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SUMMARY

The copper/iron canister which has been proposed for containment of high level waste in the

Swedish Nuclear Waste Disposal Programme has been studied from the points of view of choice

of materials, manufacturing technology and quality assurance. The study has included,

attendance at meetings with SKI and SKB, attendance at an international workshop and an

international conference in Kyoto-Japan, discussions with industry representatives and

consideration of published material. The findings of the study are reported. Suggestions for

further work are included in a separate report ( ERA report 95-0068/1A).

Earlier views ( expressed in ERA report 94-0367A Revision 1 ) have been reinforced and some

further potential problems have emerged.

The choice of High Strength Low Alloy steel for the load bearing element appears to be a good

choice but it is necessary to understand the effect of laser welding on the structure of the chosen

alloy and to ensure that the very rapid cooling rates which attend laser welding of thick material

do not lead to the development of untempered martensite. In addition it is necessary to

understand the long term stability of the heat affected zone related to conventional welds in the

material.

The choice of an almost pure copper for the corrosion barrier is based on the very good

corrosion resistance claimed for it under repository conditions. Production trials are in progress

using this material and serious difficulties are expected both in manufacture and in quality

assurance. The trials may or may not produce a satisfactory prototype but they will give

pointers towards modifications in choice of material and processing technology This study

concludes that the chosen material is particularly difficult to process and to test, and that the

claimed good corrosion resistance is in doubt. In addition it suggests that only Outokompu -Pori

can produce it with the low hydrogen content required to prevent hydrogen embrittlement and

that it may be susceptible to hot shortness.

It is concluded that monitoring of the trials should continue, that further work should be carried

out on the proposed system and that possible alternative alloys and technologies should be

explored. Candidate alloys and technologies are identified
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1 INTRODUCTION

In its research, development and demonstration work, the Swedish nuclear power industry is

currently shifting emphasis towards technology. A licence application to construct an

encapsulation plant might appear as early as 19%.

Tbe Swedish Nuckar Power Inspectorate (SKI) has several duties that relate to these industnal

activities: to review and oversee the development programme, to act as a nuckar regulatory

authority-, to administer the system of finance and to act as a safeguard and nuclear materials

authority

For these duties, it is imperative that the inspectorate can acquire a good understanding of the

pertinent questions relating to encapsulation technology and to have access to experts and

advisors having suitable and relevant competence. The areas of interest include copper quality,

design, manufacture of canister and lid. sealing, inspection/quality control and quality- assurance

In particular, they are interested in system and method selection aspects as well as questions

relating to longevity, including any relation which might be established between encapsulation

technology and the long term performance of the canister in the repository

ERA were invited to support SKI by:

* reviewing literature from the Swedish programme

* performing a literature search and compiling matter of interest from a Swedish

perspective

* contacting people knowledgeable in the fields of copper as well as steel technology

* providing analyses and recommendations

* supporting the SKI staff in its review of the supplement to the SKB RD&D Programme

1992. in its follow up of the ongoing SKB programme and in the coming review of the

SKB RD&D Programme 1995

It is envisaged that this support may carry on over many months. A preliminary assignment

(stage zero) which took place over the five weeks ending on May 1 1994 was used to gain

familiarity with the subject and define a programme for the first stage activities which are the

subject of this report
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The activities agreed for the stage one programme were as follows

1 Obtain and review further literature from the Swedish Progra

2 Complete the literature review started in stage zero by interrogating the INIS database

3 Contact the following organisations to discuss relevant topics:

Uited Engineering Steels. Stocksbndge, UK

British Sled Rotherham Laboratories, UK

The Welding Institute, Cambridge, UK

Harwell Laboratories, UK

Outokompu-Pon Copper, Finland

Kabd-Metal, Germany

LMI .Italy

Birmingham Rolled Metals Ltd., UK

Cameron Forge ,UK

4 Support SKI in its reviews of the supplements to the SKB RD&D Programme 1992

5 Support SKI (Margareta Trolle and Rolf Sjöblom ) in defining the canister for

regulatory- analysis

6 Attend and participate in the workshop to be held in Kyoto, Japan in October 1994

7 Attend the MRS meeting on Waste Management which follows on the workshop in

Kyoto in October 1994

8 Attend two further meetings at SKI to discuss progress and findings

9 Provide an analysis of the information collected to SKI
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10 Compile the necessary background information on encapsulation technology to support

the comments made

11 Provide suggestions fix further activities.

It was intended that the assignment should be completed by November 1994 but owing to die

later than expected delivery of documents from SKB the completion date was moved to

January 31,1995

AH the work in the above list has been completed. Items l,2,3.6.7.8and 10 have been used to

prepare an analysis which is presented together with i»f«wmHi<btiwK in section 2 of this report

(item 9 above). Section 3 of this report presents references to work which has been used together

with information from the other sources referred to above in the preparation of section 2.

Abstracts from the INIS database search (item 2 above) are presented together with details of

literature on High Strength Low Alloy (HSLA) steels in ERA report 95-OO68A ERA report

95-0068/1A presents suggestions for further work (item 11 above), full reports of visits to

industry contacts (item 3 above) . Notes on the 1994 revision of die SKB 1992 progra

(item 4 above) and notes on Specification of die canister for regulatory analysis (item5 above)

In addition that report contains a cntical review of work on ultrasonic testing of copper

undertaken by TWI and referred to in section 2 of this report..

2 ANALYSIS OF INFORMATION COLLECTED

2.1 The Canister Design

Oiriwfof designs for die canister are described in SKB Technical report 93-04 - Project on

alternative systems study (PASS) final report. Five candidate designs have been compared on

the basis of estimated long term performance, safety, technology and cost. Long term

performance and safety included considerations of corrosion resistance, mechanical integrity and

barriers against radionuclide transport from a defective canister. Technology included

considerations of fabrication filling and sealing. The first choice on the basis of this work was a

composite canister having a steel shell of thickness 50 mm. protected against corrosion by an

outer copper shell also of thickness 50 mm. It is understood that current development activity is

devoted exclusively to this alternative. The second choice which may be regarded as a fall back

option is a canister made exclusively of copper and having a wall thickness of 100 mm. for this

case the fuel inside the canister would be surrounded by lead . For both options the outer

diameter of the canister was of order 880 mm and its height is of order 4.6 m It was recognised
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in the PASS report that further work would need to be done to develop sealing and non

destructive testing technology for both the selected options and that the selected manufacturing

technology would have to take account of weldabilrty and detectabilit of defects. It makes a

specific point of the need to machine tne inner surface of the copper container of the first option

to a fine tolerance.

It is difficult to criticise the selection of the first choice design from the information given in the

PASS report since the statements are "in principal" rather than in detail or in practice. It should

be recognised however that the detail of the design will depend on practical considerations such

as the choice of steel, the choice of copper or copper alloy and the technical considerations which

the writers of the report have recognised. The second choice design is more problematical since

it is difficult to see how SO mm of high strength steel can be replaced by 50 mm of copper whilst

retaining the same mechanical strength. If the 50 mm of steel used in the first choice design is

really needed then the strength of the second design will be inadequate. Indeed if the copper used

were pure or almost pure it is doubtful whether or not it would support its own weight during

manipulation and deposition processes. It is understood that design stress calculations exist and

for the case of the steel container suitable mechanical property information is readily available.

For the copper shell or the copper container of the second choice such information is not readily

available. The reason for this is that the mechanical properties of almost pure copper are verv

sensitively dependent on the nature and level of impurities present, its metallurgical condition and

the service temperature. It will be necessary to keep the thickness of the copper shell under

review as the development programme proceeds and the detailed nature of the material becomes

apparent.

2.2 Choice of Materials

2.2.1 The inner vessel

The steel grade to be used for the inner vessel has not been specified but it is understood that a

high strength low alloy (HSLA) steel is under consideration. HSLA steels are a family of steels

developed over the last 30 or so years which take advantage of the advances in steel

manufacturing technology and knowledge of physical metallurgy which have occurred in that

time. They provide a combination of high yield and ultimate tensile strengths together with high

toughness and weldability. These properties are achieved through close control of chemistry and

cleanliness achieved in modem steelmaking processes together with controlled rolling to achieve

the selected metallurgical structure. The structure is fine or very fine grained femte (grain size

25 microns or less) with or without precipitation strengthening The fine grain size is achieved
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and controlled by making use of high temperature carbide or nitride precipitates (such as TiC or

TiN or Ti (C+N)) which form during rolling of the material in the austeiutic state. Deformation

in the Austemtic state leads to continuous recrystaUization of the Austerute to provide a fine

austenite grain size, precipitation of second phase particles in the Austenite grain boundaries

preserve the fine grain size and also control the grain size of the femte subsequently formed.

Femte grain size control by this approach has very long term stability owing to the fact that the

particles are formed at very high temperatures (900-1100 degrees Celsius) compared to the

service temperature. A literature search has failed to reveal information on the rates of formation

or coarsening of TiC particles and it is probable that the information is not available.

Information on aging of the somewhat less stable VC particles which are formed at a much

lower temperature ( >700 degrees Celsius) in the ferrite phase has been obtained through private

communication with F B Pickering. This has been used together with the Holloman & Jaffe

relationship (Holloman & Jaffe- Trans AIME, Vol 162, 1945, pp223-249) to calculate the tune

required for averaging at 100 degrees Celsius. A result of 4.3 *10E21 years is achieved. The

Holloman and Jaffe relationship is used to estimate tempering rates in steels . It has been very

widely accepted for many years and F B Pickering advises that it is the appropriate relationship

to be used for this case. It states that T(C+log t )=K where T is the absolute temperature, C is

a constant (20 for this case), t is time in hours and K is a constant. Since VC is the precipitate

most likely to be used as a precipitation strengthener in material for this purpose it is clear that

the material will be stable, from a microstructural point of view, well beyond the required life.

It has been said that the HSLA steels depend for their good mechanical properties on a fine

ferrite grain size coupled with some precipitation strengthening. Both the ferrite grains and the

precipitation strengthening particles are formed by nucleation and growth mechanisms during

controlled hot or warm working and cooling through the relevant transition temperature. The

desirable structure is therefore destroyed by welding processes, control of grain size is certainly

lost and a range of structures will be produced close to the weld which depend on the local

cooling rates. In order to render the steels useful in the welded condition they have been designed

to form a pseudo fine grain size in the heat affected region. This is achieved by alloying to

promote the formation of acicular ferrite and lower bainite during rapid cooling of the coarse

grained austenite which is developed in the weld region and its immediate environment. These

transformation products are formed by shear rather than nucleation and growth reactions and

they may therefore be developed during a very rapid cool. There is a risk of brittleness in these

structures but so much well documented experience exists for HSLA steels that it is possible to

choose the chemistry to minimise the risk in any manufacturing process and to quantify the risk

ERA
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in probabilistic tenns. F B Pickering has suggested that an alloy containing 0.02 % Ti plus

0.1 - 0.15 % V may be suitable.

2.2.2 The outer vessel

The initial choice of material for the outer container was Oxygen Free copper (OF copper) and

this choice was made on the basis of its very good corrosion resistance. Alloys were avoided

owing to the uncertainty relating to their susceptibility to localised corrosion mechanisms such as

stress corrosion, crevice corrosion or galvanic attack and because the long term stability of the

pure material may be calculated using standard thermodynamic data. Its name derives from the

fact that oxygen has been removed and excluded during refining to yield the highest electrical

conductivity. It is nominally 99.95% pure and the main impurities are Lead, Bismuth, Arsenic,

Antimony, Iron, Sulphur and Phosphorus. It is conventional in high purity coppers to include the

silver which is present as an impurity in the stated copper content, this is because from the

corrosion and electrical point of view the small amount of silver which appears as a

substitutional element in the copper lattice behaves as if it were copper. In the annealed condition

OF copper at 20 degrees C has a limit of proportionality at 15 MPa (HSLA steel 450 MPa), a

0.2% proof stress of 50 MPa and an ultimate tensile strength of 215 MPa. In early creep tests in

the SKB programme very low and unexplained values of strain to rupture were measured and

regions of extreme grain growth were observed. The creep tests were conducted at 200 degrees C

plus. Such low creep strains have been observed previously and whilst no conclusive evidence

has been reported, they have been attributed to formation of grain boundary impurity films

notably of sulphur. The observation of low creep strains led SKB to reconsider their choice of

material. They elected to use a non standard alloy namely OF copper with 50 ppm of Phosphorus

added. The given rationale of this choice is that it is known that small additions of phosphorus

cause substantial improvements in creep resistance. The argument is not convincing since there

is no evidence to suggest that the improvement in creep resistance is accompanied by an

improvement in the creep strain to fracture. Indeed if the sulphide film explanation is valid no

improvement should be expected. Creep resistance of the modified material will still be very low

and if creep loads are present in the service environment it will creep, the only question at issue

is how long will it take for the creep loads to be relaxed and would the associated localised

strains present a problem. Kabel Metal (ERA report 95-0068/1A section.3.6) have pointed out

that copper with more than 30 ppm P is susceptible to stress corrosion and for this reason

Siemens specify OF copper for certain switch parts.

Whilst the choice of material is superficially attractive from the point of view of corrosion it does

introduce problems of its own and the corrosion resistance argument may not be as strong as it at

iplltfb
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first seems. Technology problems will be dealt with in Section 2.3 of this report but it is

important to note at this stage that it is difficult to produce large artifacts in pure copper with a

fine uniform grain size. There are two serious consequences which may arise from the

development of coarse grains the first is that inspection may be made difficult /impossible and

this will be dealt with in Section 2.3.5. The second is that the corrosion resistance may be

challenged if grain boundary volume is so reduced that significant concentrations of impurities

occur in grain boundaries. The rate of reduction of grain boundary volume with increasing grain

size is spectacular and this is matched by the rate of increase of concentration of impurities.

Such concentration of impurities can lead to bnttleness which in rum may lead to cracks and

crevice corrosion or simply to galvanic corrosion in the absence of cracks. The low creep strains

which were observed in the SKB programme probably arose for this reason.

It has been said that it is difficult to produce large artifacts in nearly pure copper with a fine

grain size and it is important to explore the fundamental reasons for this as well as the

technological reasons. Copper is a face centered cubic metal having a melting point at 1083°C.

It has no solid state phase transformations which may be used for grain refinement practices. In

the solid state it will tend reduce its free energy by whatever route is available. This means that

strain energy will be reduced by »crystallisation and grain boundary energy will be reduced by

grain growth. Both these processes are thermally activated and both are impeded by impurities

which may be present in solution or as second phase particles. The activation energies for the

processes are such that heavily worked pure material will recrystalise spontaneously at 100°C

and unworked pure material with a grain size of 25 microns will undergo spontaneous grain

growth at temperatures below 100°C. When recrystallization is initiated it is usually in the most

highly strained regions of the lattice, a highly strained lattice will produce a very large number of

nuclei and will tend to recrystallise, initially at least, to a fine uniform grain size.

Recrystallisation is more difficult to initiate in a less strained lattice and fewer nuclei are formed

with a resulting coarser grain size. The processes of straining, recrystallisation and to a lesser

extent grain growth occur continuously during hot working of the metal and control of the

working process therefore allows some control of grain size in the finished product. Clearly as

the section size increases cooling rates will decrease and the opportunity for recrystallization and

grain growth during cooling will increase. When very thick sections (i.e. greater than 30 mm)

are worked there is a tendency for the work to be concentrated in the near surface materia' and

the non uniform working leads to a mixed grain size with the finer grains in the surface. The hot

worked grain size may be modified by cold working followed by annealing, this is the most

reliable way to control grain size but it is not available for the material to be used in this

programme. The reason is that it is not possible to take a suitable cold reduction and still finish
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with material which is thick enough for the purpose. A small amount of work in the material may

have a serious adverse effect in that it is likely to cause critical strain grain growth. The reason

for this is that small amounts of work tend to be non uniformly distributed in the structure of the

material. This results in heterogeneous nucleation of recrystallised grains followed by growth of

the new grains at the expense of the old and leading to a grain size which is coarser than the

original. The critical strain is usually in the range 6% to 10% and the effect occurs in both hot

and cold working.

Both Dr Mei and Dr Sbrana at Europa Metalli (ERA report 95-0068/lA-section 3.7) believe

that severe grain growth will occur in the selected alloy under repository conditions. They are of

the view that concentration of solutes in grain boundaries could lead to galvanic corrosion, that

large grain boundaries could act as crevices to cause crevice corrosion and that galvanic

corrosion could occur between the coarse grains in the heat affected zones of welds and fine

grains in the parent material.

It is possible that grain size considerations may render the selected alloy impractical and if this is

the case it will be necessary to seek an alternative. In discussions with industry several

alternatives have been suggested. These include alloys containing zirconium, chromium, tin or

silver, there is no doubt that on further investigation these alloys may have their own problems,

however there is a strong feeling from the industry that alloys of this kind would match the

corrosion performance of the 50 ppm P copper alloy, and would be much stronger and would be

much more resistant to grain size problems. There are also strong suggestions from the literature

appearing in the IMS database (copy of search supplied as ERA Report 95-0068A) that bronzes

or copper silver alloys would at least match the pure or nearly pure coppers for corrosion

resistance. Such alloys would be much stronger than the proposed alloy and would be much

more resistant to grain growth.

It seems likely that the opinions expressed by representatives of copper companies may be

coloured by their own commercial interests. Kabel Metal (ERA report 95-0068/1A section 3.6)

pointed out that the particular process operated by Outokompu Pori produces an OF copper with

very low Hydrogen contents (0.7-0.8 ppm). This renders it free of hydrogen embrittlement

problems. OF coppers from other producers have higher hydrogen contents and they are

susceptible to hydrogen embrittlement which results in poor hot ductility. This leads to cracking

during hot working and welding.

rptsttb
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2.3 Manufacturing Technology

23.1 Introduction

It may be argued that the high volume of canisters needed for the Swedish and other national

programmes will justify- the building of dedicated production facilities using the most appropriate

technology. If satisfactory canisters are produced using existing technology this will provide the

confidence required to make the necessary investment in facilities which are closely matched to

the needs of the programme. In this section of the report the manufacturing options are described

together with their strengths and weaknesses in the context of this requirement. Where

appropriate the current SKB programme will be referred to and alternative technologies are

presented in Section 2.3.7.

2.3.2 The inner steel canister

The clear options for manufacturing the steel canister are fabrication or forging/extrusion.

Fabrication is the easier route for a one off but forging/extrusion may be favoured for volume

production. HSLA (high strength low alloy) steels may be selected to suit either route and

production facilities for suitable size ingot are available at many locations around the world

Both routes have been used to produce large tubulars for pipelines, North Sea Platforms and

process plant, and in many cases when closed vessels are required a combination of forging and

fabrication has been practised. If forging is to be avoided then the cylindrical section must be

fabricated from several pieces in order to avoid the need for very high forces required in spiral

welding of such material or in forming very wide and thick plate or for providing rolling mills

designed to produce the wide plate. The bottom would be welded on, using the same process as

the fabrication of the tubular and the lid would be secured by the proposed laser welding process

A post weld heat treatment would be necessary to provide stress relief and quality would be

assured by close control of processing from the casting stage followed by ultrasonic inspection of

the finished job. Finishing operations would include dressing of all welds in order to assist the

fitting of the outer canister. The strength of this approach is that it uses available plant and

technology and that it provides a very low risk method, its weakness is that it is very labour

intensive and it employs many more processing steps than the forging/extrusion route. The next

easiest route is the combination of forging and fabrication. It is necessary to start with an ingot

which must be upset. This process involves forging to a reduction in height of two thirds

followed by forging on the diameter to restore the original length. It is used to homogenise the

ingot, that is to break up the crystal structure arising from casting, to form a suitable structure

for further forging and to redistribute any elements or compounds which may have segregated
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during solidification after casting. The resulting forging would be pierced and ring rolled to

provide a tubular. The tubular section of the canister may be forged in one piece or more simply

in two pieces which would subsequently be welded together. A forged end cap would be welded

in place to form the bottom. The finishing and quality assurance would be as for the all

fabricated vessel except in this case it would be necessary to machine all surfaces to achieve the

required tolerances. All the technology is readily available to practise this route but it still has

the drawback of involving many steps which may be well suited to small scale production but

which are very cumbersome in the context of a high volume process. The extrusion process fits

best in terms of a suitable production process. Whilst the writer is not aware of any extrusion

press which could produce the canister with its bottom in one shot, there is no obvious reason

why such a press should not be produced. In fact the press used by Wyman-Gordon and referred

to in Appendix 2 is quite close to the design which would be required. Its difference is that it has

no provision for removing the die when the extrusion is complete and in order to extract the

tubular from the press it is necessary to cut the bottom off. If an extrusion process similar to the

process for production of gas cylinders were used then the canister would be produced in one

shot. The press at Wyman-Gordon is to be used to provide a one piece tubular, unfortunately the

dimensions are such that neither an ideal upsetting process nor an ideal extrusion ratio can be

achieved on this job (see Section 4.2.10). The work is therefore accepted on a best efforts basis.

There is a good chance of success and if it is achieved then the necessary confidence would be

developed for the production of a more ideal system. The benefit of this approach is that the

ingot is converted into a canister in a single process with little or no need for final machining.

2.3.3 The outer copper canister

The technology options for the production of the copper canister are similar to those for the steel

canister but in this case they are not so well developed. In order to produce a canister by the

forging route it is necessary to have a ten tonne ingot. If the fabrication route is to be used two

five tonne ingots may be employed if the tubular is to be made in two pieces or a ten tonne ingot

would be required if it was to be made in one piece. Ideally the ingot should be made by-

continuous casting since this method produces higher quality material (see Section 4.2.9). For

the forging or extrusion route it should have a diameter of close to one metre and it should be

subject to an upsetting process in the way described for the steel ingot. No company in the world

currently has the technology to produce an ingot of that weight and that diameter in the specified

material. Outokompu-Pon who are very expert in continuous casting are attempting to develop

the technology and hope to have first ingots by March 1995. Whilst there is no in principal

reason that the ingots should not be cast the technical problems are formidable. They are related
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to the difficulty in abstracting heat from the solidifying ingot quickly enough to enable it to

solidify with an acceptable structure for further processing. Failure to achieve a desirable

structure will result in cracking and failure of the ingot in the initial stages of hot working. The

defects which cause this are centre line cracks caused by shrinkage and ingotism (the formation

of very large columnar grains and associated lines of weakness in the ingot). The almost pure

copper is particularly susceptible to both and the susceptibility increases with the ratio of ingot

volume to surface area. This is a problem which is unlikely to go away and it will be present to

a greater or lesser extent whatever copper alloy is used, it wili therefore be necessary to deal

effectively with it throughout the production run. A benefit available in continuous casting but

not available in direct casting is that the bottom section of the first log cast which contains the

ingot corner defect may be discarded, subsequent logs would not carry the corner defect. Whilst

forging or extrusion are the preferred technologies for production of the vessel in copper or

copper alloys, the presently preferred alloy will be very difficult /impossible to process to an

inspectable product by these routes and its very low strength hot or cold will make it difficult to

process at all. These difficulties may require an alternative alloy or production route to be

selected.

If a plate is to be made for fabrication of the canister, the final size of the plate should be taken

into account when the ingot is cast. In order to destroy the cast structure and replace it with a

desirable structure a rolling reduction in thickness of at least 90% is desirable. The final width of

the plate including an allowance for edge loss will need to be 3m , the thickness must be 55 mm

at least and this requires a starting thickness of 550 mm. To cast an ingot which is 3m wide and

550 mm thick would be impossible by continuous casting and very challenging by direct casting.

It is desirable therefore to cast at less than 3m wide and use cross rolling to achieve the required

width. ( Cross rolling is the process of rolling first with one of the edges of the ingot parallel to

the rolling direction and subsequently turning the plate through ninety degrees such that in

further rolling a second edge of the original ingot is parallel to the rolling direction). If a starting

width of 1.5 m were used a reduction in thickness of one half to 275 mm would be required in the

1 5m direction in order to achieve the width of 3m. If the starting length of the ingot were 2m, at

the end of rolling in the cross direction it would still be of order 2 m long and 275 mm thick , at

the end of longitudinal rolling it would be 10 m long and 55mm thick. A yield after rolling of

55% would be required. It is unusual to achieve yields of better than 60% in this kind of'oiling

practice and the suggested dimensions for the starting ingot ( i.e. 1.5m x 2m x 550mm) must

therefore be close to ideal. These dimensions would be the same for any alloy and they indicate

the size of mill required and the rough size of the starting ingot. Such an ingot would be very

difficult to cast by either route.
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Existing mills available to the copper industry do not have the daylight ( daylight is the term

used to describe the height of the aperture between the rolls when the mill is fully open ) to

accoTunodate an ingot S50 mm thick. It is necessary therefore to start with thinner stock and

this may be achieved by starting with a thinner ingot or by taking the early reductions by forging.

The latter is the preferred option in terms of its effect on the metallurgical structure of the

product If a thinner starting stock is employed then it will be very difficult to work the material

sufficiently to achieve a uniform and desirable structure. The planned trial at Birmingham

Rolled Metals will use thinner starting stock and the operators will strive to roll at as low a

temperature as possible and to use as heavy a reduction as possible on each rolling pass. This is

clearly a process which will be very difficult to control and the risk of mixed grain sizes and of

critical strain grain growth at the centre of the plate will always be present.

If the fabrication route is finally adopted it will almost certainly be necessary to use forging as a

first stage reduction process and it may be necessary to make the tubular from two pieces. To

make it from one piece reliably would present serious challenges at both the casting and rolling

stages. A change of material would not be very helpful as far as processing is concerned and

continuous casting is strongly preferred as the casting process in view of the better quality and

the opportunity to take a bottom discard from the first log only to avoid bottom corner defect

(ingotism)

2.3.4 Welding

Welding is necessary if the fabrication or forging/fabrication routes are employed and it is the

proposed method of securing lids by all routes.

With the steel vessel this is not a serious problem, the technology exists it is well tried and the

strategy for controlling the material structure close to the weld was discussed in Section 2.2.1

The very long term stability of the heat affected zone has not been investigated at this stage and

it should be considered further. It is understood that a laser welding process may be used to

secure the lid and a more conventional process may be used for the main fabrication steps. It

will be necessary at some stage to demonstrate the integrity of the selected processes and in

particular to consider the effect of the very rapid cooling associated with laser welding on the

structure of the heat affected zone. It is likely that the very rapid cool would lead to the

formation of martensite which would be brittle and would lead to the need for post weld heat

treatment. Laser welding of any chosen steel in this section size would lead to this problem.

ipoktfb
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For the copper fabrication and lid attachment The Welding Institute have developed a special

electron beam welding (EBW) process. It is understood that this is now developed but it has not

yet been widely tested or demonstrated For the fabrication of the vessel a welding process is

essential and the effect of welding defects and the effect of welding on the structure of the

material must be considered. Welding defects may be important as a result of their effect on the

strength of the vessel or as a result of their effect on corrosion resistance. Kabel Metal have

pointed out that OF and Phosphorus bearing coppers are susceptible to hot shortness (see

Section 3.2.6) when they are welded If this is so then the formation of cracks close to welds is

likely to occur under the influence of the thermal stresses which arise in the processing.

The types of defect arising in electron beam welding may be holes, cracks, regions of very coarse

grains or regions of alloy concentration caused by a zone refining effect in the weld. Holes and

cracks are important from a consideration of structural integrity. The size of holes which may-

be tolerated from a structural viewpoint may be calculated once the detail of the design has been

finalised. There is a feeling that in structural terms the copper vessel is highly redundant and it

is a fact that pure copper has a very high fracture toughness, it is likely therefore that the critical

defect size will be very large and easy to detect in the main body of the vessel by radiography.

Cracks are equally important and they will not be detected by radiography. There is currently no

method for reliably detecting cracks in this material. Ultrasonic inspection is the most likely

method to succeed but so far results have been unpromising ERA report 95-0068/1A section

3.4). The reason for the difficulty in ultrasonic inspection is fundamental and is discussed in the

next section. It is made worse by the presence of coarse grains and grains having a preferred

orientation both of which arise as an inevitable consequence of welding.

Surface breaking cracks or holes can cause pitting or crevice corrosion, and alloy concentration,

be it as films in the boundaries of coarse grains or as a result of zone refining, can cause

cracking and galvanic corrosion, all these effects should be avoided. Inspection for these

potential problems is essential and in a welded structure it is always going to be difficult. In

addition to the potential structural integrity and corrosion problems it is also possible that under

repository conditions the coarse grains in the weld region will grow at the expense of

neighbouring finer grains with the associated problem of concentration of impurities in the grain

boundaries. There is therefore a strong case for avoiding welding wherever possible.

2.3.5 Non Destructive Evaluation (NDE)

Radiography may be used to inspect canisters for open defects before they are filled but

inspection of lid to canister bonds is not possible by radiography using present day technology.
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It is understood that gamma ray tomography using the radiation from inside the vessel is under

consideration but such a process has not reached first stage development. No method is available

at this time to inspect the vessels or the welds for closed defects. Ultrasonic inspection is the

primary candidate at present but the work presented by the TWI and discussed in Section 4.2.3

is not encouraging. The reason for their difficulty is that copper and copper alloys are

anisotropic with respect to acoustic impedance (this arises from the FCC structure). A

consequence of this is a high level of attenuation of ultrasound arising from dispersion of energy

at grain boundaries (by reflection) and in grain interiors (by diffraction) Attenuation of reflected

and transmitted signals seriously interferes with detectabihty of defects. The attenuation is more

severe as grain size increases in normal polycrystalline material. In welded material the heat

affected zone contains large grains and close to the weld line the grains are columnar with a

preferred orientation (the preferred orientation arises from the solidification mechanism as a solid

boundary grows into a molten zone). These factors cause increases in energy loss due to both

reflection and diffraction. The problem is therefore fundamental and detailed knowledge on the

interaction of ultrasound in copper alloys is not available. Since similar problems have been

encountered and solved for Austenitic stainless steel vessels there is some hope that research and

development will lead to a suitable method for copper and copper alloys. As a first step it is

recommended that basic measurements of the nature of the interaction between ultrasound and

copper or copper alloys should be made.

2.3.6 Finishing

It will be necessary to machine the outer surface of the steel vessel and the inner surface of the

copper vessel in order that a reasonable fit may be achieved. It may also be necessary to

machine the inside surface of the steel vessel and the outside surface of the copper vessel to aid

NDE. Machining inside surfaces will be difficult owing to the high aspect ratio of the vessels.

The copper vessel will be especially difficult owing to its very low strength which may cause it

to lose shape and will make it very susceptible to surface damage.

2.3.7 Alternative technologies

2.3.7.1 Hotlsostatic Pressing (HIP)

The benefits of HIP as a production route for canisters has been considered and rejected by

SKB The reason for rejection was that they considered HIPing powder around the waste and

the high temperature processing of the waste was considered unacceptable HIPing a thick

copper coating onto a steel inner canister is not hazardous and is worthy of consideration. The
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technical benefits include a lower processing temperature than the hot forming routes

better control of dimensions and metallurgical structure, the absence of structural discontinuities

created by die fabrication route, the removal of the gap between the steel inner and copper outer

canisters, easier to inspect owing to finer grain size and the possibility of oxide dispersion

strengthening (ODS) to control grain size during manufacture and through life. In addition to

these technical benefits production costs may well be lower In view of the significant

uncertainties in the preferred manufacturing routes a feasibility study into the use of HIP for

canister production may be justified. The detail of such a study would need to be agreed with the

contractor undertaking it.

The objective should be T o examine the feasibility of producing a full size canister having a

stable fine grained structure with suitable corrosion resistance".

This does not mean that a full size canister should be produced in the first instance but the

following factors should be established -

1) The relationship between HIP temperature, pressure and time required to produce a fully

dense product in selected materials in 50 mm sections .

2) The relationship between the above parameters and grain size in the HIPped materials.

3) The long term stability of grain size and second phase particles in the HIPped materials.

4) The corrosion resistance in the HIPped materials.

5) A method for metallurgical bonding of the HIPped materials, and

6) The corrosion resistance of the bonded region.

Before any of these things can be done it is necessary to choose materials for investigation. Pure

copper may be necessary as a baseline, after hipping it should still have a fine and uniform grain

size and it should be superior to vessels produced by the alternative routes. Grain coarsening is

likely to happen in this material in the very long periods at 100°C just as with pure copper

formed by any other route. The risk associated with this is that any impurities which are present

may concentrate in the grain boundaries leading to accelerated corrosion or mechanical failure.

It is preferable to avoid any possibility of grain coarsening if possible. For this reason I would

prefer to use a system in which grain boundaries are pinned by second phase particles. Two

types of particle present themselves, they are intermetallic compounds and stable metal oxides.
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The first and simplest choice is copper oxide This may be provided by adding CuO powder to

the atomised copper powder and mixing .by partial oxidation of the copper powder during

atomising or by internal oxidation of the HIPped product. The weakness of this is the possibility

of Steam Embrittlement Whilst pure copper is not susceptible to hydrogen embrrttkment it does

absorb hydrogen during oxidation in water. Hydrogen absorbed in this way can reduce copper

oxide to form water and lead to Steam Embrittlement. Alternatives are aluminium, zirconium or

chromium oxides, none of these are known to have any deleterious effects and all give effective

grain boundary' stabilization All three may be produced by internal oxidation of the atomised

powder after starting with an alloy melt and none are expected to have adverse effects on

corrosion resistance. In fact all three would give grain boundary pinning by precipitation of

intermetalhc compounds in the absence of internal oxidation. However over very long periods of

time at moderately elevated temperatures particle coarsening may occur and the grain boundary

stabilization would be lost, for this reason the oxide dispersion is to be preferred over the

intermetallic compound. The volume fraction of dispersoid should be of the order of one to three

percent. Alumina dispersion strengthened copper powder is available from Nipport-Dawson (an

Outokompu company) as are wrought copper zirconium and copper chromium alloys

The long term stability of grain size in these materials may be established using Arrhenius

experiments and corrosion resistance may be established using standard methods. Bonding trials

would be necessary but there is no reason to expect differences between these and the currently

preferred material other than the improvement in grain size control.

Following demonstration of a satisfactory material it is necessary to demonstrate the technology*.

To do this it may be satisfactory- to produce a short container at full thickness and it may be

necessary to include a cold isostatic pressing stage in order to ensure good packing of the

powder.

2.3.7.2 Transient Liquid Phase Bonding (TLPB)

A very simple alternative to EBW is TLPB using tin or Bismuth as the transient liquid phase.

Examination of these alternatives has revealed that Bismuth migrates to grain boundaries where

it has a very low wetting angle and consequently forms films rather than particles. These films

are embrittling and are therefore undesirable For the case of tin it is important that any tin rich

region in the structure should not lead to corrosion problems and that the intermetallic phase

between copper and tin should not lead to embrittlement. In the very long term the tin from the

bond line should become completely dispersed in the copper and no advene effects should arise.

In the shorter term, a tin rich region will be present close to the bond line, this will be less noble,
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that is anodic, to the copper It is expected that the tin rich region will corrode preferentially and

that it will form a passive layer which will arrest further corrosion Smularty it is to be expected

that the intennetallic should take a parbculate form which will uhhnatery dissolve and disperse

Both these assertions should be checked by experiment. I would suggest the formation of bonds

at 400"C and measuring the time required to form a solid bond as t function of thickness of the

tin layer between coppa blocks of constant thickness. It may be necessary to work in a

controlled atmosphere to avoid oxidation problems and it will be necessary- to devise a

post-bonding heat treatment to ensure adequate redistribution of tin. I suggest post-bonding heat

treatment at 600*C over a range of times as a starting point. The distribution of tin close to the

bond line should be measured as a function of time at temperature. Should it be demonstrated

that favourable metallurgical structures may be developed in practical timescales. further

experiments should be used to examine me rate of distribution of tin at 600*C post-bonding and

the corrosion properties of the bond region whilst this is happening. If favourable results are

obtained a series of optimisation trials would be justified

2.3.8 Recommendations

The trials which are currently being supported by SKB will add significantly to our knowledge in

relation to the practicality of the proposed canister. Some areas may be shown to be

satisfactory, some will be shown to be in need of further development and some may be shown to

require a completely new approach. The following points should be considered as results are

evaluated and decisions regarding the next development steps are made:

1) The laser welding process for sealing the lid of the steel canister should be reconsidered

in the light of the structures developed in the heat affected zone. The likelihood of

forming brittle structures should be explored together with a means of obviating this by

using a process with a higher heat input.

2) The long term stability of structures developed in the heat affected zone of conventional

welds in the steel container should be explored.

3) The justification for changing from OF copper to the 50 ppm P alloy should be

re-examined. There is nothing to suggest that the improvement in creep strength will give

a corresponding improvement in creep strain to fracture. If creep does occur to relieve

localised or internal stresses, and creep strain to fracture is not improved, then cracking/

failure is likely.
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4) The difficulty of developing and maintaining a fine grain size in the selected alloy is

severe and the consequences of coarse grains are (1) It is very difficult to inspect, (2) its

corrosion resistance is compromised and ( 3) its creep strain to fracture may be no better

than OF copper. Knowledgeable people in the copper industry believe that alternative,

inherently fine grained alloys are available which have equally good corrosion resistance.

Irrespective of the results of the first trials these options should be explored

5) There is a strong indication from the copper industry that the candidate copper alloy

may be susceptible to:

(1) Stress corrosion cracking

(2) Hydrogen Embrittlement

(3) Hot Shortness

(4) Con osion related to coarse grains

This must be checked first at the literature and consultant level and depending on the result

subsequently at the experimental level.

6) The steel canister should be produced eventually b\ a forging or extrusion process to

eliminate all but the lid weld.

7) If ingot technology is used for production of material for the copper container then it

should be continuously cast.

8) If a fabrication route is finally selected for manufacture of the vessel then forging

followed by rolling is the preferred route for production of the plate. Grain size and

strength considerations may require a change to an alternative alloy.

9) Welding of the preferred alloy should be avoided wherever possible.

10) Further work should be directed to the development of improved ultrasonic testing

techniques for copper and its alloys.
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11) In order to avoid problems associated with welding of copper and its alloys

consideration should be given to transient liquid phase bonding as detailed in

Section 2.3.7.2 of this report.

12) In order to avoid problems associated with grain size, handling during mechanical

working, machining, casting , forging or rolling, further serious consideration should be

given to the powder metallurgy route for the copper vessel as detailed in section 2.7.3.1

above.

3 REFERENCES

It was beyond the scope of this work to prepare a detailed literature review but the information

collected from reading the following references has been used together with views from

industrial contacts to prepare the analysis presented in section 2.

3.1 Published Papers

1) SKB technical report 92-04 - Low temperature creep of copper intended for nuclear

waste containers

2) SKB technical "report 93-04 - Project on alternative systems study (PASS) final report

3) SKI's evaluation of SKBs RD&D Programme 92-May 1993*

4) R Sjöblom et al "Objectives and limitations of scientific studies with respect to the

Swedish RD&D Programme 1992 for the handling and disposal of nuclear waste" - SKI

5) R Sjöblom "Corrosion aspects of copper in a crystalline bedrock environment with

regard to life prediction of a container in a nuclear waste repository"- SKI

6) Raiko et al "An advanced cold process canister design for nuclear waste

disposaT-Nuclear Waste Office -Helsinki

7) Peters et al "Multi-barrier, copper base containers for HLW disposal - Copper

Development Association Inc.

8) Peters et al "Copper and copper alloys as containers for radioactive waste disposal" -

February 1991 -CDAInc.

ipttkilb

ERA
TICHNOUXJT



26

9) Peters et al The natural analogue copper composite container for HLW disposal" - EBS

concepts workshop Denver, June 1991.

10) W H S Lawson et al "The development of welding and fuel inspection technology' for fuel

disposal containers. " Canadian metallurgical quarterly, vol 22 No 1 pp 117-124,1983

11) SKB RD&D Programme 92 • 'Treatment and final disposal of nuclear waste"

Programme for research development and other measures-September 1992

12) W R Corwin et al" Heavy section steel irradiarion programme summary"- Nuclear

engineering and design 134 (1992) pp 227-243

13) Mohr D.W. et al " Modified log-activity diagrams as a tool for modelling corrosion of

nuclear waste container material"

Journal of Nuclear Materials, Aug, 1992, pp329-342,1)

14) SKB background report to RD&D Programme 92 - "Treatment and final disposal of

nuclear waste" Detailed RD&D Programme 1993-1998

15) SKB technical report 92-45 - Mechanical integrity of canisters -F Nilsson

16) Benjamin L.A., Hardie D., Parkins R.N. " Stress corrosion resistance of pure coppers in

ground waters and sodium nitrite solutions" British Journal of Corrosion, 1988, Vol 23,

No 2, pp89-95

17) E Mattsson "Corrosion of copper and brass: Practical experience in relation to basic

data" Br Corros. J 1980 vol 15 Nol pp 6-13

18) M Burström et al "Manufacture of large sized copper containers and closures by hot

isostatic pressing" IVF report94-05

19) Sridhar N."Effects of environment on localized corrosion" Corrosion, Dec, 1993,

Vol 49, No 12, pp967-976,

20) G.P. Marsh ."Materials for high-level waste containment" Nuclear Energy, Aug, 1982,

Vol21,No4,pp253-265

21) F King" Nuclear waste can we contain it" Chemtech April 1992 pp214-219

22) M.N.Rogers "Welding of copper alloys" Published by CDA

ERA



27

23) King F."A mechanistic study of the uniform corrosion of copper in compacted

sodium-montmonllonite/sand mixtures" Corrosion Science, Dec, 1992, Vol 33, No 12,

ppl979-1995,

24) S. Stroes-Gascoyne " Radiation resistance of the natural microbial population in buffer

materials" 1994 MRS Symposium on Scientific basis of waste management XVHI

25) Acton C.I, McCnght R.D. "Feasibility assessment of copper-base waste package

container materials in a tuff repository" DE87000211/GAR, Sep, 1986, 83pp

Proceedings of the Scientific Basis for Nuclear Waste Management Conference Boston,

Massachusettes, USA, 26-29 Nov, 1990

26) Maak P.Y.Y. " Technical assistance to ALCL: Electron beam welding of thick-walled

copper containers" DL88701957/XAB, May, 1984

27) Farmer J.C. " Corrosion models for predictions of performance of high-level

radioactive-waste containers" DE92004467/XAB, 1991, ISSN 0097-9007

28) Henderson P.J "Low temperature creep of copper intended for nuclear waste containers"

DE93603242/XAB, 1992, 36pp

29) Maiya P.S. " Stress corrosion cracking of candidate waste container materials"

DE91015384/XAB, Nov, 1990, ISSN 0097-9007

30) Beavers J.A. " Stress-corrosion-cracking studies on candidate container alloys for the

tuff repository" NUREG/CR-5710/XAB, 1992, ISSN 0097-9007

31) Keen NJ. "The management of radioactive waste from civil nuclear power generation

Nuclear Power Technology" , Clarendon Press, UK, 1983, pp282,234,

32) Eisenbed M. "Environmental radioactivity From natural, industrial and military sources"

Academic Press, USA, 1987, Third Edition, ISBN 0122351533, 475pp

33) Accary A. "Corrosion behaviour of container materials for geological disposal of high

level radioactive waste" EUR Report 9836,1985

34) Sanderson A , Werme L.O. "Can high power electron beam welding encapsulate nuclear

waste for 100,000 years?" Power Beam Technology, Brighton, UK, 10-12 Sep, 1986,

ppl57-166

rpufcft

ERA
TECHNOLOGY



28

35) Brehm W. "Corrosion of candidate container materials"DE90001255/XAB, Sep, 1989

36) un C.S , Dong J.K. "Method for manufacturing a vessel for storing radioactive waste"

US 5 082 694, 1992, 6pp

37) Knapp et al "Licensing procedures for nuclear plants-prerequisites for safe operation"

ABB Review3/1994 pp30

38) Yunker W.H. "Corrosion fof copper based materials in gamma radiation"DE 87 005494

Jun 1986 76 p.

39) Hallberg et al "A 17th century bronze c i n o n as an analogue for radioactive waste

disposal" Symposium organised by the CEC in Brussells 28-30 April 1987

40) Bresle et al "Studies in pitting corrosion of archaeological bronzes"SKB-KBS-TR-83-05

41) Tylecote R. F. "The effect of soil conditions on the long term corrosion of buried

tin-bronzes and copper" Jnl Arch Sci V6 No4 pp345-368 1979

3.2 Reference Books And Conference Procedings

42) Procedings of an International Conference on HSLA steels- Microalloying 75-

Washington DC Oct 1975

43) Procedings of an Internationa] Conference on HSLA steels - Woolangong Australia

1984 eds. D.P.Dunne and T Chandra

44) Procedings of an International Conference on HSLA steels : Metallurgy and

Applications, Beijing Nov 1985, eds J.M.Gray, T. Ko, Z. Shouhua, W. Barong,

X. Xishan.

45) Procedings of an International Conference on Microalloyed HSLA steels, Chicargo 1988

46) Procedings of the second International Conference on HSLA steels, Properties and

Applications, Beijing 1990, eds G. Tither and Z. Shouhua.

47) Procedings of the Int. Conf. on Processing, Microstructure and properties of

Microalloyed and other HSLA Steels, Pittsburg June 1991, ed A. J. Deardo

48) Int. Symposium on Low Carbon Steels for the 1990's, Pittsburg Oct 1993.

ERA



29

49) Metals reference book- Smithelis -Sixth edition 1983- Butterworths

50) Physical metallurgy Birchenall-McGraw-Hill 1959

51) The mechanical properties of matter - A.H.Cottrell- Wiley 1963

52) Mechanical properties of metals - D McLean- Wiley 1962

53) Metallurgical achievements - W Alexander - Pergamon 1965

53) Metallurgy for engineers - Rollason - Arnold 1939

54) Selection and use of Engineering Materials - Crane and Charles - Butterworths 1984

ipukBb

ERA



ERA



SFATENS KARNKRAFTIN5PEKTION
Swedish Nuclear Po//ef Inspectorate

Postadress/Postal address Telefon/Telephone

SKI
S-106 58 STOCKHOLM

Nat 08-698 84 00
Int +46 8 698 84 00

Telefax

Nat 08-661 90 86
Int +46 8 661 90 86

Telex

11961 SWEATOMS


