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Abstract

Commercial pure titanium (CP-Ti) is used in many engineering fields because of its su-
perior properties such as excellent corrosion resistance, high strength/weight ratio, and bio-
compatibility. However, it is not available at the desired rate, since the CP-Ti has poor wear
resistance. For this reason, many surface treatments have been applied to improve the poor
tribological properties of the CP-Ti. In this study, duplex surface treatments, which are the
combination of treatments of electroless Ni-B coating and plasma nitriding, were applied
on the surfaces of the CP-Ti. Structural properties of the different surfaces of the treated
materials were investigated using scanning electron microscopy (SEM) and X-ray diffraction
(XRD). Microhardness measurements were made for the determination of mechanical proper-
ties and the pin-on-disk wear tests were made to determine the tribological properties. It was
observed that poor wear resistance of the CP-Ti was improved with duplex surface treatments.
The results showed that surface hardness, friction coefficient, and surface roughness of coated
samples were better than of uncoated CP-Ti.
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1. Introduction

Titanium has a high affinity for oxygen. Hence,
titanium-oxide (TiO2) can form on the surface of the
CP-Ti in the wake of interaction between titanium
and oxygen at low temperatures. In particular, the
CP-Ti is quickly oxidized when the temperature rises
to a high level like 500°C [1-4]. The oxide film form-
ing on the surface of CP-Ti at low temperatures has
an unstable structure. This oxide layer provides resis-
tance to corrosion for titanium. However, it causes to
be poor wear resistance of the CP-Ti in friction and
contact applications. Thus, the oxide layer forming on
the surface of titanium can be easily broken in ap-
plications, which are in contact with other materials.
If broken oxide particles remain between the contact
surfaces, they act abrasively and give rise to more ox-
ide layers be separated from the surface. The oxide
layer forms after re-interaction between oxygen and
the substrate, were released with rupture of the oxide
layer on the surface. This situation causes a contin-

uation of this vicious cycle. This cycle is also known
as oxidative wear, and the main reason for poor wear
resistance of titanium [5, 6].

Wear damage is one of the major problems for
materials used in engineering fields. It is not possi-
ble to eliminate this problem completely. However,
the effect of wear damage of the surfaces of engineer-
ing materials can be reduced with suitable surface
treatments. Surface treatments such as thermochem-
ical treatments, ion implantation, electroplating, and
electroless plating are widely used to solve this prob-
lem. When the literature is surveyed, it can be seen
that a large number of surface treatments and coat-
ing methods have been applied to increase the wear
resistance of the CP-Ti [7-14].

To improve wear resistance by applying the du-
plex treatments is the primary aim of the study. For
the duplex treatments, two different techniques called
electroless Ni-B coating and plasma nitriding were ap-
plied to the CP-Ti in this study. After each treatment,
the mechanical, structural, and tribological proper-
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Table 1. Electroless Ni-B coating bath components and
the coating parameters

Bath composition (g1™h)
Ethylenediamine (NH2-CH2-CH2-NHy) 90
Lead nitrate Pb** (PbNO3) 0.0145

Nickel (II) Chloride Hexahydrate (NiClz-6H20) 10

Sodium borohydride (NaBH4) 1.2
Sodium hydroxide (NaOH) 90
Coating parameters

Time (min) 60
Temperature (°C) 95 £+ 0.3
pH >13.5

ties were investigated by SEM/XRD, microhardness
tests, and friction/wear tests, respectively, and com-
pared with the same results in the literature.

2. Experimental details

CP-Ti (Grade-2) with impurities of 0.006 wt.%
N, 0.002 wt.% H, 0.041 wt.% Fe, 0.15 wt.% O, and
0.008 wt.% C was used as the experimental material in
this study. For surface treatments, specimens with the
dimensions of 15 mm X 15 mm X 5 mm were produced
from coarse-grained titanium. Afterward, the CP-Ti
specimens were polished with SiC abrasive paper. The
polished materials were conducted to the duplex sur-
face treatment. This process consisted of two major
sections. In the first section, the materials were coated
by electroless Ni-B. Before electroless Ni-B coating,
they were degreased with acetone to clean the sur-
faces. Then, they were rinsed with distilled water and
dipped in 15 % HCI during 15 s. After this process,
they were carefully washed with distilled water and
dried with a hot-air fan. Table 1 presents electroless
Ni-B coating bath components and coating parame-
ters. Experiments about electroless Ni-B coating were
carried out for 1 h at 95°C in this deposition bath. In
the second section, before the plasma nitriding treat-
ment, specimens were cleaned with hydrogen sputter-
ing at a pressure of 5 x 102 Pa for 15 min to remove
the foreign matter from the surfaces [15, 16], and then
the plasma nitriding treatment was performed with a
mixture of 75 % No + 25 % Hy under 5 x 102 Pa
pressure at 500, 600, and 700°C for 4 h [17]. The spec-
imens were cooled down inside the vacuum chamber
up to room temperature after the nitridation.

The morphological properties of the duplex treated
surfaces of the CP-Ti were examined using scanning
electron microscopy (SEM). The phase structure of
the duplex treated layer of the specimens was exam-
ined by X-ray diffraction technique. The XRD mea-
surements were conducted at A = 1.5405 A wavelength
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Fig. 1. The XRD patterns of the uncoated specimen and
the duplex treated specimens.

with 20 = 20°-80° scanning angle and 2 deg min~!

scanning speed using Cu K« radiation. Hardness mea-
surements of the duplex treated specimens were inves-
tigated using a Vickers microhardness tester operated
at HVO.l'

The wear and friction tests were performed using a
pin-on-disk type test rig with the samples having the
dimensions of 15 mm X 15 mm X 5 mm. The Al,O3
ball having a 6 mm diameter was used as a counter
face. The friction and wear tests were conducted in the
laboratory conditions with a temperature 23 + 2°C
and a relative humidity 47 + 3 %. The tests were
carried out under an axial load of 2 N at a sliding
speed of 36.65 mm s~! and a sliding distance of 141 m
[15, 18, 19]. To calculate the wear volume loss, the
wear track profiles were recorded by a profilometer and
then calculated by the superimposed profiles. Wear
rate was obtained through the Eq. (1):

W = V/FD, 1)

where W is the wear rate (um?® N~! m™1), Vis the
wear volume (um?), F is the axial load (N), and D
is the sliding distance (m). At least two samples for
each case were tested, and the linear average values of
them were taken into account. The worn surfaces of
the samples in all conditions were examined using an
SEM device.

3. Results and discussion
3.1. XRD analysis

Figure 1 shows the XRD patterns of the un-
coated specimen and the duplex treated specimens.
The XRD results indicate that a-Ti peaks appeared
in the spectra from uncoated specimen because the
CP-Ti (Grade-2) has an alpha-titanium alloy.

ICDD 00-019-0834 card number for NizB phase,
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ICDD 00-002-1221 card number for 4-TiN phase,
ICDD 01-072-0442 card number for TisNi phase,
ICDD 00-019-1364 card number for TizB4 phase, and
ICDD 01-070-1849 card number for Ni phase were
used in the analysis of XRD patterns. Electroless
Ni-B coating has an amorphous structure [20, 21]. The
structure of electroless Ni-B coating crystallized af-
ter the plasma nitriding treatments at the different
temperatures same as heat treatment [22-25]. When
XRD patterns were analyzed, it was observed that
Ni3gB phase predominated in the structure of plasma
nitrided CP-Ti which was initially coated electroless
Ni-B at 500°C (Ti-NiB_Nit.500). Moreover, Ni phase
was determined at diffraction angles of 20 = 44.4°,
260 = 51.8°, and 20 = 76.4°. It was observed that NisB
phase also predominated in the structure of plasma
nitrided CP-Ti which was initially coated electroless
Ni-B at 600°C (Ti_NiB_Nit.600). In addition to NizB
and Ni phases, TisNi phase appeared at diffraction an-
gles of 260 = 39.1°, 20 = 41.4°, 20 = 45.3°, 20 = 49.5,
20 = 70.5° and §-TiN phase appeared at diffraction
angles of 260 = 39.1° and 20 = 43.5°. Furthermore, it
was seen that peak intensity at a diffraction angle of
260 = 44.4° was higher than plasma nitrided CP-Ti,
which was coated electroless Ni-B, at 500°C. It was
figured out that the peak intensities of phases reduced
at the surface structure of plasma nitrided CP-Ti at
700°C (Ti_NiB_Nit.700), which was coated electroless
Ni-B initially. Moreover, it was specified that the same
peaks disappeared at Ti_NiB_Nit.600. Besides, TizBy
phase appeared at diffraction angles of 26 = 40.4°,
260 = 41.7°, 20 = 42.8° and Ti;Ni phase appeared at
diffraction angle of 20 = 45.1°.

3.2. Surface analysis after the duplex
treatments

The surface morphologies and thicknesses of the
duplex treated CP-Ti specimens were obtained by
SEM micrographs shown in Figs. 2 and 3. These mi-
crographs show clearly the layers of electroless Ni-B
coating. Figure 2 shows that the surface morphology
of the CP-Ti significantly changed depending on the
applied duplex treatments. A typical cauliflower-like
type structure was obtained on the surface of the CP-
-Ti with an electroless Ni-B coating applied as initial
treatment. This structure was observed in [26-28]. The
nodular cauliflower-like type structure also existed af-
ter the plasma nitriding treatments.

The coating thicknesses were measured about 4-
5 um. It was determined particularly that the diffusion
layer formed about 150-160 wm after Ti_NiB_Nit.700
treatment (Fig. 3c). The hardness values of electro-
less Ni-B coated + plasma nitrided CP-Ti are shown
in Fig. 4. As the temperature increases, the capability
of diffusion also increases due to the basics of the dif-
fusion process. As a result, as can be seen in Fig. 4, the

Fig. 2. Morphological surface SEM micrographs of the du-
plex treated CP-Ti: electroless Ni-B coated + plasma ni-
trided (a) at 500°C, (b) at 600°C, and (c) at 700°C.

formation of the diffusion layer causes the hardness to
decrease down to the hardness of the structure [29].
Also, the duplex coating layer thicknesses are shown
in Table 2.

3.3. Tribological analysis

The friction coefficients of the uncoated speci-
men and the duplex treated specimens are shown in
Fig. 5. Average friction coefficient values of the du-
plex treated specimens are higher than average fric-
tion coefficient value of uncoated CP-Ti due to the
duplex coating layer. While the friction coefficient



40 I. Celik, M. Karakan / Kovove Mater. 54 2016 3743

o

> d 5
DA S \:\‘\ ot

. : -
Coating Layer
s N

Diffusion Layer
Eau  15KU g

Coating Layer

s

Diffusion Layer

Fig. 3. Cross-section SEM micrographs of the duplex
treated CP-T1i specimens: (a) Ti-NiB_Nit.500, (b) Ti_NiB_
Nit.600, and (c) Ti_NiB_Nit.700.

of the uncoated specimen was measured about 0.55,
average friction coefficient values of Ti_NiB_Nit.500,
Ti_NiB_Nit.600, and Ti_NiB_Nit.700 were found 0.57,
0.64, and 0.60, respectively (Table 3). As shown in
Fig. 5, it was noticed that the friction coefficients of
the CP-Ti substrate increased in the first 400 s. Then
the friction coefficient tried to stabilize and slightly
oscillated at around 0.55. Structures of friction coef-
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Fig. 4. Hardness distributions in cross-section of electroless
Ni-B coated + plasma nitrided CP-Ti.
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Fig. 5. Friction coefficients of uncoated CP-Ti and the du-
plex treated CP-Ti specimens.
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Fig. 6. Wear rate and surface hardness of uncoated CP-Ti
and the duplex treated CP-Ti specimens.

ficient curves of Ti_NiB_Nit.500 and Ti_-NiB_Nit.700
were stable. On the other hand, it was seen that struc-
ture of friction coefficient curve of Ti_NiB_Nit.600 was
an unstable structure. It is thought that the surface
roughness increased nine times as compared to the un-
coated specimen, and it caused the unstable structure.

Figure 6 illustrates the relationship between wear
rate and surface hardness of uncoated titanium,
Ti_NiB_Nit.500, Ti-NiB_Nit.600, and Ti_-NiB_Nit.700.
The hardness of the CP-Ti increased in all nitrid-
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Table 2. Surface roughness, coating layer thickness, and diffusion layer thickness of the samples

Specimen name Coating layer thickness (pm) Diffusion layer thickness (pum) Surface roughness (pum)

Ti_NiB_Nit.500 4-5 25-30 0.45
Ti_NiB_Nit.600 4-5 100-110 0.87
Ti_NiB_Nit.700 4-5 150-160 0.61
Uncoated Ti - - 0.10

Table 3. Wear rate, surface hardness, and friction coefficient of the samples

Specimen name Wear rate (um® N~'m™1) Surface hardness, HVy 1 Friction coefficient

Ti_NiB_Nit.500 0.173 £+ 0.009 350 £ 9 0.57
Ti_NiB_Nit.600 0.117 £+ 0.007 514 + 13 0.64
Ti_NiB_Nit.700 0.032 £+ 0.005 627 £ 10 0.60
Uncoated Ti 0.991 + 0.021 229 £5 0.55

Transfer Film =

Wear Trace

Fig. 7. SEM images of the worn surfaces of CP-Ti: (a) uncoated, (b) Ti_NiB_Nit.500, (¢) Ti-NiB_Nit.600,
(d) Ti_NiB_Nit.700.

ing conditions after electroless Ni-B, as a result of
this increasing and the wear resistance improved (Ta-
ble 3). Amorphous Ni-B coating structure transforms
to a crystalline structure at temperatures above 380 °C
[30]. Moreover, amorphous Ni-B coating structure
transformed a crystalline structure, consisting of Ni3B
phase since plasma nitriding treatments were per-
formed at temperatures above 500°C. Furthermore,
according to XRD analysis, after Ti_NiB_Nit.600 and
Ti_NiB_Nit.700, there was a -TiN phase in amor-

phous Ni-B coating structure. This phase helped to
increase the wear resistance and hardness. As seen
in Fig. 6, while the hardness value of the CP-Ti in-
creased, the wear rate of the CP-Ti decreased after
the duplex treatments (Table 3).

SEM images of wear tracks of uncoated CP-Ti and
the duplex treated specimens are given in Fig. 7. Dur-
ing the sliding process, the friction energy is usu-
ally used to produce heat, plastic deformation and
promote further damages. The amount of tempera-
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ture produced by friction is sufficient to cause tribo-
chemical reaction [31]. The worn surface of the CP-Ti
has abrasive and adhesive types of wear, also known
as intensive oxidation formation (white color parti-
cles). Besides, the wear track of uncoated CP-Ti is
larger than all duplex treated specimens due to the
easy deformation behavior of specimen without the
hard duplex treated layer. This situation also gives
rise to the low wear resistance or high wear rate. In
this study, thin scratches generated by the abrasive
debris were released as a result of breaks in a thin nat-
ural oxide film on uncoated CP-Ti (Fig. 7a). Transfer
film occurred on the internal sides of wear tracks of
Ti_NiB_Nit.500 and Ti_NiB_Nit.600. The wear resid-
ual was accumulated in the corners of wear tracks
because of the thick and ruptured layer (Figs. 7b,c).
When looking at the wear tracks, it is seen that the
ball crushed the surface roughness during the wear
test. The transfer film was formed due to crushing
(Fig. 7d).

4. Conclusions

In this study, the duplex surface treatments were
applied to the CP-Ti specimens using electroless Ni-B
coating and the plasma nitriding.

In summary, the major findings can be summarized
as follows:

— Ni3B, Ti3By4, Ti2Ni, and 6-TiN phases formed on
the CP-Ti as a result of the duplex surface treatments.

— The surface hardness and surface roughness of
the CP-Ti specimens increased after the duplex sur-
face treatments. Formation of the coating layer by the
duplex treatment (Ti-NiB_Nit.700) caused about two
times increase in surface hardness of the CP-Ti.

— The friction coefficient of the CP-Ti specimens
changed with the duplex surface treatments. The
highest friction coefficient was obtained in Ti_NiB_
Nit.600 about 0.64. However, the lowest friction coef-
ficient was determined in Ti_NiB_Nit.500 about 0.57.

— It was determined that the wear resistance of the
CP-Ti considerably improved with the duplex surface
treatments. The narrowest wear tracks and the high-
est wear resistance were obtained in Ti_NiB_Nit.700
treatment.
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