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Effects of nitrogen flux on microstructure and tribological properties of in-situ
TiN coatings deposited on TC11 titanium alloy by electrospark deposition
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Abstract: In order to improve the tribological properties of titanium alloys, the in-situ TiN coatings were prepared by electrospark
deposition (ESD) on the surface of TC11 titanium alloy. The effects of nitrogen flux on the microstructure and tribological properties
of TiN coatings were investigated. The results show that the coating is relative thin when the nitrogen flux is small and mainly
consists of Ti,N, a-Ti, TiO and TiN phases, and the metastable phase of Ti,N is developed due to the rapid solidification of ESD.
While in excessive nitrogen flux condition, many micro-cracks and holes might be generated in the coating. In moderate nitrogen
flux, the coating is mainly composed of TiN phase, and is dense and uniform (50—55 um). The average hardness is HV,, 1165.2,
which is 3.4 times that of the TC11 substrate. The TiN coatings prepared in moderate nitrogen flux perform the best wear resistance.
The wear loss of the coating is 0.4 mg, which is 2/9 that of the TC11 substrate. The main wear mechanisms of the coatings are
micro-cutting wear accompanied by multi-plastic deformation wear.

Key words: titanium alloy; TiN coating; electrospark deposition; friction and wear

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, metallurgy,
medicine and nuclear industries. For example, the
compressor disks and fan blades of aero-engine,
submarine plane hatch wallboards and pump bodies,
artificial joints and heart valves in medical field and
other components have been made from titanium
alloys [4—6]. However, titanium alloys limit their further
application due to their poor tribological properties such
as high friction coefficient and adhesive wear, leading to
their failure in the early service stage. The surface
modification and treatment of titanium alloys by using
methods such as physical or chemical vapor deposition
(PVD, CVD) [7,8], ion implantation [9], thermal
oxidation [10], magnetron sputtering techniques [11] and
laser cladding [12], have achieved good results. However,
these methods require expensive equipments, specific
room and it is difficult to produce large and complex
shaped components.

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 [13—15].
By utilizing 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, such as W(C92—Co8 hard
alloy coating [16], biocompatibility coating with graphite
electrode in silicone oil dielectric [17] and TiN ceramic
coating [18], have been developed by ESD process on
titanium alloys. TiN coating with high hardness, high
strength and low friction coefficient developed by ESD
is a promising surface coating to modify the titanium
alloy. Although the scholars have done a lot of work on
ESD mechanisms, for example, the electrode material
mass transfer mechanism [19], the single pulsed
morphology formation mechanism [20] and the interface
structure and diffusion behavior mechanism [21] have
been studied systematically, the ESD mechanisms
mentioned above are based on the reality that the
coatings are developed by the electrode materials
transferred to the metallic substrate with simple molten
metallic compound. For TiN coating deposited by
ESD, N, is applied not only as shielding gas but also as
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reactive gas, in which N, will be decomposed and mixed
with the molten electrode material and matrix material to
achieve in-situ synthesis reaction. So, the mechanism to
develop TiN coating by ESD is more complicated and it
has not been investigated deeply.

From a large number of experiments on developing
TiN coatings on titanium alloys by ESD, it is evident that
N, has an important effect on the properties of TiN
coatings and the complicated mechanism for forming
TiN coatings. Thus, in this work, the TiN coatings were
deposited under different nitrogen fluxes and the effects
of nitrogen flux on the microstructure, mechanical
properties and tribological properties of TiN coatings
were studied systematically in order to reveal the ESD
mechanism for developing TiN coatings, for providing a
theoretical basis and a technical support for the
preparation and engineering applications of TiN ceramic
coating on titanium alloys.

2 Experimental

Titanium alloy plate of TC11 with dimensions of
10 mmx10 mmx3 mm was selected as the substrate
material. The chemical composition of TCI1 is listed in
Table 1. The pure titanium TA2 rod with a diameter of
5 mm was used as the electrode.

Table 1 Chemical composition of TC11 titanium alloy (mass
fraction, %)

Al Mo Zr Si Fe O Ti
6.32 3.29 1.79 0.23 0.077  0.096 Bal.

Prior to ESD process, 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 reaction
schematic diagram is shown in Fig. 1. In the EDS
process, N, not only takes as shielding gas to prevent the
oxidation of the titanium alloy, but also as reactive gas to
develop TiN coating. In order to investigate the effects of
nitrogen flux on the properties of the coatings, three
typical flux values of N, (5, 10 and 15 L/min) were
selected. The technological parameters of ESD are as
follows: output voltage 80 V, discharge frequency
1200 Hz and specific strengthening time 3 min/cm®.

In order to evaluate the bonding strength between
the ESD coating and the substrate, scratch tests were
carried out on an automatic scratch instrument of
WS-2005. The scratch parameters are as follows:
loading force 100 N, loading rate 20 N/min, indenter
speed 2 mm/min and scratch length 10 mm. The scratch
hardness Hg was calculated according to the
specification of ASTM G171-03 norm [22]:

8L,
nd?

SL = (1)
where L. is the critical load that can be captured by
acoustic signal and d is the corresponding scratch width
that can be artificial measured. Scratch hardness Hyg; is a
fair indicator of coating cohesion.
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Fig. 1 Schematic diagram of preparing in-situ TiN coatings on
TC11 by electrospark deposition (ESD)

The metallographic morphology was observed by
an optical microscope of DMM-330C. The
morphologies of the microstructure and the worn surface
of ESD coatings were observed by a scanning electron
microscope (SEM) of QUANTA 200. The elemental line
scanning spectrum was tested by X-ray energy-
dispersive analysis (EDAX) attached to the SEM. 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 a DHV-1000
microhardness tester under a load of 4.92 N with a dwell
time of 15 s.

Tribological tests of the ESD coatings were
evaluated by a ball-on-disc tribometer of HT—500. The
upper specimens were GCrl5 steel balls with the
diameter of 4 mm and the surface roughness of 0.05 pm.
The down ones were the ESD coatings. The tribological
tests were conducted at normal atmospheric temperature
(25 °C) with a constant speed of 0.1 m/s under a norm
load of 4 N. The sliding time was 30 min. The wear
losses of the specimens were measured by an
ATB120—4M electric analytical balance with an accuracy
of 0.1 mg.

3 Results and discussion

3.1 Microstructure of coatings

Figure 2 shows the microstructure morphology of
the TiN coating deposited on the surface of TCI1
substrate by ESD. It shows that on the surface of TiN
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coating, typical splash and sputter feature appear
(Fig. 2(a)). When TA2 electrode approached TC11
substrate, a discharge channel might be generated
between the electrode tip and the substrate, in which N,
was ionized and generated high temperature of 8000—
25000 °C in 1x107°-1x10"° s. Meanwhile, the molten
droplets formed on the electrode tip were accelerated by
the high plasma current and deposited on the substrate of
TC11 substrate, resulting in the splash and sputter
feature.

Fig. 2 Microstructural morphologies of TiN coating deposited
at nitrogen flux of 10 L/min: (a) Top surface; (b) Cross-section

Figure 2(b) shows the cross-section metallographic
micrograph of the TiN coating. It shows that the coating
is dense and uniform throughout the cross-section. The
evidently continuous interface proves the formation of
metallurgical bond between the coating and the substrate.
It is clear that the coating can be divided into four typical
areas as shown in Fig. 2(b). Area I is the ESD coating
and area II is the transition zone, while area III is the
heat-affected zone and area IV is the bulk substrate of
TC11. The microstructure in area I is fine and compact.
In the ESD process, due to high energy pulsed discharge
process, the molten pool generated on the surface of
substrate was heated and cooled rapidly, which led to the
increase of the super-cooling degree and the nucleation
rate, then resulted in the grain refinement. The transition

zone II is inhomogeneous with the thickness of
10—15 pum. The heat-affected zone III is relatively thin
and its thickness is 15—20 pm, in which there are no
significant grain boundaries after being etched by Kroll
solution. This means that there is little heat transmitting
effect on the substrate of TC11 in the ESD process. The
bulk substrate IV remains a+f biphasic morphology and
apparent grain boundaries.

Figure 3 shows the morphologies of cross-section of
the TiN coatings at nitrogen fluxes of 5, 10 and 15 L/min,
respectively. When nitrogen flux is too small (5 L/min),
the coating is thin with the thickness ranging from 20 to
25 pm and fewer micro-cracks (Fig. 3(a)). While in

Substrate

Coating

‘Substrate

Coating /,

Substrate

Fig. 3 Morphologies of cross-section of TiN coatings
deposited at different nitrogen fluxes: (a) 5 L/min; (b) 10 L/min;
(c) 15 L/min
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moderate nitrogen flux (10 L/min) condition, the coating
is dense and uniform with the average thickness of

50 um, bonding with substrate metallurgically (Fig. 3(b)).

Meanwhile, some micro-cracks are observed in the
coating, which are approximately in the direction
perpendicular to the coating surface. The molten pool
generated on the surface of substrate rapidly solidifies to
form a coating due to the ESD characteristics and results
in much thermal stress in the deposited coating [23]. As a
consequence, with increasing accumulation of the tensile
thermal stress in the multi-repeat ESD process, the
micro-cracks might develop gradually in the coating.
Furthermore, low toughness of the deposited surface
coating of TiN might also facilitate the development of
the micro-cracks. When the nitrogen flux is excessively
elevated (15 L/min), the thickness of the coating is
increased to a certain extent, but the coating is not
uniform with many micro-cracks and holes and
delamination phenomena at the bonding interface
between the coating and the substrate, which indicates
that the deposited coating is in poor quality and low
bonding strength (Fig. 3(c)). This can be attributed to the
excessive flux of nitrogen gas, which results in severe
chemical reaction between the titanium and nitrogen.
Meanwhile, the turbulence is generated on the local
reaction region of substrate surface, which might be
involved in the molten pool and leads to the formation of
micro-cracks and holes in the coating due to insufficient
time for the air current to escape.

The element distribution across the section of the
coating is illustrated in Fig. 4. It shows that elements of
Ti, N and Al change continuously as a function of depth
from the surface. The contents of elements Ti and N are
relatively high and stable between the surface and the
position 35 um away from the coating, which indicates
that this area is TiN coating. With the increase of the
distance from the surface, the contents of elements Ti
and Al increase while that of element N decreases
between the position 35 and 50 pm from the coating,
indicating that this area is transition zone, in which all
the elements change continuously and slowly to prove
the metallurgical bonding between the coating and the
substrate. Also, the diffusion behavior can be verified by
the changes of the element contents from the line
scanning spectra in transition region. There is higher
content of N in both the coating and the transition region.
This reveals that nitrogen ions (or atoms) ionized by
high-energy pulsed micro-arc have migrated into the
coating when a localized melting pool forms and
solidifies after cooling. Furthermore, there is certain
content of element Al in the coating, which indicates that
element Al has diffused into TiN coating from titanium
alloy substrate during ESD process.

Scanning direction

(b) Ti

Iwr N q [«
, . Al

pie T
0 10 20 30 40 50 60 70
Distance from surface/um

Fig. 4 Cross-section elemental line scanning distribution profile
of TiN coating at nitrogen flux of 10 L/min: (a) SEM image;
(b) Element distribution

In summary, the intermixing pattern among nitrogen
ions (or N atoms), pure titanium electrode material of
TA2 and TCI11 titanium alloy substrate can be
accomplished in two ways in the ESD process. One is the
metallurgical in-situ synthesis reaction in the molten
pool, the other is the diffusion behavior of elements at
the interface. The active nitrogen ions ionized by high
frequency pulsed discharge may be absorbed on the
surface of molten pool and overcome the surface energy
to diffuse into the molten pool rapidly. However, the
intermixing is uneven due to the ultrahigh condensation
rate of the molten pool, which restricts the diffusion of
nitrogen ions (or atoms). For this reason, the upper
portion of molten pool contains much more element N
than the lower portion. Compared with element N,
element Al diffuses into the interfacial region much more
easily on account of the opposite direction of thermal
gradient. So, there exists certain content of element Al in
the upper and the lower portions of the coating.

The X-ray diffraction patterns of the coatings
prepared at different nitrogen fluxes are illustrated in
Fig. 5. The coating is mainly composed of TiN and Ti,N
phases in the moderate nitrogen flux (10 L/min)
condition (Fig. 5). However, TiO and a-Ti peaks are also
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found besides the TiN and Ti,N phases as the nitrogen
flux is too small (5 L/min), indicating that 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
generation of TiO phase. In excessive nitrogen flux
(15 L/min) condition, the coating is mainly composed of
TiN phase and Al;TiggV, compound.

* +—TIN
* —Ti,N
® —TiO

15 L/min

! vy— A_IATi[].HVt].E
& — TiCy 5Ny,
+

10 L/min At

&

v
. A *
A AN
5 L/min
20 30 40 50 60 70 80

20/(°)
Fig. 5 XRD patterns of TiN coatings deposited in different

nitrogen flux conditions

It is important to study the metallurgical reaction
during the ESD process because of the complicated
in-situ synthesis reaction occurring in the molten pool.
The main elements Ti and N and their possible reactions
are discussed primarily. For the Ti—N system, the
following reactions are proposed:

N>,—2N"+2¢ )
N'+e=N 3)
2Ti+N—Ti,N @)
Ti,N+N—2TiN (5)
Ti+N—TiN (6)

The amount of nitrogen ions (or atoms) produced by
high frequency pulsed discharge in low nitrogen flux
condition is small, therefore, the amount of the nitrogen
ions (or atoms) absorbed on the surface of molten pool at
first and then diffused into the molten pool by
overcoming the surface energy is small. However, the
titanium alloy substrate with lower melting point
generates a large volume of molten materials, so the
mole ratio of N to Ti (n(N)/n(Ti)) is relatively small.
According to the binary diagram of Ti—N system [24],
the product mainly consists of a-Ti and Ti,N phases.
Although Ti,N phase is a metastable phase, it is possible
to be developed due to the kinetics of the ESD process.
ESD is a high energy pulsed process accomplished with
rapid solidification of the melting pool. Hence, it enables
to generate and retain some metastable phases in the

coating. When the nitrogen flux is large, the amount of
the nitrogen ions (or atoms) diffusing into the molten
pool is large and so is the n(N)/n(Ti) value, which results
in the generation of TiN phase. And the above results are
consistent with the XRD pattern analysis.

3.2 Mechanical properties of coatings

Figure 6 shows the microhardness distribution of
cross-section of TiN coatings deposited in different
nitrogen flux conditions. It shows that the microhardness
of the different coatings increase
significantly compared with that of the substrate. The
highest values of microhardness appear on the top
surfaces of coatings and decrease gradually along the
depth direction of the coating. At moderate nitrogen flux

values three

of 10 L/min, the microhardness value of the coating is
the highest, and the average microhardness is HV,,
1165.2, which is 3.4 times that of the substrate. This is
attributed to high contents of TiN phase and Ti,N phase
in the coating as well as the strengthening effect of grain
refinement due to the rapid solidification in ESD
process [25]. In the excessive nitrogen flux condition
(15 L/min), the average microhardness of the coating is
HV,, 982.3, because the defects such as micro-cracks
and holes in the coating decrease the microhardness of
the coating. When the nitrogen flux is too small
(5 L/min), the average microhardness of the coating is
HV,,842.1, which is the lowest compared with those of
other coatings. This can be attributed to lower content of
TiN phase in the coating. The chemical reaction between
nitrogen and titanium becomes weak due to the low flux

of nitrogen.
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Fig. 6 Microhardness distribution of cross-section of TiN

coatings at different nitrogen fluxes

The bonding strength between the coating and the
substrate is an important parameter to evaluate the
coating performance. Scratch tests were carried out on
the apparatus of WS—2005 to measure the bonding
strength of the coatings. The results are shown in Fig. 7.
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Fig. 7 Acoustic signal maps of TiN coatings deposited at
different nitrogen fluxes: (a) 5 L/min; (b) 10 L/min;
(¢) 15 L/min

The critical normal load of L, can be measured
at the beginning of the occurrence of coating failure and
it is a characteristic value for each coating. The critical
load value of the coating deposited at moderate nitrogen
flux (10 L/min) is 61.4 N, and the critical load values of
the coatings deposited in the conditions of too small
nitrogen flux (5 L/min) and excessive nitrogen flux
(15 L/min) are 56.1 and 49.3 N, respectively.

The optical and SEM images of the scratches on the
coatings deposited in different nitrogen flux conditions

. ="y Ty TR e
W Scratch direction |

after the scratch tests are illustrated in Fig. 8. From the
SEM images, the coating fracture occurs under the
dynamic load of nanoindenter and the contents of
elements Ti and N change dramatically. In combination
with acoustic signals demonstrated in Fig. 7, it is clear
that the coating failure occurs at this location. The
corresponding scratch widths were measured artificially.
The scratch hardness values (Hgp) for the three coatings
are calculated according to Eq. (1) and the results are
shown in Table 2.

Table 2 Scratch testing results of TiN coatings

N, flux/(L'min ") d/m LJ/N Hg /GPa
5 5.12x107* 493 0.479
10 5.34x107* 61.4 0.549
15 5.63x107* 56.1 0.451

The scratch hardness Hgp is an important index for
coating adhesion. Consequently, the Hg values of three
coatings at different nitrogen fluxes of 5, 10 and
15 L/min are 0.479, 0.549 and 0.451 GPa, respectively,
which demonstrates that the coating deposited at
moderate nitrogen flux (10 L/min) is in the strongest
bonding state compared with other two coatings. High
Hg; value of scratch hardness is attributed to the thicker
coating, denser structure, and higher microhardness as
well as less micro-defects in the coating [4].

50 um

Fig. 8 Optical (a—c) and SEM (d—f) images of scratches after scratch testing on TiN coatings deposited at different nitrogen fluxes:

(a, d) 5 L/min; (b, ) 10 L/min; (¢, f) 15 L/min
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3.3 Tribological properties of coatings

The friction and wear results of the TiN coatings in
different nitrogen flux conditions are shown in Fig. 9. It
shows that the coatings exhibit low friction coefficients
and small wear losses compared with the TC11 samples.
Especially, the coating deposited at nitrogen flux of
10 L/min has the lowest friction coefficient and the least
wear loss. For the TC11 alloy, after the running-in period
of 2 min, the friction coefficient sharply increases to a
large value of 0.49 and its fluctuating range is relatively
large (£0.02). When the nitrogen flux is too small
(5 L/min), the friction coefficient of coating increases
slowly from 0.15 to 0.25 within 15 min, and then sharply
reaches 0.49 which is as large as that of TC11 substrate
after 15 min, which indicates that the coating has been
worn out and results in the exposure of the TCIl
substrate. In this situation, the friction between the
coating and GCrl5 ball has been changed into that
between TC11 substrate and GCrl5 ball, so, the friction
coefficient increases in a great margin. In the moderate
nitrogen flux condition (10 L/min), the friction
coefficient of the coating maintains at 0.08, which
reduces 83.4% compared with that of TC11 substrate,
indicating that TiN coating has an excellent performance
of reducing friction. But if the nitrogen flux becomes
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Fig. 9 Friction coefficients and wear losses of TC11 substrate
and TiN coatings deposited at different nitrogen fluxes

excessive (15 L/min), the friction coefficient of the
coating increases linearly from 0.07 to 0.13 as a function
of time.

Figure 9(b) illustrates the variation of wear losses of
the coatings deposited in different nitrogen flux
conditions. It shows that the wear losses of the coatings
are smaller than that of the TC11. Especially, the wear
cost of coating deposited at the moderate nitrogen flux
(10 L/min) is the least (0.4 mg), which is 2/9 that of the
TC11. If the nitrogen flux is small (5 L/min) or excessive
(15 L/min), the wear losses of the coatings are 0.8 and
1 mg, respectively, which are both lower than that of the
TC11 substrate. So, the nitrogen flux has very important
effect on the anti-wear properties of the coatings.

The morphologies of worn surfaces of the coatings
deposited in different nitrogen flux conditions are shown
in Fig. 10. It is obvious that there are many serious
furrows and plastic deformation on the worn surface of
TC11, which indicates that the main wear mechanisms
are micro-cutting wear and multi-plastic deformation
wear (Fig. 10(a)).

The morphology of worn surface of the coating
deposited at a small nitrogen flux of 5 L/min is shown in
Fig. 10(b). It can be seen that there are the traces of
furrows and plastic deformation on the worn surface,
which is similar to that of TC11 substrate (Fig. 10(a)). It
is attributed to thin (20—25 pm) and low microhardness
(HVy, 842.1) of the coating. Due to small value of
nitrogen flux which might result in weak chemical
reaction between the nitrogen and the titanium, the
friction coefficient of the coating sharply rises to 0.49
after 15 min (Fig. 9(a)), indicating that the coating has
been worn out and the friction and wear between the
coating and GCrl5 have changed into those between
TC11 and GCrl5. The main wear mechanisms are
multi-plastic deformation wear and micro-cutting wear.

Figure 10(c) shows the morphology of worn surface
of the coating deposited at moderate nitrogen flux
(10 L/min). It shows that the worn surface is smooth and
covered by many shallow furrows, which indicates that
the coating exhibits favorable wear resistance and its
main wear mechanism is micro-cutting wear. Due to the
splash and sputter morphology of ESD TiN coating, at
the running-time of friction with the counterpart GCrl5
ball, the hard particles peel off from the surface of TiN
coating and transform to debris, leading to some
ploughing furrows on the TiN coating. However, the role
of furrow plough is small as a result of high hardness of
TiN coating, which leads to micro-cutting wear
ultimately. In addition, dense and uniform distribution of
the coating throughout the cross-section and
metallurgical bonding with substrate also provide the
strong support for the coating to exhibit excellent wear
resistance.
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Fig. 10 Morphologies of worn surfaces of TCI11 substrate and TiN coatings deposited at different nitrogen fluxes: (a) TCII;
(b) 5 L/min; (c) 10 L/min; (d) 15 L/min; (¢) EDAX spectrum of debris marked in Fig. 10(d)

As to the coating deposited at excessive
nitrogen flux (15 L/min), the worn surface is rough, and
there are many micro-fracture areas and micro-
cutting traces as well as some desquamated debris as
shown in Fig. 10(d). Figure 10(e) shows the EDAX of
wear debris marked in Fig. 10(d). As can be seen,
the major elements are Ti, N and O, which indicates
that in the friction process, the coating element Ti
with high chemistry activity generates oxide products
when it contacts with O. Meanwhile, element Fe is
transported from the GCrl5 ball. As discussed above,
although there are many hard phases of TiN and Ti,N
in the coating (Fig. 5), large amount of micro-cracks

and holes on the cross-section surface and delamination
at the weakly bonded interface (Fig. 3(c)) due to
excessive nitrogen flux may greatly decrease the wear
resistance. In friction process, under the repeated
action of normal load and friction forces of the
counterpart, the defects in the coating such as
micro-cracks and holes might propagate and finally
result in the peeling off from the coating, which leads to
much debris in composition with that deposited at
nitrogen flux of 10 L/min. So, the wear loss increases
significantly and leads to rough worn surface. The main
wear mechanisms are micro-cutting wear and
micro-fracture wear.
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4 Conclusions

1) The in-situ TiN ceramic coatings were
successfully deposited on the surface of TC11 titanium
alloys by electrospark deposition (ESD). In the
deposition process, the industrial pure titanium of TA2
was selected as the electrode material and high purity
nitrogen gas as the reaction and protection gas.

2) The nitrogen flux has very important influence
on the microstructure of the coatings. At moderate
nitrogen flux, the coating is uniform and dense in a tight
metallurgical bonding state. At small nitrogen flux, the
coating is thin with the lowest hardness. And when the
nitrogen flux is in excessive condition, there are many
micro-cracks and holes on the cross-section surface as
well as delamination at the interface between the coating
and the TCI11 substrate.

3) The TiN coating has excellent wear resistance
and anti-friction properties, which is also greatly
influenced by the nitrogen flux. As nitrogen flux
increases, the main wear mechanism of the coating is
transformed from micro-cutting wear to multi-plastic
deformation wear companied with micro-cutting wear,
and then the micro-facture wear.
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RARMEN TCLL KA ERME R NTEIRAL R
JUER TiN 520 B R 4B R FnEE S 1 RERY F2 IR

o, Rk k, EAR, R B, B A

<ok

B TR BT R A BE, Bat 210007

B OE. RSIG SR BTG, 18 KIETTRBIRTE TC11 BG4 R M A7 R TR TIN 38402, BT
N, VBT oA J2 AR AR PR R 22 PR RE B . 25 SRR 2 Ny i ik /N, b2 SRR, 2B TioN.
o-Tiv TiO F1 TiN ZEAHAL G, HL KPR PRE L B AR T ™ AR It SO A e, 15 AR TN AHIR B 7E 3Rk
A Y Ny inti i K, SRAGZ e SR FLIR SR MR 22 s T4 Ny W& i, 38402 32t TIN SE9AH A%,
HEUEYIE(50~55 um), T EMAEREIE HV),1165.2, J& TC11 K& EIARM 3.4 fi5. M Ny i &E I, TiN
1k 2 T BEVE e fe e, eI LR U & N 0.4 mg, J2 TC11 FEAR) 2/9, 3= 55 ErastH L IE Ky SO 77 1 BE 45 N 2 v 4
AR PE .
KHEIR: A4S TINGRZE; KBTI, PEEE IR
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