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Abstract. TiAl-based alloys are one kind of innovative high temperature materials which have
been extensively applied in aviation, space flight, military industry and other industrial sectors
due to their high strength to weight ratio and other positive merits. However, insufficient wear
resistance and poor oxidation resistance have restricted their much wider applications. Double
glow plasma surface alloying (DGPSA) process has been confirmed as an effective surface
modification technology to improve the surface performance of TiAl-based alloys. In this paper,
the studies and applications of DGPSA process in improving the surface performance of TiAl-
based alloys were reviewed and summarized.

1. INTRODUCTION

TiAl-based alloys (referred to TiAl alloys hereafter)
are one kind of promising high temperature struc-
tural materials for aerospace and automobile indus-
tries due to their advantages, such as low density,
high strength at elevated temperatures, excellent
corrosion resistance, promising creep resistance
and good mechanical properties [1-8]. TiAl alloys
offer the opportunity for substantial weight savings
when they were compared with Ni-based super-al-
loys assigned for similar structural applications [4].
However, their insufficient wear resistance and poor
oxidation resistance become the major obstacles
for their wider applications [9]. Accordingly, improv-
ing the wear resistance and high temperature oxi-
dation resistance of TiAl alloys has received exten-
sive attentions [10]. It has been well accepted that
failure/degradation of material in engineering, e.g.

wear or corrosion is mainly lies in the surface prop-
erties of the material rather than by bulk capabili-
ties. Meanwhile the surface treatment can provide
a promising compromise between the cost and the
performance of engineering units [11]. For that sur-
face treatment has been considered as an effective
and suitable method to overcome the aforemen-
tioned problems for metallic materials [12]. A vari-
ety of surface techniques, such as surface harden-
ing (shot/laser peening, surface nanocrystallization)
[13-16], surface alloying (with non-metallic elements
(NME) or metallic elements (ME)) [17-25], plasma
electrolytic modification [26-30], physical vapor
deposition (PVD) [31-35], electrodeposition [36-39],
spraying [40-42], sol-gel method [43-45], electro
spark deposition (ESD) [46,47], laser surface treat-
ment [48-50], ion implantation [51-53], thermal oxi-
dation [54], current heating [55, 56], electron beam
irradiation [57,58], glass protection [59], also sev-
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eral duplex treatments have been conducted to en-
hance the wear and oxidation resistance of TiAl al-
loys [60-64]. Most of the applied surface treatment
techniques with various technological principles have
been succeeded in improving the surface perfor-
mance of TiAl alloys under different service condi-
tions; actually the techniques also have their own
benefits and shortcomings.

Surface alloying which is realized by solid phase/
liquid phase/vapor phase processes can enhance
the surface hardness, improve the surface perfor-
mance against wear and corrosion of the substrate
with less alloying elements than bulk alloying, as
well as obtain a strong metallurgical bond between
the alloying layer and the substrate. Double glow
plasma surface alloying (referred to as DGPSA in
the following) which is also called as Xu-Tec/Xu-Loy
process had been covered by US and other interna-
tional patents more than 30 years ago [65]. In fact
the DGPSA was evolved on the basis of plasma
nitriding and sputtering effect during the studies on
ion nitriding of Ti6Al4V titanium alloy [66,67]. The
DGPSA is able to realize surface alloying via both
NME and ME as alloying elements. The DGPSA
processes contain single element alloying, alloying
with single NME or ME; binary element alloying,
existing NME + NME, NME + ME and ME + ME;
also minor research of ternary alloying has been
carried out.

In this review, the technological principle of
DGPSA was firstly introduced in brief, and the ap-
plication status of DGPSA process for improving the
surface performance of TiAl alloys was reviewed and
summarized. This work is expected to create data-
base and provide reference information, thereby
broadening practical applications of DGPSA on TiAl
alloys or Ti-based metallic materials.

2. TECHNOLOGY RESEARCH
STATUS

2.1. The principle of the DGPSA
process

The DGPSA was originally developed based on the
plasma nitriding and sputtering technique. A bell
chamber equipped with a complete vacuum sys-
tem is necessary. Fig. 1 presents the schematic
diagram of DGPSA apparatus. In the vacuum cham-
ber, the object (work piece) and the so called source
electrode (made up of one or more desired alloying
elements) are two negatively charged members and
the anode is the earthed vacuum bell jar. As sug-
gested in Fig. 1, when the two power supplies were
turned on and reached certain voltage values, both
cathode and source electrode would envelop with
glow discharge under the argon plasma atmosphere.
One glow discharge heats the object to be alloyed.
While the second glow discharge bombards the
source electrode to sputtering out the desired al-
loying elements.
T*+s p*']o/']o] w#s ]#/'& #s t*' “&ou$.'

).ow &+s%*#r)'”% T*' %*#r)'& +o]s or p#rt+%.'s w*+%*
are bombarded from the source electrode migrate
to and firstly diffuse into then deposit onto the sur-
face of the object under the influence of an electric
field, and then obtaining an alloyed surface. The
thickness values of the surface alloying layers vary
from several micrometers to 500 m, with alloying
elements in a concentration of a few percent to 90%
or even more. Prof. Zhong Xu and his group in
Taiyuan University of Technology (TYUT, Taiyuan,
P. R. China) accidentally discovered this phenom-
enon during the plasma nitriding trials of Ti6Al4V
titanium alloy in early-1980s, and then developed

Fig. 1. Schematic diagram of DGPSA apparatus.
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Fig. 2. XRD pattern (a) and metallograph (b) of car-
burized layer on -TiAl.

Fig. 3. Cross-sectional microstructure (a) and com-
position profile of carburized layer (b) on Ti

2
AlNb.

#]& ]#/'& t*' so %#..'& “DGPSA” pro%'ss !66,67"%
Nearly three decades past several most important
features of DGPSA have been summarized as fol-
lows: (1) resource and precious metal element con-
servation, (2) free of pollution, (3) controlled alloy
composition on the surface, (4) wide range selec-
tion of alloying elements, (5) gradient distributions
of the composition and property, (6) holding a met-
allurgical bond between alloying layer and substrate.
Since the double glow discharge phenomenon was
discovered, great deals of studies on DGPSA pro-
cessing were conducted to refine the composition
or microstructure in the near surface and enhance
the surface properties, such as corrosion resistance,
wear resistance and resistance to high tempera-
ture oxidation of Fe-based and Ti-based materials
under different conditions in the past three decades
[66,67].

3. STUDIES AND APPLICATIONS OF
DGPSA ON TiAl ALLOYS

3.1. DGPSA with single element

In this section, DGPSA on TiAl alloys using carbon
(C), chromium (Cr), molybdenum (Mo), niobium (Nb)
and tungsten (W) were introduced.

The formation of hard carbides in carburized layer
obtained by DGPSA was helpful to improve the tri-
bological performance of TiAl alloys. Ma et al. [68]
applied DGPSA to realize hydrogen-free carburiz-
ing of g-TiAl and had significantly improved the tri-
$o.o)+%#. prop'rt+'s o( ã-T+A.% T*' %o]t+]uous #]&
compact carburized layer was composed of Ti

8
C

5
,

TiC, TiAl and C; it had reached an effective thick-
ness of about 15 mm (see Fig. 2).

Yuan et al. [69] modified Ti
2
AlNb alloy via DGPSA

carburizing (at 950 °C for 3 h) to improve its wear
resistance. It was found that about 11 m carbur-
ized layer was obtained on the Ti

2
AlNb alloy sur-

face (Fig. 3a), and the content of carbon gradually
decreased from the surface to the matrix (Fig. 3b).
The main phases of the carburized layer were C,
TiC, and Ti

2
AlC (Fig. 4). The surface dynamic

microhardness of the carburized layer is 9.61 GPa.
The specific wear rate of the carburized sample is
only 1.82 % of the matrix alloy. The wear trace of
the carburized layer was narrower and shallower than
that of Ti

2
AlNb alloy (Figs. 5 and 6), which meant

the wear resistance of Ti
2
AlNb alloy was greatly in-

creased after DGPSA carburization treatment.
Yang et al. [70] conducted DGPSA carburizing

(at 1100 °C for 3 h) on Ti
2
AlNb base O phase alloy

(b)
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to improve its wear resistance. The results showed
that a 30 m thick carburized layer was formed,
and surface hardness of the carburized layer was
1053 HV

0.1
 and the hardness values gradually de-

creased along the depth below the surface. The
general friction coefficients of the carburized layer
and matrix were 0.4 and 0.75, respectively. The
specific wear rate of carburized layer is 1/17 of the
matrix. The wear resistance of Ti

2
AlNb alloy was

significantly improved by DGPSA carburizing.
Zheng et al. [71] employed DGPSA to carry out

chromizing of TiAl intermetallic aimed to get the key
process parameters which were beneficial to against
oxidation at high temperature. Experimental results
indicated that the optimal values of key process
parameters are as follows: the source electrode

Fig. 4. XRD pattern of carburized layer on Ti
2
AlNb.

Fig. 5. Wear scars of Ti
2
AlNb (a) and carburized

layer (b).

Fig. 6. 3D surface profilometry of the wear traces:
Ti

2
AlNb (a) and carburized layer (b).

voltage was -1300~-1200 V, the work piece voltage
was -300~-200 V, the valid power density ratio is
4~5 and the gas pressure is 25~30 Pa. Wang et al.
[72] obtained a harder chromizing coating via DGPSA
under the following conditions: the source electrode
voltage 700 V, the work piece voltage -450~-280 V,
the distance between the source electrode and the
work piece 18 mm and the gas pressure 25 Pa at
1050 °C for 4 h.

Ma et al. [73] performed chromizing on the sur-
face of -TiAl alloy using DGPSA. The results
showed that the chromized layer with an effective
thickness of about 35 mm had firmly bonded to the
substrate. The composition and micro-hardness
degree of the chromized layer displayed gradient
distribution from the surface to the substrate. Mean-
while the friction and wear resistance of -TiAl alloy
were greatly enhanced.

He et al. [74] conducted DGPSA to form a layer
of TiAl-Cr alloy on the surface of a TiAl-based alloy.
The feasibility of the alloying process was evalu-
ated by a first principle calculation method (see Fig.
7). The preparation process was optimized by in-
vestigating the effects of processing temperature and
discharge pressure on the formation of surface al-
loy. The calculation using the first-principle method
showed that the addition of Cr into the TiAl lattice
would increase the stability of the system, and im-
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Fig. 7. The supercell models of TiAl with Cr addition.

Fig. 8. Surface appearance of TiAl-Cr (a) and TiAl
(b) after oxidized at 900 °C for 100 h.

prove mechanical properties of the alloy. The pro-
cessing temperature was selected at 1100 !, slightly
below the eutectic temperature of the Ti-Al system,
which could ensure diffusion efficiency and also avoid
the degradation of substrate microstructure. The
optimum discharge pressure was 25 Pa within the
range of 12~55 Pa. Sputtering and diffusion were
well coordinated at this pressure and the obtained
alloyed layer had the largest thickness.

He et al. [75] prepared TiAl-Cr alloy by DGPSA
process to improve oxidation resistance of -TiAl
alloy (Fig. 8). The oxidation kinetics of the TiAl-Cr
surface alloy and the bulk -TiAl were examined.
The scale of TiAl-Cr surface alloy initially was mainly
consisted of Cr

2
O

3
, then composed of Cr

2
O

3
, Al

2
O

3
,

and TiO
2
, and eventually was the mixture of Al

2
O

3

and TiO
2
. The oxide scale was dense and integrated

throughout the oxidation process. The realized im-
provement was owing to the enhancing of scale
adhesion and the preferential oxidation of aluminum
brought by the alloying effects of chromium.

Liang et al. [76] employed DGPSA process to
realize chromizing of Ti

2
AlNb, as well as improve its

wear resistance. The process was conducted ac-
cording to the following parameters: the working
pressure 40~50 Pa, the source electrode voltage -
1100~-800 V, the work piece voltage -600~-300 V,
the distance between the source electrode and the
work piece 18 mm, under 1000 °C for 4 h. The re-

sults indicated that the thickness of the chromized
layer reached 30 m. The surface content of Cr was
about 38 wt.% and decreased in gradient along the
distance from the surface to internal of substrate.
The Cr was existed in the form of Al

5
Cr

8
, Cr

2
Nb, and

Cr
2
Ti in the chromized layer. The chromized layer

showed a higher surface hardness of above 950 HV
than that of Ti

2
AlNb matrix. The average friction of

chromized layer was about 0.10, much lower than
that of Ti

2
AlNb matrix. The mass loss in wearing of

chromized layer was just one twentieth of Ti
2
AlNb

matrix.
Wu et al. [77-81] enhanced the wear resistance

of Ti
2
AlNb by DGPSA chromizing process. The op-

timum process parameters: 970 °C for temperature,
4 h for chromizing time, and 30 Pa for gas pressure
were favorable to obtain the required 100 m thick
chromized layer with the fine and uniform micro-
structure, high surface hardness and excellent wear
resistance (Figs. 9-11). The chromized layer con-
sisted of Cr-rich phases (Al

8
Cr

5
 and Cr

2
Nb), and the

content of chromium decreased gradually as the
distance increased from the surface to the substrate.
The wear rate of the chromized layer was approxi-
mately 2.4-fold and 1.2-fold lower than that of the
substrate at either room temperature and 500 °C.
The friction coefficient of the chromized layer at high
temperature was the lowest, which was about 3-
fold lower than that of the substrate. This may be
attributed to the high micro-hardness and excellent
bending strength between the chromized layer and
the substrate, as well as the influence of slight oxi-
dation. Better wear resistance and lower friction
coefficient were contributed from the formation of
Al

8
Cr

5
 and Cr

2
Nb with high hardness and the hex-

agonal structure.
Liang et al. [82,83] conducted DGPSA

molybdenizing on Ti
2
AlNb alloy improve the wear

resistance of the Ti
2
AlNb orthorhombic alloy. It was

found that both the processing temperature and the
holding time had significant effects on the DGPSA
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Fig. 9. Cross-sectional microstructure (a) and com-
position distribution (b) of chromized layer on Ti

2
AlNb.

Fig. 10. XRD pattern of chromized layer on Ti
2
AlNb.

Fig. 11. Mass losses of chromized layer and Ti
2
AlNb

after wearing under room temperature and 500 °C.

process. The results indicated that elevating tem-
perature accelerated the Mo diffusion in DGPSA
molybdenizing. While a temperature above 1000 °C
was unbeneficial to diffusion due to a phase transi-
tion. Prolonging of processing time could increase
the thickness of molybdenized layer. When DGPSA
molybdenizing at 980 °C, the diffusion coefficient of
Mo in Ti

2
A.N$ w#s #$out 5%4×10-17 m2/s. A

molybdenizing layer was formed under the follow-
ing processing parameters: the gas pressure 40~50
Pa, the source electrode voltage -1100~-800 V, the
work piece voltage -600~-300 V, the distance be-
tween the source electrode and the work piece 15
mm, molybdenizing temperature 980 °C for 3 h time.
The uniform and compact layer composed of a Mo
deposition layer and a Mo diffusion layer (Fig. 12).

Fig. 12. Cross-sectional microstructure (a), com-
position profile (b) and XRD pattern of (c)
molybdenizing layer on Ti

2
AlNb.



244 N. Lin, J. Zou, M. Li, Y. Ma, Z. Wang, Z. Wang, X. Liu and B. Tang

The surface hardness of Ti
2
AlNb alloy was enhanced

remarkably through DGPSA molybdenizing (Fig. 13).
The tribological property of Ti

2
AlNb was greatly en-

hanced after DGPSA molybdenizing, which was
revealed by lower friction coefficient and narrower
wear scar as presented in Figs. 14 and 15.

Liu et al. [84] prepared hard molybdenizing layer
on the surface of g-TiAl alloy by DGPSA. The
molybdenizing layer indicated lower coefficient of
friction and mass loss than those of -TiAl alloy in
pin-on-disk wear tests. The molybdenizing layer had
remarkable improved the wear resistance of -TiAl
alloy.

Xu et al. [85,86] obtained molybdenizing layer
on -TiAl alloy by DGPSA. Due to the formation of a
compact Ti-Al-Mo alloyed layer on the surface of
-TiAl alloy, the alloyed layer provided excellent pro-

tection of -TiAl alloy substrate, and the treated
-TiAl alloy showed more promising high-tempera-

ture oxidation resistance.

Fig. 13. Microhardness profile of molybdenizing layer
on Ti

2
AlNb.

Fig. 14. Coefficients of friction of molybdenizing layer
and Ti

2
AlNb.

Fig. 15. Wear scars of Ti
2
AlNb (a) and molybdenizing

layer (b).

Guo et al. [87] performed DGPSA niobizing on
-TiAl alloy. The effects of alloying temperature and

time on the element content and the thickness of
the alloyed layer were studied. The results showed
that the thickness and composition of the alloyed
layer were closely related to alloying temperature
and time. A deposit layer on the surface of -TiAl
was formed resulting from both too low alloying tem-
perature and too long alloying time. The appropriate
thickness and composition distribution of the alloyed
layer was made by an optimized process param-
eter of 1100 °C for 3 h was useful to improve the
wear and oxidation resistances.

Zheng et al. [88] investigated oxidation behav-
iors of DGPSA niobized -TiAl alloy. The diffusion
layers were formed on -TiAl substrates by DGPSA
niobizing process. The TiAl substrates and niobized
-TiAl specimens were oxidized in static air for 360

ks at 1223 and 1323K. The interrupted-oxidation
kinetics curves of bare -TiAl were approximately
straight lines. In contrast, the mass of all the niobized
specimens increased in accordance with logarith-
mic law (Fig. 16). The oxidation rate of DGPSA
niobized -TiAl in steady stage decreases by more
than one order of magnitude. The scale was basi-
cally composed of four layers from the surface in-
ward of -TiAl substrate, and pores and a gap which
resulted in the spallation of the scale were obvious.
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However a uniform and adherent Al
2
O

3
 layer formed

on the niobized -TiAl can be an obstacle prohibit-
ing oxygen from diffusing inwards, which provides
excellent protection for the substrate at 1223K (Fig.
17). The DGPSA niobizing had remarkably improved
the oxidation resistance of -TiAl.

Chen et al. [89] obtained niobizing layer on
-TiAl alloy via DGPSA (Fig. 18) and studied the

oxidation behaviors of niobized g-TiAl alloy and its
parent sample. It was indicated that the diffusion
layer formed on -TiAl substrate presented better
oxidation resistance than that of untreated -TiAl.
The role of Nb for improving the oxidation resistance
of treated -TiAl was considered to be achieved by
strengthening the activity of Al, which was induced
by the DGPSA niobizing process.

Liu et al. [90] applied DGPSA to produce a
niobizing layer on -TiAl alloy in order to improve its
oxidation and wear resistance. The results showed
that a Nb-alloyed layer, with a thickness of 12 m
was formed on -TiAl alloy (Fig. 19a). Seen from its
composition distribution, the alloyed layer contained
a high Nb-concentration region (marked as A in Fig.
19b) and a diffusion region between zone A and the
substrate. From the outside-in compositions, the

Fig. 16. Interrupted-oxidation kinetics of niobized
TiAl and untreated TiAl (a) 1223K; (b) 1323K.

Fig. 17. Cross-sectional microstructures of scales
after 360-ks oxidation at 1223: (a) TiAl: (1) TiO

2
, (2)

TiO
2
+Al

2
O

3
, (3) Al

2
O

3
-rich layer, (4) Al-depleted layer;

(b) niobized TiAl.

Fig. 18. Cross-sectional microstructure (a) and XRD
pattern (b) of niobized TiAl alloy.
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alloyed layer could be divided into regions of nio-
bium-rich/aluminum-rich/titanium-rich/substrate. The
alloyed layer consisted of AlNb

2
, AlNb

3
, Ti

2
AlNb and

pure niobium was compact and homogeneous. Un-

Fig. 19. Cross sectional morphology (a) and com-
position distribution (b) of Nb-alloyed layer.

Fig. 20. Worn surface of TiAl (a) and TiAl-Nb (b)
against ASTM W1-111/2 steel.

Fig. 21. SEM images and EDS compositions of worn scars of TiAl-Nb (a, b) and TiAl (c, d) at 600 °C.

der dry sliding conditions, the wear resistance of
niobizing layer at ambient temperature and 600 °C
were better than those of untreated -TiAl alloy indi-
cating by wear scars (Figs. 20 and 21).

Wu et al. [91,92] performed tungstenizing on Ti-
Al-Nb substrate using DGPSA. The formed
tungstenized layer was comprised of three distinct
sub-layers namely sediment layer, transition layer
and diffusion layer, with a total layer thickness of
over 25 m. The concentration of the tungsten de-
creased gradually as the layer depth increased (Fig.
22). The continuous change in the tungsten con-
tent affected the mechanical properties of the al-
loyed layer. Both surface micro-hardness and elas-
tic modulus of plasma alloyed surface gradually
decreased with the increase of indentation depth,
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most probably because of the three different regions
in the alloyed layer. As for the mechanical proper-
ties, the tungstenized layer exhibited significantly
higher dynamic micro-hardness and elastic modu-
lus than the substrate.

3.2. DGPSA with binary elements

Wu et al. [80] performed a two-step duplex treat-
ment on Ti-Al-Nb alloy, chromizing followed by car-
burizing via DGPSA. Dry sliding friction tests on
the Ti-Al-Nb alloy substrate, the chromized layer,
and the duplex-treated layer were completed by ball-
on-disk tribometer at room temperature using Si

3
N

4

balls counterface materials. The results indicated
that the duplex-treated layer was mainly composed
of Cr

23
C

6
, Cr

2
Nb, pure chromium, and carbon phases.

The ultra-microhardness of the duplex-treated layer
was higher than that of the chromized layer, whereas
the elastic modulus of the duplex-treated layer was
lower than that of the chromized layer. The friction
coefficient of the duplex treated layer was about three

Fig. 22. Cross-section morphology of the tungstenized layer (a) and the corresponding EDS analyses of (b)
the transition layer and (c) the diffusion layer, (d) concentration distribution of tungsten.

times lower than that of the chromized layer, while
the wear rate was one order of magnitude lower than
that of the chromized layer. Cr-C DGPSA duplex
treatment was considered as an effective method
to improve the tribological performance of Ti-Al-Nb
alloy.

Li et al. [93-96] achieved Cr-Si co-alloying on
-TiAl alloy was by using DGPSA. The concentra-

tion of Cr and Si displayed gradient distribution from
the surface to the inside. The Cr-Si layer was com-
posed of Al

x
Cr

y
, Cr

x
Si

y
, Ti

x
Cr

y
, and Ti

x
Si

y
 phases. The

surface microhardness had reached HV 1000.
Dense CrO

2
 and continuous Al

2
O

3
 film, which pro-

vided promising protection against oxidation, were
formed in the process of oxidation. The Cr-Si co-
alloying layer had significantly improved the wear
resistance of -TiAl alloy. The Ti

x
Si

y
 ceramic phase,

tough transition layer and high Si content in the Cr-
Si layer contributed to wear resistance promotion.

Liu et al. [84] fabricated Mo-C alloying layer,
molybdenizing followed by carburizing via employ
of DGPSA. The surface layer on -TiAl alloy obtained
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by carburizing at 1000 °C following molybdenizing
at 1125 °C consisted of a hard layer with a thick-
ness of 20 m and showed a gradient distribution in
chemical composition. The hard phases on -TiAl
with an average hardness more than HK 890 were
identified as MoC and Mo

2
C. The pin-on-disk wear

tests showed that the Mo-C alloying layer had im-
proved the wear resistance of -TiAl alloy. Mean-
while, it was found that duplex treatment of
molybdenizing followed by carburizing via employ
of DGPSA can improve the friction coefficient of
-TiAl more effectively than that only by carburiza-

tion.
Ben et al. [97] investigated the Nb-C co-alloying

on -TiAl alloy applying DGPSA. It was seen that
when the difference between the source voltage and
work piece was 250 V, a thick and compact Nb-C
layer could be formed at 1000 °C for 3h with a dis-
tance between the source electrode and work piece
of 18 mm and gas pressure 25 Pa. The surface hard-
ness of the obtained Nb-C layer reached HV 1150.

Xing et al. [98] used the DGPSA to prepare a
Nb-C layer on -TiAl alloy. It was confirmed that the
Nb-C layer showed a better combination between
wear and oxidation resistance. The first-principle

Fig. 23. Cross-sectional microstructure (a) and XRD
pattern (b) of Nb-C layer on -TiAl.

method was applied to study the diffusion of C at-
oms and Nb atoms on -TiAl (010) surface. By ana-
lyzing final energy and forming enthalpy, it was found
that the DGPSA of Nb-C had made the final energy
of the -TiAl (010) surface cell enhanced, but de-
creased its forming enthalpy, therefore the stability
of the cell was improved.

Liu et al. [99] prepared Nb-C layer on -TiAl alloy
by a duplex treatment using DGPSA in order to
improve the tribological property of -TiAl alloy. As
shown in Fig. 23, the obtained layer was continu-
ous and compact; it was composed of Nb-carbides.
After dry sliding against high carbon steel counter-
part, the results showed that the Nb-C alloyed
-TiAl had a lower coefficient of friction and a lower

wear volume. The surface hardening effect by the
existence of NbC and Nb

2
C carbides and excessive

carbon, as well as thicker layer with a gradient dis-
tribution of hardness were the main contribution to
the tribological performance of -TiAl.

Guo et al. [100] discussed oxidation resistance
of DGPSA Nb-C alloyed -TiAl alloy. The obtained
Nb-C alloyed surface was uniform and compact; it
was composed of NbC and Nb

2
C which could en-

hance the wear resistance of -TiAl (Fig. 24). After
the cyclic-oxidation tests in static air at 900 °C for
103 h. The Nb-C alloyed TiAl showed better oxida-
tion resistance in comparison with -TiAl alloys.
Moreover, the oxide scale of Nb-C alloyed TiAl ex-
hibited better spallation resistance than the un-
treated -TiAl. After oxidation, more Al

2
O

3
 and ni-

trides were formed on the surface of the Nb-C al-
loyed -TiAl. The coexistence niobium and carbon
could lead to the formation of a compact oxide layer
with more Al

2
O

3
 on the surface, which offered better

oxidation resistance.
By using DGPSA, Wang et al. [101, 102] ob-

tained a Nb-C layer on -TiAl alloy. It was found that
the addition of Nb and C could promote the growth
of Al

2
O

3
 and significantly improve the oxidation re-

sistance of -TiAl alloy. Meanwhile the Nb-C layer
showed excellent corrosion resistance by its chemi-
cal stable and mechanical isolation effects.

Wu et al. [103] performed W-C duplex treatment
on the Ti

2
AlNb alloy by using DGPSA process to

enhance its wear resistance. The microstructure and
high-temperature tribological behaviors of the un-
treated and W-C duplex treated samples were in-
vestigated. The results showed that the duplex
treated layer was mainly composed of W

2
C or

W
6
C

2.54
 phases. The contents of W and C elements

in the alloyed layer gradually distributed along the
depth of the W-C layer. The diffusion depth of W is
about 12 m, while the carbon atoms most exist in
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the depth more than 12 m. High-temperature
tribometer tests indicated that the friction coefficient
of the W-C duplex treated layer was approximately
1/6 that of the Ti

2
AlNb alloy substrate. The wear

rate of the duplex treated layer was about 28 % that
of the untreated one. The W-C duplex treatment had
obviously improved the high-temperature tribologi-
cal performance of Ti

2
AlNb alloy.

Zheng et al. [104] applied the DGPSA technique
to realize the W-C co-alloying of -TiAl alloy. The
optimization of process parameters of metallic ce-
mentation: Work pressure for 50~55 Pa, the source
voltage is 1000 V, spacing of the electrodes between
16~20 mm and heat preservation time is 4 h, choos-
ing a temperature of 1000 °C. The results showed
that W-C composite alloying layer had enhanced
the wear resistance of -TiAl at room temperature
and 500 °C, especially the increase of W-C com-
posite alloying layer at 500 °C is particularly evi-
dent.

Wei et al. [105,106] prepared Cr-W alloying layer
on -TiAl alloy via DGPSA. As shown in Fig. 25, the
Cr-W alloying layer was smooth and uniform, the
alloying layer closely bonded to the matrix without
defects. The Cr-W alloying layer was composed of
AlTi, Al

5
W, W, Cr and Cr

2
Ti (Fig. 26). Cr-W alloying

Fig. 24. Cross-sectional microstructure (a) and XRD
pattern (b) of Nb-C layer on -TiAl.

Fig. 25. Surface morphology and cross-sectional
microstructure of Cr-W layer.

Fig. 26. XRD pattern of Cr-W layer on -TiAl.

by DGPSA had greatly improved the oxidation re-
sistance of -TiAl alloy at different temperatures. The
Cr-W alloying layer indicated higher hardness than
that of the matrix. Meanwhile the Cr-W alloying layer
showed obviously improved wear resistance at am-
bient temperature and 600 °C comparing with un-
treated -TiAl alloy indicating by wear scars (Figs.
27 and 28).

Fan et al. [107] studied Ni-Cr alloying on -TiAl
surface by DGPSA process to improve its oxidation
resistance and wear resistance. The research re-
sults showed that after oxidation in air at 900 °C for
100 h, dense oxide film consisted of Al

2
O

3
, TiO

2
,

Cr
2
O

3
, and NiCr

2
O

4
 had formed on the surface of the

Ni-Cr alloyed sample. The oxide film closely bonded



250 N. Lin, J. Zou, M. Li, Y. Ma, Z. Wang, Z. Wang, X. Liu and B. Tang

Fig. 27. Wear scars of -TiAl (a) and Cr-W layer (b)
wearing under room temperature.

Fig. 28. Wear scars of -TiAl (a) and Cr-W layer (b)
wearing under 500 °C.

to the beneath layer and had good oxidation resis-
tance. The oxide film on TiAl substrate was loose
and revealed poor oxidation resistance. Under high
temperature wearing tests, Ni-Cr alloying layer
showed a lower friction coefficient and mass loss,
which meant the wear resistance of -TiAl alloy had
been improved by Ni-Cr alloying treatment. Ni-Cr

Fig. 29. Cross-sectional microstructure (a) and XRD
pattern (b) of Ni-Cr layer on -TiAl.

alloying layer indicated no obvious friction-reduction
effect in fretting wear, but improved the fretting wear
resistance.

Huang et al. [108] also prepared Ni-Cr alloying
layer on -TiAl alloy surface by DGPSA. The re-
sults showed that the diffusion thickness of alloy-
ing layer is about 25 m, and the phase constitu-
tion of the Ni-Cr layer was Cr

2
Ti, AlTi, Cr, NiTi

2
, and

Cr
1.75

Ni
0.25

Ti (Fig. 29). The contents of Ni and Cr in
the alloying layer decreased gradually from surface
to substrate. The alloying layer and the matrix were
tightly bonded. The hard Ni-Cr layer showed better
tribological properties than those of -TiAl alloy matrix
at room temperature (Fig. 30) and at 773K (Fig. 31).
I] Wu 't #.%’s wor- !109"; t*' T+

2
AlNb based al-

loys were chromium-tungstened (Cr-W) and nickel-
chromized (Ni-Cr) by the DGPSA process to im-
prove their high temperature oxidation resistance.
After exposing at 1093K, the TiO

2
 layer was formed

on the bare alloy and accompanied by the occur-
rence of crack, which promoted oxidation rate. The
oxidation behaviors of Ti

2
AlNb-based alloys were

improved by surface alloying due to the formation of
protective Al

2
O

3
 scale on Cr-W layer or continuous

and dense NiCr
2
O

4
 film on Ni-Cr layer. The alloyed
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layers exhibited superior scale spallation resistance
than that of the Ti

2
AlNb-based alloy. The Ni-Cr al-

loyed layer presented better high-temperature oxi-
dation resistance than Cr-W layer.

Fig. 30. Wear scars of -TiAl (a) and Ni-Cr layer (b)
at room temperature.

Fig. 31. Wear scars of -TiAl (a) and Ni-Cr layer (b)
at 773K.

Fig. 32. Surface morphology (a), cross-sectional
microstructure (b) and composition distribution (c)
of NiCr-O duplex layer.

3.3. DGPSA with multi-elements

Huang et al. [110] used the DGPSA technique to
improve tribological properties -TiAl alloy and high-
temperature oxidation resistance by forming NiCr-
O composite alloying coating. Fig. 32 presented that
the NiCr-O composite alloying was smooth and
compact; the uniform and continuous alloying coat-
ing could be divided into four layers and closely
bonded to the substrate. NiCr-O composite alloy-
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ing coating was beneficial to high-temperature oxi-
dation resistance of the g-TiAl base alloy. Mean-
while NiCr-O composite alloying coating significantly
improved the wear resistance of g-TiAl alloy at room
temperature (Fig. 33) and 773K (Fig. 34) indicating
by narrow and shallow wear traces.

Qiu et al. [111] fabricated a dense CrCoNiAlTiY
coating on -TiAl alloy by DGPSA to improve its
wear resistance. It was found that the obtained coat-
ing was continuous and compact with well diffusion

Fig. 33. SEM images and 3D surface profilometries of the wear traces at room temperature: (a), (b) TiAl;
(c), (d) NiCr-O duplex layer.

Fig. 34. SEM images and 3D surface profilometries of the wear traces at 773K: (a), (b) TiAl; (c), (d) NiCr-O
duplex layer.

bonded to the substrate (Figs. 35 and 36). Fig. 37
indicated that the CrCoNiAlTiY coating was com-
posed of AlCr

2
, -NiCoCr, -TiAl and ’-N+

3
Al phases.

In respect of the H/E and H3/E2 ratios, the
CrCoNiAlTiY coating was almost 3.5 times better
than those of the -TiAl substrate (Fig. 38). Dry wear
test results showed that the specific wear rate of
-T+A. su$str#t' w#s 3%8×10-4 mm3 N-1 m-1, which

was about 4 times greater than that of the
CrCoNiAlTiY coating (Fig. 39). The enhancement in
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wear resistance of the CrCoNiAlTiY coating might
be attributed to the increased H/E and H3/E2 ratios
and to the promising bonding strength between the
CrCoNiAlTiY coating and the -TiAl substrate.

Fig. 35. SEM micrograph and the EDS analysis of the CrCoNiAlTiY coating: (a) surface morphology and
(b) chemical composition.

Fig. 36. SEM micrograph and the EDS analysis of
the CrCoNiAlTiY coating: (a) cross-sectional micro-
structure, and (b) cross-sectional composition dis-
tribution.

Fig. 37. XRD pattern of the CrCoNiAlTiY coating
with identified phases.

Fig. 38. H3/E2 and H/E ratios calculated form hard-
ness and elastic modulus values for different
samples.

4. SUMMARY

TiAl alloys are considered as a very important can-
didate material for advanced applications in aero-
space, automotive, and related industries. Evidence
from the literature showed that the nature/composi-
tion and hardness value of material surface play an
important role in its corrosion and wear resistance.
According to the literature, the improved tribologi-
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Fig. 39. The surface profilometry of wear scars of
CrCoNiAlTiY coating and -TiAl substrate.

cal performance of TiAl alloys that achieved by
DGPSA is due to the change in surface hardness
and surface composition. Meanwhile, obtaining a
strong metallurgical bond between the coating and
the substrate benefits the surface performance. The
positive roles in wear and corrosion behaviors of the
selected alloying elements in alloyed layers lie in
the following aspects: firstly formation of hard phases
in the coating or in the near surface of TiAl alloys,
receive a hard surface by obtaining intermetallic
compounds, solid solution or dispersion strength-
ening on the near-surface of TiAl alloys; secondly
the obtained alloyed surfaces can play a barrier or
reduce oxygen diffusion effects and form a protec-
tive dense oxide scale with high bond strength with
the substrate. In the long run, with the developments
in design/processing and broadening practical ap-
plications of TiAl alloys, DGPSA will make a sub-
stantial contribution to refine or strengthen the sur-
face performance and realize a favorable compro-
mise between the cost and the performance of en-
gineering components.
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