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DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or use- 
fulness o f  any information, apparatus, product, or process disclosed, or represents 
that i t s  use would not infringe privately owned rights. Reference herein to any 
specific commercial product, process, or service by trade name, trademark, manu- 
facturer, or otherwise, does not necessarily constitute or imply i ts  endorsement, 
recommendation, or favoring by the United States Government or any agency 
thereof. The views and opinions of authors expressed herein do not necessarily 
state or reflect those of the United States Government or any agency thereof. 



Abstract 

An investigation was conducted to evaluate the use of HIPed aluminum castings as near-net-shape 

blanks for large electrostatic focusing electrodes in ion lithography machines. The electrodes must 

have very smooth finishes which are free of pores and other defects. This has heretofore been 

achieved by rough-machining the blanks out of large forged aluminum billets and final diamond- 

turning. The use of a near-net-shape casting for the blank was expected to save a significant 

amount of money and time. 

The test was conducted on a single cast blank which was supplied by the Partner in the H P e d  and 

stress relieved condition. Rough machining and diamond tuining operations conducted by 

LMESER reveded that the casting contained unacceptably large defects. The conclusion was 

reached that IlIPed alurilinum castings in  the large sizes and of the quality levels required would 

probably be unobtainable in a cost-effective manner. 

An alternative approach, using ring forgings assembled by electron beam welding was proposed 

and investigated by LLIESER. Although an electrode blank ivas not obtained, the study indicated 

that this approach would be successful and cost-effective. 



C R A D X 0 b j ec t i ves 

Thc purpose of the CRADA was to evaluate the use of hot-isostatic-pressing (HIP) to close 

porosity in  large aluminum alloy castings. 

The expected accomplishment and benefits of the project were to obtain low cost cast components 

and HIP condition them to close porosity sufficiently to meet stringent machined surface quality 

requirements. 

As a result, large aluminum alloy castings could be used for manufacture of ion beam electrostatic 

lenses for the Ion Lens Projection Lithography (LPL) program. The present alternative to castings 

is the use of large forged billets which have a very high cost and must be 70% converted into 

machining scrap. 

Achiesement of Objectives 

Work carried out under this CRADA has demonstrated that HIPing is not capable of closing the 

castins porosity to the extent required. The CRADA was amended to cover an evaluation of 

electron beam welded ring forgings for electrode blank fabrication. 

The results of the ring forging study, although not producing an actual electrode, do indicate that 

the requisite quality can be obtained at a price significantly lower than either the forged billet or 

HIPed casting approaches. 

Benefit to DOE 

It is not apparent that DOE-DPPITI derived any benefit from this CRADA. 



Introduction 

Technical Discussion 

Large electrostatic lens electrodes for ion beam lithography machines are being machined from 

solid forged aluminum alloy billets. This process is time-consuming and expensive in that 

approximately 80% of the starting material is reduced to chips. If a near net shape casting could be 

used instead, it should be possible to achieve a significant cost reduction. The purpose of this 

CRADA was to test this hypothesis. 

Electrode I, which is shown schematically in Fig. 1, of the present machine design was chosen as 
the test configuration. The CRADA Partner, ALG, procured a cast blank for Electrode I from 

controlled Castings Corporation of Plainview, NY. The casting was aluminum alloy A356, a 

widelv-used Al-Si-Mg casting alloy. Since i t  is known that as-cast aluminum would have 

unacceptable porosity for the finished product, the blank was hot isostatically pressed (HIPed) 

after casting. This work was performed for ALG by Industrial IMaterials Technology, Inc., of 

Andover, MA. The cast, HIPed and stress relieved electrode blank \vas delivered to the Y-12 Plant 

for rough machining and subsequent diamond turning. 

Pre-Machining Evaluation 

The casting arrived on a pallet with the open end of the cylinder down. This allowed visual 

inspection of the large back surface of the electrode which was the first surface planned to be 

machined. The surface was rough and fairly uneven with some relatively large pores visible. 

Pores which are open to the surface are not expected to be closed by HIPing. 

The quality of the radiographs supplied was very poor and it was not possible to reach any 
conclusions regarding the amount of porosity in the casting. Furthermore, since the 
radiographs were of the part as-cast they were presumably not representative of the part 
as-received. 
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Fig. 1 Approximate configuration' of Electrode I 



Machining of Electrode Back-Side 

The casting was mounted on the faceplate of a VTL in the 9201-5N machine shop with the 

electrode back-side up. Prior to machining, measurements were made to determine the amount of 

material available for rough cutting prior to diamond turning. 

The initial facing cut was made with a high-speed steel tool. Tool wear was extreme, leading to the 

supposition that the casting contained embedded sand. This was not conclusively proven. A 

switch was made to a carbide tool and additional facing cuts were made. In all, 370” was 

removed from the surface, at which point machining was terminated to avoid violating the part’s 

finished contour, i.e., primarily the finished thickness of the outer rim of the flange. 

Extensive gross shrinkage porosity was revealed throughout the machining operation. An overall 

view of the rough-machined electrode back-side is shown in Figure 2. No dye penetrant was 

necessary to distinguish the porosity. The largest porosity clusters are shown circled in Figure 2. 

The deepest cavity, as nieasured by dial indicator, is shown as .195” deep. This could not be 

machined out without violating minimum material condition. 

Since the majority of the defects are all at the same approximate radical location, it would ’ 

appear that they may have been at the base of risers which did an obviously inadequate job 
of feeding the casting. No information as to the gating layout used to make the casting 
was supplied, therefore the source of these particular defects is speculative, but there is 
not question as to the unsoundness of the casting. 

The largest and deepest defects in the back-side area are noted in Fig. 2. A large defect near the 

casting’s center hole and away from the presumed riser locations is shown in close-up in Fig. 3. 

An additional quality issue is the very poor surface finish achieved during facing with the carbide 

tool. The extreme roughness of the machined surface near the center hole is apparent in Fig. 3. 

The finish was somewhat better near the periphery due to the higher cutting speed. However, 

regardless of location, the chips appeared to be tom off rather than sheared off. This would lead to 

some concern about the finish achievable with diamond turning. 

Because of the back-side surface’s very poor condition as well as the impending violation of 

minimum material condition, the decision was made to terminate all further machining operations 

on this part of the electrode. Steps were taken to evaluate the opposite end and inside surface of 





Fig. 3 Large defect near the center hole in the Electrode I casting back-side 



the casting. 

Machining of Electrode Own End and Inner Surface 

The casting was reversed on the VTL and trueing cuts were taken on the end surface and the inner 

wall of the cylinder with a carbide tool. A higher cutting speed was used than had been used on 

the backside and the surface finish was much better. No gross porosity was encountered. The 

inside diameter of the cylinder was machined to within .015” of final diameter. The end surface of 

the cylinder was faced to within approximately .060” of final length by removing .430” of stock. 

Defects, although much smaller than those discussed above, were observed visually on both the 

end and ID surfaces. 

Dianiond cuts were made on both the end and ID surfaces to evaluate the ability to achieve the 

desired finish on this cast material. Three passes at .0003” per pass were made across the end 

surface and one pass at .0003” was made on the ID surface. At this point, the part was removed 

from the machine for dye penetrant examination. Since the part was obviously dead, no plans 

were made for any further machining. 

Dye Penetrant Exainination 

All diamond-turned surfaces were cornpletely subjected to red-dye penetrant examination. 

Rejectable defects were found on all surfaces. 

Fig. 4 is an overall view of the end surface with the dye penetrant developer in place. The three 

defects which were found are circled. The two circles close together highlight linear defects. The 

isolated circle encloses a rounded defect estimated to be more than .005” diameter. 

Fig. 5 shows an approximately 180” segment of the inside cylindrical surface. Numerous rounded 

indications are circled, all of which are estimated to be larger than .005” diameter. A close-up of 

the cluster enclosed by the rectangular outline is shown in Fig. 6. 

- 

Profilometry 

Replicas were made of the surface on both the cylinder ID and the end. Profilometry 

measurements were made of the replicas. The finish of the cylinder ID replica ranged from 2.3 

micro-in to 2.9 micro-in rms, and the finish of the end replica ranged from 3.3 micro-in to 3.4 



Fig. 4 Overall view of the diamond-turned end of Electrode I with dye penetrant developer in place 
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Fig. 5 Approximately 180" of the diamond-turned inside cyclindrical surface of Electrode I with 
dye penetrant developer in place 



Fig. 6 Close-up of a porosity cluster on the inside cylindrical surface of Electrode I 



micro-in rms. 

Conc Ius ions 

1. The casting exhibited gross shrinkage porosity on the electrode back-side. It would not have 

been possible to remove these defects by machining without violating minimum material 

conditions. These defects were probably caused by incorrectlinadequate feeding of the 

casting during solidification. 

2. The end and ID surfaces of the cylindrical portion of the casting were successfully diamond 

turned. These surfaces exhibited numerous rejectable indications as determined by a red-dye 

penetrant test. ?\‘lost of these indications were rounded which is indicative of fine porosity. 

Two linear indications, indicative of cracks, were found. 

3.  HIPing does not appear to be capable of closing fine porosity to the required degree in a 

casting of this size. HPing will never be capable of closing the type of gross shrinkage 

porosity encountered on the electrode back-side. 

4. Diamond turning of the relatively sound portion ofthe casting ivas capable of producing the 

desired surface finish. 

5 .  It is doubtful that radiography of large castings either as-cast or as-HTPed has adequate 

sensitivity to image porosity at the minimum acceptance level. 

6. This experiment has not produced any confidence that acceptable castings can be obtained on 

a routine basis. The HIPed casting approach should be abandoned. 

Alternative Approach 

Because of the unsatisfactory results described above, an alternative concept was developed. This 

alternative involved the assembly of the electrode blank from suitably configured aluminum alloy 

ring forgings. Ring forgings have cylindrical symmetry and can be made in near-net-shape. They 

are as sound as any other forgings and, hence, internal porosity is not a problem. Forging 

assembly would be by means of electron beam welding which is capable of producing high quality 

autogenous welds with a high depth-to-width ratio. 
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The Electrode I configuration was chosen for the study of this concept so that it could be compared 

with the HIPed casting work. 

The blank for Electrode I would he assembled from three forgings, two rings and a disc. The 

dimensions of these forgings are shown in Fig. 7.  A quotation for the forgings was obtained from 

the Jorgensen Forge Corporation in Seattle, WA. The forgings were quoted slightly oversize to 

provide clean-up stock on all surfaces. The alloy chosen for the forgings, 2219 an Al-Cu-Mn 

composition, was selected based on its reportedly good electron beam weldability. 

Prior to electron beam welding, i t  is necessary to machine the forgings to net dimensions and 

generate weld joint preparations, The machined configuration of the disc is shown in Fig. 8. 

Figs. 9'and 10 show the configurations of the two ring forgings. Two rings for welding 

procedure development, shown in Fig. 1 1, are made from excess material on the two ring 

forgings. A quotation for the machining described above was obtained from the Bechdon 

Conipany in Cpper ~ l x l b o r o ,  MD. 

Fig. 12 sho\trs the first assembly/weld step which attaches ring No. 1 to the disc. Fig. 13 shows 

the second assembly/u.eld step ivhich completes the blank by attaching ring No. 2 to the 

subassembly. The completed blank ivith the Elecpode I basic contour superimposed is shown in 

Fig. 14. After the completion of welding the blank would be stress relieved to the same thermal 

cycle as that used for the casting. A quotation for welding and stress relieving was obtained from 

EBTEC Corporkition of Agawam, MA. 

The stress relieved blank would be returned to Bechdon for machining of all surfaces to within 

.030" of final contour. All holes would be final machined per drawing. After completion of these 

operations Bechdon would ship the electrode to Oak Ridge for diamond turning at the Y-12 plant. 

The quoted and estimated costs for all of the work described above are summarized below. 

Forgings 

Disc 

Ring No. 1 
Ring No. 2 

S 2390 

S 790 

$2000 

L 



41 in. dia 

1 
4 

5 - in. - 
Weight: 700 Ibs t Disc Forging 

1 28 ?in. dia 

I I+ 21 in. dia -4 1 

Weight: 11 0 Ibs t Ring Forging No. 1 

4 33.30 in. dia + 

b b  26f in .  dia 

Weight: 563 Ibs Ring Forging No. 2 

Fig. 7 Forging dimensions for the Electrode I alternative approach 
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At G- Drill Thru and Tap 1 in. DP This Side for 4 in.Eyebolt 

28.50 in. dia - 
21.00 4.003 in. dia - 

Fig. 8 Pre-weld machining dimensions for the Electrode I disc forging 

I 28.500 rt 0.005 in. dia - 
Fig. 9 Pre-weld machining dimensions for one Electrode I ring forging 



33.30 in. dia 

26.75 in. dia 

A. 
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4.245 
k 0.005 in. 

Fig. 10 Pre-weld machining dimensions for the second Electrode I ring forging 

_, 
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Fig. 1 1  Ring forgings for electron beam weld development 
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Fig. 12 The first assembly/weld step for Electrode I 
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Fig. 13 The second assernbly/weld step for Electrode I 



Fig. 14 Schematic of the Electrode I contour as related to the welded blank 



Weld Prep Machining 

Disc S 1900 

Ring No. 1 $ 600 

Ring No. 2 $ 1600 

Weld Rings $ 1540 

EBN’/Stress Relief 

Weld Development 

Tooling $ 1226 

Weld Electrode I Blank $ 1850 

Stress Relief $ 1425 

$ 213/hr, not to exceed $3408 

Ro u g h Con to u r Mac 11 in in g 

Electrode I S 13,860 

Di a niond Turning 

Electrode I $ 20,000 

The total cost for this first Electrode I blank, stress relieved and ready for contouring, is $18,729. 

Of this, $6,174 is non-recurring related to weld development and tooling. It is expected that 

forging and welding costs would decrease on a quantity basis. By contrast, the cost of the HIPed 

casting, delivered to Y- 12 for machining was $49,300. 

A cursory experiment was run to verify the electron beam weldability of the 2219 aluminum alloy. 

A circular sample was machined out of a piece of 3/4“ thick 2219 plate. The sample configuration 

is shown in Fig. 15. This type of joint design provides very high restraint on the weld and if there 

is a tendency toward hot cracking it will be apparent. The specimen was welded from both sides 

using 125 Kv, 18 mA and 35 ipm travel speed. Post-weld surface examination of both welds 

revealed no cracks. Both sides of the disk were faced off and one side was diamond turned. After 

diamond turning the surface was examined under a binocular microscope and four pores were 

found. Measurements were made and their diameters ranged from . O M ”  to .O 13”. It was stated 

by ALG that these four small pores in a 10 114” length of weld would not be considered to be 

deleterious. 

Metallographic cross sections of the two welds were examined for cracks and porosity. A cross 

section of the weld on diarnond-turned face of the disc is shown in Fig. 16. The stnicture is 



A 

I 

I 

I 

I 

I 

Fig. 15 Specimen for the 22 19 aluminum electron beam welding test 



Fig. 16 Cross section of electron beam weld on the diamond-turned face of the 2219 aluminum 
disc. Mag. 16X 



completely sound with no evidence of cracks or porosity. A cross section of the weld on the 

opposite side of the disc is shoivn in Fig. 17. A small void is apparent at the root of the weld. 

Voids of this type, termed cold-shuts, are occasionally encountered at the root of electron beam 
welds made at high travel speed. For the application under consideration, voids of this type would 

not have any deleterious effect. 

By all indications, the approach of using electron beam welded alunlinum forgings to fabricate 

electrode blanks would be successful and cost-effective. 

Invent ions 

No inventions were made or reported. 

Co m mer c i a 1 i z a t i on Poss i b i 1 i t  ies 

It is possible that Ionen hiikrofabrikation Systeme, GmbH (IiMS), the designer of the electrodes, 

located in Vienna, Austria would employ the ring forging approach if they believed that it would be 

cost-effective and technically favorable to them. At present, there is no comp,any in the United 

States which is in the position to manufacture the Ion Projection Lithography machine. It might be 

possible for a prototype rriachine to be ~nanufactured i n  Oak Ridge, but it is more likely that any 

work which benefits from this CRADA will  occur in Europe. 

Plans €or Future Collaboration 

There are no plans at present. 

Conclusions 

1. The casting supplied by the Partner contained a large number of gross defects which are 

probably attributable to poor foundry practice. 

2.  The HIPing process was completely incapable of closing these gross defects. 



Fig. 17 Cross section of electron beam weld on the back side of the 2219 aluminum 
disc. Mag. 16X 

. 



3 .  The casting contained a sigrlificant quantity of srnali, scattered porosity typical of aluminum 

castings. 

4. The HIPing process appeared to be incapable of closing this porosity to the extent required. 

5 .  The cost of the rough casting from the foundry was in the range of $39-$40 per pound. 

Normally, aluminum castings sell in the range of $3-$5 per pound. This does not 

demonstrate cost-effectiveness, 

6 .  An analysis of the use of ring-forgings assembled by electron beam welding indicates that the 

desired quality can be obtained. 

7 .  The cost of a first-article ring forged, welded and rough machined blank ready for diamond 

turning is, pzr the study, S 16.56 per pound. For additional units, with the elimination of 

non-recurring costs, this cost \vould drop to $13.67 per pound. 
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