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Abstract: In the present study, the effects of process parameters (output voltage x, nitrogen flux / and specific strengthening time s)
on the microstructure and wear resistance properties of TiN coatings prepared by electrospark deposition (ESD) were investigated
systematically. The microstructure of the coatings was characterized for thickness (TOC), content of TiN (CON) and porosity (POC).
A statistical model was developed to identify the significant factors affecting the microstructure and wear resistance of the coatings.
The results show that the output voltage x and nitrogen flux / present significant effects on majority of the evaluation indexes such as
TOC, friction coefficient (COF) and wear mass loss (/;), while the specific strengthening time s has a significant effect on POC and a
small effect on the other indexes. The optimal process parameters were obtained as follows: output voltage (x, 60 V), nitrogen flux
(I, 15 L/min) and specific strengthening time (s, 3 min/cm?). The variation of wear mass loss (/;) by the variation of the output
voltage (x) and nitrogen flux (/) is attributed to the change of wear mechanisms of TiN coatings. The main wear mechanism of TiN

coating prepared under optimal process parameters is micro-cutting wear accompanied by micro-fracture wear.
Key words: electrospark deposition (ESD); TiN; coating; wear resistance; statistical model; process parameters

1 Introduction

Titanium alloys have many advantages such as low
density, high specific strength, excellent corrosion
resistance and biocompatibility [1—3] Thus, they have
been widely applied to aerospace, chemical engineering,
metallurgy, medicine and nuclear industries. However,
titanium alloys limit their further application due to their
poor tribological properties such as high friction
coefficient and prone to adhesive wear, leading to their
failure in the early service stage [4]. Surface
modification and treatment of titanium alloys by using
methods such as physical or chemical vapor deposition
(PVD, CVD) [5,6], ion implantation [7], thermal
oxidation [8], and magnetron sputtering techniques [9]
have achieved good results. However, the applications of
these surface technologies are restricted for the
generation of some adverse effects on the titanium
alloys. For example, due to the high temperature, it is
easy to cause the deformation of the substrates by the
nitriding, sulfurizing and CVD process. The equipment
of PVD is relatively complicated, and it is hard to carry
on the processing for the large scale parts because of the

necessary vacuum or gas environment for PVD. The
coating deposited by magnetron sputtering method is
relatively thin with low efficiency [10]. Therefore, it is
urgent to prepare excellent coatings on titanium alloys
bonding with substrate metallurgically while minimizing
the total heat input into the substrate.

Electrospark deposition (ESD) is a typical surface
modification technology with high energy density and
low heat input, which has been widely used in the
preparation of modified strengthening coatings [11—13].
Utilizing the high energy pulsed discharge between
electrode and metallic substrate, the ESD process can
deposit the melting electrode materials onto the substrate
to accomplish metallurgical reaction with substrate.
Currently, several coatings have been deposited on
titanium alloys by ESD process. WANG et al [14]
deposited WC92—Co8 hard alloy coating on titanium
alloys by ESD and studied the microstructure and
interface of the coatings. The microhardness of coating
reached HV 1192, but the coating was thin (26.3—
56.12 um) and inhomogeneous. TANG et al [15] carried
out ESD in the conditions of air, nitrogen gas atmosphere
and silicone oil respectively using a graphite electrode on
titanium alloy. The results showed that the ESD coating
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treated in silicone oil exhibited better biocompatibility
and biological activity in comparison with other
conditions, but the silicone oil dielectric environment
restricted to the application for large mechanical parts by
the ESD. HAO et al [16] prepared TiN coating on TC4
titanium alloy by ESD, but the coating was relatively
thin (12.1-24.3 pm) and the influence of process
parameters on the properties of the coatings had not been
studied.

Based on a large number of experiments on
developing coatings on titanium alloys by ESD, it is
evident that the process parameters have great effects on
the properties of coatings. In view of the excellent
properties of TiN coating such as high hardness, high
strength, low friction coefficient, anti-wear and corrosion
resistance, it is a promising surface coating to strengthen
the titanium alloy. Thus in this work, the TiN coatings
were deposited under different process parameters and
the effects of parameters on microstructure, mechanical
properties and tribological properties of the coatings
were studied systematically to provide the theoretical
basis and technical support for the further engineering
applications of titanium alloys.

2 Experimental

2.1 Materials and processing

Titanium alloy plate of TC11 with the dimension of
10 mm x 10 mm x 3 mm was selected as the substrate
material. The chemical composition of TC11 is listed in
Table 1. The pure titanium rod of TA2 with diameter of
3 mm was used as the electrode. Prior to ESD, the
substrate specimens and the electrode tip were ground
with 800-grit SiC paper to remove the oxide films and
then rinsed with acetone to remove surface oil. The
experiments were carried out by a 3H-ES ESD
deposition machine. The schematic diagram of ESD
process is shown in Fig. 1. The deposition gun connects
with high frequency power supply through the wire. The
electrode rod is fixed by the clamp in the deposition gun
and rotates with high-speed of 2500 r/min driven by the
deposition gun. The deposition gun is hold by hands with
a certain angle (30° to 45°) to the substrate surface,
moving back and forth in the speed of 0.001 m/s.

Table 1 Chemical composition of TCI11 titanium alloys (mass
fraction, %)

Al Mo Zr Si Fe (0] Ti
6.32 3.29 1.79 0.23 0.077  0.096 Bal.

2.2 Factorial experimental design

A factorial experimental method was applied to
investigating the factors on the properties of wear
resistance of the coatings. In this study, the influence of

three factors (output voltage, nitrogen flux and specific
strengthening time labeled as x, / and s respectively) on
the microstructure and wear resistance of TiN coatings
was been studied systematically. The Taguchi orthogonal
array (TOA) was used to design the experiment. Three
levels at same intervals of the parameters were selected
as experiment factors, and its distribution is shown in
Table 2. A standard Lo3* orthogonal table containing nine
test combinations was used to analyze the importance of
four independent factors with three levels, the lists
indicate the factor levels, and the line has determined the
concrete test plan.

___—Cover (Hand-held-gun)

TC11-substrate (-)

Fig. 1 Schematic diagram of preparing in-situ TiN coatings on
TC11 by ESD [17]

Table 2 Factors and their levels for TiN coatings deposition in
experimental design
vel Output voltage, Nitrogen flux, Specific strengthening

Le

x/V [/(L-min"" time, s/(min-cm )
1 40 5 3
2 60 10 4
3 80 15 5

2.3 Surface analysis

The microstructure and the worn surface of ESD
coatings were observed by the scanning electron
microscope (SEM) of QUANTA 200. In addition, the
phase composition was identified by a D/max 2500/PC
type X-ray diffractometer with Cu target operated at
40 kV and 200 mA. The microhardness of the coatings
was measured using the DHV—1000 microhardness tester
under the load of 1.96 N with a dwell time of 15 s. The
surface roughness of the coatings was measured by
Sufcorder SE300 surface roughometer. Using MATLAB
software programming to calculate the porosity of the
coating based on the image gray method.

2.4 Tribological tests

Tribological tests of ESD coatings sliding against a
GCrl5 ball with diameter of 4 mm and surface roughness
of 0.05 pm were carried out by an HT—500 ball-on-disk
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tribometer in dry friction. The tribological tests were
conducted in normal atmospheric temperature (25 °C)
with a constant speed of 0.42 m/s under a normal load of
4 N. The sliding friction time was 30 min. The mass
losses of the specimens were measured by an
ATB120—4M electric analytical balance with the
accuracy of 0.1 mg.

2.5 Statistical methods

A three-way analysis of variance (ANOVA) was
applied to studying the influence of output voltage,
nitrogen flux and specific strengthening time on the
microstructure and wear resistance of the coatings. The F
ratio was calculated by the following equations.

2
o= 22 ()
n
2
SS. = Q0" CF ®)
nJC
2
SS, = QL CF 3)
n
2
SS, = Q8 CF “
ns
S8y =y -CF (5)
Error=SS;—SS,—SS~SS; (6)
MS=SS/df (7)
F=MS/MSsor ®)

where CF, SS, MS and df denote the correction factor,
sum of squares, mean of squares and degrees of freedom

Table 3 L,3* orthogonal table for experiments and results

respectively. ZX , ZL and ZS are the sum of
totals representing the output voltage, nitrogen flux and
specific  strengthening time, respectively. Indices
representing the levels in the output voltage, nitrogen
flux and specific strengthening time are x, / and s,
respectively. n and y denote the total number of
experiments and the indicator in each experiment
respectively. The subscript 7 denotes the treatment of
each factor.

3 Results and discussion

3.1 Characterizations of coatings

The Lo3* orthogonal table for the experiments and
the results are shown in Table 3; where column e is error
column, TOC is the thickness of the coating, CON is the
contents of TiN in the coating, POC is the porosity of the
coating, COF is the friction coefficient of the coating, /4
is the wear mass loss of the coating, and R; is the range.

The range analysis can determine the significance of
each factor on the indicators. Calculated R; are listed in
Table 3, and also plotted in Fig. 2. As can be seen, the
output voltage x has significant effects on majority of the
evaluation indexes, including the TOC, CON, COF and
1;. Besides, the nitrogen flux / also presents obvious
effects on majority of the indexes such as CON, TOC,
COF and [, while the specific strengthening time s has
significant effect on POC and has minor effect on the
other indexes.

As to the main index wear mass loss I
corresponding to the wear resistance properties of the
coatings, it is significantly affected by the output voltage
x and nitrogen flux /, and the value of wear mass loss /4

Factor Result

no- X / e s TOC/(Ra, pm) CON/pm POC/% COF 1ymg

1 1 1 1 1 32 52 2.0 0.32 0.55

2 1 2 2 2 33 61 3.4 0.29 0.52

3 1 3 3 3 35 73 4.6 0.23 0.46

4 2 1 2 3 51 54 4.1 0.28 0.46

5 2 2 3 1 53 65 24 0.22 0.41

6 2 3 1 2 56 75 3.7 0.21 0.40

7 3 1 3 2 41 57 32 0.30 0.48

8 3 2 1 3 42 68 4.1 0.27 0.47

9 3 3 2 1 44 77 2.6 0.25 0.42
R-TOC 20 3.67 0.66 0.66
R-CON 533 20.67 1 0.67
R-POC 0.1 0.53 0.13 1.95

Ri-COF 0.043 0.107 0.023 0.007
R- I 0.21 0.19 0.05 0.01
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22F
21t =4

Range

POC I
Fig. 2 Comparisons on R; values of TOC, CON, POC, COF and
14, respectively within selected ranges of x, / and s

reaches minimum at the level two of output voltage x and
level three of nitrogen flux /, respectively. For the minor
effect specific strengthening time s, the wear mass loss /,
reaches minimum at level one. Thus, by the above range
analysis, the optimal process parameters for the
preparation of TiN coating by ESD can be obtained as
follows: output voltage (x, 60 V), nitrogen flux (!,
15 L/min) and specific strengthening time (s, 3 min/cm?),
respectively.

The main effect plot for TOC of the coatings is
shown in Fig. 3. The fluctuation of the coating thickness
by output voltage x is bigger than that of other three
factors, indicating that the thickness of the coating is
greatly affected by the output voltage. With the
increasing of output voltage, the thickness of the coating
increases firstly and then decreases. The coating
thickness reaches the maximum when the output voltage
is on level two (60 V).

Main effects plot for means
55 X ! 5

50r

40 -

TOC/um

35F

1 1 1 1 1 1 1

40 60 8 5 10 15 3 4 5

Fig. 3 Main effects plot for TOC of coatings (Units of x, / and s
are in V, L/min and min/cm?, respectively)

30

Figure 4 shows the cross section morphologies of
the coatings under different output voltages. It can be
seen that when the output voltage is moderate (60 V), the

coating thickness is the largest (55 pm) with a few
micro-cracks. Besides, the coating is dense and uniform,
bonding with substrate metallurgically [17]. However, if
the output voltage is too low (40 V), the coating
thickness is in the range of 30—35 pm, which is thinner
than that of moderate condition (60 V). In excessive
voltage condition (80 V), the coating thickness is
45—50 pum, which is also smaller than that of output
voltage of 60 V. Meanwhile, the interface between the
coating and the substrate appears many transverse
micro-cracks, indicating that the bonding strength
between the coating and substrate becomes worse.

The total heat energy increases when the
output voltage is increased from 40 to 60 V due to the

Substrate

Coating '

Substrate

Substrate

Coating

Fig. 4 Cross section morphologies of coatings under different
output voltages: (a) 40 V; (b) 60 V; (c) 80 V
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increasing of instantaneous pulse energy. The mixing and
solidification between molten droplets and molten pools
are severer than before, so the thickness of the coating is
increased. However, in excessive output voltage
condition (80 V), the instantaneous pulse energy and the
energy of the plasma channel increase rapidly, leading to
a great speed impacting on the surface of the substrate
and the sharp splashing of liquid in the molten pool,
which is not beneficial to the deposition of thick coating.
And the thermal stress of the coating accumulates too
fast due to the high output voltage, which may result in
vertical and horizontal micro-cracks. In the reciprocating
contact of electrode and substrate, the micro-crack
propagation may cause the coating peeling off, which is
not beneficial to the forming of coating.

The main effect plot for CON of the coatings is
shown in Fig. 5. The data points in the / column follow a
positive trend indicating that the CON increases from 5
to 15 L/min. Hence, the 15 L/min is the best amongst the
levels. Besides, the fluctuation of the CON with the
increase of / is the largest in comparison with other
levels, indicating that the CON is greatly affected by the
nitrogen flux.

Main effects plot for means

X ! s
75+t
70+
g
=
% 651 .'_‘—'f’—.
o
60
551

20 60 80 5 10 15 3 4 5
Fig. 5 Main effects plot for CON of the coatings (Units of x, /

and s are in V, L/min and min/cm?, respectively)

The X-ray diffraction patterns of the coatings
prepared in different nitrogen fluxes are illustrated in
Fig. 6. The coating is mainly composed of Ti,N, a-Ti,
TiO and TiN phases, which may be changed with the
nitrogen flux. When nitrogen flux is small (5 L/min),
insufficient nitrogen flux exposes the molten titanium
alloy to the atmosphere of high temperature and leads to
the reaction between Ti and O in air, which ultimately
leads to the developing of TiO phase. The mass fraction
of TiN phase in the coating can be measured by using
MDI Jade software and theoretical techniques which are
called K-value method or R/R-value method [18]. The
results show that the mass fraction of TiN phase in the
coating is about 52%. As can be seen, the Al;TipsV, and

TiCysNo,; compounds are generated when the nitrogen
flux is 10 L/min, and the mass fraction of TiN is about
61%. When the nitrogen flux is 15 L/min, the coating is
mainly composed of TiN, Ti,N and TiO, in which the
mass fraction of TiN is as high as 71%. The
microhardnesses of the coating at 5 L/min and 10 L/min
are HV, s 872 and HV, g 1234, respectively. And the
microhardness of the coating at 15 L/min is also the
maximum (HV, g6 1731), indicating that the increasing of
TiN content in the coating is beneficial to improving the
microhardness of the coating.

& ¢ —TiN

¢ o—TiN

*—TiO
V—g-Ti ¢

10 L/min J,
* v
[ ] * .
I\ AN
5 L/min
20 30 40 50 60 70 80
20/(%)

Fig. 6 X-ray diffraction patterns of coatings prepared in
different nitrogen fluxes

The main effect plot for POC of the coatings is
shown in Fig. 7. Obviously, the data points in the s
column follow a positive trend, indicating that the POC
increases from 3 to 5 min/cm® Hence, the 3 min/cm? is
the best amongst the levels. With the increase of the
specific strengthening time, the porosity of the coating
increases and the fluctuation range is larger than that of
the other three factors, indicating that of the specific
strengthening time has a great effect on the porosity of
the coating. Besides, the fluctuation of the POC with the

Main effects plot for means

4.5 - i

POC/%

3.0

2.0

40 60 8 5 10 I5 3 4 5
Fig. 7 Main effects plot for POC of coatings (Units of x, / and s
are in V, L/min and min/cm?, respectively)
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increases of s is the largest in comparison with other
levels, indicating that the POC is greatly affected by
specific strengthening time.

Figure 8 shows the cross section morphologies of
the coating at different specific strengthening time s.
When the specific strengthening time s is small
(3 min/cm®), the coating is dense and uniform, the
porosity is about 2.1% (Fig. 8(a)). With the increasing of
the specific strengthening time s, the micro-holes and
micro-cracks increase (Fig. 8(b)), the porosity is about
3.6%. Especially when excessive specific strengthening
time s is 5 min/cm’, a lot of transverse micro-cracks
emerge between the coating and the substrate, and the
coating is fractured as shown in Fig. 8(c), the porosity is
about 4.8 %. In the ESD process, the high speed rotating
electrode and the substrate continually collide with each
other to produce a spark. The molten electrode droplets
on the surface of substrate are rapidly cooled and

Coating

Substrate

A}ating

Crack

\

Substrate

Coating

I\:'licro—fr;:lc-ture.\A

Substrate

Fig. 8 Cross section morphologies of coating at different
specific strengthening time s: (a) 3 min/cm?; (b) 4 min/cm?;

(¢) 5 min/cm?

solidified. However, the accumulated residual tensile
stress may exceed the yield strength of the coating [19],
which results in the development and propagating of
micro-cracks, and then leads to the peeling phenomenon
and holes in the coating. Moreover, because TiN is
hard with low toughness, the coatings are more
prone to generate micro-cracks under the continuous
action of thermal stress and the mechanical impact of
electrode.

3.2 Wear resistance of coatings

Table 4 shows the results of the variance analysis.
The significances of the effects on the major indexes can
be determined. As can be seen, the SS means the sum of
the deviation squares, MS means the mean of the squares,
df is the freedom of the effects, F is the ratio of the
variance; Fyo5(2,2) and Fy(2,2) are the judgment
criteria for the significances of the effects on the factors.
If F is larger than F (2, 2), the effect is very significant;
if the F ratio is between F (2, 2) and Fy5(2, 2), the
effect is significant; if the F ratio is smaller than Fs(2,
2), the effect is insignificant. Based on the above
descriptions, it is found that the priority levels are similar
to the results of the range analysis: the effect of output
voltage x on the TOC and /; indexes are very significant,
the effect of nitrogen flux / on the CON, COF and I,
indexes are also very significant. Also, the effect of
specific strengthening time s on the POC index is very
significant while is insignificant on the COF indexes.

According to the range analysis and ANOVA
analysis of the effects of output voltage x, nitrogen flux /
and specific strengthening time s on the TOC, CON,
POC, COF and /4 indexes of the coatings, it is clear that
the factors have significant effects on the microstructure
and wear resistance properties of TiN coatings. As to the
main indexes COF and 1, it is significantly affected by
output voltage x and nitrogen flux /, thus a further detail
study was performed on the effects of two factors on the
wear resistance of the coatings.

The variations of COF and I of the coatings by
output voltage x and nitrogen flux / are shown in Fig. 9.
As can be seen, Al, A2, A3 and A4 are the four levels of
two factors, which are 40, 60, 80, 100 V and 5, 10, 15, 20
L/min, respectively. When the output voltage x and the
nitrogen flux / increase, the COF decreases firstly and
then increases, and it reaches the minimum at the level of
A2 and A3, respectively. When the output voltage x is
increased from level Al to A2, the wear mass loss
reaches minimum, which is only 0.42 mg. The coating
deposited by ESD process is metallurgically bonded with
substrate, but the interface is still the weak area of the
coating system. The thick coating may effectively reduce
the interface stress and the generation possibility of
micro-cracks under the combination actions of normal
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Table 4 Analysis of variance (ANOVA) for coating
Index Factor df SS MS F Fo05(2,2) Fo01(2,2) Significance
X 2 602 301 451.61 19 99 e
/ 2 20 10 15.01 19 99
TOC
e 2 1.333 0.667
s 2 0.667 0.333 0.51 19 99
x 2 42.667 21.333 21.34 19 99 *
2 640.667 320.333 320.49 19 99 o
CON
e 2 1.999 1
s 2 0.667 0.333 0.33 19 99
x 2 0.015 0.008 0.61 19 99
/ 2 1.099 0.549 43.96 19 99 *
POC
e 2 0.025 0.013
s 2 5.642 2.821 225.68 19 99 e
x 2 0.0032 0.0016 52.46 19 99 *
2 0.0074 0.0037 121.31 19 99 e
COF
e 2 0.00006 0.00003
s 2 0.0007 0.00035 11.48 19 99
x 2 0.01032 0.00516 114.67 19 99 o
s 2 0.00938 104.22 19 99 o
‘ e 2 0.00009
s 2 0.00211 23.44 19 99 *

* means the F ratio value is even larger than F s (2, 2) and smaller than Fy ¢, (2, 2) and the influence of such the factor is significant; ** means the F ratio
value is even larger than Fy; (2, 2) and the influence of such factor is very significant

0.7 0.7
=— COF-/
¢ — COF-x
0.6 A=yl 10.6
v—1I-x
0.5} 105,
S E
© =
0.4 10.4
0.3} 103
0.2 : . . 0.2

Al A2 A3 A4
Fig. 9 Variation of COF and /7y with output voltage x and

nitrogen flux / on four levels

load and friction force. Thus, it can avoid the occurrence
of delamination failure of the coating in friction process.
The wear mass loss decreases when the nitrogen flux /
increases from level Al to A3. According to the
orthogonal analysis mentioned above, the CON is
significantly affected by nitrogen flux /, so with the
increasing of nitrogen flux /, the CON increases.
Therefore, the microhardness of the coating increases
and the mass loss decreases. But when with excessive
nitrogen flux / (20 L/min), it may increase the velocity of

nitrogen flux released from deposition gun, so it is prone
to producing turbulence on the surface of the coating,
which leads to the generation of the micro-cracks and
micro-holes in the coating, thus the mass loss of the
coating increases.

Figure 10 shows the worn surfaces of the coatings
under different output voltages. When the output voltage
is 40 V, it is clear that deep furrows and serious plastic
deformation distributed on the worn surface (Fig. 10(a)).
So the main wear mechanism is multi-plastic
deformation wear and micro-cutting wear, which is
similar to the wear mechanism of TC11, indicating that
the coating may be worn out and exposed to the
surface of the substrate in the wear process, and the
subsequent friction process is actually between titanium
alloy substrate and the friction counterpart of GCrl5
ball.

When the output voltage is increased (60 V), the
worn surface is relatively smooth (Fig. 10(b)), in which
the furrows become shallow, indicating that the
resistance to micro-cutting wear ability of the coating is
enhanced. In the friction process, because the coating
withstands the dual action of normal load and shear force
by the counterpart of GCrl5 steel ball, the hard and
brittle coating materials may peel off and become debris
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% .

Fig. 10 Wear morphologies of coatings under different output voltages: (a) 40 V; (b) 60 V; (¢) 80 V; (d) 100 V

in reciprocating extrusion and sliding process between
the contact zone, resulting in furrows and micro-cutting
traces [20]. As seen from Fig. 10(c), with the increasing
of output voltage, the TiN content and microhardness of
the coating are increased, which inhibits the ploughing
effect caused by the counterpart of GCrl5 and the
abrasive wear by debris, so the worn surface of the
coating becomes smooth. Also, the furrows on the worn
surface of the coating under the condition of 80 V
(Fig. 10(c)) are more obvious than that under the
condition of 60 V (Fig. 10(b)).

When the output voltage is too large (100 V), the
worn surface of coating appears some peeling pits
(Fig. 10(d)), indicating that the micro-fracture wear
occurred in the coating. When the output voltage is too
large, the bonding strength between the coating and
substrate becomes worse due to the transverse micro-
cracks and other defects appear on the worn surface. The
micro-cracks are easily to propagate under the dual
effects of the vertical normal stress and the lateral shear
force, resulting in the fracture of the coating, thus the
wear mass loss increases.

Figure 11 shows the worn morphologies of the
coatings prepared under different nitrogen fluxes. When
nitrogen flux is 5 L/min, it is clear that the plastic
deformation and ploughing traces appear on the surface
of the coating (Fig. 11(a)). The amount of nitrogen ions

produced by high frequency pulsed discharge in low
nitrogen flux condition is small; therefore, the amount of
the nitrogen ions diffused into the molten pool is small.
Thus, the contents of Ti,N and TiN phases are small,
which may decrease the microhardness of the coating, so
the multi-plastic deformation wear and micro-cutting
wear of the coating become serious. With the increasing
of nitrogen flux (10 L/min), it can be seen from
Fig. 11(b) that the furrows and plastic deformation on the
worn surface are less than that of 5 L/min. When the
nitrogen flux increases to 15 L/min, the coating worn
surface is smooth with shallow furrows (Fig. 11(c)),
indicating that the coating has good anti-wear property.
Plenty of TiN and Ti,N hard phases synthesized in the
coating significantly improve the microhardness of the
coating, and also enhance the ability of resisting
micro-cutting and ploughing in the sliding friction
process. When nitrogen flux is too large (20 L/min),
many debris and peeling offs can be seen on the surface
of the coating (Fig. 11(d)). This can be attributed to the
excessive nitrogen flux which might result in turbulence
phenomenon on substrate surface. The air involved in the
molten pool does not have sufficient time to escape, thus
the micro-cracks and holes generated. Under the action
of the reciprocating grinding force, the micro-cracks
propagate and eventually lead to the bulk peeling off of
the coating.
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Fig. 11 Worn morphologies of coating under different nitrogen fluxes: (a) 5 L/min; (b) 10 L/min; (c) 15 L/min; (d) 20 L/min

4 Conclusions

1) The output voltage x and nitrogen flux / present
significant effects on majority of the evaluation indexes
such as TOC, friction coefficient (COF) and wear mass
loss (I3), while the specific strengthening time s has
significant effect on POC and has minor effect on the
other indexes.

2) The optimal process parameter was obtained as
follows: output voltage (x, 60 V), nitrogen flux (/,
15 L/min) and specific strengthening time (s, 3 min/cm?).

3) The variation of wear mass loss (/3) by the
variation of the output voltage x and nitrogen flux / is
attributed to the changing of wear mechanisms of TiN
coatings. The main wear mechanism of TiN coating
prepared by ESD is micro-cutting wear accompanied by
micro-fracture wear.
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