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Investigation of galling behaviours between an aluminium alloy and metal forming tool
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Hot stamping of Aluminium alloys is a process receiving increased interest from the automotive industry. However, during this process, galling, which has been recognized as one of the major drawbacks, limits the tool life and restricts the complexity and quality of the product. In order to improve the feasibility of this forming technology, an understanding of the mechanism of galling is necessary. The aim of the present study is to investigate the galling behaviours between AA6082 and two advanced anti-wear coatings, CrN and AlCrN. The study was conducted with pin-on-disc experiments at an elevated temperature. The main focus of the study is on the quantitatively measurement of galling and identifying the material transfer mechanisms between Aluminium and tool surface.
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1.    Introduction
In the automotive industry, one of the main drawbacks of Aluminium sheet metal forming is the adhesion of Aluminium onto the tooling, which subjects the tool and the workpiece to a severe tribological condition. This material transfer gives rise to damage and break down of the functional surface (e.g. coatings) on the tool. Thus, adhesive wear, or galling, is one of the main reasons for reduced quality of the final product, especially on the product surface.
The adhesive wear of Aluminium alloy is generated from both physical and chemical interactions [1, 2]. The welding theory developed by Bowden [3], which indicates that the high transient temperature melt or softening of the material results in welding and transfer, and is the most widely accepted explanation for adhesive wear mechanisms. More detailed studies of material transfer for a single asperity include the plastic shearing model of successive layers of asperity contact [4] and the plastic wave model [5]. Based on detailed micro-scale observations, Janice et al. [6] divided the transfer process under multi-cycle process into two classes, primary and secondary transfer. Schipper et al. [7, 8] also investigated the multi-cycle material transfer phenomenon and developed a series of bump growth models both on single asperity and macro scale levels.  
In the present work, the adhesive wear mechanisms between X and X under multi-cycle sliding for two types of anti-wear coatings, namely, CrN and AlCrN, at 300°C, were studied. Parameters derived from bearing ratio curves were used to numerically analyse the changes of the coating surface properties after galling occurred and measuring the degree of the changes. The adhesive wear mechanisms of material transfer between Aluminium alloy and coatings were identified and discussed.
2.    Experimental setup
Pin-on-disc tests were conducted to study the adhesive wear behaviour. The Anton Paar high temperature (THT) tribometer was used and experiments were conducted according to the ASTM standards G40 and G99. A semi-spherical pin with radius of 2.5 mm was used. The materials and testing parameters used for this study are shown in Table 1. The surface roughness of the coatings was measured by Veeco white light interferometry (WLI). The adhesive wear phenomenon was studied using WLI, Hitachi scanner electron microscope (SEM) and Zeiss optical microscope.
Table 1. Testing parameters for adhesive wear studies.
	Test No.
	Pin Material
	Disc Material
(substrate+coating)
	Normal force (N)
	Velocity (mm/s)
	Radius (mm)
	Laps
	Temperature (℃)

	1
	AA6082 T6
	GJL+CrN
	5
	50
	15
	30
	300

	2
	AA6082 T6
	GJL+AlCrN
	5
	50
	15
	30
	300


3.    [bookmark: _Toc449205513]Results and discussion 
3.1.  Morphology of new coatings
Micro coating defects were found on tested coatings and assumed to be the main reason for the high surface roughness, which is one of the initial triggers of adhesive wear and thus plays an important role in friction and wear mechanisms [6, 7]. The surfaces of coatings were untreated before testing to simulate the real forming condition. Table 2 lists the average surface roughness (Ra) for the coatings and shows that the CrN coating had higher surface roughness than AlCrN.
Table 2. Average surface roughness (Ra) of coatings before tests.
	Test No.
	Material
	Average Ra
(nm)

	1
	GJL+CrN
	214.94

	2
	GJL+ALCrN
	187.17


Two types of micro-defects, bumps and pits (shown in Figure 1), were identified on the coatings, which are evenly distributed on the surfaces. The pit defect was less likely to occur on both coatings, and hence had a small effect on wear. However, the size and amount of bump micro-defects were observed on both CrN and AlCrN coatings.

[image: ] Fig. 1. WLI and SEM pictures of CrN and AlCrN before and after tests. Arrows represent pin sliding direction.

3.2.  analysis of Adhesive wear mechanisms between X and X

The material transfer on coatings can be clearly observed and measured by WLI due to the height difference between the original surface and bump defects. As shown in Figure 1, the high peaks in WLI pictures indicate Aluminium transfer as it accumulated along the wear track. The material transfer rate under constant operating conditions (transferred Al volume per unit area) was calculated by WLI and shown in Table 3, in which CrN showed higher material transfer rate than AlCrN. In SEM pictures shown in Figure 1, the light area indicates the transfer of Al on the coating surface and the dark area indicates the original coating surface. The larger area of Al transfer shown in SEM pictures compared to WLI indicates that low height Al patches were also widely formed in the sliding process.  
Table 3. Aluminium transfer on different coatings.
	Test No.
	CrN
	AlCrN

	Material transfer rate (m3/m2)
	26.3E-9
	18.8E-9



Figure 2 shows the surface topography captured from worn AlCrN coating using an optical microscope. An ellipse is used to indicate the contact patch where Al transfer occurs. The full ellipse indicates the adhesive mechanism of bonding. The half ellipse indicates the transfer due to the micro-defect. The micro bump defect is represented by a square, which can be seen obstructing the movement of Aluminium particles or asperities in Figure 3. 
Based on the research of Heinrichs et al. [6], two different Al transfer mechanisms can be identified in this figure: 1) Al transfer due to adhesive bonding to the tool material surface, which causes low height Aluminium transfer track; 2) Al transfer due to bump defect on the tool and wear particle entrapment, which leads to high Al bump (3-7 μm). As observed in Figure 2, the second transfer phenomenon, which leads to high volume of Al transfer and more likely activates further transfers, is always triggered by surface defects. Further transfer mechanisms are identified as: 1) overlaying of new layer of material to the existing bump and 2) damage activated transfer. A schematic illustration of the aluminium transfer mechanisms is shown in Figure 3. 
[image: ][image: ]Fig.2. The determination of main contact patches and mechanisms.

Fig. 3. Schematic illustration and description of the mechanisms of aluminium transfer on coatings

4.    Conclusions
In this study, ball-on-disc tests were conducted at 300C to study the galling behaviour between an aluminium alloy and coated tool surfaces. It can be concluded that:
[bookmark: _GoBack](1)	The Al transfer mechanisms of Al-coating tribo-system can be classified into 2 stages: (a)	 Primary transfer due to micro surface defect and adhesive bonding; (b) Secondary transfer due to scraping against already transferred material and the secondary damage activated transfer.
(2) 	The Aluminium transfer is likely triggered by coating surface defect.
(3) 	GJL+CrN and GJL+AlCrN show similar Al transfer mechanisms. The Al transfer rate on CrN is larger than AlCrN.
(4)	The wear particles entrapped and adhered on coating surfaces results in large size Al bumps, which may cause high friction, wear and adhesive bonding on the coating surface. Thus a smooth tool surface is recommended to reduce the possibility of large Al particle adhesion, which would lead to a product with good surface quality.
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New coating:
Coating defects: bump.

Primary transfer.
1. transfer due to bump on the tool surface

2. transfer by adhesive bonding to the tool material
surface

Second transfer:
1. by scraping against already transferred materials

2. secondary damage activated transfer
Transfer to surface due to work material damage caused
by passage of roughness on the tool surface. When
passing hard rough elevations, the work material
surface will become worn, deformed and rough by
scraiching. On continued sliding, the uneven work
‘material surface experienced high load concentrations
resulting in extensive deformation and material transfer
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