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Abstract: Ti—Al-N composite coatings were in-situ synthesized on TC4 surfaces by laser cladding. The oxidation
behaviors and wear properties of the as-obtained composite coatings and TC4 matrix were studied at various
temperatures. The results showed the formation of a TiO>-dominated multilayer film on the composite coating surface at
temperatures below 800 °C. The oxidation product of the coating contained a mixed oxide layer of TiO, and Al,O3 at
900 and 1000 °C. The coatings exhibited good oxidation resistance at high temperatures. The thickening of the oxide
film and distribution of the self-lubricating phase Ti>AIN in the coating decreased the friction coefficient to 0.2091.
Also, the wear rate diminished to 0.025x10™*mm?N"'-m™ at 800 °C, which is 1.43% that of the TC4 substrate. In the
tested temperature range, the composite coatings showed mainly abrasive wear behavior, while an obvious lubrication

effect was observed for oxide at high temperatures.
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1 Introduction

Ti—6Al-4V (TC4) is a typical o—f type
two-phase titanium alloy that combines the
characteristics of a and g type titanium alloys. TC4
is characterized by excellent toughness and thermal
stability at low temperatures, and thereby, it is
widely used in petrochemical, marine, aerospace,
and other load-bearing environments [1-3]. However,
the TC4 alloy strongly reacts with oxygen above
550 °C, leading to formation of a weak oxide
film with poor protection on its surface [4,5].
In addition, the TC4 alloy has poor wear resistance
at high temperatures [6—8], causing serious
accidents during long service due to tribological
failure. DI et al [9] prepared an AlCoCrFeMoVTi
high-entropy alloy coating on the TC4 surface
by laser cladding. They noticed the formation of
dense oxide films, such as Cr,O; and ALOs; on
the cladding layer, which led to significantly

improved wear and high-temperature oxidation
resistance of TC4. TANG et al [10] obtained a dense
modified Zr—N alloying layer using Zr—N ion
asynchronous infiltration on TC4. Their results
showed significant improvement in the wear
resistance of the modified coating, while the wear
rate was reduced by 2-fold. Moreover, the coating
illustrated good oxidation resistance at high
temperatures. Therefore, surface modification
technology has been an effective means of
enhancing the oxidation resistance, friction, and
wear performance of the TC4 alloy at high
temperatures.

Compared to traditional ceramic materials, the
MAX phase is characterized by a special nanometer
lamellar structure and bonding type, leading to
excellent properties in terms of the high elastic
modulus, high-temperature oxidation resistance,
corrosion resistance, and wear resistance [11]. In
this respect, ZHANG et al [12,13] prepared a
Ti2AlC coating by supersonic flame spraying and
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discharge plasma spraying. The as-obtained coating
combined well with the substrate to yield good
oxidation resistance and wear resistance. LIU
et al [14] prepared a titanium base coating by laser
cladding of Ti—TiC—WS; on the TA2 alloy. Under
the combined effect of the enhanced phase TiC/
(Ti,W)Ci—x and self-lubricating phase Ti,SC/TiS,
the friction coefficient of the as-obtained coating
reached 0.257 at 250 °C, and the wear rate was
0.487x10° mm>N 'm™! at 500 °C. CAO et al [15]
synthesized a Ti,AlC coating by supersonic flame
spraying and studied its high-temperature friction
and wear performance. Their data revealed a greatly
reduced friction coefficient due to the self-
lubricating effect of the coating. SINGH et al [16]
and CHEN et al [17] successfully prepared TiC/
SiC/Ti3SiC, and SiC/Ti3SiC, composite coatings by
spark plasma sintering technology. They then
utilized the layered Ti3SiC, phase to improve the
high-temperature oxidation and wear properties of
the coatings. Previous studies mainly focused on
the self-lubricating effect of the MAX phase.
However, the oxidation behavior, characterization
of oxidation products, and their effects on wear
properties should further be clarified, especially for
multiphase microstructural composite coatings.

In this work, Ti—Al-N composite coatings
were synthesized in-situ by laser cladding.
High-temperature cyclic oxidation experiments, as
well as high-temperature wear testing, were carried
out on the composite coatings. The friction
coefficient, wear amount, and microstructure of
each composite coating were analyzed on the basis
of its oxidation characteristics. The high-
temperature wear behaviors and the mechanisms of
the composite coatings were investigated to provide
support for the preparation of a new composite
coating that contains MAX phases on the TC4
surface and its application under high-temperature
dynamic load service conditions.

2 Experimental

2.1 Materials and coating preparation

The chemical composition of the TC4
substrate is provided in Table 1. The preparation
process consisted of first mixing Ti4822 TiAl
powder alloy (purity 99%, 15—53 um), TiN powder
(purity 99%, 2—10 pum), and Al powder (purity 99%,
50—150 um) at mole ratio of TiAL:TiN:Al=1:1:0.1.

A planetary ball mill was used for the mixing
followed by drying in a vacuum oven for later use.
A YSL-6000 fiber laser system was used for
cladding experiments of prefabricated powder
coatings under protected argon gas at a flow rate of
10 L/min. The process parameters were set to
laser power of 2500 W, scanning speed of 2 mm/s,
and spot size of 10 mm % 2 mm. Figure 1 shows the
microstructure and XRD pattern of the Ti—Al-N

Table 1 Chemical composition of Ti6Al4V titanium
alloy (wt.%)

Al v Fe O C N H Ti
6.10 420 030 0.10 0.05 0.015 0.20 Bal

© v — TLAIN
§ ¢ — TiN
o — Ti,Al
& — TiAl
o — TiAl,

10 20 30 40 50 60 70 80 90
20/(°)
Fig. 1 Microstructures and XRD pattern of Ti—Al-N
composite coatings: (a) Interface; (b) High magnification
image of middle zone; (c) XRD pattern of as-cladded
coating
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MAX phase composite coating prepared by laser
cladding and the details can be found in our
previous work [18]. The coating exhibited a good
metallurgical bond with the matrix without the
presence of holes, cracks, or other defects. The
composite coating was mainly based on TiAl (y+az)
phases. The TiN/Ti;AIN core-shell reinforced phase
with dendritic TiN as the core and Ti,AIN as the
shell was formed, and small amounts of equiaxial
Ti,AIN particles were dispersed in the matrix [18].

2.2 Structural characterization and performance
evaluation

The microstructure, wear morphology, and high-
temperature oxidation morphology of each
composite coating were analyzed by field emission
scanning electron microscopy (ZEISS Gemini 300).
The phase composition of each composite coating
was analyzed by a Panaco X'Pert PRO and Bruker
X-ray diffractometer.

For oxidation experiments, the TC4 substrate
and composite coating samples were first cut into
pieces with dimensions of 15 mm x 11 mm x 2 mm.
Next, the samples were cyclically oxidized in a
SX-6-12 box-type resistance furnace for 50 h at
600, 800, 900 and 1000 °C. An electronic balance
with an accuracy of 0.01 mg was employed for
weighing the samples. Each experiment was carried
out three times, and the average value was obtained.
To ensure the accuracy of the oxidation dynamic
curves, each sample was weighed at 0.5, 1, 2, 3, and
5 h after beginning the oxidation process, and then
it was weighed every 5 h for 50 h.

An UMT-2 system was used for dry sliding
wear tests on the TC4 substrate and composite
coatings. The test parameters are summarized in
Table 2. The size of the wear sample was set to
15 mm X 15 mm X 5 mm, and circular motion wear
tests of both the substrate and coating were carried
out. The friction matching mode was based on a
ball-block type, and the counterpart consisted of a
hard Al>O; ball with a diameter of 5 mm. The tests
were carried out under an atmospheric environment
at 25, 200, 400, 600 and 800 °C. Before testing, the
samples were heated in a furnace to the working
temperature at a rate of 10 K/min and then kept at
the working temperature for 30 min. The test
machine system automatically provided the friction
coefficient—time curves, in which each friction
coefficient was obtained by the average of a series

of stable friction coefficients. The wear volume was
measured by a three-dimensional profilometer, and
the wear rate Wr (mm*N!''m™') was obtained by
a wear quantity corresponding to unit load and
sliding distance. The calculations were carried out
according to Eq. (1):

Y

== 1
F x2nrRt M

WR
where O, F, and r are the wear volume (mm?), load
(N), and wear radius (mm), respectively, R is the
revolution speed (r/min), and ¢ is the friction time
(min).

After dry sliding wear tests, the worn surface
morphologies were analyzed by SEM, and volume
loss was measured by a JB-4C surface profilometer.

Table 2 Friction and wear test parameters

Temperature/ Load/ Revolution Wear
°C N speed/(rmin”') time/min
25,200, 400, 600, 800 10 100 20

3 Results and discussion

3.1 High-temperature oxidation behaviors of

Ti—Al-N composite coatings

The cyclic oxidation kinetics curves of the
TC4 matrix and composite coatings are gathered in
Fig. 2. At temperatures from 600 to 800 °C, the
mass gain of the Ti—Al-N composite coating
looked obviously small after cyclic oxidation for
50 h, ranging from 0.53 to 14.46 mg/cm’. By
comparison, the mass gain of the TC4 substrate
under the same conditions varied from 0.85 to
17.47 mg/cm?. At temperatures from 900 to
1000 °C, the mass gain of the Ti—Al-N composite
coating after cyclic oxidation for 50 h ranged from
48.05 to 128.31 mg/cm?, while that of the TC4
substrate varied from 69.17 to 166.82 mg/cm?. Thus,
the Ti—Al-N composite coatings showed excellent
high-temperature oxidation resistance in the
temperature range of 600—1000 °C.

As seen from the oxidation kinetics curves, the
unit mass gain of composite coatings after cyclic
oxidation for 50 h was less than that of the TC4
substrates at every temperature condition. XRD
patterns of TC4 substrates and the composite
coatings after oxidation are shown in Fig. 3. The
oxides of the composite coating were TiO, and
Al,Os3; these were the same as those of the TC4
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Fig. 2 Oxidation kinetics curves of samples at different temperatures: (a) TC4 alloy; (b) Ti—Al-N composites
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Fig. 3 XRD patterns of TC4 substrates (a) and Ti—Al-N composite coatings (b) after oxidation

substrates, but the amounts of oxides were different.
The composition of the coatings before oxidation
was mainly Ti,AIN, TiN, and TiAl intermetallic
compounds. The amount of Al atoms in the coatings
was much higher than that in the TC4 substrates;
this led to a higher content of Al,O3 in the oxides of
the composite coatings than in the TC4 substrates.
It could be inferred that the reason of the mass gain
of composite coatings was better than that of the
TC4 substrates was mainly related to the formation
and content of AlOs. The cross-sectional
microstructure and line scan data for the composite
coating after oxidation at 1000 °C are shown in
Fig. 4. In this condition, the surface oxide of the
coating was TiO,, and the subsurface was AlOs.
Previous studies showed similar formation behavior
of TiO; and AlO; [19-22]. TiO; and ALO; are
generated simultaneously at the start of the
oxidation process. However, the Gibbs free energy
of Al,O; (which is the product of the Al oxidation
reaction) in the early oxidation stage was lower
than that of TiO, (which is the product of the Ti
oxidation reaction). Hence, the growth rate of AL,O3

Al\\l
[ o AN MW I
0™ N W | )V s \‘J Y 1,}‘

1!

VALV AN ;U i
90 120 150 180 210
Distance/um

Fig. 4 Cross-sectional microstructure (a) and EDS line
scanning results (b) of Ti—Al-N composite coating after
oxidation at 1000 °C
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was not as fast as that of TiO,, and a TiO; oxide
film that was not compact formed on the coating
surface. Meanwhile, Al in the coating was enriched
near TiO, because Ti was consumed. This
facilitated the formation of the Al,Oj3 layer. Because
of its excellent oxidation resistance, AlLOs can
prevent the diffusion of oxygen and metal ions and
further inhibit oxidation. However, because of the
low content of Al, it was not possible for a compact
subsurface layer of AlO; to form on the TC4
substrate. This resulted in poor high-temperature
oxidation resistance of the TC4 substrate compared
with composite coating.

The surface morphologies of TC4 substrate
after cyclic oxidation for 50h at different
temperatures are provided in Fig. 5. The oxide film
began to form on the substrate surface at 200 and
400 °C and looked smooth at 600 and 800 °C with

comprehensive oxidation and no cracks. However,
the oxide film became uneven after cyclic oxidation
at 900 and 1000 °C with some agglomerated oxides.
According to the XRD patterns in Fig. 3(a), Al>O;
and TiO> were both detected in surface oxidation
products of the substrate after cyclic oxidation at
different temperatures for 50 h. However, the
substrate phases were dominated by TiAlsz at 200
and 400 °C, and there was only a small amount of
AlLOs and TiO,. This indicates that there was slight
oxidation on the surface of TC4 at those
temperatures. At 600 and 800 °C, the surface of the
TC4 substrates was covered by oxide films. The
TiAl; phase was not detected in the XRD spectra.
Meanwhile, the diffraction peaks of the TiO, phase
were stronger than those of the Al,O; phase. As a
result, TiO, oxide film mainly formed during the
cyclic oxidation of TC4 at this temperature with

Fig. 5 Surface morphologies of TC4 substrate after cyclic oxidation for 50 h at different temperatures: (a) 200 °C;

(b) 400 °C; (c) 600 °C; (d) 800 °C; (e) 900 °C; (f) 1000 °C
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small amounts of Al>Os. The diffraction peak of the
Al,O;3 phase in the oxidation products at
900—1000 °C gradually increased, indicating an
increase in AlOs products in the oxide layer as a
function of temperature.

The micromorphology of oxide films of the
composite coatings after cyclic oxidation at
different temperatures for 50 h is illustrated in
Fig. 6. Comparison between Fig.5 and Fig. 6
reveals more uniform and compact oxide surface
structures of composite coatings than those of the
TC4 substrate. Also, no cracks occurred on the
oxide surface. No significant oxidation occurred on
coatings after cyclic oxidation at 200 and 400 °C
for 50 h (Figs. 6(a) and (b)). As seen in Fig. 3(b),
the coating phase was mainly composed of Ti>AIN,
TiC, and TiAl intermetallic compounds after
oxidation below 600 °C. This indicates that the
composite coating only underwent slight oxidation
in this temperature range.

After cyclic oxidation at 600 °C for 50h
(Fig. 6(c)), the difference in oxidation performances
of all three phases at high temperatures led to an
uneven surface due to selective oxidation in local
areas. Hence, the oxidation film did not cover the
entire surface. The EDS analyses of spectral points
in Fig. 6 are summarized in Table 3. At 600 °C, the
oxide film on the composite coating surface
consisted of the multilayered film that was mainly
composed of dendrite TiN at protrusions, a white
edge of TiO, oxidized from Ti,AIN particles, and
TiO; + AlO; mixed oxide in the relatively flat
region. After cyclic oxidation at 800 °C for 50 h
(Fig. 6(d)), the oxidation film generated on the
composite coating surface became clustered in most
areas with some islands in some areas. Also, the
oxidation of the coating was more sufficient than
that at 600 °C. In Fig. 6(d), the microstructure of
the oxidized surface at high magnifications showed
a short rod-like phase. Combining XRD (Fig. 3(b))

Fig. 6 Surface morphologies of composite coatings after cyclic oxidation for 50 h at different temperatures: (a) 200 °C;

(b) 400 °C; (c) 600 °C; (d) 800 °C; (e) 900 °C; (f) 1000 °C
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Table 3 EDS results of spectral points shown in Fig. 6

(at.%)
Position Ti Al (0] Possible phase
1 34.84 0.62 64.54 TiO,
2 40.50 19.22  39.78 TiO,, ALO3
3 26.11 0.18 73.71 TiO,
4 40.86 6.70 52.44 TiO,, ALO3
5 25.37 8.20 66.43 TiO,, ALO3
6 4.06 27.14  68.79 ALO;
7 16.88  13.31 69.81 TiO,, ALO3
8 34.48 0.70 64.82 TiO,
9 19.80 1.43 78.77 TiO,
10 24.05 1.30 74.65 TiO,

and EDS analyses revealed a slightly higher content
of ALLOs than that at 600 °C. Hence, the oxidation
product of the composite coating was still mainly
TiO,. After cyclic oxidation at 900 °C for 50 h
(Fig. 6(e)), ridges and clusters appeared on the
oxidized surface. However, at high magnifications,
the oxidized products presented knife-like and
granular  phases, with small amounts of
agglomeration of large lumpy tissue and an uneven
oxidized surface. From XRD and EDS data, the
small number of coarse granular oxidation product
clusters are associated with TiO,, and the knife-like
phase consisted of stable Al,Os. Also, the composite
coating surface consist of a TiO,+AlLO3; mixed
oxide film. The microstructural morphologies of the
oxidized composite coating surface after cyclic
oxidation at 1000 °C for 50 h are presented in
Fig. 6(f). After cyclic oxidation at 1000 °C, the
surface of the composite coating was covered with
fine oxides, and no pits caused by the difference in
oxidation properties were observed. By contrast,
more protruding and growing coarse rod-shaped
oxide clusters with larger lengths were noticed. In
addition, small amounts of knife-chip Al,O3; were
also visible. From XRD and EDS analyses, the
coarse rod-shaped oxide clusters could be related to
TiO,;, and oxidation products of the composite
coatings consist of mixed oxide layers of TiO, and
ALO:s.

3.2 Wear behaviors of Ti—Al-N composite
coatings at different temperatures
The friction coefficient—time curves of the
TC4 matrix and Ti—Al-N composite coating at
different temperatures are illustrated in Fig. 7.

During the initial stage, the contact area between
the friction pair and composite coating changed to a
plane. This process expanded the contact surface
and increased the frictional shear force. This
resulted in transient fluctuations of the friction
coefficient curves of TC4 and the composite coating
at different temperatures [23,24]. After a period of
wear, the dynamic friction coefficient curves had
relatively stable trends. The steady-state friction
coefficients of composite coatings at 25, 200, 400,
600, and 800 °C were estimated to be 0.4036,
0.3358, 0.3406, 0.2695, and 0.2091, respectively.
The friction coefficients of the coatings decreased
gradually at high temperatures because of softening
of the coatings as the temperature rose. Here, the
actual temperature of the contact surface was higher
due to the friction between the composite coating
and Al;O; counterpart. At higher temperature, the
diffusion of oxygen intensified, resulting in
accelerated rates of oxide formation on the
composite coating surface to yield denser and
thicker oxide films. The presence of fine oxide
debris can also prevent direct contact between the

0.5
. 04
=l
8
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> 0.3
S
=l
£ 02
5
= —25°C
0.1F 200 °C
—— 400 °C
—— 600 °C
U 800 °C
0 200 400 600 800 1000 1200
Time/s

Friction coefficient

0 200 400 600 800 1000 1200

Time/s
Fig. 7 Friction coefficient—time curves of TC4 substrate
(a) and composite coating (b) at different temperatures
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coating and counterpart, further reducing the
friction coefficient. Therefore, oxide films formed
at high temperatures possessed certain self-
lubricating effects on the friction of the coating.

Figure 8 compares the steady-state friction
coefficients and wear rates of TC4 and composite
coatings at different temperatures. The friction
coefficients of the coatings at 200, 400, and 600 °C
were lower than those of the substrate (Fig. 8(a)).
At 25 °C, the reciprocating change in the load stress
led to direct contact between the reinforcement
particles on the coating surface and Al,O3
counterpart, resulting in fatigue failure. The
particles then fell off to become abrasive particles,
leading to three-body wear behavior. Consequently,
the friction coefficient of the coating was slightly
higher than that of TC4 substrate. At 800 °C, the
friction coefficient of the TC4 decreased to reach
that of the softened coating of TC4.

As shown in Fig. 8(b), the wear rate of the
TC4 substrate showed an overall downward trend
below 600 °C. However, the TC4 substrate was

0.5
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Fig. 8 Friction and wear properties of TC4 and
composite coating at different temperatures: (a) Steady-
state friction coefficient; (b) Wear rate

exfoliated during the wear process at 800 °C
because of the local adhesive wear, and this resulted
in a significant increase in the wear rate. The wear
rate of the composite coating decreased rapidly as
the temperature increased, especially at 400 °C.
Combined with the oxidation morphology, it can be
concluded that the oxide film formed at higher
temperatures isolated the contact surface. Also, the
contact between the Al,Os counterpart with the
composite coating induced shear slipping of the
TiAIN self-lubricating phase distributed in the
coating under stress during friction. This achieved a
better lubrication effect and effectively reduced the
wear rate of the composite coating [21]. As a result,
the wear rates of composite coatings were lower
than those of the substrate at high temperatures.

At 800 °C, the wear rate of the TC4 substrate
was estimated to be 1.748x10™*mm?3-N"'-m™!, while
that of the composite coating was only
0.025x10*mm*N"'m™" (1.43% that of TC4
substrate). The reason for this had to do with the
temperature increase, which enhanced the thickness
and formation rate of the oxide film. Also, the fine
oxide particles that were present on the composite
coating surface played an excellent lubrication role,
further declining the wear of the composite coating.
Meanwhile, the local plastic flow of the oxide layer
at high temperatures further reduced the friction
coefficient and wear rate of the coating.
Consequently, the coatings showed better wear
resistance at high temperatures than TC4 did.

3.3 Wear mechanism of Ti—Al-N composite

coatings at high temperatures

SEM images showing wear morphologies of
the TC4 substrate at different temperatures are
depicted in Fig. 9. Serious abrasive wear occurred
on the TC4 surface at low temperatures. The
hardness of the Al,O; pair was much higher than
that of TC4, and a normal load facilitated pressing
of the friction pair into the surface. Under the action
of continuous frictional shear stress, continuous
shear wear and fatigue wear took place on the
surface, leaving a relatively obvious furrow. Under
the ploughing action of the hard friction pair, the
substrate surface was peeled off. Some spalling
material gradually broke away from the wear scar
with the progress of wear, while some broke under
the action of friction stress to form fine debris
particles. This formed three-body wear between the



(¢)

friction pairs [25]. At 600 °C or above, the abrasive
wear on the substrate surface reduced. At 800 °C,
the matrix oxide TiO, grew rapidly and protruded
from the surface of the substrate. It broken and
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Fig. 9 Wear scar morphologies of TC4 titanium alloy substrate at different temperatures: (a, b) 25 °C; (c, d) 200 °C;
(e, f) 400 °C; (g, h) 600 °C; (i, j) 800 °C

peeled off under the fatigue effect between the
friction pairs, and this also led to an increase in the
wear rate of the TC4 substrate.

The wear morphologies of Ti—Al-N composite
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coatings at different temperatures are shown in failure occurred (Figs. 10(a) and (b)). This resulted
Fig. 10. At room temperature, the alternating stress in large numbers of tortoise cracks on the coating
between the wear pairs separated a small number of ~ surface. As the temperature rose to 400 °C, large
reinforced particles from the substrate and fatigue numbers of pits and chips formed on the surface of

Ploughing

i

Wear debris

Severe ploughing

:

Wear debris

a

Fig. 10 Wear scar morphologies of composite coatings at different temperatures: (a, b) 25 °C; (c, d) 200 °C; (e, f) 400 °C;
(g, h) 600 °C; (i, j) 800 °C
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the coating wear scars (Figs. 10(e) and (f)). Hence,
TiO»-based oxide film on the coating surface played
a certain role in lubrication and protection.
However, insufficient oxidation on the coating
surface at lower temperatures led to ineffective
protection of the material. The oxide film that
continuously formed on the coating surface broke
and peeled off. In turn, the peeled oxide particles
acted as abrasive particles to form three-body
abrasive wear, aggravating the loss of materials [25].
In Figs. 10(g) and (h), a further increase in
temperature to 600 °C accelerated the formation
rate of oxide on the composite coating surface to
yield a denser film. Also, the oxide film dominated
by TiO, became thick. The fine oxide debris played
a good lubrication role, further reducing the volume
loss of composite coating. Meanwhile, the frictional
heat effect caused by high-temperature friction and
wear led to local plastic flow of the oxide layer,
further decreasing the friction coefficient of coating
and the wear amount of the material. At 800 °C
(Figs. 10(i) and (j)), the oxidation products of the
composite coating increased, and the structure
became uniform and compact. Also, the coating
became strongly bonded to the oxide film, thereby
reducing the friction effect between the coating and

wear pair.

The three-dimensional morphologies of wear
scars of composite coating wear samples are
provided in Fig. 11. The cross-section areas of wear
scars of the composite coatings decreased gradually
at 25, 200, 400, 600, and 800 °C. As shown in
Fig. 11(a), the wear scars at room temperature
mainly consisted of furrow scars produced by
abrasive wear with cross-section area estimated to
be 6.882x10° mm?. The large amounts of the TiN
hard phase in the Ti—Al-N composite coating
greatly improved the microhardness of the coating,
and the adhesion between the friction coupling
component and composite coating surface reduced.
However, the uneven distribution of the hard
phase led to serious abrasive wear on the surface,
and the surface of wear scars showed signs of
crushing. According to Figs. 11(d) and (e), the
cross-sectional area of the composite coating
decreased to 0.250x10°mm? at 600 °C and
0.053x107> mm? at 800 °C. The surface of the wear
scar looked smooth and the abrasive chip declined.
These results were significantly different from those
at 400 °C, indicating enhanced isolation and

lubrication of the oxide film with thickening of the
oxide film.

246 492 73g
X/um

x/pm

Fig. 11 Three-dimensional wear scar morphologies of composite coatings at different temperatures: (a) 25 °C;

(b) 200 °C; (c) 400 °C; (d) 600 °C; (e) 800 °C



1790

4 Conclusions

(1) The oxidation mass gain of the TC4
substrate at 1000 °C was estimated to be
166.82 mg/cm?, while the oxidation mass gain of
the Ti—Al-N composite coating was 128.31 mg/cm?,
which is 76.9% that of the substrate. Compare to
the TC4 substrate, the oxidation resistance of the
coating increased because of an obvious increase in
the content of Al,Os in the oxidation layer.

(2) At high temperatures, the friction
coefficients and wear rates of the Ti—Al-N
composite  coatings declined gradually as
temperature increased. The friction coefficient of
the Ti—Al-N composite coating decreased to 0.2091
at 800 °C, and the wear rate was estimated to be
0.025x10"*mm*N"'-m™!, which is only 1.43% that
of TCA4.

(3) The composite coatings showed mainly
abrasive behavior at the investigated
temperature. As temperature rose, the thickened
oxide layer gradually isolated the friction pairs, as
well as played a role in self-lubrication and
resistance to indentation of the friction pairs.
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