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In order to improve the wear resistance of the surface nitrided layer of 1060 aluminum matrix, the nitrogen containing 

thermal plasma Ti-assisted nitriding method was adopted to obtain the strengthening phases of AlN and TiN 

simultaneously. The influence of the nitriding technological parameter on Ti-assisted nitriding was studied through 

changing the nitrogen containing thermal plasma current (I = 100 to 160 A) and the flow ratio of the nitriding atmosphere 

(Ar/N2 = 8/2, 6/4, 4/6 and 2/8 L/min). The nitrided layer prepared under the Ti-assisted nitriding conditions was composed 

of AlN and Al solid solution, Al3Ti and TiN phases. The average microhardness of TiN dense distribution area was 

1025 HV0.1, significantly higher than that of AlN dense distribution area (589 HV0.1). When the proportion of nitrogen in 

the plasma gas was 40% and the current was 120 A, the weight loss of the nitrided layer after wear was 3.4 mg, and its 

average friction coefficient was 0.214. Compared with those of aluminum matrix, the friction coefficient of the surface 

nitrided layer reduced by 33 %, and the wear resistance capacity increased by 4.5 times. Ti-assisted nitriding could obtain 

the AlN and TiN compound strengthening effect, so as to improve the wear resistance of the nitrided layer significantly. 
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1. INTRODUCTION 

As a kind of lightweight engineering material, 

aluminum and aluminum alloy have received extensive 

attention in the fields of aviation and automobile industry. 

With the advantages of light weight, corrosion resistance, 

low cost, easy processing and reutilization, they have been 

widely used in the industrial fields. However, aluminum and 

aluminum alloy also have some disadvantages, like low 

hardness and poor wear resistance [1, 2]. In order to enhance 

the wear-resistant capability of aluminum and aluminum 

alloy, solid solution strengthening and thermal treatment 

strengthening can be adopted to improve the overall 

mechanical performance of the materials [3]. In addition, it 

is more environmental friendly and high efficient to modify 

the surface of aluminum and aluminum alloy matrix to 

obtain the hard surface deposition layer or form the 

compound layer and thus improve the wear resistance [4, 5]. 

In all kinds of surface strengthening layers of aluminum and 

aluminum alloy, the nitride coatings (such as AlN and TiN) 

have attracted much attention [6, 7]. There are many 

methods to prepare the nitride layer, such as plasma 

immersion ion implantation deposition (PIIID) [8, 9], 

plasma enhanced chemical vapor deposition (PECVD) 

[10 – 12], thermal plasma arc discharge surface nitriding 

(TPADSN) [13], plasma sprayed (PSP) [14, 15] and other 

technologies. The surface wearability of aluminum and 

aluminum alloy matrix after nitriding treatment will be 

greatly improved. 
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As it is known, coating can be prepared by the above-

mentioned methods in general cases, but the growth rate of 

coating prepared by PECVD and PIIID is relatively low, so 

it is difficult to form a thick coating. In addition, the 

adhesive force of deposited coatings to the substrate is 

relatively poor. Therefore, the surface nitridation methods, 

including laser nitriding [16] and plasma nitriding [17 – 19], 

are the best methods for surface modification of aluminum 

alloys. Among various sorts of plasma nitriding treatments, 

hot plasma nitriding is superior to other nitriding processes 

in the possibility of the partially nitriding of components and 

the efficiency of nitriding process. In previous studies, 

unalloyed steel [20] and titanium [17] have been 

successfully nitridized. 

However, only a few papers published so far are known 

for describing the formation of nitrided layers on aluminium 

substrates by this technique. Thus, further experiments must 

be done to prove that this technique can be accepted for 

industrial applications. In this work, since both Al and Ti are 

metal elements which can be easily nitrided [21 – 25], the 

Ti-assisted nitriding treatment can be carried out through 

pre-covering Ti powders when using the nitrogen containing 

plasma for the surface nitriding of aluminum matrix, so as 

to obtain the surface nitrided layer with better wear 

resistance. 
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2. EXPERIMENTAL MATERIALS, METHODS 

AND EQUIPMENTS 

2.1. Experimental materials 

The industrial pure aluminum 1060 measuring  

70 mm × 25 mm × 8 mm (length × width × height) was 

used the matrix material. Its composition is shown in 

Table 1. The average particle size of the atomized Ti 

powders is 100 μm. 

Table 1. The chemical composition of 1060 substrate (wt %) 

Si Mg Fe Mn Ti Cu Al 

0.28 0.17 0.35 0.07 0.03 0.006 Bal. 

The aluminium surface was pre-treated before the 

experiment by grinding with the corundum sandpaper 

(#600), washing with ethanol for 10 minutes with an 

ultrasonic cleaner and drying. Pre-coated titanium powders 

and water glass were mixed in a certain proportion to ensure 

the moldability and the proper viscosity. Then the mixture 

was applied to the surface of the pre-treated test plate 

evenly. After that, the pre-coated test plate was placed in a 

cool and ventilated place to dry for 24 hours, and then be 

dried in a drying furnace at 100 ℃ for 1 h. 

2.2. Experimental methods and equipments 

The principle of the nitrogen containing hot plasma Ti-

assisted nitriding experiment is shown in Fig. 1. WP-300 

type argon arc welding machine was used. The diameter of 

tungsten electrode was 3 mm. The distance between 

tungsten electrode and the surface of the aluminum matrix 

was about 3 mm. The welding gun was fixed on a trolley 

whose walking speed can be controlled. The mixed gas with 

different proportions of high purity nitrogen and argon was 

injected into the welding gun and then flowed from the 

nozzle. Argon was used as a shielding gas. It also formed 

the stably burning arc with nitrogen, namely, nitrogen 

containing hot plasma. The nitrogen containing hot plasma 

arc was ignited to heat the surface of aluminium matrix to 

form a molten pool locally. Then, the walking trolley was 

started to make nitrogen ions, atoms and molecules in hot 

plasma combine with aluminium melt and high-temperature 

titanium to form AlN and TiN and then the nitrided layer on 

the surface of aluminium matrix.  

 

Fig. 1. The principle diagram of the pre-coated titanium nitriding 

After the nitrogen containing hot plasma Ti-assisted 

nitriding experiment on aluminum matrix, the nitrided layer 

was cut into the metallographic specimens measuring 

20 mm × 12 mm × 8 mm (length × width × height) along 

the cross section. The cross section of the metallographic 

specimens was grinded, polished and then put into the 

NaOH aqueous solution with the volume fraction of 20 % 

for chemical corrosion. After that, the specimens were 

cleaned with alcohol and dried by an air blower. ZEISS Axio 

Scope A1-type optical microscope was used to observe and 

photograph different tissue areas within the nitrided layer. 

EVO18 SEM equipped with EDS of Link ISIS was 

employed to observe and analyze the microstructure and 

phase composition of metallographic specimens. To 

determine the phase composition of the nitrided layer, 

D/Max 2500 PC X-ray diffractometer of Rigaku 

Corporation was used for the phase analysis 

(CuK = 0.15418 nm，scan rate is 4 º/min). Everone 

MH-3-type micro-hardness tester was used to measure the 

micro-hardness of typical phases in the nitrided layer. Since 

the tissues were tiny, the method of testing the micro-

hardness of the areas with dense phase distribution was 

applied. 5 dense areas were selected for each phase, and the 

average hardness was taken as characterization. The test 

load was 0.98 N, and the dwell time was 15 s. The friction 

and wear test of the nitrided layer was carried out at room 

temperature by using a MG-2000 type pin-on-disc 

Tribometer. The nitrided layer on the surface of aluminum 

matrix was prepared into the pin-shaped wear samples 

measuring 6mm × 6mm × 8mm (length × width × height) 

by the way of dry sliding friction and wear. Hard alloy ring 

(YG8) was taken as the counterpart. Its outer diameter was 

80 mm, its inner diameter was 50 mm, and its width was 

16.5 mm. The wear load was set to be 20 N. The shaft was 

controlled to rotate at 100 rpm. It rotated by a total of 

2000 circles. The friction torque value was recorded every 

50 rotations. The coefficient of friction was then calculated. 

Each sample had a total of 40 friction coefficients. The 

friction coefficients in the process of friction and wear were 

mapped to calculate the average friction coefficient of each 

worn specimen and test the weight loss after wear to 

characterize the wear resistance. 

3. EXPERIMENTAL RESULTS AND ANALYSIS  

Two groups of the Ti-assisted nitrogen containing hot 

plasma nitriding experiments were carried out on aluminum 

matrix. One group used various currents (I = 100 to 160 A) 

under the arc with a mixture atmosphere of 20 % argon and 

80 % nitrogen. The other one used different proportions of 

nitrogen in gas flow rate (Ar/N2 = 8/2, 6/4, 4/6, 2/8 L/min) 

at a fixed arc current of 120 A. The walking speed of the arc 

was 3.8 mm/s in the two groups of experiments. The 

influence of the change in process parameters on the 

microstructure and properties of the nitrided layer was 

tested.  

3.1. Typical microstructure and phase composition 

of the Ti powder-assisted nitrided layer 

Fig. 2 shows the typical microstructure of the surface 

nitrided layer obtained under the conditions of I = 160 A 

and Ar/N2 = 8/2. Fig. 2 shows the shape and appearance of 

the nitrided layer. The nitrided region has tissue regions 

with different colors, which means it is composed of some 

yellow dendritic phases and blue stripes and massive phases.  

http://www.baidu.com/link?url=HkDfT99lqzyWkidl5baNunOnX_v3ehMSuK1W8R6yzC48w7Hsp8yuFCritBMNy5oEvxRzh1CAYw-7qMMBRPtXjJDHGFTfQiaplncCxHOmUoy
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Fig. 2. Typical microstructures of nitride layer formed on the pre-

coated substrate with Ti 

Fig. 3 shows the XRD analysis results of the nitrided 

layer at different currents and different atmospheres. The Ti 

powder-assisted nitrided surface layer was composed of 

four phases, namely, AlN, Al solid solution, Al3Ti and TiN.  

 

a 

 

b 

Fig. 3. The XRD analysis results of the nitrided layer:  

a – different currents; b – different atmospheres 

SEM observation was carried out on the densely 

distribution area of blue tissue phases at the lower part of 

the nitrided layer under the light microscope, as shown in 

Fig. 4. EDS composition analysis was made on Point A and 

B in Fig. 4 b to get the analysis results shown in Table 2. 

Thus, A was composed of N, Al elements, and a small 

amount of Ti. The small tissues between the blue acicular 

structures could be determined as AlN phases based on the 

XRD analysis results. AlN particles were surrounded by 

aluminium solid solution. This was because nitrogen solid 

soluble in aluminium melt reacted with aluminium melt 

directly to precipitate AlN. The ratio of Al atoms to Ti atoms 

in the blue acicular structure of B was close to 3:1. Based on 

the XRD analysis, B could be determined to be Al3Ti phase. 

 

a 

 

b 

Fig. 4. The SEM photos and EDS spot analyses of the typical 

microstructures at lower of the nitrided layer: a - The region 

of blue striped microstructure; b – local magnification of 

Fig. 4 a and location of EDS analysis point 

Table 2. The EDS component analysis results of points A and B 

Element 
Spot A Spot B 

wt.% at.% wt.% at.% 

N 14.91 25.68  –   –  

Al 84.57 74.04 62.53 74.76 

Ti 0.53 0.28 37.47 25.24 

Total 100 100 

Fig. 5 provided SEM of the nitrided layer 

corresponding to the marked areas shown in Fig. 2. Its 

interior was composed of massive tissues with certain 

orientation, particle phases inside the massive tissues and 

horizontally distributed strip tissue phases. EDS 

composition analysis was carried out on C, D and E in 

Fig. 5 b to get the analysis results in Table 3.  

The EDS analysis of C showed that the ratio of N atoms 

to Ti atoms was close to 1:1. It could be confirmed based on 

the XRD analysis results that the horizontally strip tissues 

were AlN phases, the massive tissues were Al3Ti phases, the 

particle phases inside the massive tissues were TiN phases, 

and they were dispersed within Al3Ti phases. 

Table 3. The EDS component analysis results of points C, D and 

E 

Element 
Spot C Spot D Spot E 

wt.% at.% wt.% at.% wt.% at.% 

N 23.76 52.75  –   –  36.23 51.21 

Al  –   –  61.58 74.00 63.77 48.79 

Ti 76.23 47.25 38.42 26.00 — — 

Total 100 100 100 
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a 

 

b 

Fig. 5. The SEM image and EDS spot analyses of the typical 

microstructure of the upper layer of the nitride layer: 

a – local magnification of Fig. 2; b – local magnification of 

Fig. 5 a and location of EDS analysis point 

3.2. The microhardness and wear resistance of the 

nitrided layer 

From the typical structure test of the Ti powder-assisted 

nitrided layer it was found that the average microhardness 

was 77 HV0.1 for Al solid solution, 589 HV0.1 for the dense 

distribution area of AlN, 692 HV0.1 for the dense 

distribution area of Al3Ti, and 1025 HV0.1 for the dense 

distribution area of yellow TiN. The last was obviously 

higher than the maximum hardness of the surface nitrided 

layer of aluminum matrix without Ti powders in the 

literature (690 HV0.1) [18], the nitride layer in this paper 

contains Al3Ti and TiN phases, which have a higher 

microhardness, therefore, the microhardness of the nitride 

layer is increased. 

In order to compare with 1060 pure aluminum matrix, 

the wear loss of pure aluminium was tested to be 15.6 mg, 

and the average friction coefficient was 0.3189 under the 

same friction and wear test conditions. 

Fig. 6 presents the influence curve of the hot plasma 

current on the weight loss of the surface nitrided layer after 

wear and the friction coefficient when the nitrogen 

containing hot plasma atmosphere was Ar/N2 = 8:2. In the 

nitriding process, with the increase of the current, the 

volume of molten pool expanded. Then, the pre-coated 

titanium powder could react better with aluminium melt and 

form Al3Ti intermetallic compound. Aluminum, titanium 

and nitrogen from hot plasma were synthesized at high 

temperature to form AlN and TiN, which increased the 

average hardness of the nitrided layer. When the current 

increased to 160 A, due to the large amount of heat input, 

aluminium melt reached the most, while the amount of pre-

coated titanium powder was constant, resulting in the more 

aluminium solid solution within the nitride layer, and the 

reduction of the average hardness of the nitrided layer. With 

the increase of the current from 100 A to 160 A, the 

hardness value of the nitride layer increased first and then 

decreased, the weight loss of the nitrided layer after wear 

reduced with the increasing current till 140 A, where the 

weight loss reached the minimum value of 5.1 mg, hence 

began to increase, as shown in Fig. 6 a. Its wear resistance 

was as 3 times as that of the pure aluminium matrix. 

According to the friction coefficient variation law in 

Fig. 6 b, with the increase of the current, the friction 

coefficient decreased first and then increased. Then, the 

average friction coefficient of each specimen could be 

calculated, as shown in Table 4. Thus, when the arc current 

was 140 A, the average friction coefficient of the nitrided 

layer was the minimum, being 0.2005, far lower than that of 

pure aluminum matrix.  

 

a 

 

b 

Fig. 6. Effect of current on wear loss and friction coefficient of the 

nitride layer formed on the pre-coated substrate with Ti: 

a – weight loss; b – friction coefficient 

Table 4. The average friction coefficients of the nitride layer 

formed on the pre-coated substrate with Ti powders at 

different current 

Electric current, A 100 120 140 160 

The average friction 

coefficient, μ 
0.2880 0.2360 0.2005 0.2483 

Fig. 7 presents the influence curve of the proportion of 

nitrogen in the hot plasma atmosphere on the weight loss of 

the Ti powder-assisted nitrided layer after wear and the 

friction coefficient when the current was 120 A. The 

average friction coefficient of the nitrided layer at different 

atmospheres is calculated and is shown in Table 5.  
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a 

 

b 

Fig. 7. Influence of the atmospheres on wear loss and friction 

coefficient of the nitride layer formed on the pre-coated 

substrate with Ti: a – weight loss; b – friction coefficient 

Table 5. The average friction coefficients of the nitride layer 

formed on the pre-coated substrate with Ti powders at 

different atmospheres 

Arc atmosphere, 

Ar/N2 
8:2 6:4 4:6 2:8 

The average friction 

coefficient, μ 
0.2360 0.2140 0.2238 0.2498 

According to Fig. 7 and Table 5, when the proportion of 

nitrogen was 40 % and the current was 120 A, the weight 

loss of the nitrided layer after wear was only 3.4 mg, and the 

average friction coefficient was only 0.214. The friction 

coefficient of the nitrided layer reduced by 33 % compared 

with that of pure aluminum, but its wear resistance capacity 

increased by 4.5 times. 

In the wear test, the abrasion loss and the average 

friction coefficient of the substrate were obviously higher 

than those of the nitride layer, which meant that the nitriding 

treatment of AlN and TiN could significantly improve the 

performance of the aluminium substrate. The results also 

showed that as the concentration of nitrogen in the Ar/N2 

mixture increased, the weight loss of the nitride layer 

decreased, which was probably a result of an increase in the 

AlN, TiN phase concentration as the Ar/N2 ratio increased. 

However, as the ratio of nitrogen in the arc atmosphere 

exceeded 40 %, the mass of hot plasma of nitrogen in the 

plasma arc increased faster, and the increase of the ratio of 

nitrogen in the arc also caused the temperature of plasma to 

rise, thus further expanding the welding pool of aluminium 

substrate, so nitrides in the nitrided layer increased with the 

increase of the ratio of nitrogen; however, due to the high 

ionization potential of nitrogen, the energy after nitrogen 

ionization was relatively high, the substrate obtains 

relatively high energy fusion, the pool was further 

expanded, resulting in that the nitridation of aluminium melt 

in the nitrided layer is not sufficient, and the content of 

nitrides was relatively reduced. The increase of solid 

solution of aluminium in the nitrided layer is shown in 

Fig. 3 b. The hardness was reduced and the weightlessness 

of wear of the nitrided layer increased. It is in good 

agreement with the results of [18] nitrogen-containing 

thermal plasma aluminium nitride matrix. When the 

proportion of nitrogen exceeded 40 %, the amount of Al 

solid solution in the nitride layer increased, the weight loss 

and average friction coefficient of the nitride layer gradually 

increased, and wear resistance decreased. 

4. CONCLUSIONS 

In this paper, the microstructure and wear resistance of 

the nitride layer were analyzed through reinforcing the 

aluminium matrix by nitrogen-containing hot plasma 

titanium-assisted nitriding. The following conclusions were 

obtained: 

1. When using the nitrogen containing plasma for the Ti 

powder-assisted surface nitriding of aluminum matrix, 

the surface layer was composed of four phases, namely, 

AlN, Al solid solution, Al3Ti and TiN. Al3Ti 

intermetallic compounds in the AlN and TiN 

enrichment areas in the nitrided layer were in the 

dendrite shape. 

2. The average hardness value was 77 HV0.1 for Al solid 

solution, 589 HV0.1 for the dense distribution area of 

AlN, 692 HV0.1 for the dense distribution area of Al3Ti, 

and 1025 HV0.1 for the dense distribution area of TiN. 

When making the nitrogen containing hot plasma 

surface treatment on pure aluminum, pre-coating Ti 

powders in the molten pool had the function of nitriding 

assistance. 

3. When the nitrogen containing hot plasma atmosphere 

was Ar/N2 = 8:2, with the increase of the plasma 

current, the weight loss of the nitrided layer reduced 

first and then increased. The weight loss was the 

minimum and the wear resistance capacity was 3 times 

higher than that of pure aluminum matrix when the 

current was 140 A. When the proportion of nitrogen 

was 40 %, and the current was 120 A, the weight loss 

of the nitrided layer was 3.4 mg, and the average 

friction coefficient was 0.214. Compared with those of 

pure aluminum matrix, the friction coefficient of the 

nitrided layer reduced by 33 %, and its wear resistance 

capacity increased by 4.5 times. Ti assisted nitriding 

could receive AlN and TiN compound strengthening 

effect, so as to significantly improve the wear resistance 

of the nitrided layer.  
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