechanism 
belonged to adhesive wear at that moment.

The worn crack of LR sample displayed a shallow pit 
shape, in which there were considerable flake debris, 
expanding to the edge of the worn crack. At this time, the 
wear mechanism was fatigue wear. During the friction pro-
cess, the micro convex on the LR surface was subjected to 
the repeated load pulse of  Si3N4 ceramic ball. When the 
LR sample was contacting with the ceramic ball surface, 
the actual contact points were discontinuous, and the micro 
convex on the two surfaces was colliding with each other 
to generate the impact force, thus making the micro convex 
subject to repeated impact and deformation, which caused 
the fatigue wear of the material.

On the PN + PECVD sample, the depth of the worn crack 
was shallow, while a very tiny dent appeared in the worn 
crack. A few fine particles existed in the worn crack. In this 
scenario, the wear mechanism was abrasive wear. During 
the friction and wear processes, the film of PN + PECVD 
sample exhibiting high hardness on the surface fell off and 
turned out to be wear debris. The normal load on the grind-
ing ball pressed the wear debris into the friction surface to 
form three-body wear. With the sliding of the grinding ball, 
wear debris furrowed on the surface under radial force and 
longitudinal load, so grooves and furrows appeared.

3.5  Electrochemical Performance

The electrochemical performance of Ti6Al4V, LR sample 
and PN + PECVD sample was ascertained to analyze its 
anti-corrosion performance in human simulated fluid. The 
surface of the LR sample and Ti6Al4V sample were Ti–O 
compound, the primary corrosion reaction equations in SBF 
are expressed as:

After the oxide film on the surface of Ti6Al4V was cor-
roded, titanium in SBF primarily underwent the hydrolysis 
reaction. The main reaction equations are written as:

Yilbas et al. [25] investigated the corrosion state of Ti–N 
compounds in the SBF. The first corrosion referred to the 

(5)TiO2 + H+ + H2O → Ti(OH)+
3

(6)TiO + H+ + H2O → Ti(OH)+

(7)Ti → Ti4+ + 4e−

(8)Ti4+ + 2H2O → [Ti(OH)2]
2+ + 2H+

(9)Ti4+ + 4H2O → Ti(OH)4 + 4H+

oxidation of TiN to form nitrogen oxides, while the second-
ary reaction was the re-oxidation of nitrogen oxides. The 
main reaction equations are defined as [26, 27]:

In the electrolyte, hydrogen evolution acted as a reduction 
reaction, and oxygen evolution referred to an oxidation reac-
tion. Under the more negative electrode potential, the elec-
tron energy was higher. The electron would migrate from the 
electrode to the solution smoothly, and the easier hydrogen 
evolution would take place. Likewise, the more positive the 
electrode potential, the lower the electron energy would be, 
the more easily electrons would transfer from solution to 
electrode, and the easier oxygen evolution would occur. In 
other words, when the Ecorr value was down-regulated, the 
corrosion tendency rose; when the Ecorr value was up-reg-
ulated, the corrosion tendency declined. Figure 8 plots the 
electrochemical polarization curves of the three samples in 
the simulated body fluid. The corrosion potential of the sam-
ple after LR negative shifted by 0.048 V, while the corro-
sion potential of the PN + PECVD sample positive shifted by 
0.038 V. The corrosion potential of PN + PECVD samples 
displayed a positive deviation, revealing that the compact 
compound formed on the surface of titanium alloy modi-
fied by PN + PECVD could effectively hinder the reaction 
between the corrosion solution and titanium alloy substrate. 
The LR sample displayed a negative shifted because of the 
enhancement of the surface roughness after remelting. The 
micro convex peaks formed on the surface hindered metal 
particles from escaping and produced partial discharge that 
caused pitting corrosion. Such factor would lead to more 

(10)
2TiN + 2yH2O → 2TiNxOy + (1 − x)N2 + 4yH+ + 4ye−

(11)
2TiNxOy + 2H2O → 2Ti3+ + (y + 1)O2 + xN2 + 4H+ + 10e−
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Fig. 8  Polarization curves of Ti6Al4V, LR and PN + PECVD sample
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corrosion after LR, whereas the corrosion potential cannot 
act as a standard to determine the corrosion performance of 
metal materials [28, 29].

Given Faraday’s law of electrolysis, mass can be associ-
ated with charge, as expressed in Eq. 12.

where M denotes the molar mass of the metal; Δm represents 
the change in the mass of the metal during the reaction; n 
refers to the number of transferred charges in the corrosion 
reaction; F indicates the Faraday constant.

Assuming that the corrosion current density icorr is con-
stant within the time interval Δt, and the corrosion of the 
metal surface is absolutely uniform, the current can be inte-
grated with the amount of electricity and time. Thus, Eq. 13 
is yielded, where A denotes the electrode surface area,

If the corrosion rate is considered the average depth of 
penetration of the material, the penetration rate v can be 
expressed as:

where ρ denotes the metal density. From the above analysis, 
it is suggested that the corrosion rate was directly propor-
tional to the corrosion current, so with the comparison of the 
corrosion current, the corrosion resistance of the three sam-
ples could be indirectly compared. The linear polarization 
method is usually adopted to calculate icorr. A tiny poten-
tial Δη is employed to Ecorr to generate a tiny current Δi. 
Accordingly, the polarization resistance Rp can be obtained, 
and icorr can be got by Eqs. 15 and 16.

i.e.

where βa and βc denote the tafel slopes of the anode and the 
cathode, respectively [30, 31].

According to the mentioned formula, the corrosion 
current of the three samples was calculated, as listed in 
Table 3. Corrosion current values followed the order of 
Ti6Al4V > LR > PN + PECVD. It is suggested that the 
composite process of PN + PECVD exhibited the optimal 

(12)Q = nFΔm∕M

(13)icorr = Q∕AΔt

(14)v = icorrM∕nF�

(15)Rp = Δ�∕Δi = �a�c∕2.303icorr(�a + �c)

(16)icorr = �a�c∕2.303Rp(�a + �c)

corrosion resistance, followed by laser remelting modi-
fied samples, both of which were better than Ti6Al4V. 
The dense solid solution layer formed by Ti–N compounds 
on the surface and inside of PN + PECVD sample after 
modification was hard to react with the electrolyte in 
human body solution and exhibited prominent corrosion 
resistance. Though the corrosion voltage of LR sample 
was lower than that of Ti6Al4V, Ti–O-based compounds 
formed on LR sample surface could prevent the corrosion 
solution from entering the substrate, thereby effectively 
protecting the substrate.

4  Conclusions

In this paper, the anti-wear and anti-corrosion properties 
in SBF of Ti6Al4V modified by LR and PN + PECVD 
processes were studied, and the following conclusions 
are drawn: After LR and PN + PECVD modification, the 
microhardness of the sample surface was 840.33HV and 
1024.41HV, 117% and 165% higher than that before the 
samples were modified, respectively. By the friction and 
wear experiments in simulated body fluid, the wear rate 
of LR and PN + PECVD samples was 5.65 × 10−5 and 
1.20 × 10−5mm3/N m, 74.1% and 94.5% lower than that 
of Ti6Al4V before the samples were modified, respec-
tively. In the simulated body fluid, Ti6Al4V substrate fol-
lowed the main wear mechanism of adhesive wear, LR 
sample complied with fatigue wear, and PN + PECVD 
sample followed abrasive wear. By the electrochemical 
corrosion experiment, the corrosion current of Ti6Al4V 
substrate, LR and PN + PECVD samples were obtained 
as 1.426 × 10−6, 2.023 × 10−7, 5.296 × 10−8A  cm2, respec-
tively. The corrosion resistance followed the order of 
PN + PECVD > LR > Ti6Al4V.

LR and PN + PECVD modification processes can effec-
tively improve the hardness, wear resistance and corrosion 
resistance of Ti6Al4V in SBF, which provides a theoretical 
and experimental basis for the promotion of the two pro-
cesses in the surface strengthening of biological titanium 
alloys. However, this study still has certain limitations. 
For example, the antibacterial properties of implants and 
in vivo cell diffusion tests have not been studied, and fur-
ther research are needed.

Table 3  Polarization 
parameters of Ti6Al4V, LR and 
PN + PECVD sample

Sample Ecorr/V Icorr/A  cm2 βc/V  decade−1 βa/V  decade−1 Rp/Ω  cm2

Ti6Al4V − 0.201 1.426 × 10−6 7.795 3.029 28,173
LR sample − 0.249 2.023 × 10−7 11.651 0.950 170,546
PN + PECVD sample − 0.163 5.296 × 10−8 7.283 4.584 691,780
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