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Abstract: Double glow plasma (DGP) coatings are recommended for metallic 

components to mitigate the damage induced by complex working conditions in 

previous studies. In this paper, Nb-rich (CrNb4) and Cr-rich (Cr4Nb) alloyed layers 

were formed onto the TiAl substrate via a DGP process to enhance its wear resistance. 

Scratch and Nano-indentation tests were used to evaluate the mechanical properties of 

the coatings. The tribological behavior of the coatings were investigated using a 

pin-on-disc tribometer by rubbing against the GCr15 ball. Results from surface 

analysis techniques showed that the coatings mainly comprised Cr, Nb, and Cr2Nb 

phases, and were well bonded to the substrate. The hardness of the CrNb4 coating was 

11.61GPa and the Cr4Nb coating was 9.66 GPa which all higher than that of the 

uncoated TiAl which was 5.65 GPa. However, the critical load of the Cr4Nb coating 

~21.64 was higher than that of the CrNb4 coating ~17.6. And the specific wear rate of 

CrNb4 coating, Cr4Nb coating and uncoated TiAl were 3.54×10-4, 0.01×10-4 and 

1.53×10-4mm3N-1m-1 respectively. The low-wear mechanism of the coatings is 

discussed in detail in this paper. 

Keywords: TiAl; Double glow plasma; Nano-indentation; Friction; 

Chromium-Niobium. 



1 Introduction 

The TiAl intermetallic alloy has been widely used as one of the potential 

materials in variety of industrial fields, such as, motor, energy and aerospace industry, 

due to their high specific stiffness and strength as well as creep and oxidation 

resistance1, 2. The application of TiAl alloys in aero-engine would be beneficial to 

weight reducing of machine parts and the enhancing of thrust load3. Nevertheless, the 

low hardness and poor wear resistance of the TiAl intermetallic becomes a principal 

obstacle for application ranges. Wear damage occurs with counterface materials due 

to fatigue, especially in  complex situation of aerospace field4. So far, there are two 

ways to improve the tribological properties of TiAl. One is by smelting to change 

alloy composition, like add Cr, Nb, Si, W or other elements5-7. The other is by surface 

modification, like ion implantation8, physical vapour deposition9 and plasma 

nitriding10. The former technique changes the cast structure to improve the 

comprehensive mechanical properties of alloys, but sometimes, a number of 

interstitial elements doped in TiAl alloys are detrimental to ductility and increase the 

cost of products. Thus, surface modification, as an effective and economical method, 

has been paid more and more attention, and therefore, various coatings have been 

applied on TiAl alloys to improve the tribological properties, because the surface 

modification brings little effect on the mechanical performance of the alloy substrates. 

The DGP surface alloying technique, known as Xu-Tec process in some 

literature10, is an effective method to improve the micro-hardness, oxidation resistance 

and wear resistance of metals or alloys. In recent years, Coatings of Cr and Nb were 

used to improve the tribological properties of TiAl and that has obtained good 

achievement. Cr can replace Ti and Al position to reform Ti-Al -Cr compound to 

improve the hardness of the alloy, after a certain amount of Cr is added to TiAl alloy11, 



12. Nb has great capacity of alloying and can maintain good microstructure stability, 

and it can also form solid solution strengthening phase with Ti and Al to improve the 

stability of the alloy structure and high temperature strength13.  

In this study, Cr-Nb alloying layer was first deposited on TiAl substrate by DGP 

surface alloying technique. The microstructural morphology, phase composition and 

elements distribution of the modified layer were detected. And the friction and wear 

mechanisms under room temperature were analysed and discussed. 

2 Experimental Procedures 

2.1 Preparation of Materials 

The casting TiAl alloy for this study was produced by induction shell melting 

and the chemical composition of this alloy is shown in Table 1. The ingot was cut into 

the plate size of 14mm × 14mm × 3mm. The TiAl alloy sample was used as the 

substrate material (the cathode). The Cr–Nb (Cr: Nb=1: 4 and Cr: Nb=4: 1, wt %) 

plate (80mm×5mm*15) was used as the target for supplying the alloying element (the 

source).  

Table. 1 The chemical composition of the Ȗ-TiAl alloy (wt %) 

Ti Al  V Cr Nb O C N 

Base 46.5 ≤1.5 ≤1 ≤0.20 ≤0.015 ≤0.1 ≤0.05 

The schematic diagram of the double glow plasma surface alloying process is 

shown in Fig.1. The operating procedure of the DGP surface alloying technique is as 

follows10: the sample was placed on a platform inside a double walled, water-cooled 

vacuum chamber, and the anode and cathode were each connected to DC power 

supplies. The potential difference between the cathode and the source electrode 

resulted in an unequal potential, leading to the hollow cathode effect. Once the given 

voltage was applied, both the cathode and the source electrodes were surrounded by 



the glow discharge. Cr-Nb ions were sputtered from the source electrode and 

deposited onto the substrate due to the bias gradient. With the bombardment of the 

ions, the desired alloying elements were sputtered from the source electrode, 

accelerated towards the sample and forced to diffuse into the sample's surface. The 

parameters of plasma Cr-Nb are shown in Table 2. 

 

Fig. 1 Schematic diagram of DGP surface alloying technique. 

Table. 2 Process parameters of plasma Cr-Nb. 

Items Plasma Cr-Nb 

Processing temperature (°C)  

Processing time (h) 

Pressure (Pa) 

Distance between source and cathode (mm) 

Source voltage (V) 

Cathode voltage (V) 

900-950 

3 

30-40 

18-20 

800-900 

500-600 

2.2 Microstructure Analysis 

The microstructure of Cr-Nb coated TiAl samples was investigated using a 

JSM-6360LV scanning electron microscope (SEM), and the alloying elements' 



distribution was measured by an energy dispersive spectrometer (EDS). The phase 

composition of Cr-Nb alloyed layers was determined via Bruker D8-ADVANCE 

X-ray diffraction (XRD) with Cu KĮ radiation over a range of 2ș from 20° to 90°. 

2.3 Scratch tests  

The scratch tests were performed by drawing a 0.2 mm radius Rockwell C 

diamond indenter across the coating surfaces under a normal load increasing linearly 

from 0 to 50 N which enables the measurement of mechanical strength adhesion and 

intrinsic cohesion of uncoated and Cr-Nb coated TiAl samples. 

2.4 Nano-indentation tests 

Nano-indentation tests were performed using a Micro-materials Nano-Test 

Platform® equipped with a Berkovich-type indenter, in order to measure the coating 

hardness and elastic modulus of the Cr-Nb coated TiAl samples.  

The test was conducted by driving the indenture at a constant loading rate of 

0.5mN s−1 into the sample's surface with the maximum applied load of 100 mN, as 

well as the holing time is 10 s and the maximum test depth is 1 ȝm (generally, the 

maximum depth of the indentation was no more than 10 % of the coating thickness14). 

In consideration of the accuracy and precision of the Nano-indentation tests, a 

minimum of five times parallel experiments were performed on each sample. 

2.5 Sliding friction tests 

Sliding friction tests were conducted on uncoated and Cr-Nb coated TiAl 

samples using an HT-500 ball-on-disk tribometer in air at room temperature (20°C± 

4°C), and room relative humidity (45± 5 %) under dry sliding conditions. GCr15 balls 

with the average hardness of HRC63 and a diameter of 5 mm were used as the 

counterface material.  

The tests were conducted at room temperature and at a constant angular speed of 



10 Hz. A normal load of 4N and the test duration of 15min were used. The radius of 

rotating trajectory was 3 mm.  

3 Results 

3.1 Microstructure and phase composition 

Fig. 2 shows the morphology and chemical composition of Cr-Nb coated Ti-Al 

samples. It can be seen that the surface of coatings appear as a dense and 

homogeneous structure without defects of porosity and cracks. And the contents of Cr 

and Nb in the CrNb4 coating are 2.17 wt % and 97.40 wt %. The values are 61.46 

wt % and 37.92 wt % respectively in the C4Nb coating . 

Fig. 3 illustrates the X-ray diffraction pattern of Cr-Nb coated Ti-Al  samples. 

The composition of the CrNb4 coating was consisted of Cr2Nb and Nb phase (fig. 

3(a)). On the other side the Cr4Nb coating was consisted of Cr2Nb and Cr phase (fig. 

3(b)). 

  

Fig. 2 Morphology and chemical composition of Cr-Nb coated TiAl samples (a) 

CrNb4, (b) Cr4Nb. 



 

Fig. 3 XRD pattern of Cr-Nb coated TiAl samples (a) CrNb4, (b) Cr4Nb. 

Fig. 4 shows the cross-section SEM image of Cr-Nb coated TiAl samples. It was 

evident that the Cr-Nb coated samples both exhibit a continuous and compact 

structure and are both well bonded to the Ȗ-TiAl alloy. As shown in Fig. 5, line scan of 

cross sections are shown here, the coatings were all divided into two different areas, 

i.e., a deposition layer and a diffusion layer. The total depth of the CrNb4 coating was 

about 18ȝm, consisting of Cr, Nb, Ti and Al elements. At the depth of 16 ȝm, the 

inter-diffusion layer was apparently observed, with about 2ȝm in thickness (fig 5(a)). 

As well as the total depth of the Cr4Nb coating was about 8ȝm with the thickness of 

the interdiffusion layer about 2ȝm (fig 5(b)). 

  

Fig. 4 Cross-sectional SEM morphology of Cr-Nb coated TiAl samples (a) CrNb4, (b) 

Cr4Nb. 



Fig. 5 Line scanning of Cr-Nb coated TiAl samples (a) CrNb4, (b) Cr4Nb. 

3.2 Scratch 

Fig. 6 shows the result of the scratch test. Cr-Nb coatings were destroyed 

gradually with a progressive load from 0 to 50 N. At a certain critical load, the coating 

would start to fail. The critical load of CrNb4 coating was 17.6 N when that of the 

Cr4Nb coating was 21.64 N. 

 

Fig. 6 Optical Microscopy of scratch tracks. 

3.3 Nano-indentation  

Fig. 7 illustrates typical load-displacement curves of uncoated and Cr-Nb coated 

TiAl samples in average value, and the values of the hardness and the elastic modulus 

are shown in Table 3.  

It can be seen that the hardness of CrNb4 coating was 11.61GPa and the Cr4Nb 

coating was 9.66 GPa which all higher than that of the uncoated TiAl which was 5.65 



GPa. 

Recently, many researchers have proven that the elastic strain to failure (H/E) 

and plastic deformation resistance factor (H3/E2) should be more suitable than the 

hardness alone for predicting wear resistance than hardness alone15. As showed in 

Table 3, the H/E and H3/E2 value of Cr-Nb coated TiAl samples were all greater than 

that of the uncoated TiAl which predict good wear resistance. 

 

 Fig. 7 Load-displacement curves of uncoated and Cr-Nb coated TiAl samples. 

Table. 3 The mechanical properties of uncoated and Cr-Nb coated TiAl samples. 

Item Vickers hardness 

(HV0.1) 

Hardness 

(Gpa) 

Er (Gpa) H/E H3/E2 

TiAl 209 5.65 167.75 0.0338 0.0064 

CrNb4 507 11.61 194.12 0.0598 0.0153 

Cr4Nb 441 9.66 253.68 0.0381 0.0140 

3.4 Wear Tests 

Fig. 8 shows the friction coefficient of uncoated and Cr-Nb coated TiAl samples 

conducted at room temperature at a constant angular speed of 10 Hz and a normal 

load of 4N for 15min. It can be seen that the average friction coefficient of the CrNb4 

coating was 0.55 which was the same with the substrate. However, the friction 



coefficient curve of the Cr4Nb coating was more stable and smoother with a higher 

value ~0.65.  

 

Fig. 8 Friction coefficient 

As Fig.9 and Table. 4 showed, the wear track of the CrNb4 coating was much 

deeper and wider than that of the uncoated TiAl, indicating that the coating was 

seriously damaged during the course of friction. However, the Cr4Nb Coating was 

well preserved with nearly no damage, indicating a good wear resistance. And the 

specific wear rate of CrNb4 coating, Cr4Nb coating and uncoated TiAl were 3.54×10-4, 

0.01×10-4 and 1.53×10-4mm3N-1m-1 respectively.  

 

Fig. 9 surface profile curves of uncoated and Cr-Nb coated TiAl samples. 

Table. 4 Geometry parameters of wear track for uncoated and Cr-Nb coated TiAl 

samples. 



Items TiAl CrNb4 Cr4Nb 

Wear width/mm 0.82 1.09 0.28 

Wear depth/ȝm 22.74 40.01 2.23 

Wear volume/mm3 0.06 0.13 0.01 

Wear rate/10-4mm3·m-1 6.30 14.59 0.02 

Special wear rate 

/10-4mm3·N-1·m-1 

1.53 3.54 0.01 

Fig. 10 shows the surface morphologies of wear scar for uncoated and Cr-Nb 

coated TiAl samples. In Fig. 10(a), that a deep and smooth furrow with no plastic 

flow was observed clearly in the surface of the uncoated TiAl. In Fig. 10(b), 

numerous ridges and grooves were presented on the wear scar surface of CrNb4 

coating with severe plastic flow and adhesive wear. In Fig. 10(c), it can be seen that 

the Cr4Nb coating was well preserved. 

 

 



Fig. 10 Surface morphologies of wear scar (a) uncoated TiAl, (b) CrNb4, (c) Cr4Nb. 

4 Discussion 

The results showed that Cr-Nb coatings were deposited successfully on the TiAl 

alloy by the DGP surface alloying technique. The morphology of the Cr-Nb coated 

Ti-Al samples revealed uniform and compact layers with a little protuberances 

generated on the surface, which was caused by the growth of sputter atoms cluster in 

number or quantity and the ion sputter etching happened in specimen surface during 

the treated process16. 

However, the elements composition of deposited coatings presented in Fig. 2 

were different from the sputtering targets. The reasons for such a difference in the 

composition are that the composition of the deposited coatings is related to not only 

the composition of targets materials but also the sputtering yields of the various 

elements of the target materials. Furthermore, the diffusion of different alloying 

elements at the interface between the as deposited coatings and substrate also affects 

the final composition of the coatings14. Nb is soluble in comparatively large amounts 

in the Ȗ as well as Į2 phase and has been found to be particularly advantageous for 

Ȗ(TiAl) engineering alloys17. 

    The main phases of the Cr-Nb Ti-Al alloy samples were identified as Cr, Nb and 

laves Cr2Nb phase (fig. 3). And as Fig. 11 shown, the assessed Cr-Nb phase diagram, 

contains only one congruently melting intermediate phase ~Cr2Nb and this phase 

forms a eutectic with each of the terminal solid solutions ~ Cr and Nb18. Laves Cr-Nb 

phase with high melting point and moderate density have led to improving mechanical 

properties 



 

Fig. 11 Cr-Nb phase diagram18 

    Moreover, it can be seen that the thickness of CrNb4 coating was up to 18 ȝm 

which was about 2 times than that of the Cr4Nb ~8 ȝm (fig. 4 and fig. 5). The 

thickness of more Nb coating was larger than more Cr coating maybe due to the two 

reasons, one reason is that Nb element has more sputtering yields than Cr element in 

the DGP environment. Another is that Nb element is easier solution in TiAl alloy than 

Cr element6.  

The EDS analysis revealed that Cr and Nb exist in a gradient distribution in the 

diffusion layer, which was beneficial to the interfacial bonding strength of the coating 

(fig. 5). And an external diffusion phenomenon of Ti and Al was revealed. Due to the 

high temperature and the deformation gradient, alloy elements diffuse in the surface 

layer. But the difference of surface deformation gradient and diffusion coefficient of 

alloying elements in the surface layer lead to the severe change of concentration 

gradient in infiltrated layer19. It has been reported that the existence of the diffusion 

layer has remarkable results for improving the performance of combination between 

the modified layer and TiAl substrate10, 20, 21. 

As fig. 6 shown, microcracks perpendicular to the scratch direction accompanied 

by chipping of the coatings along the sides of the scratch track were observed when 

the scratching loads exceed the critical loads that the coatings could support. It is 



evident that the critical loads increase with the content of Cr in the coatings. Scratch 

tests showed that the critical load of Cr4Nb coating ~21.64 was bigger than that of the 

CrNb4 coating ~17.6 which indicated a better adhesive properties. 

The Nano-indentation tests showed that the hardness of Cr-Nb coated TiAl 

samples was improved by a significant amount comparing the uncoated TiAl (fig. 7), 

which may be attributed to the compact structure of the deposited coating. And the 

hardness of CrNb4 coating ~11.61GPa was higher than that of the Cr4Nb coating 

~9.66 GPa (table 3). There are two strengthening mechanisms of the coating for 

improving the mechanical properties of the metal alloy: second phase strengthening 

and solution strengthening22, 23. The former is the main way of the coating like PVD, 

for Cr-Nb coated TiAl alloy, Cr2Nb is the main second phase with simple Cr phase 

and Nb phase are few. The latter is diffusion coating, like Ion implantation and DGP 

surface alloying technique. However, it is proved that Nb element is more soluble in 

TiAl than Cr element, indicating that the hardness of the CrNb4 coating is bigger than 

that of the CrNb4 coating. 

The wear tests showed that the friction coefficient of TiAl substrate fluctuated 

strongly by the time (fig. 8), due to the repeated adhesive and tear process during the 

wear test24. And the deep and smooth wear track (fig. 9 and fig. 10(a)) indicated that 

abrasive wear is the main wear mechanism. For the CrNb4 coating, the friction 

coefficient was slightly higher and more stable than that of the uncoated TiAl (fig. 8). 

And severe plastic flow presented on the wear scar (fig. 9 and fig. 10(b)), indicating 

that adhesive wear is the main wear mechanism, abrasive wear also exists. For the 

Cr4Nb coating, adhesive wear is the main wear mechanism. only plastic flow without 

spalling wear debris presented on the wear scar surface (fig. 9 and fig. 10(c)) due to 

the good binding force, which resulted in a small loss of wear volume. 



5 Conclusions 

Cr-Nb coatings were successfully formed onto the TiAl substrate by DGP surface 

alloying technique, and the coatings were metallurgically bonded to the substrate 

without defects of porosity or cracks. The main phases of the Cr-Nb coated Ti-Al 

alloy samples were identified as Cr, Nb and laves Cr2Nb phase. Moreover, the 

thickness of the CrNb4 coating was up to 18 ȝm which was about 1 times higher than 

that of the Cr4Nb coating ~8 ȝm. Scratch tests showed that the critical load of Cr4Nb 

coating ~21.64 is bigger than that of the CrNb4 coating ~17.6. Nano-indentation 

showed the hardness of the CrNb4 coating was 11.61GPa and the Cr4Nb coating was 

9.66 GPa which all larger than that of the uncoated TiAl which was 5.65 GPa. The 

specific wear rate of the CrNb4 coating, Cr4Nb coating and uncoated TiAl were 

3.54×10-4, 0.01×10-4 and 1.53×10-4mm3N-1m-1 respectively. Furthermore, the wear 

surface analysis shows that for the CrNb4 coating, the friction coefficient was higher 

and more stable than that of the uncoated TiAl. And severe plastic flow presented on 

the wear scar, indicating that adhesive wear is the main wear mechanism, abrasive 

wear also exist; For the Cr4Nb coating, adhesive wear is the main wear mechanism, 

only plastic flow without spalling wear debris presented on the wear scar surface due 

to the good binding force, which resulted in low wear volume.  
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