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Abstract：Ti2AlNb orthorhombic alloy is an attractive high temperature structural material for aero-industries 

due to its high specific strength and fracture toughness as well as excellent creep resistance. However, insuffi-

cient wear-resistance is the main drawback which restricts the actual uses of this alloy in many circumstances. A 

double glow plasma surface molybdenizing on Ti2AlNb alloy is carried out as an attempt to resolve this prob-

lem. This paper deals with the effects of key process parameters on the diffusion behavior of Mo. The composi-

tion distribution and microstructure of the alloying layer are analyzed by SEM, XRD and GDS. Micro-hardness 

distribution profile is measured along the distance from surface to center. The results indicate that both the 

temperature and the processing time have significant effects on the diffusion process. Finally, the diffusion co-

efficient at optimized temperature of 980℃ is calculated through regression analysis.  
Key words：Ti2AlNb orthorhombic alloy；double glow plasma surface molybdenizing；diffusion；temperature；

time；depths of alloyed layer 

Ti2AlNb合金双层辉光等离子表面渗钼的扩散行为研究. 梁文萍,徐  重,缪  强,刘小萍,贺志勇. 中

国航空学报(英文版), 2006, 19(3): 255-259. 

摘  要：Ti2AlNb 合金（O 相）具有高的比强度、断裂韧性以及优良的抗蠕变性能，因而在航空

制造中成为一种颇具吸引力的高温结构材料。但是，较差的耐磨性是其主要的缺陷并限制其实际

应用。为解决这一问题，对 Ti2AlNb 合金进行双层辉光等离子表面渗 Mo。探讨主要工艺参数对

Mo 的扩散行为的影响。采用扫描电镜（SEM）、X 射线衍射（XRD）和辉光放电光谱仪（GDS）

分析表面合金化层的成分分布和微观结构。测定从表面到中心的显微硬度变化曲线。结果表明温

度与时间均对扩散过程具有显著的影响。最后通过回归分析计算出在优化的工艺温度 980℃下的

扩散系数。 
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Ti-Al intermetallic compounds are important 
high temperature structural materials for aerospace 
applications because of their high strength and low 
density， excellent creep resistance at elevated 
temperature[1-3]. In the last decade, developments 
have focused on γ-TiAl alloys and Nb-rich ortho-
rhombic alloys. Ti2AlNb was a typical Nb-rich or-
thorhombic alloy evolved from Ti3Al based al-
loys[4,5]. Compared to the binary alloys, the Ti2AlNb 
orthorhombic alloy has more satisfactory higher 

strength and fracture toughness, as well as good  
creep resistance[2,6], making them competent for 
applications in aircraft engines[7,8]. 

However, there are also some unsatisfactory 
characteristics of this alloy that have restricted its 
practical uses. Among them the insufficient wear 
resistance is the main drawback. Recently numerous 
studies have been focused on the relationship 
among processing, microstructure and mechanical 
properties of Ti2AlNb orthorhombic alloy[9-11]. Few 
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studies have been reported concerning the im-
provement of wear resistance of this alloy. 

Double glow plasma surface alloying process 
(known as Xu-Tec. in the West) is a novel surface 
metallurgy technique. It is an effective method to 
improve the surface performances of metals, such as 
corrosion resistance, wear resistance, oxidation re-
sistance, etc., and a great deal of theoretical and 
application achievements have been made[12]. Con-
sidering the background that molybdenizing has 
been commonly used to improve the wear resistance 
of metallic materials and Mo is also recommended 
as an alloying element for Ti-Al intermetallic com-
pounds, a molybdenizing on the surface of Ti2AlNb 
by Xu-Tec. was carried out to improve its tribologi-
cal performance. The effects of key process pa-
rameters, including temperature and time, on the Mo 
diffusion behavior are studied in the present 
investigation. 

1  Experimental Procedures 

1.1  Material preparation 

The material used in this study was a Ti2AlNb 
alloy with the nominal composition of 
Ti-22Al-25Nb (at%) developed and provided by 
Central Iron and Steel Research Institute of China. 
The exact compositions of the alloy are listed in 
Table 1. 

 
 
 
 
The dimensions of specimens were 12 mm× 

12 mm× 3 mm. Before experiment, the specimens 
were mechanically polished by metallographic pro-
cedure, and then cleaned with acetone or ethanol, 
and finally blown dry. 

A Mo plate (120 mm×60 mm×5 mm) with pu-
rity of 99.8% was used as the source cathode.  
1.2  Experimental procedures 

The surface molybdenizing of Ti2AlNb speci-
mens was carried out in a double glow plasma sur-
face alloying system. The processing parameters are 

listed in Table 2, which was selected according to 
previous works[13,14]. 

The composition distributions in the molyb-
denized layer were determined by glow discharge 
spectrum (GDS), and the phase structure was deter-
mined by X-ray diffraction (XRD). The morphology 
of molybdenized layer was observed by scanning 
electron microscope (SEM). Micro-hardness along 
the distance from the surface were also measured. 

2  Results and Discussion 

For double glow plasma surface alloying 
process, there are many processing parameters 
which can affect the result of the alloying process, 
such as source voltage, work-piece voltage, pres-
sure, diffusion temperature, diffusion time and 
distance between source and cathode[15]. To the 
diffusion of alloying element, temperature and 
time are the most important factors. Other pa-
rameters, such as working pressure, distance be-
tween source and cathode and bias voltage, have 
influence on the deposition of alloy elements, but 
their effects on diffusion can be ignored. So they 
are not discussed here.  

All the thicknesses of molybdenized layer re-
ferred hereafter were determined by metallographic 
method. 
2.1 Effects of glowing temperature on the thi-

ckness of molybdenized layer 
The temperatures for the surface molyb-

denizing of the specimens were 880 ℃, 920 ℃, 
950 ℃, 980 ℃, 1000 ℃ and 1050 ℃ respectively 
at fixed processing time of 5 hours. 

Fig.1 shows the thicknesses of molybdenized 
layer obtained at different temperatures. The maxi-
mum of the thickness occurred at 980 ℃. Lower or 
higher temperatures seems unbeneficial to the Mo 

Table 1  Composition of Ti2AlNb alloy (wt %) 

Ti Al Nb O N 

Bal. 10.82 42.12 0.034 0.0054 

Table 2  Process parameters 
Parameters settings 

Diffusion temperature 880-1050 , altered℃  
Diffusion time 1-5 h, altered 
Working pressure 30 Pa 
Distance between source and cathode 15 mm 
Source vlotage 800-1100 V 

Work-piece (cathode) voltage 300-600 V 
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diffusion. 
 
 
 
 
 
 
 
 
 
 
 
 

According to the diffusion theory, it is easy to 
understand that Mo diffusion is accelerated with the 
increasing of temperature. 

As elements with similar structure, Mo and Nb 
tend to occupy similar lattice positions in solid solu-
tion[16]. It means that the diffusion of Mo is accom-
plished by the replacement of Nb. Then it can be 
deduced that the diffusion of Mo takes place mainly 
in Nb-rich O and β /B2 phases，where α2 is unfa-
vorable for the diffusion of Mo due to much smaller 
solubility of Nb. 

As shown in Fig.2, there is a phase transition 
above 1000℃ 

22 B/βαO +→  

This reaction resulted that the ordered structural 
O phase disappeared and the fraction of α2 increased. 
Obviously, it means that the temperature above 1000
℃ is unbeneficial for the diffusion of Mo. 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.2 Effect of glowing time on the thickness of 
molybdenized layer 

Four different molybdenizing times, 1h, 2h, 3h 
and 5h respectively, were selected for surface mo-
lybdenizing of the specimens at a fixed temperature 
of 980℃. Fig.3 shows the diffusion depths of Mo at 
different times. It is clear that the thickness of mo-
lybdenized layer increased with the increasing of 
processing time. 
 
 
 
 
 
 
 
 
 
 
 

2.3 Analysis of Mo diffusion  

In most circumstance of diffusion in solid solu-
tion, the migrating direction of an element is from 
higher concentration area to lower concentration 
area. According to the diffusion equation estab-
lished by Fisher[17], the concentration of diffusing 
element at a spot apart from surface x, named C, is 
as below 

      )]
2

(erf1[0 Dt
xCC −=            (1) 

where C0 is surface concentration of diffusing ele- 
ment; D is diffusion coefficient, m2/s; t is time, sec 
ond. 

When M is small enough, .)(erf MM ≈ So 
commonly there is a lineal sector in the diffusion 
curve near the surface. Since the equation of this lineal 
relation can be determined by regression analysis, the dif-
fusion coefficient can also be derived. 

If y represents the experimental value of Mo 
concentration at depth of x apart from surface, then 
the diffusion equation can be assumed as 

      ε++= bxay  ),0(~ 2σε N        (2) 
The most likely estimated values of b and a are 

Fig.1  Effect of temperature on thickness of molybdenized 
layer 

Fig.3  Effect of time on thickness of molybdenized layer

Fig.2  Vertical section of Ti-Al-xNb phase equilibrium

(Ti-22at %Al) 
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Table 3 is the experimental results. Using these 
data, the regression equation of diffusion is derived 
as below 

xy 60.5700.88 −=            (3)  

 
 
 
 
 
 
 
 
 
 
 
 

Comparing Eqs.(3) and (1), the diffusion coef-
ficient of Mo in Ti2AlNb at 980℃ is calculated 
out, .sm104.5 217−×=D  
2.4 Microstructure and hardness of molybde

A nized layer 
Fig.4 is the SEM microstructure of molyb-

denized layer after 3 hours diffusion at 980 ℃. It 
shows that the thickness of modified layer is 
about 100 µm, and the Mo-rich phase is needle- 
 
 
 
 
 
 
 
 
 

shaped. 
Fig.5 is the XRD patterns of Ti2AlNb molyb-  

denized by Xu-Tec. process at 980 ℃, 3 hours 
which shows that Mo exists in the form of pure Mo 
and Al5Mo. There are also some Ti3Al and AlNb2 
phases in the area of molybdenized layer. 
 
 
 
 
 
 
 
 
 
 
 

The hardness test of molybdenized layer 
showed that the hardness of the molybdenized layer 
was obviously higher than that of the Ti2AlNb sub-
strate, and also higher than that of the ion nitridized 
layer. A comparison of micro-hardness between two 
processes of double glow plasma molybdenizing 
and ion nitridizing is given in Fig.6. It is obvious 
that the plasma Mo surface alloying process is more 
effective.  
 
 
 
 
 
 
 
 
 
 
 

The higher hardness of molybdenized layer is 
attributed to the existence of deposited 
non-crystalloid Mo and intermetallics containing 
Mo. 

3   Conclusions 

(1) Elevating temperature accelerates the Mo Fig.4   Microstructure of molybdenized layer by SEM

Fig.5  XRD patterns of Ti2AlNb molybdenized by Xu-Tec.

Fig.6  Hardness comparison between double glow plasma
molybdenizing and ion nitridizing processes 

Table 3   Mo contents in different thicknesses of 
molybdenized layer measured by GDS 

Diffusing 
depth x 

/µm 
0 0.10 0.20 0.30 

Mo 
content 

y/(wt %) 
90.49 84.08 75.87 68.48 

Diffusing 
depth x 

/µm 
0.40 0.50 0.60 0.70 0.80 

Mo 
content 

y/(wt %) 
62.41 56.99 52.43 48.50 45.37
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diffusion in double glow discharge plasma 
molybdenizing of Ti2AlNb, while a temperature 
above 1000℃ is unbeneficial to diffusion due to a 
phase transition. 

(2) Prolonging of processing time increases the 
thickness of molybdenized layer. 

(3) At 980℃, the diffusion coefficient of Mo in 
Ti2AlNb is about 5.4×10-17 m2/s. It is an useful ref-
erence for future applications. 

(4) The surface hardness of Ti2AlNb alloy is 
enhanced remarkably through double glow dis-
charge plasma molybdenizing. 
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