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Abstract: In order to improve the anti-friction and anti-wear performances of titanium and expand its
application in aerospace and aircraft area, a commercial pure titanium grade 2 (TA2) was chosen and treated by
compositing surface treatment. Dimple textures were prepared on the titanium surface by laser surface texturing
(LST), and then the textured titanium was treated by ion nitriding. Tribological behaviors of the textured
titanium and nitrided textured titanium were investigated under abrasive wear on a tribo-tester. The result shows
that the anti-friction and anti-wear properties of textured titanium can be greatly improved by 47.1% and 79.3%
after nitriding treatment, respectively. In addition, the dimple density has a significant effect on anti-friction and
anti-wear behaviors.
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1. Introduction

Lightweight materials are of great significance
to the development of national defense technology
and equipment. Titanium is a kind of lightweight
material which has high strength, low density and
good corrosion resistance. The application of
titanium in aviation and aerospace has a growing
trend in the recent years [1-6]. However, the poor
wear resistance limits its application. Especially in
the three-body abrasive wear condition, titanium
always exhibits a worse anti-friction and anti-wear
performance [7, 8].

A series of methods to improve the abrasive
wear behavior have been widely conducted, among
which the surface texturing treatment is attractive due
to the effects like the storage and distribution

behavior of wear particles under abrasive wear [9-16].

Wu [17] studied the tribological properties of
dimple-textured titanium alloys under dry sliding
contact and found that the wear mechanism of
titanium surface mainly included abrasive wear,
adhesive wear and plastic deformation. In addition,
the space between the dimples was proved as a great
effect on friction reduction and wear resistance.
Mishra[18] investigated the tribological behaviors of
textured surface under starved lubrication conditions
which indicated the textured surface had better
wear-resistant property than the untreated substrate
surface. Although the previous studies demonstrated
that the textured surface could improve the abrasive
wear performance of titanium, the method of
texturing treatment on titanium is far from perfect.
The wear duration is a big limitation in abrasive wear
condition for textured titanium. Therefore, it is
necessary to introduce more work to improve the
durability of textured titanium under abrasive wear.
The purpose of this paper is to enhance the wear
duration of textured titanium by ion nitriding
treatment, and illustrate the abrasive wear behavior of
three body wear particles on the surface of dimple
textured titanium. In addition, the effect of dimple
parameters on the abrasive wear performance is

considered. The results here are expected to improve
the abrasive wear performance of the titanium in
application of national defense area.

2. Experimental method

The current investigation involves the
enhancement of wear duration performance and the
effect of dimple textured parameters on the abrasive
wear behaviour. The substrate is a commercial pure
titanium grade 2 (TA2) which is widely used in
national defense area, and the element composition of
TA2 is shown in Table 1. The size of the test sample
was processed to 50 mmx50 mmx3 mm, and the
surface roughness was machined as Ra0.4 pm.

Table 1 TA2 composition (wt%)

Fe C N H o} Ti

<0.3 <01 <0.05 <0.015 <025 Bal.

The dimple parameters were designed into 9
groups as shown in Table 2. The dimple
characteristics were processed by a laser machine
with an Nd: YAG laser. This laser has a power of 20
W with a wavelength at 1064 nm. The dimple
parameters such as dimple diameter (d), dimple
density (&) and dimple depth (h) were ensured by the
size, power and moving space of the laser beam,
respectively. The textured titanium samples were
obtained in this way, and the samples were numbered
as 1-9. With each group of dimple parameters two
samples were made and named as sample A and B.
Table 2 Dimple parameters for the textured titanium.

Sample
d/pm h/um &l%
number
1 100 10 10
2 100 20 20
3 100 30 30
4 200 20 10
5 200 30 20
6 200 10 30
7 300 30 10
8 300 10 20
9 300 20 30

Afterwards, all the textured titanium samples B
were ultrasonically cleaned with ethanol for 15 min.
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After drying, the nitrided textured titanium samples
were prepared via a treatment by a LDM2-25 plasma
nitriding furnace. And the nitrided textured titanium
samples were prepared. The nitride parameters are
shown in Table 3.

Table 3 The nitriding parameters

Pressur  Voltag Curren Temperatur  Duratio
e e t e n
600Pa 900V 12A 850 °C 8H

With the sample preparation had been completed.
The three body abrasive wear test was performed on
an MS-T3000 ball-on-disk tester. The upper pairing

ball was an AlISI 52100 steel with a diameter of 6 mm.

The lower pairing pieces were the textured titanium
samples and the nitrided textured samples. The
simulated lunar soil was chosen as wear medium
which was mainly composed of silica, aluminum,
calcium, iron and titanium. The particle size of the
simulated lunar soil was filtered as 60-75 pm. The
wear medium with volume of 100-150 cm® was
added into the sliding pairs. The wear test parameters
are shown in table 4. All the tests were repeated for 3
times and the average value were taken.
Table 4 Wear test parameters.

. Sliding linear . .
Applied load . Sliding duration
velocity
2N 62.8 mm/s 30 min

In order to analyze the influence of dimple
parameters on the friction and wear performances of
the nitrided textured titanium, a three-factor and
three-level orthogonal table was established. The
three factors refer to the dimple diameter, dimple
density and dimple depth, respectively. The three
levels refer to the variables under each factor (eg,
three levels of dimple density are 10%, 20%, and
30%).

For the purpose of clarifying the mechanical
properties of the sliding pairs, Workbench (the
program used to run finite element method) was used
to analysis the stress distribution on the textured
surface during wear test. The model is shown in Fig.
1. The contact form of friction pairs is surface to
surface contact. And the upper contact pair is
subjected to a positive pressure and a displacement

while the lower contact pair is fixed. The model grid
subdivision is free meshing.

P

Fig. 1 FEM model.

Moreover, the phase composition was analyzed by
D/max-2550 X ray diffractometer (XRD). The wear
volume was measured by using a Nano Map-D type
3D white light interferometer. The wear patterns and
element composition were observed byJSM-7001F
field emission scanning electron microscopy
(FE-SEM) and EDS.

In this experiment, the method of laser surface
texture was adopted to prepare the dimple characters
on the surface of titanium. This method can possibly
generate a certain machining error which might

influence the experimental results.
3. Results

This study mainly made a tribological comparison
between the textured titanium samples and the
nitrided textured samples. Fig. 2 illustrates the
surface topographies of the textured titanium sample
6A and the nitrided textured titanium sample 6B. The
surface topographies show no difference between the
two samples. But the element distribution on the
sample surfaces, as listed in Table 5, shows much
difference. The nitrogen fraction on the surface of
nitrided sample
significantly compared with that on the textured
titanium sample.

textured  titanium increases
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Mag= 100X Signal A = SE2
WD = 9.1 mm EHT = 15.00 kV

Fig. 2 SEM images of the samples, (a) the textured
titanium sample, (b) the nitrided textured titanium

sample.
Tab. 5 Atomic fraction of elements on different
regions at%

elements @ (b)
Areal Area 2 Area 3 Area 4
C 15.73 19.83 2.58 3.37
@] 15.79 10.53 13.71 13.67
N 4.31 3.22 30.90 40.0

9
Ti 64.17 66.42 52.81 42.87

In order to analyze the phase composition of the
nitrided textured titanium sample, XRD analysis
phases can be found. As observed in fig.3, TiN and
TioN are generated. These two phases can improve
the hardness of titanium by about 30%[19-21].

o-Ti A—a-TiN) =—Ti)N *—TiN

~—— Nitrided

Untreated
)

30 40 50 60 70 80
Diffraction degree/”

Fig. 3 XRD patterns of the samples.

The comparison of anti-friction and anti-wear
behaviors of the samples is displayed in Fig. 4. It is
evident from Fig.4(a) that the friction coefficients of
the nitrided textured titanium samples are smaller
than that of the textured titanium samples, and the
decrease of friction coefficients of the nitrided
textured titanium can be up to 47.1%. Meanwhile, the
wear rates of the nitrided textured titanium samples
are smaller than that of the textured titanium samples
(shown in fig. 4(b)), and the decrease of wear rates of
the nitrided textured titanium can be up to 79.3%.
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Fig. 4The friction coefficients and wear rates.



Surf. Rev. Lett. Downloaded from www.worldscientific.com

by THE UNIVERSITY OF WESTERN ONTARIO on 07/25/20. Re-use and distribution is strictly not permitted, except for Open Access articles.

For the sake of investigating the effect of dimple
parameters on the anti-friction and anti-wear
performances, an orthogonal analysis was carried out.

Table 6 shows the effect of dimple parameters
on anti-friction performance. The F values of the
variance of friction are 0.828, 3.614 and 0.722 for the
dimple diameter, dimple density and dimple depth,
respectively. Obviously, the influence of dimple
parameters on the anti-friction performance is less
than 90% confidence. However, the contribution of
dimple density to the anti-friction performance is
69.98%, which is much larger than the contribution
of dimple diameter and dimple depth.

Table 6 Effect of dimple characters on anti-friction

Sourc  Sum 5 percenta
e of of o Varia Tes . ge of
varia  squa . nce tF contribut
nces  res ion/%
9
0.10 005 17
d 2 (0.90 16.29
55 28 43
)
19
0.46 023 7.7
€ 2 (095 72.15
72 36 22
)
99
0.07 003 1.2
h 2 (0.99 1155
48 74 36
)
0.06 0.03
error 2 0.01
05 03
0.70 0.07
9 0
80 87

performance.
Sourc  Sum 5 percenta
e of of o Varia Tes E ge of
varia  squa E nce tF contribut
nces  res ion/%
9
0.00 0.00 0.8
d 2 (0.90 16.00
20 10 28
)
19
0.00 0.00 3.6
g 2 (0.95 69.98
87 44 14
)
99
0.00 0.00 0.7
h 2 (0.99 13.98
17 08 22 )
0.00 0.00
error 2 0.04
24 12
0.01 0.00
9 1
49 17

Table 7 shows the effect of dimple parameters
on anti-wear performance. The F values of the
variance of wear are 1.743, 7.722 and 1.236 for the
dimple diameter, dimple density and dimple depth,
respectively. Obviously, the influence of dimple
parameters on the anti-wear performance is less than
90% confidence. However, the contribution of dimple
density to the anti-wear performance is 72.15%,
which is much larger than the contribution of dimple
diameter and dimple depth.

Table 7 Effect of dimple characters on anti-wear

property

It can be easily deduced that the dimple density
affects the anti-friction and anti-wear performance
stronger than the dimple diameter and dimple depth.
To illuminate the micro mechanisms, the mechanical
properties of the textured surface during sliding test
are calculated. Fig. 5 shows the equivalent stress on
the textured surface by finite element analysis. One
of the dimples is called pit and the area between the
pits is called embossment. It can be seen that the
maximum stress is at the embossment which means
that this part of the area is most likely to be damaged
during wear test.

[ rsricrani sy

(a) The equivalent stress diagram
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Fig. 5 The FEM results.

Fig.6 shows an SEM photograph of the wear track
morphology of the textured titanium sample (for
sample number 6A). The dimple has been worn away
on the wear track. The wear track surface is mainly
composed of furrows and plastic substance. By EDS
analysis of the elements on the area5 in Fig. 6, the
main components (atomic fraction) are 12.40% C,
45.77% O, 1.47% Si, 40.36% Ti, indicating that the
surface of the wear track consists primarily of
titanium, oxide and a small amount of elements from
the lunar soil medium.

Fig. 6 Wear track morphologies for textured titanium
sample.

Fig. 7 shows an SEM photograph of the wear track
morphology for the nitrided textured titanium sample
(for sample number 6B).The dimple has not been
completely worn away on the wear track. It is
obvious that the nitrided textured titanium sample has
longer wear duration than the textured titanium
sample. In this figure, there are white deposits
appeared inside the dimple pocket. By EDS analysis
of the white deposits (on area 6 in Fig. 7(b)), it is
mainly composed of O, Ti, Fe and some elements
from the three body wear medium. Meanwhile, the
EDS analysis conducted on the area 7 in Fig. 7(b)
shows that it mainly contains Ti, O and N, indicating
that the nitrided layer has not been completely worn
away after rubbing test.

Fig. 7 Wear track morphologies for nitrided textured
sample.

4. Discussion

Prior studies have documented the tribological
behavior of textured titanium under abrasive wear
condition. Nevertheless, the wear duration is less
considered [9-18]. In this study, the textured titanium
samples are nitrided and have been demonstrated to
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have longer wear duration than the textured titanium
samples. In addition, the dimple density is found to
have greater influence on anti-friction and anti-wear
performance than the dimple diameter and the dimple
depth.

In this experiment, the hard upper steel ball has a
plow cutting into the softer titanium surface and it
caused severe plastic deformation. The elements
distribution analysis on the wear track of textured
titanium sample shows that the three body particles
increase the extent to which the surface was ploughed
and deformed [22]. Obviously, the wear mechanism
for textured titanium is adhesive wear and abrasive
wear. However, the wear mechanism for nitrided
textured titanium is abrasive wear due to the
strengthening effect of nitriding treatment, as well as
the function of the dimples that stored the debris [23,
24] which can be verified in the SEM graphs. That’s
the reason of the anti-friction and anti-wear
properties for the nitrided textured titanium can be
greatly improved.

The area ratio of the embossment is related to the
dimple density. The dimple density has greater effect
on the anti-friction and anti-wear properties than the
dimple diameter and dimple depth. The embossment
area on the textured surfaces experiences the
maximum stress and this part of the area is tending to
be damaged during wear test [25]. However, nitriding
treatment can improve the hardness and wear
resistance properties of the textured titanium sample
which can be accused to two aspects.. On the one
hand, TiN and Ti:N were generated on the surface
during wear test which can help improve the hardness
of the sample. On the other hand, the dimple
characteristics have effect on the plasma energy
distribution during nitriding treatment, leading to the
nitrogen accumulation in the embossment [26].

5. Conclusion.

(1) Compared with the textured sample, the
nitrided textured sample exhibits better anti-friction
and anti-wear performance, and the reduction of
friction coefficient and wear rate can be up to 47.1%
and 79.3%, respectively.

(2) The nitrided textured sample performs longer
wear duration than the textured sample as the
embossment area on the textured surfaces has been
enhanced by nitriding treatment.

(3) The dimple density has greater effect on
anti-friction and anti-wear properties than the dimple
diameter and dimple depth.

Acknowledgements

The authors would like to thank the National
Natural Science Foundation of China (41572362,
U1537108), Beijing Natural Science Foundation
(3172026), Beijing Nova program
(Z2171100001117059), Equipment Pre-research &
Avic Mutual Funds (6141B05090401), “The thirteen
five-year” Equipment Pre-research and Sharing
Technology Funds (41423020304), Air Force Special
Technology Funds (303050204), Aviation Science
Foundation (20170343001), Equipment Pre-research
Joint Funds of Ministry of Education of China and
Fundamental Research Funds and Fundamental
Research Funds for the Central University
(2652015077), Scientific Research Common Program
of Beijing Municipal
(201710011002), and National defense basic
scientific research program (JCKY2018205C024).

Education Commission

References

[1] H. Thomas, Ondrej, J. H. Cory. Measurement of
Residual Stresses in Titanium Aero space
Components Formed via Additive Manufacturing.
Materials Science Forum, 2015, 777: 124-129.

[2] C. Q. Zhang, J. D. Robsona, P. B. Prangnell.
Dissimilar ultrasonic spot welding of aerospace
aluminum alloy AA2139 to titanium alloy TiAI6V4.
Journal of Materials Processing Technology, 2016,
231: 382-388.

[3] Ch R. V. S. Nagesh, G. V. S. Brahmendra Kumar,
B. Saha, et al. Titanium Sponge Production and
Processing for Aerospace Applications. Aerospace
Materials and Material Technologies, 2017: 73-89.
[4] D. Banerjee, J. C. Williams. Perspectives on
titanium science and technology, Acta Mater. 2013,
61 (8): 44-879.



Surf. Rev. Lett. Downloaded from www.worldscientific.com

by THE UNIVERSITY OF WESTERN ONTARIO on 07/25/20. Re-use and distribution is strictly not permitted, except for Open Access articles.

[5] C. Leyens, M. Peters. Titanium and Titanium
Alloys, Wiley-VCH, Weinheim, 2003.

[6] G. Lutjering, J. C. Williams. Titanium, seconded.
Springer, Berlin, 2007.

[71 K. G. Budinski. Tribological properties of
titanium alloys, Wear, 151 (1991): 203-217.

[8] L. T. Guo, X. C. Liu, J. Q. Gao, et al. Effect of
surface modifications to Ti porcelain bonding
strength, Mater. Manuf. Proc. 25 (2010): 710-717.
[9]1 D. Gropper, L. Wang, T. J. Harvey.
Hydrodynamic lubrication of textured surfaces: A
review of modeling techniques and key findings.
Tribology International, 94 (2016): 509-529.

[10] A. Shinkarenko, Y. Kligerman, I. Etsion. The
effect of surface texturing in soft elasto
hydrodynamic lubrication. Tribology International,
42(2009): 284-292.

[11] M. Sedlaceka, B. Podgornik, A. Ramalho.
Influence of geometry and the sequence of surface
texturing process on tribological properties.
Tribology International, 2017, 115: 268-273.

[12] H. L. Costa, I. M. Hutchings. Hydrodynamic
lubrication of textured steel surfaces under
reciprocating sliding conditions. Tribology
International, 40 (2007): 1227-1238.

[13] T. Ibatan, M. S. Uddin, MAK. Chowdhury.
Recent development on surface texturing in

enhancing tribological performance of bearing sliders.

Surface & Coatings Technology, 272 (2015):
102-120.

[14] W. M. DaSilva, M. P. Suarez, A. R. Machado, et
al. Effect of laser surface modification on the micro
abrasive wear resistance of coated cemented carbide
tools. Wear, 302 (2013): 1230-1240.

[15] Y. Y. Liu, J. X. Deng, F. F. Wu, et al. Wear
resistance of carbide tools with textured flank-face in
dry cutting of green alumina ceramics. Wear,
372-373(2017): 91-103.

[16] K. M. Li, Z. Q. Yao, Y. X. Hu, et al. Friction
and wear performance of laser peen textured surface
under starved lubrication. Tribology International,
77(2014): 97-105.

[17] Z. Wu, Y. Q. Xing, P. Huang, et al. Tribological
properties of dimple-textured titanium alloys under

dry sliding contact. Surface & Coatings Technology,
309 (2017): 21-28.

[18] S. P. Mishra, A. A. Polycarpou. Tribological
studies of unpolished laser surface textures under
starved lubrication conditions for use in
air-conditioning and refrigeration compressors.
Tribology International, 2011, 44(12): 1890-1901.
[19] S. A. Rasaki, B. X. Zhang, K. Anbalgam, et al.
Synthesis and application of nano-structured metal
nitrides and carbides: A review. Progress in Solid
State Chemistry, 2018, 50: 1-15.

[20] E. Gualtieri, A. Borghi, L. Calabri, et al.
Increasing Nanohardness and Reducing Friction of
Nitride Steel by Laser Surface Texturing. Tribology
International, 2009, 42: 699-705.

[21] G. Dumitru, V. Romano, Y. Gerbig, et al.
Femtosecond laser processing of nitride-based thin
films to improve their tribological performance. Appl.
Phys. A Mater. Sci. Process, 2005, 80: 283-287.

[22] B. Grazyna, Stachowiak, S. Mobin, et al. The
effects of particle angularity on low-stress three body
abrasion-corrosion of 316L stainless steel. Corrosion
Science, 2016, 111: 690-702.

[23] H. Zhang, D. Y. Zhang, M. Hua, et al. A Study
on the Tribological Behavior of Surface Texturing on
Babbitt Alloy under Mixed or Starved Lubrication.
Tribology Letter, 2014, 56: 305-315.

[24] L. Fang, X. L. Kong, Q. D. Zhou. A wear tester
capable of monitoring and evaluating the movement
pattern of abrasive particles in three-body abrasion.
Wear, 1992, 159: 115-120.

[25] B. 1. Sandor. The basic principle of cyclic stress
and cyclic strain. Beijing: Science Press, 1985.

[26] Q. Ding, L. P. Wang, Y. X. Wang, et al.
Improved tribological behavior of DLC films under
water lubrication by surface texturing. Tribology
letters, 2011, 41: 439-449.



