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Abstract:

The application of hard coatings to metal forming tools is essential in order to obtain lower interfacial friction coefficient and extended tool life. By considering friction and wear as interactive responses from a coating tribo-system, an interactive friction model developed recently has enabled the prediction of the friction coefficient evolution and the coating breakdown. In the present research, the interactive friction model was implemented in the FE simulation of a sheet metal forming process, via a multi-objective cloud FEA system. The wear distribution on the punch, die and blank holder has been visualised, which has shown that wear is strongly dependent on the forming parameters, such as blank holding force. Based on these simulation results, predictions can be made for the remaining coating thicknesses. Moreover, preliminary guidelines are presented on the coating design to enable an optimised coating thickness distribution.
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1. Introduction

Low friction coatings have been used in the metal forming industry in order to obtain lower interfacial friction coefficient and extended tool life [1, 2]. Finite element (FE) simulation has been widely used for metal forming processes to accurately predicting material behaviour as well as optimising a forming process. The reliability of FE simulation results is dependent on the accuracy of the material model, for example the flow stress data or constitutive equations; as well as the assignment of boundary conditions, such as friction coefficient and heat transfer coefficient. In the past years, advanced FE simulations have been developed via the implementation of user-defined subroutines, which have significantly broadened the capability of FE simulation software. 
Current FE simulations of metal forming processes are mostly performed under single-cycle loading conditions, and constant friction coefficient values are assigned to represent the complex tribological nature at the contact interfaces of work-piece material and tools. However, in a real production, the friction coefficient as well as tribological behaviour at the forming tool contact interfaces will vary with the number of forming cycles due to wear [3]. It is of vital importance for engineers to understand the wear behaviour and the impacts on coating and tool life under multi-cycle loading conditions. However, due to the complexity of multi-cycle loading conditions, it is computationally very expensive to predict tool life using conventional FE simulation software. 
This paper introduces an alternative solution to the tool life prediction, namely a multi-objective FEA technique. This technique is based on the application of functional modulus in a cloud computing environment and can provide an efficient and effective method to model the advanced forming features in conjunction with the conventional FE simulation [4]. In this technique, the data obtained from the FE software is processed within each separated functional module, and is then imported back into the FE software in the relevant consistent format for visualisation and post processing. The structure of the multi-objective FE simulation is shown in Fig.1. The tool life prediction module is one of the ‘objectives’ in this cloud computing platform. This module is based on an advanced interactive friction model [5] to predict the evolution of friction and wear of coatings in a coating tribo-system. 
Such an efficient approach enables the prediction of coating wear of forming tools in metal forming industries, and provides guidance for engineers and designers to define the coating life of forming tools. Once the wear of coating is predictable, the thickness of coating to forming tools could be designed based on the actual conditions used in industries. To produce a certain number of products, the required coating thickness can be obtained via the ‘tool life prediction’ module, ensuring the effectiveness of applied coating during the fabrication and reducing the waste of coating itself. Coating design guidelines for a sheet metal forming tool have been proposed in this paper. A U-shape bending process will be used as a case study to illustrate this technique. The coating design for different forming conditions has been carried out.

[image: ]
Fig. 1 Structure of multi-objective FEA platform


2. The interactive friction/wear model

[bookmark: OLE_LINK5][bookmark: OLE_LINK6]In the interactive friction model presented by Ma et al. [5], the coefficient of friction and wear are two interactive responses of a coating tribo-system, and two origins contribute to the coefficient of friction, the initial friction coefficient μα and ploughing friction coefficient μPc, respectively (Eq.1). Through a series of ball-on-disk friction tests, the typical evolution of friction coefficient is shown in Fig.2 [3]. It is indicated that the evolution of friction can be divided into three stages by values of friction coefficient as well as the types of wear mechanics. Initially, the friction is mostly generated between the ball and the coating surface. At this stage, the coefficient of friction is relatively low, equal to initial friction coefficient, μα. Only loose-power like wear particles are produced, having negligible effects on the ploughing friction, μPc. Following this stable stage is the wear stage, where more large-size wear particles accumulated and debris is generated gradually due to localised coating spallation. In this stage, the size of debris is sufficient to be entrapped between the surface asperities and begin ploughing through the coating. In the final stage, the coating is worn out and the coefficient of friction keeps steady at a plateau, μPs, [6-7]. 

Experimental data
Interactive friction model 

Fig. 2 Evolution of friction coefficient by experimental data and friction model under different loads.
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In this interactive friction model, the ploughing friction between the ball and substrate is dependent on the instantaneous coating thickness, h (Eq.2). The parameters  and  are the physical constants of the wear process. Time based integration algorithm is used to capture the remaining coating thickness (Eq.3), so that the accumulated wear under varying contact conditions can be modelled, e.g. metal forming operations. The classic Archard law is modified and adopted to predict the wear of the coating (Eq.4), which asserts that the instant wear rate  is directly proportional to the product of the pressure P and sliding velocity v. The concept of the combined hardness (Eq.5) is employed to estimate the evolution of the coating hardness considering the thinning effect of the coating. The friction model parameters include load independent parameters, , hardness ratio between coating and substrate, , and the coefficient of thickness, ; ,,  and  which relate to the evolution of friction and wear are determined empirically, as shown in Table 1 [5, 8-11]. Further details of this model can be found in reference [5]. 

Table 1 Material constants and model parameters of the friction model

	
	
	
	
	
	
	
	

	2
	0.311
	0.17
	6
	4.58E17
	7.27E-23
	-3.84
	4.095



3. Coating design: a feasible study

The interactive friction model is then utilised in a room temperature U-shape bending process via the Multi-objective FEA platform, as a feasibility study to predict the wear of coating. The U-shape bending process is shown in Fig. 3. This cold forming process is simulated as a symmetric model with a stroke of 75mm, forming speed of 250mm/s, blank holding force of 30kN and initial friction coefficient of 0.17. The forming tools include a die, punch and blank holder. The coating thickness after different forming cycles are estimated and visualized through the multi-objective FEA platform. The detailed procedures can be found in [4]. 
[image: ]
			    (a)		          	       (b)		   		(c)
Fig. 3 Pam-stamp simulation of U-shape bending process, presenting the (a) first, (b) forming and (c) final stages of the process; the model consists of a blank, blank holder, punch and die.


4. Results and discussion

[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK7][bookmark: OLE_LINK8]Through this multi-objective FEA platform, the wear of coating of U-shape bending process under multi-cycle condition is carried out. The material constants and model parameters used are listed in Table 1. The initial coating thickness is 2.10 μm, and the simulation stops when the target loading cycle is reached or the coating is worn out, i.e. the minimum coating thickness on the tool reaches zero. According to the results, it is found that the breakdown cycle for the die of this U-shape bending model is approximately 40600 cycles. Fig. 4 illustrates the distribution of remaining coating thickness on the die after 500, 20000 and 40000 forming cycles, respectively. It can been seen that the wear of coating mostly concentrates on the entrance region of the die, which undergoes severe sliding wear as a result of high contact pressure and long accumulated sliding distance between the blank and die. The minimum coating thickness on the die remains at about 2.10 μm after 500 cycles, and decreases to 1.08 μm and 0.032 μm after 25000 and 40000 forming cycles, respectively. The detailed features at the draw-die is illustrated in Fig.4, which is a typical draw-die wear feature [12]. The wear rate gradually increased with time on account of the reduction in combined hardness. The coating thickness decreases continuously afterwards and then eventually breaks down at 40600 cycles. Therefore in this case, it is recommended that for a die with requested forming cycle of 40000, coating with thickness of at least 2.10 μm be used. Furthermore, the wear situations for all three forming tools for the U-shape bending process were then estimated and compared. Fig. 5 shows the remaining coating thickness of the die, punch and blank holder after 40000 forming cycles. Their initial coating thicknesses were all set as 2.10 μm. 98% of the coating on the die is worn in this condition, whilst the wear behaviour on the punch and blank holder are negligible. The remaining coating thickness for the punch was still over 2.0 μm, and almost kept at 2.1 μm on blank holder. 
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         (a) 			(b)	       		   (c)                       (d)
Fig.4 Remaining coating thickness distributions on the die after a)500 cycles b) 20000 cycles c) 40000 cycles of forming operations d)detailed wear features
(mm)

			  (a)				(b)				(c)
Fig. 5 Remaining coating thickness distributions on the a) die b) punch c) top blank holder, after 40000 cycles of forming operations
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			  (a)				(b)				(c)
Fig. 6 Coating distribution of (a) die (b) punch and (c) top blank holder when coating breaks down

The coating distributions of die, blank holder and punch when the coating breaks down on the tool on itself are shown in Fig. 6. For the upper blank holder, the coating at the entrance region undergoes relatively severe wear, while the critical wear part of the punch is the corner. The simulations results for different blank holding forces, 10kN, 20kN, 30kN, 40kN and 50kN were then used for further investigation and illustration, and the other forming parameters kept the same. The volume of wear on the forming tools after 40000 cycles of forming operation at different blank holding forces were calculated and plotted in log scale as shown in Fig.7. From the figure, it can be clearly seen that the wear on these three forming tools are in different levels. Despite of large accumulated sliding distance, the pressure is considerably lower. As for punch, the contact pressure applied on the punch is similar to that on die, but when comparing to the contact condition between die and blank, the relative sliding distance between the punch and blank is significantly shorter. Fig. 8 and 9 illustrate the typical distribution of pressure sliding distance on the die, punch and blank holder at a blank holding force of 30kN. The relative sliding speed is calculated from the change of location of forming tools and blank material. From Fig.7, the volume of wear on punch and blank holder increases with the rise of blank holding force and the wear on the punch kept almost steady. It is because that with the increase of the blank holding force, the pressure on the critical part of tools increased, the effect of which will override the slight decrease in sliding distance between the tools and blank, eventually leading to relatively severe wear. Fig.10 shows a more detailed view of the wear condition at different blank holding force on die and blank holder.


Fig.7 Wear of volume after 40000 cycles of forming operation
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			  (a)				(b)			           (c)
Fig.8 Typical pressure distribution on the a) die b) punch c) top blank holder for U-shape bending at blank holding force of 30 kN
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			  (a)				(b)			           (c)
Fig.9 Relative sliding distance distribution on the a) die b) punch c) top blank holder for U-shape bending at blank holding force of 30 kN

			  (a)							(b) 
Fig. 10 Volume of wear on (a) Die and (b) Blank holder after 40000 cycles of forming operation

Coating design is a significant issue in the metal forming industry. In addition to the wear volume, the critical wear points on tools are considered in this case study as well. In order to prevent the failure of the coating on forming tools, the required coating thickness to allow 40000 cycles of forming operations is calculated via the multi-objective FEA platform and the results are shown in Fig.11, where the minimum coating thickness required in this case is obtained. Furthermore, by using this methodology, the optimized design of coating thicknesses can be obtained for any requested forming cycles or different forming conditions on a set of forming tools, and a more appropriate maintenance routine on the tools can be scheduled consequently. This paper provides a novel method to estimate the wear of coating and establish the coating design guideline.


Fig.11 Designed coating thickness of die, punch and top blank holder for 40000 cycles


Table 2 Designed coating thickness applied on forming tool for U-shape bending case study

	Tools
	Die
	Punch
	Blank holder

	Designed coating thickness
	>2.1 μm
	>0.1 μm
	>0.005 μm



5. Conclusion

An advanced friction model was combined with the conventional FE simulation showing the feasibility for predicting wear of coating. In the present research, the combination of the friction model and FE simulation has enabled the coating life prediction for a sheet metal forming processes. The distributions of coating thickness after different forming cycles are estimated and visualized, which could provide the information about the wear condition during the forming process. Based on these, a guideline for coating design of the forming tools has been developed. 
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