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SUMMARY

The development of the copper/iron canister which has been proposed by SKB for the
containment of high level nuclear waste in the Swedish Nuclear Waste Disposal
Programme has been studied by the present author from the points of view of choice of
materials, manufacturing technology and quality assurance. Earlier reports1'2 describe
observations made in the period to February 1995.

This report describes the observations on progress which have been made between
March 1995 and February 1996 and the result of further literature studies. SKB have
allowed the author access to certain of their subcontractors for discussions and
observations of progress and have provided certain contractor reports for review. This
has been supplemented by a literature study and discussions with other consultants.

A first trial canister has been produced by SKB using a fabricated steel liner and an
extruded copper tubular, a second one using a fabricated tubular is at an advanced stage.
It is demonstrated that the design shape can be achieved in the selected materials. It
remains to be demonstrated that it can be achieved in serial production in a technically
satisfactory state and with the design properties.

A change from a fabricated steel inner canister to a proposed cast canister has been
justified by a criticality argument but the technology for producing a cast canister is at
present untried. It is considered that such a change will require a significant
development programme.

The microstructure achieved in the extruded copper tubular for the first canister is
unacceptable. An improved microstructure may be achieved by extruding at a lower
temperature but this remains to be demonstrated. Similar problems exist with plate used
for the fabricated tubular but some more favourable structures have been achieved
already by this route. It has been proposed that a grain size of 250 microns will be
acceptable, if this is agreed it will be necessary to repeat creep and corrosion tests on
material of this grain size.

Seam welding of the first tubular failed through a suspected material problem. The
second fabricated tubular welded without difficulty .However it was necessary to
constrain it during welding and it subsequently distorted during machining. There was
some evidence of hot tearing close to the weld. The distortion problem may be
overcome by a stress relieving anneal but this could cause further grain size problems.
Further studies are required on annealing characteristics and hot shortness in the copper
50 ppm phosphorus alloy.

Welding of lids and bottoms to the copper canister is problematical. The nature of the
required weld dictates that very high power must be used in a non vacuum system this
exacerbates the problem of flash over which is inherent in the EBW process. SKI will
need to be assured that this will not create a hazard in an operational system.
There is as yet no satisfactory non destructive test procedures for the parent metal or the
welds in the copper canister material and this is partly due to the coarse grain sizes



which arise in the proposed material processed by the proposed routes. It is
recommended that development of ultrasonic and eddy current procedures should be
pursued.

There is some evidence that the presence of phosphorus reduces the effect of sulphur on
creep ductility in the selected overpack material, more work is required to confirm this
for the practical case.

Further studies are required on crevice corrosion, galvanic attack and stress corrosion
cracking in the copper 50 ppm phosphorus alloy.



Design Basis for the Copper Canister Stage Two

1 Introduction

This is the final report on stage two of a consulting assignment aimed to assist SKI in
understanding and reviewing the work and efforts which SKB will present in their plans
for the coming three years 1996-1999.The activities in the assignment were;

(1) To advise SKI on materials problems related to the copper iron canister, and

(2) to use a literature study and discussions with other consultants to investigate the
susceptibility of copper/50 ppm phosphorus alloy to hydrogen embrittlement, Hot
shortness, Stress corrosion cracking and Galvanic attack, and the effects of laser
welding on heat affected zones in steel, and

(3) to read and comment on certain reports by SKB and their contractors, and

(4) to monitor certain technology developments related to the production of the
copper/iron canister proposed by SKB for the disposal of high level nuclear waste. This
is in order to understand and report on the practicalities of the technologies as they are
now, to comment on the feasibility of using them in the current or a modified form for
future production and to report on the effects of processing on the microstructures and
the properties of the materials used.

The original choice of material for the load bearing component of the canister was a
High Strength Low Alloy Steel (HSLAS) and their suitability for this application were
discussed in an earlier report2.

During 1995 two inner canisters have been manufactured and it is believed that both use
a 2.5 percent chrome ,molybdenum steel and it is now reported3-8 that SKB intend to
investigate the use of a cast liner using Cast Steel, Cast Iron or Bronze. The materials
implications of these options and the progress towards development of the production
technology are discussed in sections 2.1 and 3.1 respectively.

Oxygen free (OF) copper was the first choice of material for the copper overpack. The
reason for this choice was connected with its good corrosion resistance and this has been
previously discussed2. It is 99.5 percent pure copper and the main impurities are Lead,
Bismuth, Arsenic, Antimony, iron, Sulphur and Phosphorus. In early studies11

conducted on behalf of SKB it was demonstrated the creep strain to fracture of this
material could be as low as two percent. To overcome this problem the OF copper was
modified by the addition of 50 ppm of phosphorus on the basis that phosphorus leads to
a substantial improvement in creep strength.

Critics of this choice2 of alloy suggested that it could present many problems in
production and in performance. It was argued that;



(1) It is very difficult to produce large artefacts in pure or nearly pure copper by hot
working processes whilst maintaining the fine grain size which is normal for
engineering applications.

(2) The presence of large grains in the material would cast doubt on its recognised good
corrosion resistance because large grains lead to the impurities present being distributed
in a lower grain boundary area. The concentrations of impurities in grain boundaries
would therefore be higher than normal and galvanic attack may be favoured.

(3) Copper is very difficult to inspect ultrasonically unless it is fine grained.

(4) Large grain boundaries at the surface could lead to crevice corrosion.

(5) Severe grain growth may occur during stress relief after welding of the cold formed
cylinder. Failure to stress relieve could lead to distortion during further processing or
grain growth under repository conditions.

(6) The addition of Phosphorus may increase creep strength but there is no evidence that
it improves creep strain to failure which is the real problem.

(7) The selected alloy could suffer from, hot shortness, hydrogen embrittlement and
stress corrosion cracking.

In response to these points discussions have been held with other consultants and a
literature search has been conducted. Detailed reviews of the papers examined are
presented in Section 6. Observations and conclusions from the literature search are
given in section 2.2.

One of the proposed production routes for the copper overpack canister is fabrication by
welding an extruded tubular section together with forged tops and bottoms. The first
step in this process is production of the ingots by continuous casting followed by
extrusion of a tubular section. After machining the tubular is fitted with a forged and
machined base which is welded in place by electron beam welding. Following insertion
of the steel liner, filling the canister and sealing the steel lid a forged copper lid is fitted
and welded in place by electron beam welding. The second route involves roll forming
two half cylinders from copper plate and welding them together along their long edges
to produce a fabricated tubular. Further processing is then similar to the first route.
Section 3.2 of this report describes the progress in 1995 towards the demonstration of
these technologies.

Overall conclusions regarding progress on the programme are given in section 4.



2 Materials Properties

2.1 The Inner vessel

The inner vessel is the load bearing element of the canister, it is understood that
stressing for the design was based on typical properties of HSLASs.
Any change of material will require the stressing calculations to be revisited, and
changes in the strength and ductility of the selected alloy and design of the component
will have to be taken into account.

For a fabricated vessel with a granular fill such as those manufactured in 1995 (see also
section 3.1.1) or ones manufactured in HSLAS it is necessary to take account of the
work of Savas8 in which he studied the effects of ovality of the vessel on buckling
behaviour in a uniform stress field. He predicted buckling of the originally envisaged
canister under a uniform compressive field of 45 MPa, this buckling was predicted to
lead to rupture of the vessel. Ovality of the vessel has a similar effect to an unbalanced
stress field. If the stress field on the canister will be unbalanced, it will be necessary to
reconsider these calculations taking into account the ovality of the vessel which will be
realised in practice, the expected nature of the stress field and the mechanical properties
of the selected material. No further comments on material choice for this vessel can be
made until the choice is known.

The choice of materials for a cast inner vessel are a nodular iron (sometimes referred to
as ductile iron), grade SS07 17, a carbon manganese steel, grade SS 1306 or a bronze3.
The compositions of the proposed iron and steel are given below, no candidate
composition for the bronze has been identified at the time of writing.

C Si Mn Pmax Smax Ni Mn
SS07 17(iron)% 3.2 1.5-2.8 0.06-1.0 0.08 0.02 0-2.0 0.02-0.08

C Si Mn P S Cr Cu
SS13 06 (steel) % Max 0.18 0.60 1.10 0.036 0.03 0.30 0.30

One advantage of a cast vessel is that the internal support provided by the cast in
separators will provide support against buckling loads and will add strength to the
structure against external forces whether or not they are balanced. The disadvantages are
the anticipated lower ductility of cast products and the anticipated difficulty in
production and quality assurance. These are referred to in section 3.1.2.

The choice of steel for a cast inner vessel is most favoured from the point of view of
strength and ductility and least favoured from the point of view of castability. The
shrinkage allowance for a steel casting would be 2 percent4, apart from the casting
problems this renders a casting of this size and complexity very susceptible to cracking
during cooling after solidification. In order to feed such a casting during solidification it



would be necessary to use very slow cooling rates and the effect of this on the
metallurgical structure of the product can only be bad.

Cast iron has much more favourable shrinkage characteristics than cast steel and an
allowance of 0.7 percent is recommended4. The ductile iron suggested9 would be a good
choice, if iron must be used, owing to its good ductility. The range of composition
allowed in the specification for this material is because the ideal composition for
achieving the target structure (nodular graphite) depends on the size and geometry of the
casting. It would be normal to select the composition on the basis of experience or as a
result of making experimental castings and investigation of the effect of composition on
structure in the particular casting4. SKB8 rank the ductile iron ahead of the cast steel on
ease of fabrication and cost but they are uncertain of its long term performance. For this
reason, apparently, they are attempting to make and test a cast steel vessel first.

It is not uncommon to make castings of this size in bronze5 but it is necessary to choose
the alloy with care in order to have good casting performance and the mechanical
properties would be inferior to those of iron or steel.

If a cast structure is eventually selected it will be necessary to demonstrate that sound
castings can be made on a routine basis, that the microstructure of the cast material is
sufficiently uniform that the target mechanical properties are achieved and that a quality
assurance procedure is available.

2.2 The copper overpack

2.2.1 Grain Size Control

The experience of SKB in attempting to obtain fine grained heavy copper plate (see
section 3.2.5) is sufficient to bear out the criticism that it is difficult to produce a fine
grain size in large copper artefacts by hot working. It is further born out by the
experience of attempting to produce fine grained lids and bases at Wyman-Gordon and
also by the experience with the extruded tubular (see section 3.2.2). It has been
suggested7 that the addition of 50 ppm phosphorus to OF copper will help control grain
size through its effect on recrystallisation temperature. The fact that this has not been
born out in practice supports the view that the suggestion is based on a false premise. It
is well known that Phosphorus additions to OF copper cause an increase in the
recrystallisation temperature after cold work6. This could conceivably influence the
grain size of a cold worked and annealed product. This mechanism for control of
recrystallisation temperature after cold work has no relevance to recrystallisation during
hot work however. It is considered3 that a mean grain size of 250 microns may be
achieved in practice by hot rolling or by extrusion and that this would be fine enough to
allow satisfactory non destructive evaluation using ultrasonics. The evidence that such a
grain size can be achieved reliably is insubstantial (see section 3.2.5) and further work is
required to demonstrate it. Further work is also required before the claim that such a
grain size would allow adequate ultrasonic inspection can be substantiated (see section
2.2.2. below). A serious problem concerning data on corrosion creep and other



mechanical properties arises as a result of the proposed acceptance of 250 microns grain
size. All these properties have so far been studied on fine grained material and the
results on coarse grained material will be different. In particular corrosion and creep
strain to failure are influenced by species segregated to grain boundaries. Increase in
grain size by a factor of five or six will bring with it a similar increase in concentration
of grain boundary segregates and a substantial increase in their effects on the properties
measured. If a grain size of 250 microns is accepted it will be necessary to reconsider
the allowable impurity content and to repeat work which has been carried out on
corrosion and creep properties on material which is similar to that which will be used.

2.2.2 Ultrasonic Inspection

The most recent works on this subject reported by TWI10'11 are pessimistic regarding the
prospects for detecting defects in the region of welds by ultrasonic inspection. Large
defects identified by radiography were missed by ultrasonic examination. Their failure
to detect certain defects was attributed to the development of large grains in the weld
region, poor coupling and an inconsistent relationship between the size of flaws and the
strength of the reflections which they produce. They also commented on digital
radiography and asserted that measurements made by others were likely to miss lines of
small pores in the run out region of the weld. This is potentially a serious problem since
reliable non destructive evaluation techniques must be made available. It is well known
that copper and some copper alloys are particularly difficult to inspect ultrasonically
owing to high attenuation and poor signal to noise ratios. In view of the importance of
this method and the lack of any satisfactory alternative it is recommended that efforts to
develop suitable technology should be pursued with tenacity. Radiographic methods are
unlikely to be useful in detection of surface cracks but eddy current probes are used for
detection cracks during the production of copper wire16 and it is possible that such
methods may be developed for the canister case, this prospect should also be pursued.

2.2.3 Creep strain to fracture

Henderson12 has reported work on creep ductilities of several alloys including OF
copper and OF copper with 50 ppm of phosphorus added. Both were fine grained
(45 microns) and both had 6 ppm sulphur. According to Henderson this sulphur content
would correspond to 0.09 atomic layers of sulphur over the entire grain boundary area.
Her results provided convincing evidence that the phosphorus bearing material was free
of low creep ductility but the phosphorus free material was not. The amount of testing
was limited but the evidence strongly suggests that the role of sulphur in causing
embrittlement can be reduced by additions of phosphorus. If this effect is confirmed and
it is equally strong in the canister material with grain sizes exceeding 200 microns
corresponding to a five fold increase in the concentration of sulphur in the grain
boundaries) a positive benefit will be realised from the phosphorus addition to the alloy.
If it is not the canister material will be susceptible to the low creep ductility reported by
Henderson in the same work. It is clear that further work is required to examine the



effect of phosphorus on coarse grained material and also that the creep testing
programme should be repeated on coarse grained material.

2.2.4 Galvanic attack/Crevice corrosion

The literature search has revealed no reported cases of galvanic attack or crevice
corrosion in OF copper. This is encouraging but there is no doubt that coarse grains do
lead to increased concentrations of impurities in grain boundaries and that could
possibly lead to galvanic attack. It is recommended that a test programme is initiated to
demonstrate whether or not these two corrosion mechanisms can be induced in coarse
grained material.

2.2.5 Grain Growth

TWI14 measured residual stresses in a cold formed and welded copper cylinder. Whilst
the pattern of stresses were not adequately explained severe stresses were measured.
This led to the view that annealing of the cold formed vessel may be required after
welding since residual stresses could lead to distortions during subsequent processing or
to critical strain grain growth after long periods in the repository environment.
Experience has now shown that residual stresses do lead to unacceptable distortions (see
section 3.2.7) and therefore a stress relieving treatment is required after welding.
Critical strain grain growth is very likely during such a treatment.

In a further report TWI13 have reviewed the literature in an attempt to determine the
temperature required for stress relief in the cylinder. They point out that at the normal
annealing temperature of 600°C critical strain grain growth is likely to occur in lightly
strained regions. No information on the relationship between strain, annealing
temperature and final grain size was discovered by TWI and they concluded that an
experimental study is required. The outcome of such a study could also be used to
predict the long term stability of the structure in the repository.

2.2.6 Hot Shortness

Hot shortness is the term used to describe cracking which occurs during hot working. It
is frequently a result of segregation of low melting point impurities such as copper or tin
in iron, or lead, arsenic or bismuth in copper, to grain boundaries. A similar term, hot
tearing, is used to describe the same mechanism when it occurs in the vicinity of welds.
Hot shortness is a particular problem to the wire drawing industry as cracks opened up
during hot work oxidise and create lines of weakness which lead to failure in subsequent
cold drawing operations. Hot shortness has been widely reported in OF and PDO
copper16'17'18'19'20 (see appendix 1 B for more detailed reviews). It is claimed that a major
factor contributing to hot shortness is the low oxygen content in these materials and
cases are cited where oxygen has been added back to melts to prevent it. The reason for
the adverse effect of a low oxygen content is that in the absence of oxygen, impurity
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elements remain in elemental form and segregate to grain boundaries where they liquate
during working. In the presence of oxygen these elements oxidise and form precipitates
which do not have a harmful effect on hot workability. Myers19 reviews work in the
field and reports on his own very careful investigations. He showed that the combined
effect of oxygen and sulphur was damaging at temperatures exceeding 950°C and that
hot ductility decreases sharply with increasing sulphur content above 4 ppm. The
combined effects of phosphorus ,oxygen and the low melting point impurities on
recrystallisation temperature is complex and workers in the field hold differing views.
The reason for this appears to be related to the form which the impurities take and the
temperature of processing. Under low oxygen conditions and sufficiently high
temperature the low melting point impurities may dissolve in the copper lattice. At
lower temperatures they may precipitate and form films in grain boundaries. In the
presence of oxygen they will oxidise and form stable oxides which some workers
suggest will promote recrystallisation and others suggest will delay it. Phosphorus will
compete with the other impurities for oxygen and further complicate the picture.

Hot tearing or hot shortness associated with welds has been observed by TWI in the
most recent attempt to make an overpack by fabrication from plate. In view of this and
the complicated picture emerging from the literature it requires further study.

2.2.7 Hydrogen Embrittlement

Hydrogen embrittlement is widely reported2 li22t23i24>25 for tough pitch copper and copper
containing oxide particles. (See Appendix 1C for more detailed reviews). There is
general agreement that embrittlement arises as a result of the reaction between hydrogen
which diffuses into the copper and oxygen which may be dissolved in the lattice or
present as oxide. The critical temperature for steam formation in copper is 374°C and
whilst tough pitch coppers are embrittled at lower temperatures it is much more rapid at
temperatures exceeding 374°C. Attempts to embrittle OF copper by annealing in
Hydrogen at up to 7 atmospheres pressure and 400°C failed. It is concluded that the
material under consideration for the canister is not susceptible to hydrogen
embrittlement.

2.2.8 Stress Corrosion Cracking

Stress corrosion cracking has been observed in OF and PDO coppers26*27*28 (see also
Appendix D). Benjamin26 examined material with a grain size of 45 microns. His tests
were carried out using synthetic ground water and the test durations have been
calculated at 3 days. In tests carried out at 80°C a marginal reduction in area was
observed. Leidheiser27 reports that stress corrosion cracking has been observed
particularly in the presence of ammonia and Bianchi28 observed stress corrosion
cracking of pure copper in atmospheres containing copper chloride. In view of the short
duration of the Benjamin tests, the very fine grain size material he worked with and the
evidence from the other workers mentioned, stress corrosion cracking should be
examined with more rigour and on material with an appropriate grain size.
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3. Development of Production Technology

3.1 The inner vessel

3.1.1 The fabricated steel liner

Two steel liners have been produced. It is understood that the material of the first is a
2.5% Chrome Molybdenum Steel. No further details are given but the choice was
apparently made because Wyman-Gordon ,who made the first one, were very familiar
with its working characteristics. The tubular section was produced by extrusion from a
forged ingot and the top and bottom were made from the same material using standard
forging procedures. The bottom was welded in place by TWI using electric arc welding
with a preheat to 250°C and no post weld heat treatment.

This vessel was seen at VSEL when it was mounted on a measuring table ready to be
marked up and jigged for machining. VSEL were confident that there would be no
problems in machining it to size and none were encountered. The second liner was
produced in Sweden by Avesta and no details of the material or production route have
been given.

The early plan was for the lid of the steel vessel to be fixed by laser welding but it is
understood that this approach was abandoned on advice from British Nuclear Fuels
Limited (BNFL). They may have been concerned about the safety aspects of laser
welding in a hot cell but an equally valid reason could be that such a weld would almost
certainly be very brittle owing to the highly localised nature of the melting and
consequent very rapid quenching of the weld.

The first liner was integrated with its overpack by VSEL and no problems were
reported. The lid was welded in place at TWI using electric arc welding with a 250°C
preheat as with the base. No technological problems are foreseen using this approach
providing that the 250°C preheat is acceptable after the vessel has been filled. If it is not,
alternative materials may be selected which would not need it. The second inner vessel
is at present with VSEL ready to be integrated with the first overpack vessel to be
produced by fabrication from hot rolled sheet.

It is now understood however that criticality considerations have led to a cast vessel
with cast in separators for the fuel elements being favoured.

3.1.2 The proposed cast liner

In view of the criticality considerations referred to above a cast inner container has now
become the reference case. It has been suggested that this only a minor change but it is
not, since the fabricated liner depends on well established technology whilst the
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technology for a cast liner will require a considerable amount of development and
testing.

The candidate materials for the cast inner canister have been proposed as a ductile cast
iron, a carbon -manganese steel or a bronze with the steel as the number one candidate.
This was discussed in more detail in section 2.1.

The filling and feeding of a casting of the desired size and shape will provide a very
serious challenge to the foundryman whichever of the materials is chosen. This
difficulty brings with it the very high probability of unsoundness in the casting. In
addition to this the shrinkage in these materials after solidification will lead to the
development of internal stresses which may result in cracks.

In recent years finite element computer codes (such as AF solid or Magmasoft) have
been developed to simulate the cooling solidification and shrinkage in castings, each has
its own limitations but they have been used successfully to design runner and feeder
systems and to predict shrinkage stresses for many products. Many research and design
houses offer a modelling service based on these codes and it is strongly recommended
that such a service should be used in this case. If it is not used at the design stage it
should certainly be used to create confidence at the quality assurance stage. Quality
assurance is a matter for serious concern with the cast solution for the inner vessel.
Since shrinkage cracks are likely it will be necessary to demonstrate that they have not
occurred and that residual stresses left in the casting will not cause them to occur during
service. It will be necessary to develop quality assurance procedures to detect cracks.
There is no obvious way to prevent shrinkage stresses and it may be necessary to use a
modelling approach to engineer the stresses to acceptable levels and into locations
where they will do least harm.

3.2 The Overpack

3.2.1 Continuous Casting

Two one metre diameter ingots of nominally oxygen free copper with 50 ppm of
phosphorus added were produced by semi-continuous casting at Outokompu-Pori in the
first quarter of 1995. The nominal weight of the ingots was 10 tonnes from which we
calculate that they were of length close to 1.4. metres. The casting of these ingots was a
considerable technical achievement in the timescale allowed and maintained. It is not
known whether the two ingots came from a single log or whether they were cast
separately. It is likely that there was a yield loss in casting of 0.5 metres at the bottom of
the cast log due to ingot corner defect and of a further 0.5 metres at the top owing to
shrinkage. The choices are therefore one log of overall length 3.8 metres or two logs of
length 2.4 metres. It is possible that the choice had to be made to accommodate to the
power of the handling equipment. If the two log route was used then the individual
ingots would have been of weight 17 tonnes whilst the single log would have weight 27
tonnes. Since the extruded tubular would have weight close to 6 tonnes, the first case
corresponds to a yield loss of 64 percent and the second case corresponds to a yield loss
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of 56 percent, both for the full production cycle. Discards would of course be recyclable
and the cost of yield loss would be limited to the recycling cost. It is conceivable that
equipment could be designed and built for truly continuous casting at this ingot
diameter and if it were then the yield losses would be effectively limited to the losses
occurring downstream of the caster. In the case of the first trials this was 40 percent (a 6
tonne tubular from a 10 tonne ingot). In view of the engineering problems which would
need to be overcome and of the low utilisation which such a caster would enjoy it could
well be decided that semi continuous casting would be the favoured route. All this of
course assumes that no losses occur as a result of poor quality and quality problems
could arise at any stage in the production cycle from casting the logs to welding the lids.

The quality problems which might arise at the casting stage would mainly be related to
surface quality and metallurgical structure. The diameter of the casting and the
relatively sharp melting point of the material dictate that the casting speed must be very
slow (to allow sufficient time for heat abstraction from the copper as it solidifies, and
adequate feeding of the casting to counteract shrinkage problems). The slow casting
speed and rate of solidification encourages the development of a very coarse grain
structure with columnar grains growing in the direction of the temperature gradient in
the casting. The boundaries between grains in such a structure represent lines of
weakness which may be expected to lead to the formation of cracks during solidification
or subsequent forging. Internal cracks may well be healed during extrusion but cracks
opened up during forging prior to extrusion would oxidise and lead to defects in the
finished product.

In order to achieve the necessary rate of heat abstraction from the casting it is necessary
to maximise the length of the casting mould in contact with the casting. This usually
requires the mould to be tapered to match the rate of contraction of the casting for part
of its length. It is also necessary for the cast log to separate from the mould in order that
it may descend into the casting pit. The withdrawal of the log must therefore occur as a
series of steps rather than as a truly continuous process. A consequence of this is the
development of a series of circumferential ripples on the cast product. Where these
ripples are severe they may lead to the development defects during the further
processing of the ingot and it may be necessary to machine the surface of the log to
remove them. It is clearly undesirable to mount these large ingots in a lathe and machine
the surface and it is therefore desirable to achieve a good surface finish from the caster.

No opportunity was provided for observation of the ingots prepared for this programme
before they were extruded but it understood that SICB consider that some improvement
in surface condition is needed3. If this route is seriously proposed for the final container
it will be necessary for SKI to be made aware of the quality requirements in the ingots.
These should be derived from the research components of the SKB-FUD Program 95.

In addition to the ingots supplied by Outkompu for extrusion of tubulars an unspecified
but relatively large (more than ten) number of smaller ingots were supplied for forging
trials and for the production of lids and bottoms for canisters and for welding trials.
These ingots were 14 inches in diameter and 34 inches high, it is assumed that they were
made by continuous casting .

14



3.2.2 Extrusion and Forging

The ten tonne ingots supplied by Outokompu were extruded to tubulars by Wyman-
Gordon in May 1995. The scheduling of the process prevented the writer from being
present and a video film taken at the time does not allow the detail of the process to be
observed.

Wyman-Gordon were aware of the need to develop a fine grain size in the tubulars to
assist inspection and provide good mechanical and corrosion properties. Their first
choice of processing temperature was 550°C and they considered that adiabatic heating
would cause a further 100°C increase in temperature. They and Outokompu felt that
processing at this temperature could produce a fine grained product. There were
reservations on this point however in view of the slow cooling rate which is inevitable
in a product of this size when it is processed in this press. They did not consider it was
safe (for the press ) to use a lower starting temperature.

Before undertaking the extrusions Wyman-Gordon carried out some forging trials from
which they estimated the forces required to make the extrusion. As a result of these
trials they elected to use a starting temperature of 800°C.

The ingot was heated to 800°C before being upset into a chamber of 54 inches diameter.
The centre was pierced at the internal diameter of the extrusion before being extruded
uphill. No cooling was used and no difficulty was experienced in the process of the
extrusion. Forces measured during the extrusion suggested to Wyman-Gordon that it
could have been carried out at a much lower temperature without causing damage to the
press.

The extrusion ratio in this work was 5.8:1. This is very low and a more usual value in
the copper industry would be 16:1. The significance of this is that direct experience in
the industry over very many years has indicated that an extrusion ratio of 16:1 is
required if the ingot structure is to be fully destroyed and replaced by a fine grained
homogeneous structure. Such extrusions would normally be carried using a starting
temperature of around 600°C and the product would be water cooled as it emerges from
the die. It would also be usual to start with a much smaller diameter ingot which in all
probability would have a much more favourable starting structure. An alternative way to
break down the ingot structure is by forging. It is usual practice when converting a cast
ingot to a forged shape to destroy the ingot structure first. This is achieved by the
upsetting process in which the ingot is first reduced in height by a factor of three by hot
forging and then has its dimensions more or less restored by a similar process.

The processing experienced by this ingot is something of a hybrid, upsetting to a 54
inch diameter chamber corresponds to a reduction in height of 50 percent which by
forging standards is inadequate, this was followed by extruding with a ratio of 5.8:1
which by extrusion standards is inadequate. The whole processing was carried out at
800°C which by any standards is too hot and no cooling was provided after extrusion. It
would indeed have been fortuitous if a desirable structure had been developed.
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The two extrusions were neither straight nor round but the dimensions were such that a
tubular of the right size could be machined from each of them. Ultrasonic examinations
were carried out at Wyman-Gordon and it was reported that back face echoes were
received and no serious defects were present. SKB have reported that the grain size was
too large at around 1-2 mm. Visual examination of the extruded tubulars by the writer
revealed that in some areas grains of diameter 5-8 mm were perceived by the unaided
eye, the presence of circumferential markings on the internal surfaces was also
observed. These markings resembled the markings which usually appear on the surface
of continuously cast products and they suggest that some melting and sticking to the die
had occurred during extrusion. Whilst this cannot be claimed as satisfactory it is a very
impressive result when the factors outlined above are considered. SKB believe that by
extruding at a lower temperature, in the region of 600°C, a finer grained structure which
will be fully inspectable could be achieved. This is no more than a statement of faith and
it can only be tested by trial and examination, it is understood that it will be tried and
examined as part of the future programme. If results are promising it will be necessary,
in view of the unusual nature of the processing, to carry out very detailed analysis of the
product to demonstrate that acceptable structures are achieved and that quality assurance
procedures are available.

The production of lids and bottoms for the tubulars is at first sight less challenging than
the production of the tubulars themselves. The first procedure used was to upset the
ingots referred to above (14 inches diameter and 34 inches high) to a 34 inch diameter
blank, followed by closed die forging to the finished shape. Even though the forging
was done "as cold as possible", Wyman-Gordon failed to produce a fine grained
product which was inspectable using ultrasonic methods. In later attempts the upsetting
operation was used to produce a blank with a dogbone section such that the final
forming would put much more work into the edges where the welding would be done.
No detailed information was supplied but it was said by Wyman-Gordon and TWI that
the area of the weld was fine grained and inspectable. The area remote from the weld
was coarse grained and uninspectable. This failure to achieve a fine grained structure on
parts of the lid, where control of processing conditions is not seriously inhibited casts
some further doubt on the prospects of achieving a satisfactory grain size in the tubular.

3.2.3 Machining

Machining of the tubulars and lids was carried out by VSEL. The machining of lids was
not a big problem, standard equipment was used taking deep cuts and cooling by
flooding with machining fluid. Machining of tubulars was very difficult. It was
necessary, carefully to measure the extruded shape and jig it so that the required shape
could be produced from the extrusion within the 15 mm machining allowance. It was
discovered that it was necessary to support the tubular along its length during machining
in order to prevent bending. The conventional way to do this is to machine bands on the
outside of the job and to run these bands on "jockey" rollers on the lathe. Unfortunately
the weight of the vessel was such that the rollers deformed the copper and caused metal
"pick up", to overcome this it was necessary to fit steel bands around the tubular for the
jockey rollers to run on. Owing to the necessity of taking deep cuts and the deformation
characteristics of the copper very considerable heating of the copper occurred and this
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led to a loss of control of dimensions. To overcome this farther machining was carried
out in a machining cell where the whole job could be flooded in machining fluid. The
final problem was control of the swarf which came off as a continuous chip which was
very long and very difficult to handle.

The target dimensions were achieved on the one tubular which was machined. VSEL
have indicated that the second one can be machined with equal difficulty as the first if
necessary. It is demonstrated that the material can be machined albeit with great
difficulty. There are no known ways of overcoming this difficulty which are not similar
to the way used at VSEL or hopelessly uneconomic.

3.2.4 Welding of Lids and Bases

The design of the copper canister has to date been such that it has been necessary to
make blind welds around the circumference of the vessel at full material thickness
(50 mm) in order to attach the base and the lid. The welding process has been under
development at TWI for some years and electron beam welding (EBW) has been
selected as the appropriate process. The welds made to date have been normal to the
surface of the canister with the canister in an upright position. It has therefore been
necessary to rotate the vessel about a vertical axis relative to the welding gun which is
stationary. Early experiments indicated that with the electron gun horizontal a weld with
a slight upwards inclination is produced, the reason for this is not fully understood but
working with the gun inclined slightly above the horizontal produces a weld in the
required position. Many trial welds have been made on test specimens which have been
both flat and curved on the same radius as the vessel. Whilst some welds on test
specimens have been claimed as satisfactory and the detailed operational envelope for
so called satisfactory operation of the equipment have been identified no welds which
are free of defects have been demonstrated to the writer and no lid type welds made on
full size vessels or full size test specimens have been claimed as satisfactory by TWI.

Of the three attempts which have so far been made to weld tops or bottoms to full size
canisters, one has failed as a result of flash over, one has had a cloud of pores at the
weld root in the run out region and the third has failed owing to a poor fit between the
tubular and the bottom. In no case has it been possible to effect repair work to an
acceptable standard and in the case where flash over occurred the control system failed
to shut down the system and the internal parts of the welder were destroyed.

TWI have said that the process is unsatisfactory in its present form and an alternative
approach has been initiated, this is a change in the weld configuration and it brings with
it the need to reoptimise the welding parameters. The new approach is described below
together with a description of the problems which have arisen.

The technique which has been used to date involves making a horizontal weld to a full
depth of 50 mm in a partial rather than a hard vacuum. The reason for the partial
vacuum is to avoid weld root defect by creating a broad weld with a tear drop shape.
The long axis of the tear drop is the weld line and the blunt end of the tear drop is at the
weld root. The argument for this approach appears to be fundamentally sound and the
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effectiveness of the principal is demonstrated. However the degree of control required
on the welder to maintain the optimum weld pool has not been reliably achieved.
Fluctuations in control lead to loss of the tear drop shape and weld metal drips out of the
weld, the loss of metal leads to defects in the weld. Such fluctuations may arise as a
result of local variations in composition or pores in the material being welded or as a
result of inconsistency in the power supply. These factors can also lead to flash over in
the electron optics which will be referred to later.

Fronting bars of several designs have been used to limit the loss of metal by dripping
out of the weld, but with varying degrees of success and a consequential lack of
reliability in the process. In order to overcome this a new design of lid with a weld
which is inclined downwards is to be tried. It is suggested that such a weld will be more
tolerant to fluctuations in control since gravity will assist by preventing molten metal
running out of the weld. This may also assist in the elimination of weld root defect
during the run out phase of the welding, that is when the full circumference has been
welded and the weld is completed by gradually reducing its depth in an overlap zone.
Whilst very promising results have been seen on some welds consistently good results
have not been achieved and a chain of pores along the base of the run out are common.
It appears that attempts to control this problem have been frustrated by the failure to
control the shape of the weldpool and there is some hope that the less stringent demands
on control which are anticipated by using an inclined weld will also assist in the
elimination of weld root defect during run out.

A technological problem in the welding process is control of flash over which was
referred to earlier and which resulted in serious damage to the equipment. Flash over is
the electrical discharge which sometimes occurs from the electron beam to internal parts
of the structure of the welder and it occurs to some extent in all electron beam welding
equipments. The tendency for flash over to occur increases as the power of the beam is
increased and as the vacuum in the system becomes less hard. The most difficult
conditions with respect to flash over are therefore encountered in the process which is
being attempted. The development of the tear drop shape in the weld pool depends on a
low pressure of inert gas in the region of the weld and the volume of the tear drop
together with the excellent thermal conductivity of copper requires a very high power in
the electron beam. The power level which has been used in the most recent work is 80
KW (220 Kv at 360 mA). This, according to TWI, is the highest power operation which
has been attempted in a non vacuum system and corresponds to ten times the power
consumption of a standard weld. When flash over occurs the beam current increases
very substantially and failure to make very rapid corrections causes severe damage to
the equipment. There is currently no strategy to prevent flash over during the operation
of electron beam welders other than by careful maintenance to limit contamination and
control of the vacuum inside the electron optics and the gun.

The main strategy is to deal with flash over when it happens by ramping down the
power very quickly. The technology to do this is very effective. It is important to ramp
the power up again very quickly once the discharge is stopped in order that weld defects
are not caused by interruption of the process, very effective technology is also available
for ramping the power up again. The transients which arise as a result of the rapid
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ramping up and down are severe but TWI believe that they are prevented from
interfering with the control system by careful screening of the electronic systems and
the use of fibre optic communications.

Unfortunately it is not uncommon for repeated flash overs to occur and the control
systems are designed to close the system down permanently when the frequency reaches
a level which is judged to be unacceptable. It was the failure of this safety system which
led to the destruction of the welder referred to earlier. In cases where the welding has
been stopped, it has so far not been possible to restart the process and make a
satisfactory weld.

The development work on control systems appears to be directed towards more rapid
detection of flash over together with more rapid ramping down of the power when it
occurs. It is argued that this would reduce the need for shut down of the system to
acceptable levels.

Angling of the weld and improving the control systems on the welder may improve
weld quality, reduce the degree of control on the weldpool which is required and reduce
the problems arising from flash over. It is to be expected these actions will take place as
part of the forward programme of SKB and the results should be monitored with
interest.

There is no doubt that considerable development remains to be done before a
satisfactory electron beam welding process for bases and lids will be available.
Nevertheless TWI consider that reduced pressure electron beam welding is the best
candidate technology for this application. Whilst other methods such as pressure
welding, diffusion bonding or friction welding may be possible they consider that
pressure welding and diffusion bonding may be more difficult to quality assure and
friction welding may require more development than EBW. The basis of concern with
regard to quality assurance is commonly quoted, whilst ultrasonic testing or radiography
may demonstrate that a bond exists they provide no information on the strength of the
bond. Since fusion is not involved it is argued that the bond may not have developed
maximum strength. Experience with fusion bonding has led to a high level of
confidence that a bond which is properly made will have greater strength than the parent
material. In support of diffusion bonding is the now long experience in the nuclear and
aircraft industries where in spite of the doubts which have been expressed diffusion
bonding has been used in safety critical applications with great success. Friction
welding is the reserve process in the minds of SKB and whilst the engineering problems
would be formidable there is some evidence that it could be successful.

3.2.5 Rolling of Heavy Plate

The fabrication of tubulars requires heavy plate. The individual plates need to be 60 to
70 mm thick depending on the machining allowance and they need to be 1.5 m wide and
5 m long. Ideally they should have a fine equiaxed grain structure and fine grained
usually means a mean grain diameter of less than 100 microns. Such a grain size is
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normal in the copper industry and many specifications are based on the assumptions that
they will be achieved. Further comments on this are presented in section 2.2.1 Such a
grain size is routinely achieved when section sizes are small and when cold rolling and
annealing is employed. They are much more difficult to achieve in heavy sections.

SKB have obtained three pairs of heavy plates, from Revere Copper in the USA, MKM
in Germany and from Birmingham Rolled Metals (BRM) in England. None of these
plates were fine grained. For the Revere material a grain size of 150(im was claimed in
both plates. The MKM material was said to have a grain size of 175|im in one plate and
350[am in the other and the BRM material was claimed to have a nominal grain size of
180|im. Specimens of each material have been obtained and tests which have been
carried out by the writer and checked by a third party at the University of Birmingham
indicate that the mean grain diameters on these specimens were considerably larger than
the claimed values. In the Revere material a mean value of 335|im was measured whilst
the mean value for MKM material-plate 1 was 400jim, plate 2 had a very mixed
structure with grain diameters in the range 400 to 2000|im with a mean (number
average) of 460|im. The BRM material had a mixed grain size with many small grains
and a few very large grains, of order 800-2000(am. The mean (number average) for the
BRM material was 400nm. It is important to recognise that when a number average is
used the effect of a large number of very small grains on the average is disproportionate
to their volume.

The discrepancies between the two sets of values given above may be partly due to
sampling differences and partly due to the method of measurement. The method used by
SKB contractors7 used samples taken from each surface and on the centre line of the
plate. Their method of measurement was according to ASTM standard El 12 using
comparator charts. This method is specifically adapted for FCC materials where
annealing twins are a common feature of the microstructure. Comparison of grain size
charts for twinned and untwinned material suggests to the writer that in heavily twinned
material twins are treated as grain boundaries and this leads to a lower estimate of grain
size.

The mean linear intercept method, also according to ASTM standard El 12 was used by
the writer. In this case a section through the thickness of the plate with the section
transverse to the rolling direction was used. Grain and twin boundary intersections with
a line perpendicular to the surface and through the entire thickness were measured using
a projection microscope with a calibrated graticule. The sums of the intersections were
calculated and compared with the specimen thickness in all cases. These sums were
always less than the specimen thickness but by less than 2%. In a separate series of tests
on similar specimens the intercepts were measured both including and excluding twins.
The difference in mean intercept value by the two approaches was approximately a
factor of two, accordingly the mean values measured on the specimens in the currently
described work were multiplied by two to exclude the effect of twins. When this factor
of two is excluded the grain size measurements are still substantially larger than the
claimed values.
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The measurements indicate that the ideal structures have not been achieved, and that
very mixed grain sizes have been achieved in some cases. The significance of this is that
if finer more uniform grain sizes cannot be achieved then it will be necessary to
reconsider the levels of residual elements that will be accepted in the plates (since
certain of them, such as sulphur will be accommodated in a much lower grain boundary
area than was present in specimens used for corrosion and creep tests) and it will be
necessary to establish non destructive test procedures which are reliable for coarse
grained material. The twin boundaries will act as reflectors of ultrasound and the
intercepts including twins are appropriate for this case, they do not generally act as
precipitation sites for impurities however, and therefore the measurements excluding
twins are appropriate to consideration of that case.

A uniform equiaxed grain size of 80-100 microns has been seen by the writer in
45 mm thick plate rolled at narrower width by B RM. This observation suggest that with
the optimum choice of processing uniform fine grain sizes may be achievable in thicker
plate. The daylight on the BRM mill is 400 mm and it is believed that the ingot size
used in this case was close to the maximum for the mill and that the finishing
temperature may have been as low as 450°C.

Conventional wisdom is that in order to achieve a satisfactory structure a rolling
reduction of 90 percent is desirable and this is close to the reduction which is believed
to have been used in the material referred to above. For 60-70 mm thick plate this
requires an ingot of 600 to 700 mm starting thickness. A range of ingot width to length
ratios could be calculated which in principal would allow a single or possibly two plates
to be produced from one ingot and a suitable ingot could be produced by direct casting.
Finding a mill which would open up to 700 mm daylight with large enough rolls to
draw the ingot in for the first pass would be difficult if not impossible.

Reversing Mills exist in the steel industry which could be opened up to accept the ingot
in the roll gap and which would apply the first squeeze with the ingot already in the gap.
This would enable a 700 mm thick ingot to be reduced to a 220 mm slab at a suitable
width of 1 metre or a little more. A 3 metre length from such a slab could be cross rolled
to achieve the required width of 1.5 metres with a thickness of 135 mm, this would
leave 50 percent reduction available in the final rolling to achieve the required thickness
and structure. It might be argued that for such a case controlling the rolling temperature
and the cooling rate after rolling should enable the desired structure to be achieved in
the finished slab. Unfortunately the mills which would be required to test it are not
available. Two alternative ways which might be tried are, (1) use forging as the primary
breakdown process or (2) aim for a very good structure in a thinner continuously cast
slab and use controlled rolling to achieve the best possible result. The second of these
was tried in the production of the BRM material in the SKB programme and it is likely
that it was also used for the other two.

It is the opinion of the writer that if this fabrication route is selected efforts to achieve an
improved structure should be renewed.
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3.2.6 Roll Forming

The plates rolled by BRM have been shipped to Sweden and no further information
relating to them has emerged. The plates supplied by Revere Copper and by MKM have
been used in roll forming trials at Vickers Shipbuilding and Engineering Limited
(VSEL).

The plates supplied by Revere were 60 mm thick and those supplied by MKM were
65 mm thick all were 1.75m wide and 5 m long.

The roll forming machine at VSEL is 18 m long, it has two lower rolls and one top roll.
All rolls are supported along their length by jockey rolls to prevent bending. The gap
between the lower rolls can be varied and the height of the top roll can be adjusted. This
enables a gradual change in radius during reversing rolling operations. Such a machine
needs a material allowance of three times the material thickness along each edge which
will be undeformed and needs to be removed after roll forming. The radiusing of the
work is achieved by reversed rolling whilst the gap between the top an bottom rolls is
continuously adjusted. It is a manually controlled craft operation which depends on the
skill of the operator. Difficulty is experienced in maintaining a constant radius of
curvature along the entire length of the work and in keeping the rolled section straight.

All four plates were rolled to semi-cylindrical sections, the edge trims were taken by
plasma cutting and the cut edges were machined ready for fitting together (fit-up) before
welding. None of the semi-cylinders were either straight or round but measurements
indicated that discrepancies would be within the machining allowance after welding.
The prepared semi-cylinders were supplied to TWI for welding.

It has been suggested3 that the craft element in the forming process may be removed if
press forming rather than roll forming were employed. This is a reasonable suggestion
providing an adequate press is available.

3.2.7 Joining of Semi-cylinders

The fit up of cylinders was performed by TWI in the electron beam welding department.
The first fit up and weld trial was conducted on the Revere material. The lower semi-
cylinder was rested in a cradle and the upper semi-cylinder was placed on top, the
relative positions of the two halves were optimised and they were clamped at four
points. The optimum fit up was achieved when the lack of registration between top and
bottom plates was up to 3 mm , this was a result of the departures from ideal shape in
the two halves. Before welding fronting bars were fitted to the inside of the cylinder to
prevent molten metal running out of the weld and down the inside of the canister. These
would subsequently be removed by machining the inside of the vessel.

Joining was by conventional (high vacuum) electron beam welding. A shallow tack
weld was made along both seams to stabilise the workpiece before a full depth weld was
made down each side. Considerable difficulty was experienced in the welding owing to

22



instability in the beam. This was subsequently attributed to a materials problem when it
was discovered that the Revere material was out of specification on oxygen content. It
led to welding defects and to damage to the welder which necessitated a complete
rebuild of the gun, the optics and the power supply. There was considerable distortion
about both the longitudinal axis and about the circumference of the workpiece. It was
considered at an early stage that welding repairs may have been feasible but
measurement of the cylinder at VSEL indicated that it could not be "cleaned up" to the
required dimensions and it was scrapped.

Lessons from the first attempt to weld were used when the second (MKM) cylinder
welding was attempted. In order to overcome the problem of distortion the two halves
were rigidly clamped during welding. The same welding practice was employed, albeit
using a rebuilt welder, and the process went according to plan with no problems. The
welds were examined ultrasonically and radiographically and were considered defect
free.

This tubular has now been machined to finished size by VSEL and a bottom has been
fitted by TWI. Following machining the vessel distorted on its radius, presumably as a
result of internal stresses created during roll forming or welding. The degree of
distortion has not been reported but it was sufficient to interfere with the fitting of the
bottom. TWI have reported that extra filler metal was needed during the welding of the
bottom and that a s a consequence defects are present. Following post weld machining
surface cracks have been observed which may be a result of hot tearing during or after
welding. At the time of writing the future of this vessel is uncertain.
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4. Conclusions

1. The technology for production of a fabricated steel liner has received very little
attention so far. Vessels made using standard technology are expected to be
satisfactory but this still needs to be demonstrated.

2. The alternative of a cast inner canister brings with it a host of technological
problems connected with filling, feeding, shrinkage cracks and quality
assurance. All these remain to be addressed.

3. If a cast structure is eventually selected it will be necessary to demonstrate that
sound castings can be made on a routine basis, that the microstructure of the cast
material is sufficiently uniform, that the target mechanical properties are
achieved and that quality can be assured.

4. SKB are proposing to accept a grain size of 250 microns in the copper overpack.
Their contractors have so far failed to deliver this and there is reasonable doubt
concerning their ability to do so. If 250 microns is achieved and accepted
corrosion tests and creep tests should be repeated on representative material of
this grain size.

5. It is important to persevere with the development of ultrasonic test procedures
for inspection of coarse grained material.

6. Eddy current testing may enable near surface cracks in the overpack to be
detected. This should be further investigated.

7. There is convincing evidence that phosphorus limits the effects of sulphur on
creep ductility in fine grained material. This work should be repeated on coarse
grained material.

8. It is recommended that a test programme is initiated to demonstrate whether or
not crevice corrosion or galvanic attack mechanisms can be induced in
coarse grained material.

9. It will be necessary to include a stress relief step in the fabrication of the over-
pack. It is therefore necessary to check the effects of annealing temperature and
time on the final grain size in the canister material as a function of residual
strain.

10. Hot tearing or hot shortness associated with welds has been observed by TWI in
the most recent attempt to make an overpack by fabrication from plate. In view
of this and the complicated picture emerging from the literature it requires
further study.
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11. The material under consideration for the canister is not susceptible to hydrogen
embrittlement.

12. Stress corrosion cracking of the proposed overpack material should be examined
with more rigour.

13. It has been demonstrated that continuous cast ingots of suitable size for the
extruded tubular can be made at Outokompu-Pori. Some work may be required
to improve surface finish but at this stage there is no evidence to suggest that
overall ingot quality is inadequate.

14. It has been demonstrated that the shapes required for the tubular, the base and
the lids can be generated by extrusion and forging. Further work is required to
understand the nature and origin of surface defects on the inside of extruded
tubulars and to determine ways of achieving acceptable grain sizes in the
tubulars and the ends.

15. Progress has been made in development of low pressure electron beam welding
but a reliable route for welding bases and lids has not yet been established.
Further work is required on the design of the weld and on the reliability of the
welding equipment.

16. It has been demonstrated that heavy plates having dimensions suitable for
fabricating tubulars by roll forming can be produced by hot rolling. At this stage
the grain sizes achieved are non ideal and further work, directed to development
of finer grain size, is required.

17. Failure to achieve satisfactory grain size control will at best require the
allowable levels of residual elements such as sulphur to be reconsidered and at
worst lead to the failure of the approach.

18. Production of roll formed semi-cylindrical shapes has been demonstrated. Roll
forming is a craft process and a more controlled process is required for serial
production. It is possible that press forming could be such a process.

19. Electron beam welding of seam welds to join the semi-cylinders has been
demonstrated. It is necessary rigidly to support the work during welding.
Internal stresses left after welding need to be released before machining.

20. There is some evidence of a susceptibility to hot tearing during welding which
must be investigated further.
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6. Literature reviews

6 A Literature supplied by SKB

Ref. 8. Savas. Canister for nuclear waste disposal- Buckling behaviour of a steel
cylinder with a granular fill-SKB 94-21.500-04,

The mechanical response of a steel cylinder having a granular fill is analysed as a
function of increasing external pressure. A model treatment is used in which a limited
ovality is present in the cylinder wall and with assumed properties for the steel cylinder
and fill material. An assumed service temperature of 100°C is used. For a steel with a
yield stress of 329 MPa the cylinder becomes unstable at an external pressure of
45 MPa and the pressure is not influenced by the granular fill. At instability the cylinder
deforms to an elliptical section having dimensions which are related to the resistance of
the contents to deformation. For the case examined the maximum strain in the steel wall
when equilibrium was restored was 14 percent but ,owing to dynamic effects an
overstrain would appear before the equilibrium was established. In the case considered
dynamic effects would have led to failure of the vessel by exceeding the 22 percent
strain to failure of the alloy assumed. The granular fill assumed was sand and it is
pointed out that the result is sensitive to the properties of the fill material.

Ref. 9. Verme et al, SKB technical report 95-02 Copper canister with cast inner
component-Amendment to project on alternative systems study (PASS), SKB TR
93-04.

The reasons for selecting a canister with a steel load bearing element are briefly referred
to. It is pointed out that more recent consideration of the issues of criticality have led to
the view that the free volume of 1.2 m3 should be filled. Filling with glass beads, copper
spheres or magnetite is technically demanding if an adequate filling fraction is to be
achieved and verified. In addition it is necessary to fill the remaining space with an inert
gas and to ensure that the particles of the fill material do not interfere with welding In
view of these potential problems a solid inner component is to be considered.

The design of a solid inner component is presented and it is stated that such a
component could be cast in iron steel or a non ferrous metal.

A nodular cast iron or a carbon/manganese steel with additions of chromium and copper
are suggested as possible casting alloys for the component. It is pointed out that a
number of foundries around the world could make castings of this size.

The paper continues to consider the strength and corrosion properties of the cast steel
vessel and concludes that whilst it may be more expensive it would be technically
superior.
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Ref. 10. Macdonald et al- A study of the effects of ultrasonic attenuation on the
detection of manufactured targets within 100 mm copper bar. SKB Project Report
Document Number 93-06. 23847/2/93.

Attenuation measurements were made on PDO and OFHC copper bar at frequencies in
the range 1-5 MHz. A comparison was made of ultrasonic responses of flat bottomed
holes in the copper blocks with similar holes in a steel reference block. It was
demonstrated that PDO copper was much more attenuative than OFHC copper, this is
surprising and unexplained. It was recommended that attenuation measurements should
be made on canister lids before welding to ensure that they would be inspectable after
welding. The optimum frequency probe recommended was 1 to 2.25 MHz but this was
not based on a systematic experiment in which all probe characteristics other than
frequency were held constant. The work drew attention to differences in attenuation in
different directions in the blocks and suggested that this may be due to texture.

Ref. 11. Day An investigation into optimisation of NDT of spent nuclear canisters-
Phase 111, TWI220343/1/95.

This reports describes a study by TWI to determine a rapid and effective inspection of
canister welds using ultrasonic methods and comments on work carried out by other
workers to evaluate the use of digital radiography for the same purpose.

The ultrasonic techniques investigated were pulse echo using a 2.5 MHz focused
compression wave probe and time of flight diffraction (TOFD) using two 45° 2 MHz
probes connected to a Zipscan system.

Actual lid welds were used and some of the inspections were semi automated. Welds
were also radiographed to allow detailed comparisons of results achieved by the two
methods.

The report concludes that TOFD is ineffective on coarse grained material where
diffractions from grain boundaries mask defect signals. It also points out that the welds
used in this work were in relatively fine grained material. It does not say relative to
what. It also concludes that the P scan technique is relatively poor for detection of weld
flaws but does not say relative to what. The cause of the poor performance is attributed
to, coarse grain structures in the weld region, poor coupling when a jel rather than a
liquid couplant is used and an inconsistent relationship between the size of flaws and the
strength of the reflections which they produce.

Digital radiography has been examined by two organisations collaborating with TWI.
TWI assert that their work has shown that digital radiography is capable of detecting
flaws down to 1 mm in diameter but that it is likely that large numbers of small pores
will escape detection. Whist this is believable the evidence for it is obscure as far as the
TWI report is concerned. TWI assert that accelerated corrosion along a line of small
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pores may be possible and such lines of flaws could be missed by both the radiographic
and the ultrasonic techniques. No evidence for accelerated corrosion is provided.

Ref. 12. Henderson et al SKB technical report 92-04 Low temperature creep of
copper intended for nuclear waste containers.

Henderson looked at the creep ductilities of several alloys including OF copper and OF
copper with 50 ppm of phosphorus added. Both were fine grained (45 microns) and both
contained 6 ppm sulphur. According to Henderson this corresponds to 0.09 atomic
layers of sulphur if it were uniformly distributed over the grain boundaries.

The work provides convincing evidence that the phosphorus bearing material was free
of low creep ductility under the conditions oftest whilst the phosphorus free material
was not. The amount of testing was limited but the evidence strongly suggests that the
role of sulphur in causing embrittlement can be reduced by the presence of phosphorus.
In view of the importance of this observation it is important that it should be checked
and that the work should be repeated on coarse grained material.

Ref. 13. Leggatt Review of annealing temperatures for EB Welded copper canisters
SKB project report document number 94- 3420-04.

This work was prompted by a recognition of the need to fully anneal the copper canister
after making longitudinal welds and welds to fit the base. Whilst the normal annealing
temperature of 600°C for cold worked copper had been assumed, fear of critical strain
grain growth as a result of the low levels of strain arising from plate bending brought
this into question. Published information is quoted which suggests that the required
annealing temperature increases as strain decreases. Detailed information for lightly
strained material is not available. It is suggested that an annealing temperature in excess
of 400°C will be required and that further work is required to fully determine the
response of the material to annealing as a function of degree of strain and of annealing
temperature.

Ref. 14. Leggatt- Residual stress measurement in axially welded copper cylinder
SKB Project report Document number 94-21. 500-05.

Surface residual stress measurement were made at 24 locations on a cold formed and
welded copper cylinder which had been designed to simulate a section of a nuclear
waste disposal canister. Half the measurements were on the inside and half were on the
outside surfaces. On each surface half the measurements were of hoop strain and half
were of axial strain. Strain measurements were transformed to stress measure-ments in
the usual way. Twelve measurements were made close to the weld and twelve were
made at remote locations. The method relied on drilling holes of approximately 2 mm
diameter and 2 mm depth and measuring the response of strain gauges close by.
Significant strains were measured and their pattern was complex. It was explained in
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terms of the compressive stresses from the tools during bending added to the combined
tension and compression of the bending operation. The appearance of more compressive
stresses on the outside of the cylinder than on the inside is not explained and no
comment is made regarding the influence which the stresses might have.

Ref. 15. Punshon et al Examination of ambient temperature mechanical properties
and segregation effects in reduced pressure electron beam welds in oxygen free low
phosphorus copper SKB Project report number 94-3420-04.

This work was carried out to determine whether or not phosphorus added to OF copper
to improve creep resistance is depleted in the weld region by segregation or evapora-
tion and whether or not this has an effect on mechanical properties. The report includes
room temperature mechanical properties on parent metal and on welds. No adverse
effects of welding are observed. It also gives good grain size information measured in
three directions in the weld and in the parent material. The parent material was equia-
xed with a grain size of 150-180 microns. The weld region had plate like grains with
dimensions up to 3 mm. There was no evidence of depletion of phosphorus in the weld
region but there was clear evidence of segregation of sulphur close to the weld line.

6 B Notes on papers relating to Hot shortness

Ref. 16. Popps H. Copper rod requirements for magnet wire, Wire journal
international, May 1987, pp 59.

In oxygen free copper lead is very detrimental through its solid solution effect on
elevation of recrystallisation temperature. Oxygen in the material reacts to form PbO2

and restores the lower recrystallisation temperature. Historically oxygen was added to
copper melts in the range 200 to 500 ppm in order to obtain a level set and to render
impurities insoluble and therefore less harmful. In concast the traditional range of
oxygen content is still used for copper rod casts. The main reason for this is to prevent
hot shortness which according to Popps is usually attributed to hydrogen or sulphur
embrittlement.

Defects arising from casting and rolling include rolled in scale and hot cracks. Hot
cracks frequently extend very deep into the rod and are not removed by mechanical
shaving. Such defects often get worse during hot working and are particularly damaging
when a branched network of oxide particles fan out from the original crack. On line
eddy current testing is used to detect surface defects in drawing of copper rod. Depth of
penetration S in the eddy current technique is given by;

.S=1980(p/n/)

where; p is the resistivity of the conductor
H is magnetic permeability

and / i s frequency of applied field
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Popps quotes acceptable impurity contents for wire drawing material as equivalent to
grade 1 cathodes but this is with oxygen contents in the range 175-475 ppm.

Ref. 17. Smets J et al The influence of oxygen during hot rolling and drawing of
continuous cast rod, Wire Journal International, Nov 1984 pp 80.

Smets claims a major disadvantage of oxygen free copper is its high recrystallisation
temperature and that this occurs because, as certain impurities cannot precipitate at grain
boundaries as oxides they stay in solid solution. In the days of reverberatory furnaces
oxygen contents were often high i.e. around 300 ppm. When oxygen was less than this
hot shortness was observed. Refiners used to uncover the melt by removing the skin,
this allowed oxygen to dissolve in the melt and prevented hot shortness.

With shaft furnaces melting was carried out in a neutral or reducing atmosphere and the
product became more hot short. He reports that in 1970 workers at the Olen plant had
demonstrated that for prevention of hot shortness the oxygen content should not be
below 50 ppm. in the launder or 190 ppm in the wire bar. This limit was strongly
influenced by impurities in the copper. In his own work Smets had considered oxygen
levels of 170 ppm and 535 ppm in material from the same cast containing 56 ppm of
common impurities, mainly lead and silver. Hot shortness measured by bend tests was
severe in the 170 ppm material and much less severe in the 535 ppm material. Oxygen
levels were measured in the melt.

The paper goes on to discuss the effects of intermediate annealing temperature and the
shape of oxide particles on recrystallisation temperature and on drawing properties.
Smats suggests that higher intermediate annealing temperatures can lead to lower
recrystallisation temperatures as a result of solution of impurities which would
otherwise be segregated in grain boundaries. Higher oxygen contents leads to oxidation
of some of these impurities leading to particles formed in grain boundaries which also
decreases the recrystallisation temperature. The rest of the paper is even more
confusing, it discusses the effects of oxide content and morphology on drawability and
properties of drawn wire.

Ref. 18. Foulger RV et al, Influence of composition and microstructure on
mechanical working properties of copper base alloys. Metals technology, August
1976, pp 366.

This is a very general paper but it does discus copper along with alpha alloys. It is
written be a works metallurgist. He states that brasses other than alpha brasses are easy
to hot work. In general alpha alloys (of which pure copper is the extreme case) are
difficult to hot work and require lower impurity levels. Impurities cause embrittlement
in hot work even when they are present in very small quantities. Lead and Bismuth are
cited as impurities likely to be involved in hot shortness and it is suggested that
phosphorus may be instrumental in controlling grain growth. It does not give conditions
for the control of grain growth but quotes other work. The first is referred to brass ingots
and the second is dated 1932. (Cook and Miller JIM 1932, 49,247).
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Ref. 19. Myers M et al. Effects of oxygen sulphur and porosity on mechanical
properties of cast high purity copper. Metals technology May 1981, pp. 165.

Myers reviews some of the observations of other workers. There is a lack of unanimity
on the effects of sulphur on embrittlement of copper. However the balance of opinion is
that sulphur has a serious detrimental effect on hot ductility. Clough et al showed that
sulphur concentration in the grain boundaries of embrittled copper was at the level of 12
at % when in the bulk material the sulphur level was only 24 at ppm . Stark et al
observed grain boundary decohesion in steel by segregation of sulphur and predicted the
likelihood of similar behaviour in copper.

Myers reports a very careftil investigation in which 74 specially prepared melts were
examined. A link between the damaging effect of sulphur and oxygen content and high
temperature (950 °C) ductility is demonstrated. The work clearly shows that with
sulphur contents exceeding 4 ppm ductility is sharply reduced and it declines steadily
with increases in sulphur beyond that point.

Porosity has a marked effect on high temperature ductility with specimens having less
than 1.8% porosity achieving 100% reduction in area in a tensile test, all specimens with
more than 4% porosity failed at reduction in area values below 30% . For oxygen alone
there is no effect on hot ductility (100% R of A) until concentrations exceeding 280
ppm are exceeded. The average reduction in area for oxygen contents in the range
280-1510 ppm was 35%. When porosity levels exceeded 2 R of A values were reduced
to an average of 22 % for oxygen contents from 40 to 1510 ppm.

The work gives a very strong indication that porosity exceeding 2% and sulphur content
exceeding 4 ppm hot ductility is seriously reduced. Oxygen acting alone had very little
effect on hot ductility for contents below 280 ppm.

Ref. 20. Kee W The control of properties and structure in the hot and cold rolling
of copper and copper-base alloys. JIM 1953/54, vol 82 pp 307.

Another very general paper by a practising works metallurgist. The limit of lead content
which affects the hot workability of copper is dependant on oxygen content.
In oxygen free copper the most important factor is hot working temperature as lead in
solid solution has little embrittling effect. For example for rolling above 800°C, 0.04%
lead can be tolerated but at 700 °C this is reduced to 0.02%. Antimony resembles lead in
its behaviour in hot rolling, Bismuth forms a low melting point grain boundary film
which leads to hot shortness. The presence of oxygen arsenic or phosphorus diminishes
the effect of bismuth. Impurities also affect recrystallisation temperature. Curves are
presented to show the effects of annealing temperature on UTS Elongation and grain
size in electrolytic, OFHC and PDO copper. The information indicates that phosphorus
increases the recrystallisation temperature as expected. The unexpected observation (to
the writer) is that phosphorus also promotes the onset of grain growth. The effect on
recrystallisation temperature is explained as an indirect effect of the reduction of
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oxygen. This leaves impurities in solid solution and this raises the recrystallisation
temperature. No explanation of the reduction in temperature for the onset of grain
growth is given but the evidence is very clear, rapid grain growth in PDO starts at 550°C
whilst in OFHC it is delayed to 650°C.

6 C Notes on papers relating to Hydrogen Embrittlement

Ref. 21. Phillips A J- Gas and other impurity reactions in copper. Met Trans Vol 4
August 1973 pp 1935.

Gives equilibrium constants for hydrogen oxygen and hydrogen sulphur reactions in
liquid copper as a function of temperature.

Shows the effect of alloy concentration of sulphur during solidification of a copper melt
at 100% liquid for a sulphur content of 5 ppm, the concentration in the last liquid to
solidify is 500 ppm. The significance of this is that such an alloy concentration effect
points to a strong zone refining action which would be expected to occur in the electron
beam welds.

The paper is mainly concerned with the effects of gas metal reactions on the "set" of
tough pitch copper. It contains useful references to work on the effects of other alloying
elements.

Ref. 22. Harper et al. The embrittlement of tough pitch copper windings in
Hydrogen cooled electrical generators. JIM 1961-62 Vol 90 pp 414.

Tough Pitch Copper (oxygen contents 0.02-0.053%) and OFHC copper (oxygen content
< 0,0001%) were examined. Strip specimens were heat treated in hydrogen atmospheres
at 1 and 7 atmospheres pressure. No embrittlement of OFHC coppers was detected after
heat treatments of up to one month at temperatures up to 400°C . All tough pitch
coppers were embrittled after heat treatments throughout this range. Embrittlement is
much more rapid at temperatures exceeding 374°C, the critical temperature for steam
formation in copper. Heat treatment at 700°C of specimens previously heat treated in
hydrogen at temperatures below 374°C leads rapidly to increased embrittlement.
Embrittlement follows the reduction of cuprous oxide and oxygen in solution in the
lattice by hydrogen. The rate controlling step for this reduction below 400°C is the rate
of permeation of hydrogen through the lattice and permeation rates are calculated from
published data. Above 400°C the rate controlling step is the rate of absorption of
Hydrogen at the copper surface. Below 400°C water forms as a result of the reduction
reaction, the pressure exerted on the lattice by water is modest and embrittlement is
delayed until fissures are formed in grain boundaries. The mechanism of fissure
formation is obscure, it does not appear from rate estimates to be creep or vacancy
diffusion controlled. Above 400°C the pressure exerted by steam is sufficient to cause
cavities to be generated spontaneously and embrittlement is rapid. The authors assert
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that in their experience whenever experimental evidence of deoxidation is observed
embrittlement follows.

Ref. 23. Harper et al. The embrittlement of tough pitch copper during annealing or
preheating. JIM 1961-62 Vol 90 pp 423.

This paper is a sequel to 2 above and it deals exclusively with tough pitch copper.
It shows that at temperatures in the range 400 to 650°C the rate controlling step is
absorption of hydrogen at the surface whilst above 700 ° C outwards diffusion of
oxygen has a significant effect.

Ref. 24. Yea Y S Analysis of the factors affecting the drawability of copper rod
Wire Journal Jan 1982 pp 74.

This paper is concerned with gas content and manufacturing practice on ductility of
tough pitch and OFHC copper used for wire drawing. Unfortunately comments are
general and are made without reference to copper quality in the main. It refers to the
effects of copper oxide particles on failures during wire drawing and shows
photomicrographs of grain boundary oxide particles in both qualities. Comments are
concentrated on the presence, size and shape of oxide particles and factors controlling
them. It adds very little to the work referred to in 1 above.

Ref, 25. Ye Y. et al Fiz. metal, metalloved, 44, No 2,1977 pp 323 Influence of the
matrix structure and dispersed oxide particles on the hydrogen embrittlement of
copper.

This paper describes a study in which the properties of internally oxidised copper
aluminium alloys are compared with those of pure copper (9x10^% oxygen) after
annealing in a hydrogen atmosphere.

Hydrogen annealing of pure copper at temperatures in excess of 600°C leads to
significant reductions in strength and in reduction in area of tensile specimens. Vacuum
annealing has no effect. No reduction in area is noted for annealing at lower
temperatures or for vacuum annealing at any temperature. Voids appear in the structure
of copper and the copper alumina alloy after annealing at temperatures above 550°C.
It is proposed that these voids arise from the reaction of hydrogen with oxygen
dissolved in the copper to form steam. The presence of voids is observed to have no
embrittling effect when the grain size is small, however annealing at temperatures in
excess of 600°C causes significant grain growth in the nominally pure copper.
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6 D Notes on papers relating to Stress corrosion resistance

Ref. 26. Benjamin et al Stress corrosion resistance of pure coppers in ground
waters and sodium nitrite solutions. B.Corr.Jnl., 1988, Vol 23, No 2 pp 89.

This work acknowledges that stress corrosion of copper has been observed by others in
sodium nitrite solutions. It examines both PDO and OFHC copper using slow strain
tests (2.6xlO"6 and 1.7xlO"5 s"1). The grain sizes of the material were given as circa 45 \x
m. Reduction in area at fracture was used as an indication of embrittlement caused by
stress corrosion cracking. The two materials behaved in a similar way to each other. No
evidence of stress corrosion cracking was observed in synthetic ground waters when
tests were carried out at 20°C, however a marginal reduction in the reduction in area at
failure values was observed in tests carried out at 80°C . It was demonstrated that
significant reductions in area occurred in tests where sodium nitrite concentrations
exceeded 10 '2t5 M and test potentials exceeded -90 mv. Crack velocities increased with
increases in test potential and increases in nitrite concentration above these values. The
elongation in the longest tests was 55% and this indicates that the test durations were
less than three days. This work is superficially convincing but the marginal
embrittlement observed in tests in groundwater at 80°C becomes a matter for further
consideration when it is recognised that the test duration was less than three days.

Ref. 27. Leidheiser H The corrosion of copper, tin, and their alloys Wiley
Corrosion Monograph Series 1970 pp 145.

This is a reference work commissioned by John Wiley - Publishers and printed in 1970.
It is highly regarded as a base document by workers on corrosion of copper.
Leidheiser states that Tough Pitch and High purity copper have very high resistance to
stress corrosion cracking. Cold drawn water tubing (PDO) is so resistant that no concern
is usually felt about the internal stress left by cold drawing. However instances of stress
corrosion cracking have been observed. The particular case which he quotes was related
to an environment which was locally contaminated by ammonia, he suggests that there
are others but does not describe any. He refers to the work of Copson who suggested
that there is no one mechanism for stress corrosion cracking and that attack involving,
electrochemical action, molten phases, hydrogen and other factors such as wedging
action of corrosion products are all members of a continuous series of mechanisms.

Ref. 28. Bianchi GL et al Stress corrosion cracking of pure copper and pure silver
in gaseous environments. Corr. Science, vol 34, No. 9 pp 1411-1422.

The susceptibility of copper to SCC in atmospheres containing copper chloride is
studied. SCC was observed in copper and this was related to increased surface mobility
of copper atoms arising from injection of vacancies into the material by reaction with
the chloride ion. Injection of vacancies increases crack growth rates.
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