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Abstract

This paper investigates the galling behaviour of a range of hard coatings applied to tooling surfaces during the sheet forming of an aluminium alloy workpiece. A total of three types of tooling materials were investigated, two of which were subject to PVD deposited coatings of AlCrN, CrN and DLC applied to the working surface. The third tooling material had undergone induction heating, plasma-nitriding and polishing. To evaluate the galling behaviour of the applied coatings, a tribological evaluation was conducted using a pin-on-disc test set-up at a constant load and varying temperature. The coated discs, replicating the tooling material, were tested against aluminium alloy pins AA6082 and AA7075 representing the workpiece material. This investigation indicated that the friction and galling behaviour of aluminium is highly dependent on temperature, and the use of two different aluminium pins had no significant effect. At room temperature, it was found that carbon-based coatings provide the lowest friction and the best protection against galling, whilst nitride-based treatments exhibit better performance at high temperature. Moreover, at elevated temperatures, coated tools exhibit superior anti-galling properties compared to uncoated tools.
© 2017 The Authors. Published by Elsevier Ltd.
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1. Introduction
The forming of aluminium sheets is an efficient manufacturing method for mass-producing automotive components. However there are limitations to the success of aluminium forming processes due to the materials’ vulnerability to undergo galling with the forming tools. The consequences of material transfer and adhesive wear to the tool may result in severe damage to the tooling and workpiece surfaces [1,2]. Previous studies on the surface modification of steel tooling showed that appropriate methods of polishing were effective in reducing galling [3,4]. Surface roughness was found to have a large influence on the resistance to galling of tool surfaces, and the application of hard coating provided good anti-galling properties [5]. The majority of previous studies focused on the tribological evaluation of coated tools at room temperature, and therefore it is of particular interest to study the anti-adhesive wear properties of different coating and substrate combinations at elevated temperatures. 
The aim of this paper is to explore the galling and friction behaviour for a combination of coatings and substrates. Experiments were conducted at room temperature and elevated temperatures, in order to identify the optimum coating and substrate combination that exhibits the lowest level of galling and friction coefficient. Due to the industrially sensitive nature of the substrate tooling materials used in the study, substrate names have been replaced with the notation ‘Substrates 1, 2 and 3’.
2. Materials and Experiment Method
2.1. Coating Combinations
Coated tooling materials were tested through Pin-on-Disc tests using aluminium pins made from AA6082 and AA7075, with a spherical head of 2.5 mm radius and disc diameter 55mm, with materials provided by Schuler Pressen GmbH, as shown in Fig. 1. The mean contact pressure applied in the tests was 0.33 GPa, calculated from the Hertzian contact pressure model. Tooling substrate materials 1 and 2 were pin-on-disc tested with the application of three coatings: AlCrN, CrN and DLC, while substrate 3 was polished, induction heated and plasma nitrided.

The coating material, substrate material, pin material and temperature were treated as the independent variables of the test, with coefficient of friction and galling effect as the dependent variables. 
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2.2. Pin-on-Disc Experiment and Wear Volume Analysis

An Anton Paar THT tribometer was used to conduct the pin-on-disc friction tests at different testing conditions as shown in Table 1. In the table, the pin material and the temperature of the test for each substrate and coating are shown. The evolution in coefficient of friction was recorded and compared between different coatings.

Morphology changes to the disc specimen and the height of the transfer layers were studied through a Veeco White Light Interferometry. The galling behaviour was observed and 3D images showing the severity of material build-up near the wear track were generated.           
Table 1. Test matrix
	Substrates
	Coatings

	
	Uncoated
	AlCrN
	CrN
	DLC

	Sub 1
	6082-25°C

6082-300°C

7075-25°C
	6082-25°C

6082-300°C
6082-450°C

7075-25°C
	6082-25°C

6082-300°C
6082-450°C

7075-25°C
	6082-25°C

6082-300°C

7075-25°C

	Sub 2
	6082-25°C

6082-300°C

7075-25°C
	6082-25°C

6082-300°C

7075-25°C
	6082-25°C

6082-300°C

7075-25°C
	6082-25°C

7075-25°C

	Sub 3
	6082-25°C
6082-300°C
6082-450°C
	
	
	


3. Results and Discussion
3.1. Effects of coating on the evolution of friction coefficient
Fig. 2 shows the evolution of friction coefficient between Aluminium pins and different coatings at room temperature. The value of friction coefficient between the pin and the uncoated substrates was found to be approximately 0.6. The application of AlCrN and CrN were both ineffective in friction reduction. However, the application of DLC has significantly reduced the COF between the mating materials to approximately 0.2. For substrate 1, as shown in Fig. 2 (a) and (b), the initial value of COF between the pin and DLC had a value of 0.25, and decreased slightly as sliding distance increased. For substrate 2, as shown in Fig. 2 (c) and (d), the DLC coating had a similar initial value of COF as the other coatings, but decreased rapidly to a steady state value of just under 0.2. This may be due to a difference in initial surface roughness. During sliding, the deformation of asperities resulted in a polishing effect on the coated surface, suggesting that a polished tool surface may be beneficial for friction reduction when a DLC coating is applied. It was also observed that the use of two different pin materials resulted in no distinct differences on the evolution of friction coefficient, indicating that the selected coatings are effective for both high strength aluminium alloys used in this study.
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Fig. 2. The evolution of friction coefficient at room temperature of a) substrate 1 sliding with AA6082 pin, b) substrate 1 sliding with AA7075 pin, c) substrate 2 sliding with AA6082 pin and d) substrate 2 sliding with AA7075 pin under various coatings
Fig. 3 shows the evolution of friction coefficient between the AA6082 pins and different coatings at 300°C. For the uncoated substrates, COF started at a value of 0.6 and continued to increase rapidly as sliding distance increased, due to the galling effect. In contrast, the coated substrates were relatively more effective in controlling friction. However, at this temperature, the DLC coating had lost the advantageous characteristics it displayed at room temperature. For substrate 1, as shown in Fig. 3 (a), the COF between the substrate and coating remained relatively stable at 0.6. For substrate 2, as shown in Fig. 3 (b), the AlCrN coating showed a COF that decreased from 0.6 to 0.4, whilst the CrN coating showed a COF that remained more stable, decreasing from 0.5 to 0.4. It can be deduced that when the test was conducted at a higher temperature of 300°C, the uncoated materials suffered large amounts of galling, indicated by a severe build-up of wear particles and Aluminium transfer layer, leading to an increase in surface roughness and Al-Al contacts. The application of coatings could prevent the rapid increase in surface roughness and galling, therefore effectively controlling friction. 
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Fig. 3. The evolution of friction coefficient at 300°C of a) substrate 1 and b) substrate 2 under various coatings with AA 6082 pin
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Fig. 4 shows the evolution of friction coefficient between the AA6082 pins and different coated substrates, including the induction heated, polished and plasma-nitride treated substrate 3. Substrate 3 exhibits the lowest COF between the mating materials at both room temperature and 300°C. At room temperature, shown in Fig. 4 (a), the three materials exhibited similar values of friction coefficient, and remained relatively stable throughout the test. The difference in average coefficient of friction between the three materials was less than 10%. At 300°C, as shown in Fig.4 (b), the superior characteristics of substrate 3 became more apparent, resulting in an average friction coefficient of approximately 25% lower than substrate 1 and 2.  It was also found that the rate of decrease in friction coefficient was larger at elevated temperatures than room temperature. This can be reflected with substrate 1, where at room temperature, its COF decreased from 0.6 to 0.5 whereas at 300°C, COF decreased from 0.6 to 0.4. This suggests that the amount of plastic deformation of asperities at elevated temperature could be higher, leading to a faster rate of polishing effect.  As result, the worn surface may have a mirror-like finish.
Fig. 5 shows the evolution of friction coefficient between the AA6082 pins and coatings at room temperature and 300°C. A more apparent advantage of substrate 3 compared to substrate 1 and 2 can be found by comparing these graphs. The performance of substrate 1 and substrate 2 at two temperatures are relatively similar, whilst substrate 3 has demonstrated a good ability to maintain COF at a similar value at room temperature as well as elevated temperatures. For substrate 1, the difference in average coefficient of friction was 26.13% between room temperature and 300°C, as shown in Fig. 5 (a). For substrate 2, the difference in average coefficient of friction was 32.32%, as shown in Fig. 5 (b). For substrate 3, a significant difference in performance can be shown in Fig. 5 (c), in which the difference in average coefficient of friction was 10.43%. In addition, the friction coefficient remained approximately constant at 0.5 throughout the duration of contact, suggesting that the asperities on the two surfaces did not undergo significant plastic deformation. The lower average friction coefficient of substrate 3 could also be explained by the induction heating, polishing and plasma-nitride treatment it has undergone, resulting in a very smooth surface since the beginning of the test. 
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A summary of the differences in coefficient of friction at different temperatures is shown in Table 2 below. 
  Table 2. Average coefficient of friction of Sub 1-AlCrN, Sub 2-AlCrN and Sub 3 at 25°C and 300°C
	
	Substrate 1 – AlCrN
	Substrate 2 – AlCrN
	Substrate 3

	Temperature (°C)
	Average Coefficient of friction

	25
	0.47897
	0.50611
	0.45833

	300
	0.63378
	0.63834
	0.50617

	Difference
	32.32%
	26.13%
	10.43%


3.2. Surface topography analysis: galling effect
Fig. 6 shows the transfer layer thicknesses of substrate 3, substrate 1 - AlCrN, and substrate 1 - CrN. By comparing the surface of substrate 3 with the two other substrates, it has been significantly smooth throughout the tests, up until the test conducted at 450°C, where a significant amount of material build-up occurred. Before the test, substrate 3 started with a lower surface roughness than substrate 1 and substrate 2. At 25°C, the surface of the substrate remained relatively smooth, with a low amount of galling. On the other hand, the other substrate surfaces had already started to show some Aluminium transfer. At 300°C, the surface of substrate 1 – CrN showed severe marks of adhesive wear, and the surface has become extremely rough. The large amount of Aluminium that accumulated in the direction of relative motion suggests that ploughing has occurred. Upon the comparison between substrate 1 with AlCrN and CrN, it was apparent that AlCrN was a better coating, as the amount of galling was significantly lower. At this temperature, the surface of substrate 3 continued to remain relatively smooth. Its beneficial anti-adhesive wear characteristic could also be confirmed by the relatively low coefficient of friction at this temperature. However, at 450°C, the surface of substrate 3 also showed a significant amount of material transfer. In comparison with the other substrates, the areas of material build up for substrate 3 were more concentrated in one direction and had higher peak values. For substrate 1, the build-up of material was more evenly spread across the metal surface. Although the surface of substrate 3 showed the least amount of galling at room and intermediate temperatures, at 450°C, the height of material build-up was the most severe. The superior properties of substrate 3 against galling at cold and warm stamping temperatures is also consistent with its ability to maintain a relatively low friction coefficient at these temperatures. This is mainly due to the plasma nitride, induction heating and polishing treatment carried out on it. However, its abilities are found to be limited, which was reflected in the test at 450°C, where severe galling has occurred.
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4. Conclusion

It was clear that the severity of galling is closely linked to friction coefficient, and they both increase when temperature increases. At room temperature, no obvious distinction was found between the various substrates, either coated or non-coated, except for DLC coating. The application of this coating resulted in significantly lower coefficient of friction at room temperature, however the coating was unable to withstand high temperatures. 
At elevated temperatures, the application of AlCrN and CrN both resulted in better anti-adhesive wear properties, with no distinct difference between the two coatings, selection of pin material or substrate material. 

It can be concluded that the substrate 3 that had undergone induction heating, plasma-nitride and polishing exhibited superior anti-adhesive wear properties than all the other substrate – coating combinations. Surface topography displayed the material’s high resistance to galling up to 300°C, and tribology tests displayed its low and stable evolution of coefficient of friction. All the other substrate – coating combinations can be concluded to have similar anti-adhesive wear properties that are inferior to substrate 3.  
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Fig. � SEQ Fig. \* ARABIC �1�. Schematic of pin and disc experiment set up





Fig. � SEQ Fig. \* ARABIC �4�. The evolution of friction coefficient of substrate 3, substrate 2-AlCrN and substrate 1-AlCrN with AA 6082 pins at a) 25°C and b) 300°C





Fig. � SEQ Fig. \* ARABIC �5�. Evolution of friction coefficient of a) substrate 1-AlCrN, b) substrate 2-AlCrN, c) substrate 3 at 25°C and 300°C with AA 6082 pin





Fig. � SEQ Fig. \* ARABIC �6�. Surface topography analysis of a) substrate 3, b) substrate 1-AlCrN and c) substrate 1-CrN with AA 6082 pin at 25°C, 300°C, 450°C
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