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1. Introduction

The design of superconducting magnet end parts is one of the most essential research work being conducted at Fermilab. Their complex 3-D shape leads to high manufacturing and inspection costs and requires 5-axis machining. During the past several years, alternative machining technologies were tried to make the end parts manufacturing cheaper, faster and more accurate.

In Fermilab, the end parts are designed with two major software-BEND and ROXY. These programs create the boundary surfaces of the end parts with a special mathematical approach to accommodate the superconducting cable with less stress and optimized bend during coil winding. Procedures are being developed to use these programs output to generate a solid model of the parts and then to machine them using alternative techniques.

After the start of activities to build a High Field Nb3Sn Dipole Superconducting Magnet at Fermilab, some R&D work was initiated to look over the new and also already tried manufacturing technologies for production-cost-time analysis.

2. Manufacturing Technologies

Machining: 5-axis machining or ball milling can be used to cut the inner and outer surfaces of the end parts with certain tolerance accuracy. This technique is the oldest and it is widely used for end parts machining. It requires a CAD file to define the boundary surfaces of the end parts and then the tool path has to be generated to follow the rulings of the surfaces in order to have a correct part to be cut with acceptable tolerance accuracy. 

Few machine shops including internal village machine shop (VMS) can do the 5-axis machining with the required accuracy. This is a highly accurate but also very costly and time-consuming method for end parts manufacturing. A lot of experience has been gained with this technique during the past several years. For Large Hadron Collider (LHC) program, HGQ magnet ends were designed with BEND and CAD files have been created with IDEAS and ANVIL solid modeling software. VMS have generated the tool path and the parts were machined following the rulings of the boundary surfaces with acceptable accuracy. This process is already optimized and HGQ end parts are still machined at VMS. The need to look for alternative techniques is due to the high cost and machining time with this 5-axis machining of the end parts.

Electric Discharge Machining: 5 to 6 axes wire electric discharge machining is another promising approach to end parts manufacturing. When the high field magnet program started in Fermilab, after the end parts were designed for the first mechanical model using ROXIE, wire EDM was chosen as a good approach to try this technology for end parts machining. After contacting few companies, which can do 6 axis cutting, the Lawrence Berkeley National Laboratory (LBNL) machine shop was chosen to have this job done. The cost and machining time estimates by LBNL were much lower than VMS at Fermilab. This was the first and major influence to try out a new technology. Cost and machining time reduction are the most critical issues to be understood properly for end parts manufacturing optimization. Wire burning is a good technique, especially for Nb3Sn magnet production that requires metal end parts. The end parts were cut and inspected, and the technique looks very promising. The limitation is that there are very few 6-axis wire EDM machines available at outside vendors other than LBNL.

Rapid Prototyping: Rapid Prototyping (RP) is a very common and popular manufacturing technique in the recent industrial and research applications. This technique consists of taking a 3D solid model of the part to be created and then slicing it into several layers in a dimensional axis and then build the part layer by layer using different materials as paper, plastic, powder, wax etc. In the past several years, a big effort was put towards the optimization of the old techniques already developed such as Stereolithography (SLA), Fused Deposition Modeling (FDM) and Selective Laser Sintering (SLS). Also some R&D effort has been spent to develop cheaper, faster and more accurate RP applications. MIT University in Boston with several companies has formed a consortium to develop these new alternative RP methods. A recent one, and also a very simple one, which was developed in MIT, is 3D printing technology. After the process was well defined, the companies, which were working with MIT, applied for a patent and tried this new 3D printing with different materials. Stratasys Inc., who already have the patent for FDM started to work on Genesis 3D printer and a new company called Z-Corporation, came out with a considerably cheaper and faster 3D printing RP application. 

Every year, new RP technologies are under research and development towards the optimization of the process for time, money and accuracy benefits. Several manufacturing shows in the Chicago area and seminars on recent RP technologies were visited to evaluate which RP is suitable for our purpose. Z-Corporation 3D printing technology and 3D systems Stereolithography (SLA) looked very promising. 

Z-Corporation 3D printer uses a starch-based powder that solidifies by a liquid solution while tracing the boundaries of the part shape. It uses a common STL file to form the layer by layer formation of the part to be printed. After the part has been printed, it has to be infiltrated with a resin for different purposes such as high temperature applications, higher rigidity etc. This is a considerably new RP technique and it is very promising due to its faster and more economical approach.

3D Systems SLA process is the first and the oldest RP technology. It is a very sophisticated method. It uses a special plastic liquid resin to build the parts. A laser follows the contours of the part’s shape and it solidifies the resin. The layer by layer creation method is also the essential part of this technology. It is the most accurate, most expensive and the fastest method ever developed in the RP industry.

The R&D effort to use the RP for end parts manufacturing was started with the high field magnet program. A stereolithography file (STL) has to be created from a 3D solid model in order to build a RP model of the part. The end parts already designed with BEND and ROXY were generated as solid models using these program’s output and IDEAS 3D solid modeling software. The STL files were created. The files were then sent to the service bureaus to try alternative RP methods. Z-Corporation and Manitowoc Prototypes Inc. were selected as candidates to evaluate the suitability of these RP methods for end parts manufacturing. 

One of the end parts of the first high field magnet mechanical model was printed with 3D printer at Z-Corporation service bureau. The starch powder based epoxy resin infiltrated end part cannot be directly used in any magnets. The goal of this approach was to print the designed end parts as quick and as fast as possible and evaluate the windability of the conductor around the boundary surfaces of different end parts configuration. The approach was logical because the complexity of the boundary surfaces and mistakes during their design has resulted in loss of money and time during the past several years for different magnet programs. The design iterations can be checked very efficiently with this 3D printing technology. The machine itself costs $60,000. The operating costs and time factor are also considerably low compared to any other manufacturing techniques suitable for end parts manufacturing. Several parts were printed and infiltrated with various resins to evaluate the suitability of the method. The parts were inspected at the QC department at Fermilab.

As a second approach to try RP, SLA technology was tried. Manitowoc Prototypes Inc. created an STL file of our end part and the SLA prototype was built. The part was inspected at QC at Fermilab and it showed more promising results than the 3D printed parts. The accuracy level defined by the manufacturers for 3D printed parts is ± 0.010 inches and ± 0.003 inches for SLA parts. The cost of the SLA machine suitable for our application is $250,000. The operating costs are high compared to 3D printing due to laser consumption, resin cost etc. 

Another benefit of the SLA technology is that the prototype created can be used to build investment casts for metal parts manufacturing. This is a very commonly used technology. An SLA model was created with RP and then this model was used as a mockup to build the cast and the same part is cast from metal using the investment casting technology.

An attempt was done with Manitowoc Prototypes Inc. to build one of our end parts from Aluminum Bronze (C95400) using SLA RP model and investment casting. Casting is a costly technology but if mass production of the end parts is considered, it is a very promising approach for end parts manufacturing. The cast part was inspected at QC Fermilab and the results were studied. 

The limited experience showed that using RP for making model or even production parts with elaborate shape can save a lot of time and money towards the optimization of the end parts manufacturing. 

Water Jet Cutting: After a presentation by a colleague from CERN, water jet cutting is also considered to be one of the major alternative candidates to optimize the end parts manufacturing costs. In this method, highly pressurized water and some abrasives supports are used to cut the parts from any material. A jet nozzle follows the contours of the part shape and the part is cut in 5 axis. The cost and the machining time reported by CERN and contacted companies in Europe and US are very promising. A few water jet companies were contacted and some sample parts were cut. The accuracy limitation of the 5-axis water jet cutting is ± 0.004 inches reported by the vendors. Flow Corporation Inc, Par Systems are the major water jet cutting machine manufacturers in US. They were contacted to evaluate their machine performance for end parts manufacturing. A French machine shop, which was pointed by our colleague from CERN, was also contacted to obtain price estimates. It seems that though the initial set up cost for a water jet machined part is the same as the set up cost for a 5-axis machined part, the cost of machining for water jet operation is significantly lower than 5-axis machining.

3. Results 

The table on the following page summarizes the results of our investigation. It seems that water jet machining is a very attractive alternative for mass production of the end parts. EDM is a cheap method of producing end parts for low quantity production (less than quantity 4 for each individual end part). Rapid Prototyping techniques are useful to verify the initial design of end parts by making prototypes quickly at a low price, and should be followed during the design evolution phase. However, once the final design is obtained, water jet machining offers substantial cost reduction in the mass production of the end parts.

Evaluation of the Alternative Methods Tried for End Parts Manufacturing:

Technology
Application
Accuracy
Time
Cost

3D Printing
Model End Part Production

R&D purposes, not suitable for direct use in the magnet 
+-10 mil (claimed by the vendor)

+- 20 to 30 mil (inspected)
30 minutes per part
50$ per part (in house)

150$ per part (service bureau)

Stereolithography  

(SLA)
Model End Part Production

R&D purposes, not suitable for direct use in the magnet
+-5 mil (claimed by the vendor)

+- 10 to 20 mil (inspected)
60 minutes per part
150$ per part (in house)

375$ per part

(service bureau)

Investment Casting
End Parts can be cast from metal. The cast can be built from SLA part and/or from conventionally machined part
+-10 mil (claimed by the vendor)

+-30 to 40 mil (inspected)
2 days to build a cast, 1 hour to cast a part
800$ to build the cast, very suitable for mass production

5-axis Machining
Any material parts can be machined
+- 10 mil
2 days per part
120 $ per part with 1200 $ set up charge.

6-axis Wire EDM
Metal parts are burned with wire
+- 8 mil
2 days per part
350 $ per part



Water Jet Cutting
Any material parts are cut with high pressure water jet
+-5 mil (claimed by vendor)

+-15 mil (inspected)
10 minutes per part
30 $ per part with 8550$ tooling and programming setup cost
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