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Abstract: Plasma tungstening followed by carburization (W-C duplex treatment) was performed on the Ti,AINb-based (O phase)
alloy by using the double glow plasma process to enhance its wear resistance. The microstructure and high-temperature tribological
behaviors of the un-treated and W-C duplex-treated samples were investigated. The results show that the duplex-treated layer is
mainly composed of W,C or W¢C, 54 phases and the contents of W and C elements in the alloyed layer change gradually along the
depth by surface plasma duplex treatment. The diffusion depth of W is about 12 pm, while the carbon atoms most exist in the depth
more than 12 pum. High temperature tribometer tests indicate that the friction coefficient of the W-C duplex-treated layer is
approximately 1/6 that of substrate. The wear rate of the duplex-treated layer is about 28% that of the untreated one. So, plasma
surface W-C duplex treatment can obviously improve the high-temperature tribological resistance of Ti,AINb-based alloy. The
tribological mechanism of the duplex-treated layer is discussed by dividing the friction process of the duplex-treated layer into three
fluctuate stages. The first stage is the formation of oxide film between W-C duplex-treated layer and counterface. The second stage is
the detachment of oxide film, acting as “the third body”. The last stage is the period that the friction and wear occur between the

compact particle layer and counterface.
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1 Introduction

BANERJEE and NANDYTJ1] identified a ternary
intermetallic based on the stoichiometric Ti,AINb which
was designated as the O phase on the basis of its
orthorhombic structure with Cmcm symmetry in 1988.
Ti,AINb-based alloys have been one of the potential
materials in aeronautics and astronautics industries due
to their high specific strength and stiffness, and high
creep as well as oxidation resistance[2—4]. However,
poor wear resistance becomes a principal obstacle for
preparing tribological components, e.g., shafts and
blades in gas turbines, engine valves, and turbochargers
[5—6]. To improve their tribological performance, surface
modification is an effective and economical method. The
double glow plasma surface alloying process, known as
Xu-Tec process, is an effective method to improve the
surface performance of metals or alloys, such as

micro-hardness, wear resistance, and oxidation resistance
[7-8].

A previous study indicated that plasma surface-
chromized layers on Ti,AINb alloys can obviously
improve the room-temperature and high-temperature
oxidation resistances[9]. Tungsten is the main hardmetal
composition which is commercially available for coating
applications[10]. As Ref.[11] showed, W occupation in
Ti sublattice in Ti,AINb-based alloy led to the change of
electron structures. It was predicted that W occupation in
Ti sublattice can mainly form Ti-W phase in Ti-Al-Nb
system based on empirical electron theory of solid and
molecule. It was revealed that addition of W element into
Ti,AINb-based alloy can contribute to the improvement
of wear resistance of substrate. Carbon with the smaller
atom size can diffuse into the deep location to achieve
the W,C,_/C coating, besides forming W-C phases with
tungsten element. The coating was chosen for its low
friction characteristics, high relative hardness, low surface
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energy, and therefore, was expected to reduce adhesive
and abrasive wear[12]. So, the plasma surface W-C
duplex treatment (carburization following plasma
tungstening) was presented in this work. The treatment
was performed by the double glow plasma surface
alloying process. The tribological mechanisms of
W,C/C coating were also discussed.

2 Experimental

2.1 Preparation of materials

The solid solution-treated and aged Ti-22A1-25Nb
with composition (mass fraction) of 47% Ti, 10.82%Al
and 42.12%Nb was used as the substrate. Before the
experiment, specimens (10 mmX 10 mm X5 mm) were
mechanically polished with R, below 0.05 pum, then
cleaned with acetone and dried.

W (d 100 mm X5 mm) plate with purity of 99.9%
was prepared by powder metallurgy method. The high
purity graphite plate was manufactured into alveolar
shape. They were used as the source electrode for
supplying alloying elements.

The principle of the double glow plasma surface
alloying is as follows. There are anode, negatively
charged cathode (workpiece) and source electrode in a
vacuum chamber. The source electrode is made of the
desired alloying elements which are introduced into the
surface of the workpiece to form alloy layer. The work-
piece is fixed on a hearth support inside a double walled,
water cooled vacuum chamber, connected to vacuum
pump system and a gas supply. The tank is evacuated to a
pressure of about 5X 107 Pa and then filled with argon
to 20—50 Pa. Two high voltage DC power supplies are
used for generation of glow discharges. One is connected
between anode and cathode and another between anode
and source electrode. When the two power supplies are
turned on, both cathode and source electrode are
surrounded by glow discharge. One glow discharge heats
the work piece and another strikes the source electrode.
With the bombardment of the ions or atoms, the desired
alloying elements sputtered from the source electrode
diffuse into the surface of the workpiece to form alloy
layer on the surface of workpiece. The parameters of
plasma duplex treatment are listed Table 1.

2.2 Microstructure analysis

The phases of surface-alloyed layers were
determined by a Rigaku Y-Q4 X-ray diffractometer
(XRD), using Cu K, radiation over the range from 10° to
90°. The cross-section was ground by SiC paper and
polished by diamond paste, then etched in a solution of
7% HNO; and 0.6% HF (volume fraction). The
morphology of the cross-section was observed by
scanning electron microscope(SEM) with energy dis-

Table 1 Process parameters of plasma W-C duplex treatment

Item Plasme} Carburization
tungstening

Processing temperature/ C 970 960

Processing time/h =4 3
Workpiece pressure/Pa 50 55

Distance between source and
22 16
cathode/mm
Source voltage/ V 950 950
Cathode(workpiece) 350-500 250-350
voltage/V

persive spectrometer (EDS).

2.3 Friction and wear test

Sliding friction tests were conducted with substrate
and W-C duplex-treated samples using HT—500 ball-on-
disk tribometer in air at high temperature of (500+4) ‘C
and relative humidity of (45+5)% under dry sliding
condition. Silicon nitride (SizN4) balls with the average
hardness of HRC77 and a diameter of 3 mm were used as
the counterface material. The tests were conducted at a
speed of 560 r/min for 10 min with a load of 1.76 N. The
rotating radius was 15 mm. The friction coefficients were
recorded during sliding test and the wear volumes of the
specimens were calculated. The wear resistance was
evaluated by wear rate and worn morphologies, of which
the wear rate was measured using the surface coarseness
profiling instrument (TR—200, Beijing Times, China) and
the worn morphologies was analyzed using optical
metallography.

Wear rate and wear volume of the samples were
calculated as described by MIAO et al[13] and presented
below:

K=V/(P-s) 3)
V=rnrh(3h*+4w?)/3w 4)

where K is the specific wear rate; V is the wear volume;
P is the load; s is the sliding distance; r is the rotating
radius; h is the depth of wear track and w is the width of
wear track.

3 Results and discussion

3.1 Microstructure and phase distribution

Fig.1(a) shows the SEM image of W,C,_,/C duplex
coating, which is composed of sediment layer and
diffusion layer. There is no obvious phase interface,
which is different from Cr-C duplex-treated layer[14].
Sediment layer is dominated by W element, and diffusion
layer mainly exists in the form of W,Ci. A lot of
banding phases precipitate near the diffusion region,
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dominated by carbon element. Because W is a strong
carbide forming element and carbon atoms hinder the
inward diffusion of tungsten carbide, the alloyed layer is
thinner, about 12 um. The inward diffusion of redundant
carbon atoms with small atomic radius leads to the
coexistence of pure carbon, titanium-carbon and
niobium-carbon. It can be seen from Fig.1(b) that the
diffusion depth of W is about 12 um, while the diffusion
path of carbon atoms is more than 12 um. Fig.2 shows
that the alloyed layer mainly consists of W,C or
W4Cars4. The good wear resistance is a result of the
alternating tungsten carbide and carbon phases in layers
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Fig.1 SEM morphology of W,C,—,/C duplex coating (a) and
content distribution of W and C element (b)
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Fig.2 X-ray diffraction pattern of W,C,_/C duplex coating

of a few atoms thick, which can also provide good
running-in characteristics[12].

3.2 High-temperature friction and wear properties

Effect of temperature on friction coefficient is
closely related to the change in surface layer. A great
amount of experimental results showed that friction
coefficient increased as the temperature increased. When
the high surface temperature softened the surface
material, friction coefficient decreased[15].

Fig.3(a) shows the friction coefficients for substrate
and the duplex-treated layer varied with sliding distance
at high temperature. Fig.3(b) shows wear rates of
untreated and W-C duplex-treated samples.

It can be seen from Fig.3(a) that friction coefficient
of W-C duplex-treated layer remains at 0.1—0.3 and has
three fluctuating stages, while the friction coefficient of
the substrate rapidly increases from 0.6 to 1.3, and then
decreases. Compared with the former, the friction
coefficient of the substrate is much larger.

As shown in Fig.3(b), the wear rate of the
duplex-treated layer (2.8 X 10 °mm*/(N-m)) is about 28%
that of substrate (10.0X 10 °*mm*/(N'm)). The result
indicates that the surface duplex treatment can improve
the wear resistance of the materials.

Figs.4(a) and (b) show the surface morphologies of
un-treated and duplex-treated samples, respectively. It
can be seen that the surface of the duplex-treated layer
exhibits amounts of precipitation like fine black
particles. Different initial surface morphologies have a
significant effect on the wear results.

From the worn morphologies at high temperature
(Figs.4(c) and (d)), the wear track of the W-C
duplex-treated layer is more shallow than the substrate.
The higher hardness of W-C duplex-treated films
supports the lubricous film, so the oxide films are less
destroyed[16]. The wear debris is formed during friction
and presents along the sides of wear track. Some of the
wear particles are extruded from the track[17] (as shown
in Fig.4(d)). Friction occurs between Si;N, and the
duplex-treated layer. The tungsten carbides of the
duplex-treated layer possess good high-temperature
abrasive wear resistance because of their high hardness,
unique strong atomic bonds and high-stability under high
temperature exposure [18—19].

In addition, the hard coating (W,C,/C coating) of
the duplex-treated Ti,AIND increases the yield strength
of the contact surface in the substrate/coating system and
effectively reduces the tangential stresses and the
interfacial stresses [20].

3.3 Friction mechanisms of duplex-treated layer
It is shown in Fig.3(a) that initial friction coefficient
is relatively high and decreases gradually in the first
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Fig.3 Friction coefficient (a) and wear rate (b) of substrate and W-C duplex-treated layer under high temperature
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Fig.4 Surface morphologies and surface worn morphologies of substrate (a, ¢) and W-C duplex-treated layer (b, d), respectively

stage. Further increase of the sliding time causes the
formation of oxide film on the W-C duplex-treated layer,
which plays a key role in lubricant. With the softening
and detachment of oxide scale, the wear debris is formed,
some of which act as “the third body”, others are
extruded from the track by the maximum shearing force
appearing in the friction process and the friction
coefficient increases (the second stage). With the sliding
time increases, the wear debris is involved in the
formation of load-bearing layer, which is helpful to the
friction reduction [21]. The friction coefficient decreases
and becomes stable (the third stage). The three
fluctuating stages of friction coefficient at high
temperature (Fig.3(a)) is due to the formation of oxide

films, the detachment of oxide films and the formation of
load-bearing layer[22].

4 Conclusions

1) The duplex-treated layer is mainly composed of
W,C or W¢C,s4 phase. The contents of W and C
elements in the alloyed layer decrease gradually along
the depth direction. The diffusion depth of W is about 12
um, while the carbon atoms diffuse much more deeply.

2) The friction coefficient of the W-C duplex-treated
layer is approximately 1/6 that of the substrate. The wear
rate of the former is about 28% that of untreated one.
This indicates that the surface duplex treatment can
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improve the wear resistance of the materials.
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