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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 with the design properties
at a commercial price.

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.
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DESIGN BASIS FOR THE COPPER CANISTER
STAGE THREE

W H BOWYER

1 INTRODUCTION
This is the final report on stage three of a consulting assignment aimed to assist SKI in
understanding and reviewing the work of SKB on the development of the composite canister for
long term storage of high level nuclear waste.

The activities in the 1996/97 assignment were ;

(1) Continuing liaison with SKI contractors including Wyman-Gordon, VSEL and TWI. This
includes discussion of and where it can be arranged observation of technology trials. The
purpose of these liaisons would be, to understand and report on the technology
developments, to observe the quality of the starting materials and the non destructive
testing procedures and to report on the effects of processing on the microstructures and
the properties of the materials used, and

(2) Reading and commenting on reports from SKB and their contractors, and

(3) Monitoring the production of cast liners, commenting on casting technology, quality and
quality assurance procedures. This would include meetings at the selected foundries.

(4) Carrying out a further investigation of the susceptibility of copper/50 ppm phosphorus
alloys to hot shortness, and the use of eddy current methods to detect surface cracks by
consultation with the wire drawing industry supported by literature studies and discussions
with other consultants and

(5) Completing the preparation of a paper for presentation at the International Conference on
Deep Geological Disposal of Radioactive Waste, in Winnipeg Manitoba in September
1996, attending the conference, presenting the paper and reporting on presentations
relevant to the Swedish programme

(6) Carrying out a critical review of the role of impurities in OF copper and how they are
influenced by each other and by processing conditions.

(7) Attending four discussion meeting in Sweden to report on progress and to support SKI in
interpretation of further work on galvanic attack, creep, Stress corrosion and annealing in
coarse grained material of the selected composition which will be carried out on behalf of
SKB or SKI.



The results of this work are presented in the following sections.



2 PROGRESS ON CANISTER DEVELOPMENT

2.1 Materials Selection

2.1.1 The Load Bearing Liner

The decision to change from a fabricated steel liners to cast liners has been previously discussed.
Progress will be discussed under technology development (section 2.2.1).

2.1.2 The Copper Overpack

2.1.2.1 Specification

The original specification for the overpack material was OF (oxygen free copper). Early tests
indicated that material to this specification could exhibit unacceptably low creep strain to failure
and consequently the specification was changed by SKB to OF copper with 50 ppm of
Phosphorus added. This was on the basis that such an addition would increase creep resistance.
It was pointed out1 that an increase in creep strength would not necessarily cause any
improvement in creep strain to failure and therefore it is not established that the change of
material would have the desired effect. The reason for the poor creep strain to failure was
segregation of sulphur to the grain boundaries where it formed films which led to embrittlement.
The sulphur content of the material used in the creep test is unknown but it is well known that in
conventionally prepared OF copper with sulphur contents exceeding 7 ppm the creep strain to
failure can be severely reduced. In the light of this knowledge the specification for the overpack
material was further improved to include a requirement for less than 7 ppm sulphur.
It has been argued2 that the critical level of sulphur is dependant on grain size, since this
influences the grain boundary area it also influences the concentration of sulphur which will arise
in grain boundaries for any given sulphur content. SKB demonstrated that for fine grained copper
with 7 ppm sulphur adding 50 ppm phosphorus led to a clear improvement in the creep strain to
fracture. So far it has not been demonstrated that that any improvement occurs in coarse grained
material. Since SKB has accepted that the material of the overpack will be coarse grained3 it is
necessary to demonstrate that acceptable creep strain to fracture will be achieved in such material.
It is understood that work has been put in hand to check this but no results have yet been
published or communicated to SKI. Until it has been demonstrated that creep properties of the
material are acceptable when the grains are coarse ( of order 500fim ) the specification can not be
finalised.

In view the coarse grain sizes which arise as a result of processing and the fact that the corrosion
properties (including crevice corrosion and galvanic attack) and the tendency towards hot
shortness and cold shortness are influenced by segregation of impurities to grain boundaries, it
has been suggested1 that it may be necessary to specify lower levels of impurities in the canister
material. Possibly as a result of experience of hot and cold shortness in the manufacturing trials
to date, SKB have made a further ammendment to the specification. The OF copper has now
been ammended to OF(E) (oxygen free electronic)4.



TABLE 1 COMPARING ASTM AND BS SPECIFICATIONS ON IMPURITY LEVELS WITH CURRENT INDUSTRIAL
PRODUCTION

ALLOY

Cathode BS 6017
Cathode ASTM B115-83a
Cathode 1 (IMI Walsall)5

Cathode 2 Outokumpu

OFE-ASTM
OF Ec (Draft EU Standard)7

PHCEc (Draft EU Standard)
Outokumpu OFE-OK

OF (Draft EU Standard)
PHC (Draft EU Standard)
HCP (draft EU Standard)
PDO (IMI Walsall)

ELEMENT
ppm

P

i 
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i 
i

3
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60
1

60
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Se

2
4

<0.3
<0.2

3
2
2
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-
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2
2

2
2
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1

-

Bi

2
2

<0.8
0.5

1
2
2

0.5

5
5
5

Sb

4
5

1.4

4
4
4

1

As

5
5

0.6
1.2

5
5
5

2

Sn

10
<0.3

2
2
2

0.5

2

Pb

5
8

<2.0

5
5
5
1

50
50
50
2

S

15
25

5
5

15
15
15

0.6

6

Ag
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13
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25

11

O
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5
a

1.5

a

Fe

10

4
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19
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1
1
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-
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5

-
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1v
1
1
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Hg
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1
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Ni

1

10
10
10

4

Total
impurity ppm

65
90 exc O

31.4

100
100
100
30

500
500
500
270

10



The first section of Table 1 (opposite) compares the specifications for grade one cathode in the
British and US standards with the standards achieved in production by a British company (IMI)
and a Finnish company Outokumpu.

In the centre of the table the ASTM standard for Oxygen Free Electronic (OFE) grade is
compared with the proposed new European standard for Oxygen Free Electronic made from
Cathode (OFEC) and the proposed new European standard for PHEc (Phosphorus bearing High
Conductivity made from cathode). All these have a maximum total impurity level of 100 ppm and
the last one is very close to the specification now proposed by SKB. The final member of this
group is the current Outokompu OFE grade. This grade is made from pure cathode and has
virtually the same composition which at 30 ppm total impurity is well inside the standard.

The final group in table 1 includes the proposed new European standard for OF (Oxygen Free),
PHC (Phosphorus bearing High Conductivity) and HCP (High Conductivity with Phosphorus),are
compared with the current production values for PDO (Phosphorus DeOxidised) from IMI and OF
from Outokumpu. This is the standard which the test materials used by SKB and their contractors
to date ordered to2, it allows a high degree of flexibility (in order to cope with variations from
different ore bodies) within the overall total impurity limit of 500 ppm. It is clear that there is very
little difficulty for the copper producers in supplying to impurity levels well inside the standards
for all the grades considered.

In view of the changes in quality specification which SKB have made during the development
programme and the scope for wide variation of the impurity levels which may be supplied within
the specifications, it will be necessary for SKB to be more precise about their specification. For
instance it may be necessary to require maximum impurity levels which are much lower than those
called for in the standards and it may be necessary to place tighter limits on individual elements
such as lead, bismuth and sulphur.

2.1.2.2 The Effects of impurities

Much has been said on the role of impurities in the past1. On the one hand quite low levels of
selected impurity elements may be and are used as strengtheners, as grain refiners, to increase
recrystallisation temperatures or to improve machinability. On the other hand they can lead to
poor mechanical performance (such as the effect of sulphur on creep properties ) poor working
characteristics such as the effects of low melting point elements or stable inclusions on hot or cold
shortness , adverse trends in corrosion resistance or degradation of electrical or thermal
conductivity to mention a few. Traditional practice has been seek a compromise between these
factors appropriate to the proposed application of the material.

Broadly speaking industry developments have preceded in two directions, for good electrical and
magnetic properties the trend is towards lower and lower levels of impurities with the very lowest
levels being for production of fine wire where even very small inclusions of foreign material can
cause breaks during processing. In these applications, oxygen is added to ameliorate the effects of
the residual elements on working and annealing performance and grain size is not a problem
because very high degrees of cold work are used in conjunction with low annealing temperatures
and times, mean grain sizes of 20 - 30 microns are achievable. Also in these cases machining is
not a problem and the hardness of the product can be controlled to a degree by the cold work and
annealing schedules.



The other development direction is towards improved mechanical properties together with good
casting working, heat treating, joining, machining and corrosion performance. This requires
higher levels of carefully selected impurity and or alloying elements.

The interesting problem with the overpack is that it is very large and an almost pure copper is
selected in order that its corrosion performance may be more easily understood. Thus its size
places it at the extreme end of the second group referred to above whilst its chemical
characteristics place it at the extreme end of the first group. We therefore have non of the benefits
conferred by impurity elements but we have to consider the negative effects which the residual
impurity levels may have on what has been considered as a nominally pure material. These
negative effects are exacerbated by the specification of oxygen free material in order that it will be
weldable using the electron beam welding (EBW) process.

The background against which these negative effects must be considered is the quality requirement
for the finished product to resist failure by penetration arising from mechanical or chemical factors
over a very long time period in the repository environment.

There is no requirement for low (<100°C ) temperature strength on the overpack since it is
assumed to be fully supported by the load bearing liner. The high purity material is extremely
tough, thus rapid crack growth in the overpack will not occur until long after it is penetrated
under any assumptions on mode of stressing, fracture toughness need not therefore be considered.
The canister will be subject to creep both during the process of collapse onto the liner2 and under
the influence of any non uniform stress fields which might arise in service, thus creep strain to
fracture is important. It needs to be more than a few percent for both processes if the unbalanced
stress is low but it will never be adequate if the second situation arises and the unbalanced stress is
significant. For the second case some creep strength would be desirable but the choice of almost
pure copper dictates that it is at the minimum possible level. There is a requirement for resistance
to localised corrosion which could cause penetration if it occurred.

Both localised corrosion and low creep strain to fracture could arise as a result of seggregation of
impurity elements, in particular to grain boundaries. If either did occur it would indicate that a
critical local concentration had been exceeded. There is clearly a benefit therefore in knowing
what the critical concentrations are and what is the probability that they might occur. The factors
controlling the actual concentrations which will arise are the grain size (through its effect on grain
boundary area), impurity content and thermomechanical treatments during processing.

A literature search covering the effects of low levels of impurities on processing and properties of
copper conducted. Some of the references considered are summarised in section 5.2.2
(APPENDIX). In the early literature8'9 high levels of impurities in material of unknown grain size
were considered and in more recent literature very low levels of impurity have been considered
for material having grain sizes of up to 50 microns. The grain size expected by SKB in material
from their suppliers is 350 microns, we should therefore expect impurity levels in grain boundaries
to be of order seven times more than those described in the literature. That is to say a fine grained
material would need impurities at the 210 ppm level for grain boundary concentrations to be
comparable with SKB material having 30 ppm total impurities.

The work on the effects of impurities in copper remains the work of Archbutt et al8 in which
work on both pure and commercial materials were considered for the period up to 1937. Similar
work was reported by Smart et al9 as late as 1954 with very similar observations. The key

12



observations relevant to this work are given in reference 4. The important effects of Bismuth.
Lead, Arsenic, Antimony, Sulphur, Phosphorus, Hydrogen and Oxygen were recognised, albeit at
somewhat higher levels than those which have been reported in later work. Both bismuth and lead
cause hot and cold shortness with bismuth being ten times as potent as lead in this respect.
Arsenic has no damaging effects in own right and it was observed to reduce the damaging effects
of bismuth. Antimony in sufficiently large amounts caused hot and cold shortness but in smaller
amounts could reduce the effects of bismuth in a similar way to arsenic but more strongly. Iron
and nickel had no effect on workability when used alone but nickel combines with antimony to
reduce its beneficial effect where bismuth is concerned. Silver has no effect on workability. It is
clear from their work that the effects of some elements are influenced by the other impurities
present and simple addition of effects is inappropriate. This is most marked when oxygen is
considered. Oxygen combines with bismuth, lead, arsenic or antimony in the solid state to reduce
their individual effects and their effects on each other. Phosphorus is a powerful deoxidant and is
used for that purpose. It also causes hot and cold shortness in its own right if used to excess.
However solubility of 0.5% is claimed at 200°C.
Hot and cold shortness are results of seggregation of the impurity elements either as globules or as
grain boundary films as their solid solubility limit is exceeded. The reason why bismuth and lead
have very severe effects is related to their lack of solubility in solid copper coupled with their very
low melting points and the reason for bismuth being more severe than lead is because it tends to
form grain boundary films whilst lead tends to form globules when they precipitate from solid
solution or are rejected during freezing. The reason for the beneficial effects of arsenic and
antimony is not clear but it seems that they combine with the bismuth or lead (and with each other
) to form intermetallic compounds which are less damaging than the pure elements either through
their higher melting points or improved distribution. The review indicates that sulphur also causes
both hot and cold shortness, that iron and nickel have no adverse effect on workability but that
nickel will combine with antimony to negate its beneficial effect where bismuth and lead are
concerned.
In 1973 Phillips10 discusses solidification of refined copper (i.e. with low levels of residuals) he
observes that all the antimony remains in solution until room temperature is approached. He was
discussing an oxygen bearing material in which the antimony precipitated as oxide. As there is no
evidence to suggest that oxygen increases the solubility of antimony we must assume that
precipitation of antimony is also delayed until the material is fully cooled unless it is combined with
other impurities. In the same work Phillips points to a reaction between sulphur and lead which
buffers the sulphur content to <lppm and reduces the deleterious effects of both elements.
Myers and Blythe11 considered the effects of oxygen and sulphur and porosity on the ductility of
material at hot rolling temperature ( 950°C ). They used very high purity starting materials. Hot
ductility fell from 100 % in material with 3 ppm sulphur to 45% in material with 4 ppm sulphur
and 8% in material with 15 ppm sulphur. All these materials had oxygen at the 200 ppm level and
it was proposed that a low melting point copper-oxygen-sulphur eutectic could be formed. They
refer to work by others in which Auger spectroscopy had been used to measure sulphur a content
of 12% in the grain boundaries of a 6 ppm sulphur copper. Their investigation was concerned
with hot shortness and they point out that hot shortness leads to cracking during hot rolling, that
the cracks oxidise and that this leads to stringers of oxide inclusions which are connected to the
surface of the finished bar. The significance of this work is the large effect for very low levels of
sulphur. There was a dramatic effect when sulphur content was increased from 3 ppm to 4 ppm.
Smets and Mortier12 describe work on material with total residuals, excluding oxygen and silver,
of 40 ppm, (the major impurity was lead at 30 ppm), they noted a major improvement in hot
ductility on increasing the oxygen content from 170 to 550 ppm. This is difficult to explain and
the observation is included because of the very low impurity levels at which problems were
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observed. The authors also claim that with oxygen free copper there is an increased tendency for
impurities to remain in solid solution and that this increases the recrystallisation temperatures.
Several workers ">l314 report on the need for the highest quality material to be used in the wire
industry. The reasons are connected to the need for very good hot and cold workability coupled
with consistent low recrystallisation temperatures. They all use grade 1 cathode stock and add
oxygen to the melt to yield final oxygen contents in the range 180-400 ppm.
Popps14 specifically states that highest purity material is used for the wire drawing industry and
that in this material the use of oxygen additions is required to control hot cracking. He provides a
photomicrograph showing a deep branched oxide defect arising from hot cracking in an oxygen
free material. Defects arising from casting/rolling processes include rolled in oxide scale, hot
cracks overfills and holes. Hot cracks frequently extend very deep into the rod and are sometimes
visible to the unaided eye. They are considered to be among the most harmful of defects
.particularly when a network of branched oxide particles fan out from the original crack. Eddy
current methods are used to detect oxide inclusions which are near the surface from whatever
cause. Holes arise from macroporosity in the casting whether it is continuously or directly cast.
They do not always heal on rolling and they are not detected by eddy currents when they are deep
in the material.

A low recrystallisation temperature and rapid annealing kinetics are identified as key factors in the
quality of magnet wire. The classical studies on effects of impurities in copper were conducted 40
years ago and they were made by doping high purity copper with single impurity elements. The
recrystallisation temperature of the pure metal is 100°C-120°C. Most elements cause increases in
recrystallisation temperature at very low concentrations but their effects are not linear with
concentration nor are they strictly additive owing to interactions between impurity species.
Nevertheless table 2 below is produced for the influence of impurities at typical levels on
recrystallisation temperature.

Table 2 Showing the Effects of Impurities on Annealing (recrystallisation) Temperature

Element

S
Se
Te
Pb
Bi
Sb
As
Sn
Fe
Ni
Ag
Total

Level
ppm

10
2
2
8
1
4
4
4

10
5

15
65

Annealing temperature

°C/ppm

8.3
8.3
5.6
3.3
8.3
1.7
1.7
2.8
0.6
0.6
0.6

Increase

83.3
16.7
11.1
26.7

8.3
6.7
6.7

11.1
5.6
2.8

8
187
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Possible interactions of impurities listed are oxidation reactions, copper metal intermediate phases
(such as Cu2Se, Cu2S and Cu2Te) and metal-metal (such as Ag2Se, PbSe, PbS ). since the case of
interest to SKI is an oxygen free copper, the oxidation reactions are not relevant.
In a section on softness Pops reports that annealability of rod can be improved significantly by
decreasing the rolling temperature from 900°C to 650°C, thereby causing impurities to precipitate
from solid solution. Whilst Pops was concerned with oxygen bearing material it has to be
concluded that a similar statement must apply to oxygen free material since the precipitation of
oxides arises from both the oxygen and the oxidised element(s) being in solution.

These notes serve to confirm the complexity of the role of impurities even in the highest purity
copper. The consequences of the impurities are summarised below.

The use of oxygen free material ensures that the problems at all stages of production except
welding are maximised.

There is no doubt that hot shortness occurs in the selected material especially when it is oxygen
free. Hot shortness leads to oxide defects which may be damaging. If their depth is known they
may be removed, either by the overall surface machining or subsequent local machining if the
sacrifice in local overpack thickness is acceptable. The level of this acceptable sacrifice needs to be
established as do the methods for detecting the defect. The role of grain size where hot shortness
is concerned will be related to the as cast structure. Very large ingots are desirable whether
fabrication or extrusion are used for the tubular. Very large ingots mean slower cooling rates,
larger columnar grains, more segregation, and increased rolling difficulty.

Cold shortness is also observed and it is directly attributable to segregation of impurities to grain
boundaries. Whilst it is rare in fine grained material, the frequency of the problem will be seriously
increased in coarse grained material owing to the higher concentration of impurities in grain
boundaries. The seggregation which is at the root of cold shortness may also result in localised
corrosion. The gravity of cold shortness as a problem in this application is not established but it is
necessary to consider it and to demonstrate that if a problem exists it can be overcome.

The resort to progressively higher purity material is not necessarily productive, it will cause,
increased problems due to cracking in the ingots at the casting stage, coarser grain sizes after hot
rolling or extrusion owing to reduced recrystallisation temperature and increased machining
difficulties.

The low levels of strain introduced into the copper plates during the roll forming operation
coupled with the very low recrystallisation temperature of OFE material raises the possibility of
critical strain grain growth occurring in the fabricated tubular during stress relieving treatments.
In order shed more light on this and on the recrystallisation and growth characteristics of OFE and
on the concentrations of impurities which might arise at grain boundaries in coarse grained
material, a research exercise has been devised and initiated at the university of Linkoping under the
guidance of Professor Torsten Ericsson.
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2.2 Technology Developments

2.2.1 The Load Bearing Liner
SKB commissioned the first trial casting for the steel liner early in 1996. It was made at full
diameter and half length at the Kolswa foundry. This was examined on March 5 in the company of
SKB and foundry personnel. The casting had been stripped from the mould and sectioned close to
each end. The feeders (risers) and runners had been removed. It is understood that four feeders
were used they were large and situated in the heavy (thick) part of the section at mid height. The
runners were at the bottom of the casting and they had been removed. It was understood that
after the runners and feeders had been removed the yield from the casting was of order sixty
percent. The choice of steel for the casting had been left to the foundrymen and this was not
disclosed. The cores for the cavities in the casting had been made by fixing rectangular section
steel tubes of wall thickness 8 mm. to the base and the top of the mould these had been filled with
sand. The actual construction of the mould was not discussed.
The steel liners for the cavities in the mould had remained in place but they were clearly distorted
on the horizontal section by displacement of the centre of each wall inwards, that is into the cavity.
It was not possible to judge whether or not the liners were distorted about their longitudinal axes.
There was evidence of melting of the liners and limited ingress of molten metal into the cavities at
several points.
Examination of the transverse section revealed that the cast metal had separated from the core
liners, presumably during cooling. The webs between the cavities were extensively cracked and
the cracks were open a matter of 2 mm. in some cases. No cracks were visible in the outer ring of
the casting.
In discussion with SKB it was recognised (by SKB) that it would be necessary to section the
casting on several longitudinal and transverse axes to examine the soundness of the casting with
reference to cavities caused by inadequate feeding and to examine the residual stresses which
could lead to extension of the cracks which were clearly visible.
SKB and the foundry personnel appeared very pleased with this first attempt to make a cylinder by
casting and discussed continuation of the development towards casting a full size cylinder with an
integral bottom.
The distortion of the cores present a problem which must be overcome.
The cracking of the webs in the casting is to be expected as solidification of the casting from the
outside in, leads to the development of tensile stresses on the inside and compressive stresses on
the outside of the casting. The magnitude of these stresses may be visualised by recognising that
the foundryman makes an allowance of 4% for shrinkage during cooling of steel castings. The
stress system arising in the casting due to shrinkage on cooling is similar to that which is
engineered into toughened glass where internal cracks are frequently observed. In the case of
toughened glass such cracks may grow slowly over a long period of time until eventually one
reaches a surface (by relaxing the compressive field) and total failure occurs. In the case of steel
growth of internal cracks will relax the compressive stresses in the outer shell allowing it to
expand somewhat on its diameter.
The soundness of the casting had not been investigated but it is to be expected that feeding was
inadequate and that cavities will exist in the heavy sections remote from the feeders and possibly
all the way into the feeders.
Increasing the size of the casting and adding an integral bottom will make all these problems more
serious.
SKB have agreed to share information derived from sectioning and metallurgical investigation of
the first casting when it becomes available. In private conversation at the International conference
on Nuclear Waste Disposal (referred to later) Lars Verme revealed that the cast inner liner had
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serious shrinkage defects which were discovered when it was examined in more detail after the
meeting at Kolswa which was reported earlier. He also said that SKB were going on to examine
the steel and bronze alternatives for the casting but gave no further details.

So far the stressing calculations which have been published have been for a fabricated steel liner. A
change to cast iron or cast steel or bronze will require that these calculations are revisited in the
light of the change in mechanical properties of the material of choice. It wil also be necessary to
define the quality standard which will be required in the castings.

Whatever material the liner is cast in it will be necessary to define the required level of integrity of
it's outer shell and the required level of support from the internal structure. It may be that no
support is required from the internal structure providing that the total porosity distributed in the
outer shell does not exceed a given value, that there are no clusters of porosity exceeding a given
volume and that no individual pores exceed a certain size. To establish the necessary criteria will
require a further test programme or an analytical approach backed by a lesser testing programme.
To guarantee that standards could be met consistently in production will require a further
programme in which the design of the casting and its system of runners and feeders is
systematically analysed. This could be assisted by computer modelling but it will have to be
demonstrated in practice. SKI will need to be convinced that realistic criteria have been set, that
they can be met reliably in production and that adequate quality assurance procedures are in place
to guarantee that any liner reaching the encapsulation facility is of adequate quality.

The sealing of the lid to the liner is a matter requiring further clarification. It has been suggested
that mechanical fasteners may be preferred to welds, owing difficulties which may be experienced
in welding. It is necessary to decide which method will be used. If it is to be welding, what
process and quality assurance procedures will be employed? If it is to be a mechanical fixing what
seals will be used? How is the durability of the seal to be predicted.

2.2.2 The Copper Overpack

2.2.2.1 Starting materials

An earlier report1 gave detailed descriptions of the production of tubulars by extrusion and of
rolled plate for the alternative fabrication method. Although serious reservations were raised
concerning the results from both routes no further work has been reported and there is no
indication that any is planned.

Specimens of four batches of plate produced for fabricated tubulars have been obtained by the
writer (with the support of SKB) for another purpose. They have been examined
metallographically to determine their grain size and structure. Figure 1 shows grain diameter (by
the mean linear intercept method) plotted versus the cumulative proportion of the material
included at that size or less for each of the four materials. Material from MKM had the finest
mean grain size at 300 microns, Material from Outokumpu had a mean grain size of 400 microns
whilst material from Revere and a second plate from MKM had mean grain sizes of 440 and 500
microns respectively. Figures 2,3,4,and 5 shows the distribution of grain sizes through the
thickness of the specimens. These specimens represent the best efforts of three different companies
to achieve a fine grain size in the rolled plates. At present their chemical analyses are unknown. It
is believed that they were ordered as OF. As MKM and Revere do not offer OFE it is very
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unlikely that material from these sources would meet the current SKB specification for OFE. The
grains are very coarse and the effects of coarse grains on hot workability and seggregation of
impurities detailed in section 2.1.2.2 must be expected.

2.2.2.2 Fabrication
Progress on the development of the fabrication and testing of the copper outer container has been
monitored by contact with TWI.

Both the extrusion and roll forming processes were explored in 1995/6 with some success. It
was clear that satisfactory metallurgical structures were not achieved by extrusion and no further
work on the process has been reported.

If extrusion is to be used it will be necessary to carry out a detailed trials programmes to relate the
casting variables to ingot quality and ingot quality and extrusion variables to tubular quality.

If roll forming is to be used it will be necessary either to develop the roll forming process as a
serial production process or to train teams of craftsmen to carry out roll forming as a craft process
in serial production.

The second full canister was completed in the period March-May 1996.
The bottom weld of the overpack on this canister gave defect indications on non destructive
testing. They were not considered serious but they could have become surface breaking during
machining and therefore a repair was attempted. The repair efforts made the situation worse. The
damaged zone was then drilled out and a close fitting plug was installed into the drilled hole. This
canister was integrated with its fabricated steel liner at the end of February at VSEL before return
to TWI for lids to be fitted.
TWI welded the steel lid using preheating and the TIG process. Whilst a sound weld was made,
preheating is not an acceptable procedure for the production environment. For this case TWI used
preheat in order to be sure of producing a good result rather than to simulate the production
process. They consider that a planetary weld will always be at risk of cracking and for that reason
mechanical fasteners are under consideration. Sealing must be gas tight in order to prevent leaks
interfering with the electron beam welding of the copper lid. It is understood that soft metal or
polymer seals are under consideration.
On April 12 TWI made the copper lid weld. They felt that the welder worked well. However in the
overlap zone there was a pour out which led to a surface breaking defect. A decision was taken to
mechanically plug the defect rather than to attempt a repair. In addition to the pour out 10 minor
defects were detected ultrasonically no action was taken concerning these. The finished vessel was
despatched to VSEL for final machining prior to shipping to Sweden on April 17.
TWI point out that the Electron beam technology which they are using is leading edge technology
which is still under development. Electron beams are less well defined than machine tools and it is
not reasonable at present to expect them to switch on and work first time. The pilot plant in
Sweden will provide an opportunity to build up confidence.

In view of the failure of efforts to produce satisfactory lid and bottom welds or to repair
unsatisfactory welds attention is being paid to both the welding equipment and the welding
process. An improved invertor for high power electron beam welding has now been tested up to
200KV and it is considered an improvement on invertors which have previously been used. It is
believed by TWI that this invertor will give improved control over flash over by closing down and
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restarting more quickly when flashover occurs. Both linear and circular welds have been made
with the new equipment with lower defect counts than have been previously reported.
The welding chamber has been modified to enable inclined welding on the basis that there will be a
reduced tendency for the weld metal to run out of weld it is inclined to the horizontal. Experiments
are in progress with the objective of producing good welds inclined at 37.5 degrees to the
horizontal in the first quarter of 1997.
TWI are very optimistic that the improved equipment and the use of inclined welding will produce
satisfactory welds.
It will be necessary to devise and carry out a learning and confidence building exercise in the
welding process when its form has been finalised. As well as determining sensitivity to equipment
variables it will be necessary to explore process variables and materials variables. This is an
exercise which will require extensive metallographic studies of weldments to ensure that
acceptable metallurgical structures are developed.

2.2.2.3 Quality Assurance
On the REVERE material cracks were observed near the welds (most probably hot tearing). In
view of the fact that no cracks were reported in the bottom weld for this canister TWI feel that
cracking is most likely to occur when repairs are attempted. It has also been suggested that the
quality of the REVERE material was below specification but this is not supported.

It was previously reported1 that TWI were pessimistic concerning the prospect of detecting
defects near welds using ultrasound owing to the effects of coarse grains and poor coupling. They
were also concerned that digital radiography would miss lines of small pores linked to the surface
in the weld regions.

A major inspection of linear welds has been carried out at VSEL using ultrasound, eddy currents,
die penetrant and X rays. Full details of the results have not been made available but they are
reported by TWI to be ambiguous owing to the effects of large grains. This is not explained but it
is assumed that it means indications were seen ultrasonically which looked like defects but which
could have been reflections from coarse grains.

Owing to the importance of this problem Professors Jim Rose and Bruce Thompson at the Centre
for Non Destructive Evaluation at the University of Iowa have been consulted to obtain their
views the prospect of developing satisfactory ultrasonic inspection of coarse grained copper and
some experimental work has been carried out by Bowyer and Crocker18.
Thompson and Rose were silent on the prospects of developing a satisfactory process, but the
point was made that it would be difficult and that any process would require a good surface finish
(of order 10 microns ) on the canister.

Bowyer and Crocker have examined the rms noise levels which arise when copper specimens are
ultrasonically inspected using compression waves at frequencies of 2, 3.7 and 5 MHz. It has been
shown that the rms noise levels vary with grain size and frequency according to the model devised
by Rose. Thus high but manageable noise levels are a feature of the material. Unfortunately it
was also shown that in coarse grained specimens noise spikes occur which give the appearance of
defect indications when no defects are present. It is suggested that these spikes arise as a result of
reflections from crystallographic twins which are favourably inclined to the beam (for reflection ).
Such twins which are crystallographically flat, and were observed in areas corresponding to noise
signals in material taken from the SKB development programme, approached 1 mm2 in area.
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In view of the above observations the prospect of obtaining unambiguous defect indications in
coarse grained copper must be in doubt. However before the method is rejected it may be fruitfull
to explore experience with inspection of Austenitic stainless steel which also has a face centred
cubic structure and exhibits annealing twins similar to those occurring in copper.

Professor Tadeus Stepinski at the university of Uppsala has been working for some time on high
resolution ultrasonic inspection. He has been visited and he and his team were keen to exhibit
their work. They use multi element array transducers, ceramic delay lines connected to the
individual elements allow close control of the beam profile to provide a fine focussed ultrasonic
probe. They point out that electronic noise is eliminated by time averaging of the signal and that
the development of the use of electronic rather than ceramic delay lines will provide transducers
for which the focal length can be changed in software. This will enable rapid high resolution
volume scanning. The development would be exciting technically and there is no obvious reason
why it will not be made to work. The team have suggested that spatial averaging as well as time
averaging may overcome problems such as the false positives arising from crystallographic twins.
Spatial averaging is a development of the art of the ultrasonic tester in which the probe is
oscillated manually to reduce noise signals. It was developed as an automated process in which
digitised signals were spatially correlated in software by Bowyer and Crocker in 198319 and it is in
regular use in the aircraft industry. The development was motivated by a need to inspect copper
but the more pressing needs of aerospace conspired to prevent it being tested with copper as the
subject material. It relies on the signal from structure being more aperiodic in nature than the
signal from a defect, thus averaging over space reduces the structure signal but reinforces the
defect signal. If the argument that twins are responsible for the spurious noise spikes is valid then
spatial averaging may not provide a benefit since the twin is a structural feature which is likely to
be less aperiodic in nature than a defect. The idea remains to be tested.

The use of die penetrant testing should be satisfactory for detection of surface cracks arising from
hot or cold shortness and eddy current methods may be used for near surface pores and inclusions.

Eddy current equipment is supplied to the copper industry by the German company Foerster.
Their UK agents have been consulted. The managing director Mr John Flynn was not optimistic
that eddy currents would be usefull for detecting small defects. The use of pulsed eddy currents
would enable high power to be achieved as well as a broad frequency band. Small
(lOOmicron)pores would have to be very near the surface in order to be detected. At 5mm deep a
defect would probably need to be 10 mm in diameter in order to be reliably detected. Flat or
angular defects would be much easier to detect than [ore.

3 CONCLUSIONS

1. SKB have progressively adjusted the specification for the overpack towards lower permitted
impurity levels. The current standard is OFE (which permits lOOppm total impurities). The
material used in processing trials may not conform to this grade and this should be recognised
when the results are interpreted.

2. The running level for impurities in OF and OFE grades are usually well below the levels given in
the relevant specifications. This must be recognised when results of trials are considered and the
actual analyses should be quoted. When a final specification for the overpack material is decided it
should conform to the impurity limits of the trial materials rather than the standard specification.
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3. Satisfactory creep strain to fracture has not yet been demonstrated in the proposed OFE grade
in a coarse grained condition (mean grain size 500 microns). It is essential that this is
demonstrated beyond doubt before the material can be accepted.

4. There is currently no information on the effects of unbalanced stresses on the canister in
service. The alloy selected has a minimum creep resistance, it is necessary to know what level of
unbalanced stresses are likely and what the creep response of the overpack to this will be.

5. The OFE copper proposed for the overpack is subject to hot shortness which can lead to deep
branched oxide defects in the hot rolled plate and which would be unacceptable. It will be
necessary to test for such defects in the Quality Assurance programme and criteria will need to be
set for determination of levels which may be repaired or must be rejected. The susceptibility to
hot shortness goes together with a susceptibility to hot tearing (for instance in the vicinity of
welds) and cold shortness, both these factors are exacerbated by the expected coarse grain size.

6. The mean grain sizes developed in the extrusions made to date are of the order of millimetres
and the mean grain sizes in plates used to date are of order 0.5 mm. This compares with less than
0.1 mm which would normally be expected in such material.

7. Hot and cold shortness are both caused by segregation of impurities to grain boundaries, the
same condition may also cause accelerated corrosion and it is necessary to determine whether or
not this is the case and if so would the likely degree of corrosion damage be acceptable.

8. Neither the extrusion nor the roll forming process are developed for serial implementation.
Before either can be adopted it is necessary to carry out process development in order to ensure
that adequate quality can be obtained at an acceptable cost.

9. Despite a very substantial development programme satisfactory electron beam welding of lids
and bases has not been demonstrated.
It will be necessary to devise and carry out a learning and confidence building exercise in the
welding process when its form has been finalised. As well as determining sensitivity to equipment
variables it will be necessary to explore process variables and materials variables. This is a
considerable exercise in which extensive metallographic studies of weldments will be required to
ensure that acceptable metallurgical structures are developed.

10. Quality criteria are required for the cast liner, the process of setting criteria and procedures for
meeting them requires a substantial development programme either at the practical level or at a
combined practical and analytical level.

11. A satisfactory design (ie technically and economically) for the running and feeding systems
for the load bearing liner is technically challenging. A practical programme would benefit by uld be
support from an analytical programme.

12. At this stage there is some uncertainty as to whether or not the proposed liner can be realised
in practice.

13. The method of sealing the load bearing liner has not yet been addressed in anything but a
cursory way. It is necessary to decide on and evaluate the candidate methods.
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14. It may be possible to overcome the general structure noise which inhibits the ultrasonic
inspection of the overpack by careful selection and control of equipment. The problem of false
positives which are believed to arise from reflections at large area crystallographic twins remains
to be solved.

15. Whilst surface cracks may be detectable using die penetrant and immediately subsurface pores
or inclusions may be detectable using eddy currents, there is no method at present which can
confidently be expected to identify and locate defects which are more than 1-2 mm below the
surface.

17. It is not yet demonstrated that a satisfactory canister can be made and proved to the proposed design.
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5 APPENDIX

5.1 Conference on Disposal of Radioactive Waste
A paper for presentation at the 1996 International Conference on Deep Geological Disposal of
Radioactive Waste was completed in the last quarter in conjunction with co-authors.
The conference was attended and the paper was presented. There is clearly a deep interest in the
Swedish programme particularly among north American workers who asked detailed questions
outside the conference sessions. Their interest seemed mainly to be with the practicality of the
system and they had little to offer in terms of advice from their own experience. In the Canadian
case they said that they had/were considering copper canisters as an option but if they were used
for their case they would be much smaller and with a lesser wall thickness. The practical
difficulties would, of course, be significantly reduced under these conditions.
Swiss workers felt that the Swedish canister is overspecified since their calculations indicated that
the Bentonite and rock barriers would sufficiently limit the rate of release of radionucleides into
the biosphere even if no canister were present. Their model did not consider the possible build up
of radionucleides in the rock when escape might be inhibited during an ice age however.
Lars Verme of SKB presented an upbeat review of progress in the Swedish programme. He did
not dwell on the inner container and he did say that the copper for the overpack would be OFE
(oxygen free electronic) grade. This is inconsistent with any of the work which has been carried
out to date and it represents a move to lower levels of residual elements (up to 100 ppm total
compared with up to 500 ppm total in work to date). It is presumed that this change is in
recognition of the fact that there is a problem achieving fine grains and that a coarse grained
material will be more susceptible to manufacturing defects arising from segregation of residual
elements.

5.2 The Effects of Impurities on Annealing Characteristics and Workability.

5.2.1 The Industry view

A meeting was been held at the Copper Development Association (CDA) at Potters Bar in
England to discus the effects of impurities in OF copper with particular reference to hot shortness.
CDA provided one review paper (dated 1933 ) and the names of key individuals in UK companies
to contact for information on the use of eddy currents for crack detection in copper and on the
effects of impurities on processing.
A large body of literature was collected. In the older literature the impurity levels which are
considered are well above the levels which we are likely to be concerned with but more up to date
papers discus residual levels which are in our area of interest. In addition whilst many papers refer
to the effects of grain boundary segregation, few if any actually quote the grain size of the material
tested. Much of the literature is repetitive and for this reason only a small number are summarised
in section 5.2 below.
Visits have been made to the Delta metals company at Enfield Middlesex where Delta produce
copper wire and to Thomas Boltons Ltd at Stoke on Trent. The purpose of these visits was to
discus hot shortness and eddy current methods of inspection with the works manager Mr A Giltrap
at Delta and with Michael Redfern- Quality Manager at Thomas Boltons.
In addition discussions have been held with senior technical staff at IMI Kirkby, IMI Walsall, IMI

Leeds, Boliden MKM, The European Copper Institute and CDA Inc. in the USA.
A general observation is that almost all the contacts have had experience of hot shortness
problems and they believe them to be well understood and controlled. All attribute the problem to
segregation of elements such as .Bismuth, Lead, Antimony, Arsenic, Selenium and Tellurium to
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grain boundaries. Very low concentrations are required to cause the problem and it is very much
alleviated by the presence of oxygen at levels of up to 350 ppm. Hot shortness results in cracking
during hot working and the cracks tend to oxidise. Further working closes the cracks and the
oxides become dispersed as fine sub surface particles. Surface breaking cracks may be detected
using die penetrant methods and sub-surface inclusions may be detected using eddy current
methods in wire production where material thickness is frequently well below lmm. There was
also general agreement that eddy current methods are not suitable for detecting defects which are
small and more than lmm deep. The reason for this is that the high conductivity of copper limits
the penetration of the high frequencies which are needed to detect small defects. There was also a
general observation that hot shortness has become much less prevalent over the past 20 to 30
years as the levels of residual elements in commercial coppers has decreased and as the role of
oxygen in preventing hot shortness has become understood.
Several contacts said that if the product which they roll as a matter of routine had residual levels at
the values allowed in the specifications they would be impossible to process by present methods
because of hot shortness and they would also exhibit cold tearing (cold shortness). This
prompted an examination of the relevant specifications and a survey of the levels which residuals
run at in various works which is reported in section 2.1.2.1.

5.2.2 Literature Review
1. Ref,8 Archbutt et al Effects of impurities in copper British non ferrous metals research
association Monograph 1937
This is regarded as the classic work on the subject even though it is sixty years old. It summarises
the results of a large body of work conducted by scientists working in the fifty years before its
publication together with work conducted by the authors starting in 1921, that is before
production of OF copper without deoxidisers was commercially realised. The authors combine
controlled scientific method in their experiments with a practical awareness of the significance of
the experiments to products prepared in an industrial environment. In their own work they
considered the effects of eight elements (O, Fe, Bi, As, Sb, Ni, Pb, P ) used one at a time, six
pairs of elements (As-O, Bi-As, Bi-O, Ni-O, Pb-O, As-Sb, Bi-Sb),three groups of three elements
(Bi-As- O, Ni-Sb-O, Ni-As-0 ), one group of four elements (Bi-Ni-Sb-O) and one group of seven
elements (Pb-Bi-Sb-As-Ni- Fe-O). In their discussion they compared their own results with
results reported by other workers. Their interest was in alloys of copper or copper with impurity
levels which were significantly higher than are of interest in our work and was mainly directed to
rolling behaviour and mechanical properties. With this in mind the following notes are prepared in
a highly selective way from their text.
Their material was prepared from selected cathodes, crucible melting used throughout with very
carefull control of melting and alloying starting with a gas fired furnace and progressing to a
vacuum induction furnace. Hot rolling was at 850 to 900° C with annealing at 700°C 30 minutes
followed by air cooling Hot rolled material was pickled using 30% nitric acid before cold Rolling
to 5/8 in diameter bar.
Certain alloys were cold rolled as cast, cropped top and bottom, annealed at 850°C for lhour in
air, surface machined tol 11/32 inches diameter and cold rolled to 5/8 in 20 passes. Strip produced
was produced by flattening with the hammer followed by cold rolling.
The analysis of the cathodes used was according to the table overleaf.

The copper content of untreated cathodes of that time was between 99.92% and 99.97 %
OFHC of that time was 99.98 % copper
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Oxygen
ppm
Iron ppm
Nickel
ppm
Sulphur
ppm
Lead ppm

A
166

42
T

-

-

B
88

69
T

-

-

C
143

38
T

-

-

D
40

T
nil

nil

-

E
100

30
-

0

40

F
60

20
-

-

T

The effects of each element and some combinations are detailed below.

OXYGEN
appears as CU2O
0.015% soluble at 1050°C, & 0.007 at 600°C, eutectic contains 3.4% Cu2O
Hampe showed increasing oxygen makes copper first cold short 0.02 % then hot short 0.36%.
In general modest additions of oxygen improved mechanical properties but some reduction of
toughness and fatigue strength was noted for contents exceeding 0.016 %
In castings increasing oxygen content to 0.36% led to increases in density owing to reduction in
hydrogen content and consequent reaction unsoundness.
During fire refining ,overpoling reduces oxygen level so far that (1) it no longer has any beneficial
effect due to oxidation of Bismuth and other deleterious impurities and (2) the hydrogen level rises
leading to reaction unsoundness.

HYDROGEN
Leads to unsoundness due to reduction in solubility at the melting point during cooling.
When oxygen is present leads to reaction unsoundness after solidification.

SULPHUR
Causes cold shortness at the level of 0.05%
Far from hot short at 0.5%

IRON
Solubility at 800°C close to 0.3% and rises very rapidly with temperature, does not age harden
probably due to excessive grain growth which occurs during solution treatment. Additions of iron
up to 2 % are generally beneficial to mechanical properties.

PHOSPHORUS
Added as deoxidant
Cu3P formed as a eutectic melts at 707cC contains 8.27% P
Solubility 0.5% at 200°C
Generally beneficial effect on mechanical properties little age hardening effect.

SILICON
6.7% soluble at 750°C
4.0% soluble at 400°C
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BISMUTH
Present in many ores, difficult to remove, insoluble, forms films in grain boundaries, low melting
point 271°C causes hot shortness.
Early workers found 200 ppm causes hot shortness and 500 ppm causes cold shortness
Roberts and Austen showed that 20 ppm had a damaging effect on strain to fracture.
Johnson noted lOOppm affected malleability at red heat.
Hampe found that Bi is not so detrimental if oxygen is present.
NPL investigation showed solubility less than 20 ppm at 980°C.
With minor amounts of oxygen present (1120-210 ppm) 90 ppm caused hot shortness and cold
shortness
20 ppm caused poor mechanicals after cold rolling from cast state, presumably because no
redistribution of Bi occurred as a result of hot work
In hot/cold rolled material 100 ppm appeared to have no adverse effect

LEAD
Insoluble in solid copper.
Appears as films or globules .similar in effect to Bismuth but not so severe.
NPL work indicated 10 times as much lead required to bring about the same effect as Bismuth-
though the reason for this is not clear.
Hampe found that hot shortness did not occur until the level of lead reached 0.3%
0.4% and above was very hot short and cold short.
Oxygen alleviated the effects of lead even at these levels.
Johnson found hot shortness at 0.18% lead after considerable poling.
He states that 0.1% lead in the absence of oxygen makes copper unworkable but it is harmless in
tough pitch copper containing arsenic at the 0.3 % level. Indications point to a benefit on the
effect of lead if both oxygen and arsenic are present suggesting that the combined arsenic lead
oxide is less of a problem than lead oxide and that even lead oxide is a problem.
NPL work used cathode containing 180 ppm oxygen 1000 ppm oxygen and a tough pitch analysis
with 900 ppm oxygen for manufacture of lead bearing alloys,
Hot rolling was light but 920 ppm lead with 90 ppm or 130 ppm oxygen was OK.0.2% lead alone
was hot short
Lead reacted with cuprous oxide to reduce the effects of CuO2 on toughness, such alloys are cold
short however.

ARSENIC
Soluble at the level of 7.25% at 650°C. No damaging effects on workability hot or cold.
Can neutralise the effects of bismuth

ANTIMONY
Soluble in solid copper up to 10% at 450°C. 0.1% does not impair hot or cold working properties,
when oxygen is available this level increases to at least 0.3%, higher levels lead to hot shortness.
Suggested that antimony additions at the appropriate level may be used to offset the adverse
effects of bismuth and, that Sb is more potent than As in this respect but if used in large quantities
will itself cause hot shortness.
Oxygen combines with Sb and reduces hot shortness and Sb reduces the cold shortness which
arises from high oxygen contents. Can be used together with arsenic to reduce the effects of
bismuth
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NICKEL
Complete solid and liquid solubility. Combines with antimony and eliminates its beneficial effect
with respect to bismuth

SILVER
Soluble at 8% level at eutectic temperature of 778.5°C, falls to zero at ambient temperature.

2. Ref,10 AJ Phillips Gas and other impurity reactions in copper Metallurgical
Transactions Volume 4 August 1973 ppl935
A paper which is mostly concerned with the reactions of oxygen hydrogen and sulphur during the
solidification and cooling of copper. Phillips also refers to other impurities in passing. Iron oxide in
solid copper is uniformly distributed because iron is present in the melt in an uncombined form.
The increased availability of oxygen on solidification leads to oxidation of the iron before the Cu-
Cu 2 O eutectic is reached and no iron is left in solid solution. Nickel in the range found in refined
copper is present in solution and probably does not precipitate as the oxide during solidification or
cooling to ambient temperature. All the Antimony in refined copper remains in solution during
freezing only precipitates as room temperature is approached probably by the reaction 2Sb+3Cu2O
=Sb2O? +6Cu . He does not comment on oxygen free material.
Arsenic does not react with CU2O either on freezing or on cooling to room temperature.
Phosphorus, on the other hand, is a very powerful deoxidiser and will not coexist with CU2O in the
melt. It is presumed that P2O5 escapes as the gas and surplus Phosphorus remains in solution in the
solid. Lead is known to influence overpoled (overdeoxidised)copper, it is believed that lead and
sulphur combine to form lead sulphide, this buffers the sulphur to <lppm and causes the solid lead
sulphide to precipitate instead of the liquid lead.

3. Ref,l 1 M Myers and A Blythe- Effects of oxygen sulphur, and porosity on mechanical
properties of cast high-purity copper at 950 °C- Metals technology May 1981 ppl65.
The authors very briefly refer to work by others, of particular interest was their reference to
observations by Stark and Marcus that low levels of sulphur caused grain boundary decohesion in
steel and their prediction that a similar effect would be observed in copper, together with
observations by Clough and Stein that a sulphur content of 12 % had been detected using Auger
spectroscopy in grain boundaries of embrittled oxygen free copper which contained only 24 at
ppm (6 wt. ppm) of sulphur.
They worked with high purity starting materials (no impurity present at >lppm) , they cast test
bars containing increasing amounts of sulphur and oxygen and measured mechanical properties of
the cast bars at 950 °C to simulate hot rolling. Strength properties were highly variable in all
batches due to cast structures. Ductility, measured by reduction in area dropped off rapidly from
100% in material containing 3 ppm sulphur to 45 % in material containing 4 ppm sulphur and 8%
in material containing 15 ppm sulphur. All these specimens contained oxygen at the 200 ppm level
and had varying low levels of porosity. A similar effect was observed with the same low threshold
value in specimens containing low levels of oxygen (<50 ppm) and in a series with intermediate
oxygen levels. They propose that in oxygen bearing copper additional embrittling mechanisms
may be available. These involve a low melting point copper-oxygen-sulphur eutectic. They
describe the presence of an intergranular liquid phase as a classic cause of hot short cracking. The
significance of this is that hot short cracking during hot rolling can lead to oxidation of the cracks
and this in turn leads to strings of oxide particles penetrating from the surface to the interior of the
finished product.

The work also shows a dramatic loss in ductility when the porosity of the as cast material exceeds
1.8%. Such levels arise during casting as interdendritic cavities. The authors speculate that the

27



critical level of porosity may be dependant on the as cast grain size but they do not say whether
coarse or fine grains are favoured.

4. Ref,12 Smets and R Mortier- The influence of oxygen during hot rolling and drawing of
continuous cast rod Wire Journal International November 1984 pp80
The authors claim that a disadvantage of oxygen free copper is its high recrystallisation
temperature. This is because, in oxygen free copper, there is an increased tendency for impurities
to stay in solid solution and there is no thermal treatment to solve this. This is because certain
impurities combine with oxygen and precipitate as oxides, in this state they promote
recrystallisation ( presumably through an influence on nucleation).
They point out that in the days when reverberatory furnaces were mainly used for melting and
refining the molten pool was frequently uncovered in order to all allow oxygen pick up and this led
to a reduction in hot shortness. With shaft furnaces hot shortness increased and in 1970 the Olen
company investigated the effect of oxygen content. They concluded that the oxygen content
should normally be maintained above 50 ppm in the launder and 190 ppm in the bar stock.
In 1979/80 the company were using continuous casting (contirod-lines), and it was time to look at
hot shortness again.
A base composition with the following impurity levels was investigated;
Pb 30 ppm, Sb 4.5 ppm, Bi 0.2 ppm, Fe 5 ppm, Co 0.5 ppm Ag 11 ppm. i.e. total declared
impurity excluding silver and oxygen 40.2 ppm.
A 120 tons charge was cast in two 60 ton batches with the first containing 170 ppm of oxygen and
the second containing 535 ppm of oxygen. Bend tests on as cast material showed severe cracking
in the low oxygen material and considerably less cracking in the higher oxygen bearing material.
Evidence is presented to support the conclusion that re-solution of impurities during annealing
influences the recrystallisation temperature and therefore the recrystallisation temperatures of
materials from different sources differ. Unfortunately the sources of the materials used and their
compositions are not revealed.
They refer to work reported internally which shows that for high purity Electrolitic Tough Pitch
copper which had been inter-annealed at 600 °C and 850 °C the recrystallisation temperature
increased with increasing oxygen content after the 850 ° C inter anneal but decreased slightly with
increasing oxygen content after the 600 °C inter anneal. Details of impurity levels and oxygen
contents are not presented but the implication is that the total impurity levels were up to 60 ppm
excluding silver and oxygen and that oxygen levels of up to 500 ppm were considered. A
suggested mechanism to explain these observations might be as follows. Increasing oxygen
content leads to increased stabilisation of impurities by forming oxides, and that the lower
temperature inter-anneal causes less coarsening of oxide impurity particles than the high
temperature inter-anneal. Thus if fine oxide particles promote recrystallisation by assisting
nucleation, increasing oxygen content will ,up to a point, reduce recrystallisation temperatures.
Cold work is not mentioned per se but the use of inter-anneals indicate that cold working
operations were being undertaken. This could break up and disperse oxide particles which would
reduce the recrystallisation temperature. Intermediate annealing at 850 °C could cause coarsening
of fine dispersed particles which would raise the recrystallisation temperature. On the other hand
intermediate annealing at 600 ° C would have no effect on particle size and no effect on
recrystallisation temperature but the break up and dispersion of oxides during cold work would
lead to an increase in the number of particles present and this effect would increase with increasing
oxygen content and lead to the observed reduction in recrystallisation temperature.
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5. Ref, 13 S K Young Improved copper rod through tighter operating and testing controls
Wire Journal International March 1985 pp 59
This is a general paper on quality control at Magma Copper Co which includes a section on
metallurgy. A major requirement for customers of that time was and presumably still is consistent
annealing characteristics in order that full annealing could be achieved during an enamelling
process. The company exerted close control of composition in order to achieve this. They use
their own cathode to feed a continuos wheel rod caster. Two cathode standards are quoted as
below.

Cathode

Specification

ASTM
B115-82
Grade 1
Group total
LME
Proposed
Higher Grade
Group total

Element
ppm
Se

4

T
e
2

Bi

2

5
2 2 2

3

Sb

5

As

5

Pb

8

S

25

Sn

10

4 5

15
incl.
Cr,
Mn
Cd, P

5 15

Ni

8

Fe

12

15
10

20 incl.

Si, Zn,
Co

Ag

25

Grand
Total

90

25 65

Oxygen content after casting is controlled to 186 ppm with a standard deviation of 26 ppm.

6. Ref, 14 H Pops Copper rod requirements for magnet wire journal international May
1987 pp 59
Pops states that the highest quality copper being produced today is usually channelled towards the
magnet segment of the wire industry. He points out that there are no existing specifications which
adequately meet the demands of the user and that there is a need to replace subjective opinions
with meaningfull parameters that can be measured. He attempts to meet that need.
A low recrystallisation temperature and rapid annealing kinetics are identified as a key factor in the
quality of magnet wire. The classical studies on effects of impurities in copper were conducted 40
years ago and they were made by doping high purity copper with single impurity elements. Most
elements cause increases in recrystallisation temperature at very low concentrations but their
effects are not linear with concentration nor are they strictly additive owing to interactions
between impurity species. Nevertheless the table overleaf is produced for the influence of
impurities at typical levels on recrystallisation temperature.
Possible interactions of impurities listed are oxidation reactions, copper metal intermediate phases
(such as Cu2Se, Cu2S and Cu2Te) and metal-metal (such as Ag2Se, PbSe, PbS ). since the case of
interest to SKI is an oxygen free copper and the intermediate compounds would be expected in the
single impurity experiments, we may conclude that it is only the metal -metal interactions which
we need to consider
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Element

S
Se
Te
Pb
Bi
Sb
As
Sn
Fe
Ni
Ag
Total

Level
ppm

10
2
2
8
1
4
4
4

10
5

15
65

Annealing temperature

°C/ppm

8.3
8.3
5.6
3.3
8.3
1.7
1.7
2.8
0.6
0.6
0.6

Increase
(°C)

83.3
16.7
11.1
26.7

8.3
6.7
6.7

11.1
5.6
2.8

8
187

The ASTM and LME specifications for grade 1 cathode copper are given (90 ppm total impurity
and 65 ppm total impurity respectively). It is pointed out however that progress in the production
of copper cathodes has resulted in most product being considerably better than the ASTM or LME
standards. For wire applications high quality cathode is used and oxygen is added to the melt.
This has no direct effect on annealing temperature but it reduces the effect of other impurities by
forming insoluble oxides. It is claimed that it also has a beneficial effect on ductility and it might be
interpreted that this is due to a reduction in the tendency to hot shortness. The use of oxygen to
reduce hot shortness is specifically mentioned and a photomicrograph of a deep oxide defect
arising from "hot cracking" is presented. Rod surface defects are in two main categories, one
from the casting/rolling process and the second through mechanical damage. Defects arising from
casting/rolling processes include rolled in oxide scale, hot cracks overfills and holes. Hot cracks
frequently extend very deep into the rod and are sometimes visible to the unaided eye. They are
considered to be among the most harmful of defects .particularly when a network of branched
oxide particles fan out from the original crack. Eddy current methods are used to detect oxide
inclusions which are near the surface from whatever cause. Holes arise from macroporosity in the
casting whether it is continuously or directly cast. They do not always heal on rolling and they are
not detected by eddy currents when they are deep in the material. The effectiveness of the eddy
current method is controlled by the expression;

— where

S= depth of penetration
p= resistivity of the conductor
u= magnetic permeability and

f= frequency of the applied field.

In a section on softness Pops reports that annealability of rod can be improved significantly by
decreasing the rolling temperature from 900°C to 650°C, thereby causing impurities to precipitate
from solid solution.
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7. Ref 15 Yea-Yang Su Analysis of the factors affecting the drawability of copper rod
Wire Journal January 1992 pp 74

The author correlates oxygen content with number of wire breaks per ton processed. The
relationship shows a clear minimum at 380 ppm oxygen. Whilst the rising trend for oxygen
contents above 380 ppm is discussed the falling trend from 0 to 380 ppm is not. The fact that
Oxygen Free High Conductivity copper is included in his test series suggests that these coppers
show more wire breaks per ton processed than the material containing 380 ppm oxygen. Wire
breaks in the high oxygen material are related to oxide inclusions, oxide inclusions are also
observed in the oxygen free material and are identified as a possible cause for wire breaks. It is
difficult to explain the initial fall in the trend of breaks per ton processed on this basis alone and it
seems likely that, as has been suggested in other work, combination of available oxygen with
otherwise damaging species may be responsible.

8 Ref, 15 Chia and Adams The metallurgy of Southwire's Continuous Rod JOM Feb.
1981 pp68
The Southwire's Continuous Rod (SCR) system was made commercial in 1965. The system
enables continuous casting rolling and cleaning of copper rod. The casting stage is achieved using
a mould in which a rotating grooved wheel runs against a continuous and moving steel band.
Contact between the steel band and the wheel extends over 250° starting at 35° to the vertical.
Thus the mating groove and the flat band forms the mould cavity, molten copper is supplied at the
initial point of contact of the wheel and the band and the solid continuous rod emerges at the final
point of contact. Tough pitch copper is used with an oxygen content in the region 200-500 ppm.
This produces 4 to 12 percent Cu/Cu2O eutectic in the cast structure. The undercooling of the
metal as it first meets the mould wall results in solute rejection ahead of the solidification front and
to the development of columnar grains. Some equiaxed grains form in the centre where solute is
concentrated by the grain multiplication mechanism. The proportion of equiaxed grains in the
structure depends on initial superheat and achieved cooling rate with low superheat and high
cooling rate producing a higher proportion of equiaxed grains. Eutectic is the last material to
solidify and it is found in the interdendritic spaces, with larger oxide particles close to the copper
/eutectic boundaries. This is explained in terms of constitutional supercooling thus low oxygen
contents result in a higher proportion of coarse oxide particles to fine oxide particles ( since
growth of particles at the advancing solidification front continues for a longer interval before
eutectics solidification of the remaining liquid starts.
After the caster the rod is cleaned before continuous hot rolling through 12 passes to the final
dimension. The first pass takes a 35% reduction to yield a recrystallised equiaxed structure with a
grain size of approximately 60 microns (after quenching) and which the oxide particles are well
distributed (that is no longer segregated to grain boundaries). Subsequent passes result in further
grain size reductions to a final value of 20 microns. It is explained that the progressive reduction
in grain size is a result of the decreasing temperature as the material progresses through the mill (
945 ° C to 650 ° C ) and the decreasing time interval between passes as the speed of the material
through the mill increases. Full recrystallisation appears to occur after each pass but the reducing
temperature and time between passes limits grain growth.
It is pointed out that the high oxygen content is beneficial to processing because it ties up
impurities which otherwise might cause hot shortness or high temperature recrystallisation
problems. The latter are not explained.
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9. Ref,16 DW Davies Bismuth in copper and copper base alloys: A literature review. CDA
report 7012-009
This is a substantial document prepared in response to the proposal that Bismuth might be used as
a replacement for Lead in free cutting brasses. Since Bismuth is added as an alloying element in
these cases levels of bismuth considered are well above the levels occurring as impurities. For this
reason a highly selective approach has been used in abstracting information from the work.
Several workers have investigated the solubility of bismuth in copper and there is uncertainty
owing to a lack of strict comparability between experiments. It appears however that at least
0.015% is soluble at 920°C and that there is a rapid loss in solubility as the temperature is reduced
below this level possibly to a value as low as 0.001%at 600°C. On cooling from 900 °C bismuth is
precipitated both in grain boundaries and grain interiors depending on cooling rate and
concentration. In supersaturated solid solution the element at low levels has no adverse effect on
ductility, after precipitation very low levels of bismuth cause severe embrittlement. It was
recognised as early as 1904 that 20 ppm of bismuth made oxygen free copper hot short and cold
short. Subsequently it was recognised that this shortness could be alleviated by addition of
oxygen. When bismuth contaminated tough pitch copper was rapidly cooled from 900°C it could
be cold rolled but in subsequent annealing at 400°C embrittlement occurred at the annealing
temperature and persisted after cooling to ambient. This embrittlement could be removed by
further annealing for long time periods. This suggests that oxidation of the Bismuth does not
occur at 900"C in tough pitch copper, that it stays in solution during rapid cooling and that it
subsequently precipitates as metallic bismuth during annealing, oxidation to harmless Bi2O3 then
occurs on prolonged or higher temperature annealing. Arsenic is effective in counteracting the
embrittlement caused by bismuth in oxygen free and oxygen bearing materials and roughly 5 parts
of arsenic are required to counteract the effect of one part of bismuth. In low oxygen material the
improvement arises through a change in the morphology and composition of the precipitates from
pure bismuth films in grain boundaries to dispersed globules. When the oxygen content is higher a
mixed Cu-As-Bi oxide is formed.
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Figure 1 Showing the percentage of material having less than the stated grain size in each of the Trial Materials
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Distribution of Grain sizes (microns)
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Figure 2 Showing the Distribution of Grain Sizes in the REVERE Material
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Distribution of Grain sizes (microns)
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Figure 3 Showing the Distribution of Grain Sizes in the MKM (1) Material
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Distribution of Grain sizes (microns)
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Figure 4 Showing the Distribution of Grain Sizes in the MKM (2) Material
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Distribution of Grain sizes (microns)
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Figure 5 Showing the Distribution of Grain Sizes in the Outokumpu Material

39



STATENS KARNKRAFTINSPEKTION
Swedish Nuclear Power Inspectorate

Postadress/Postal address Telefon/Telephone Telefax

SKI
S-106 58 STOCKHOLM

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

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

Telex

11961 S WE ATOMS


