
FI9900012

POSIVA 98-03

EB-welding of the copper canister
for the nuclear waste disposal

Final report of the development
programme 1994-1997

Ha rri Aalto
Outokumpu Oy Poricopper

October 1 998

POSIVA OY

M i k o n k a t u 1 5 A . F I N - 0 0 1 0 0 H E L S I N K I , F I N L A N D

P h o n e ( 0 9 ) 2 2 8 0 3 0 ( n a l . ) . ( + 3 5 8 - 9 - ) 2 2 8 0 3 O ( i n t . )

F a x ( 0 9 ) 2 2 8 0 3 7 1 9 ( n a t ) , ( + 3 5 8 - 9 - ) 2 2 8 0 3 7 1 9 ( i n t . )



ti - POSiVa Report Raportintunnus- Report code
POSIVA 98-03

Mikonkatu 15 A, FIN-00100 HELSINKI, FINLAND Juikaisuaika-Date
Puh. (09) 2280 30 - Int. Tel. +358 9 2280 30 October 1998

Tekija(t) - Author(s)

Hani Aalto
Outokumpu Oy Poricopper

Toimeksiantajaft) - Commissioned by

Posiva Oy

Nimeke- Title

EB-WELDING OF THE COPPER CANISTER FOR THE NUCLEAR WASTE DISPOSAL
-FINAL REPORT OF THE DEVELOPMENT PROGRAMME 1994-1997

TiivistelmS - Abstract

During 1994-1997 Posiva Oy and Outokumpu Poricopper Oy had a joint project "Development of
EB-welding method for massive copper canister manufacturing". The project was part of the
national technology program "Weld 2000" and it was supported financially by Technology
Development Centre (TEKES).

The spent fuel from Finnish nuclear reactors is planned to be encapsulated in thick-walled copper
canisters and placed deep into the bedrock. The thick copper layer of the canister provides a long
time corrosion resistance and prevents deposited nuclear fuel from contact with water. The quality
requirements of the copper components are high because of the designed long lifetime of the
canister. The EB-welding technology has proved to be applicable method for the production of the
copper canisters and the EB-welding technique is needed at least when the lids of the copper canister
will be closed.

There are a number of parameters in EB-welding which affect weldability. However, the effect
of the welding parameters and their optimization has not been extensively studied in welding of thick
copper sections using conventional high vacuum EB-welding. One aim of this development work
was to extensively study effect of welding parameters on weld quality. The final objective was to
minimise welding defects in the main weld and optimize slope out procedure in thick copper EB-
welding.

Welding of 50 mm thick copper sections was optimized using vertical and horizontal EB-welding
techniques. As a result two full scale copper lids were welded to a short cylinder successfully. The
resulting weld quality with optimised welding parameters was reasonable good. The optimised
welding parameters for horizontal and vertical beam can be applied to the longitudinal body welds of
the canister. The optimal slope out procedure for the lid closure needs some additional development
work.

In addition of extensive EB-welding program ultrasonic inspection and creep strength of the weld
were studied. According to investigations the creep strength of the copper material is sufficient for
repository conditions. The ultrasonic inspection of the weld is very challenging because of large and
orientated grain structure of the material. Some additional work is needed to optimise the material
grain structure and ultrasonic probes which will be used in full scale canister inspection.

The whole research work confirm the applicability of copper as a canister material and gives
good basis on manufacture of full size canisters applying EB-welding technique.

Avainsanat - Keywords
EB-welding, copper canister, nuclear fuel disposal

ISBN
ISBN 951-652-041-3

SivumaSrS - Number of pages
43

ISSN
ISSN 1239-3096

Kieli - Language
English



ti - Posiva Report Raportin tunnus "Report ° ° *
POSIVA 98-03

Posiva Oy .
Mikonkatu 15 A, FIN-00100 HELSINKI, FINLAND JuiKaisuaxa uate
Puh. (09) 2280 30 - Int. Tel. +358 9 2280 30 Lokakuu 1998

Tekijä(t) - Author(s)

Harri Aalto
Outokumpu Poricopper Oy

Toimetcsiantaja(t) - Commissioned by

Posiva Oy

Nimeke - Title

EB-HITSAUSMENETELMÄN KEHITTÄMINEN MASSIIVISEN KUPARIKAPSELIN
VALMISTAMISEEN-TUTKIMUSOHJELMAN LOPPURAPORTTI 1994-1997

Tiivistelmä - Abstract

Vuosina 1994-1997 toteutettiin Posiva Oy:n ja Outokumpu Poricopper Oy:n yhteistyönä menetelmä-
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1 INTRODUCTION

Outokumpu Poricopper Oy and Posiva Oy are doing joint research and development work
in high active nuclear waste disposal techniques, specifically in copper canister
manufacturing technology. The Posiva type composite canister consists of an internal cast
iron insert and copper overpack of 50 mm thickness with double lids. The EB-welding
technique is to be applied to the canisters, since the canisters consist of at least two
EB-welds, namely the final closure of the both lids. The designed target lifetime of the
canister is 100 000 years and thus the canisters must be welded with a high regard on
reliability, integrity and inspectability of the weld.

Joining of thick copper sections is not straightforward, when using existing welding
methods due to the coppers' high thermal conductivity. Electron beam welding has been
found to be a suitable and effective joining method for thick metals. The method can be
applied to products where preheating is not feasible. The case in point is the final closure
of the copper canisters for nuclear fuel disposal.

There have been some earlier studies of EB-welding of copper elsewhere in the world.
Those studies have shown that EB-welding of thick copper is very challenging, and
avoiding welding defects is difficult. The typical welding defects in thick copper are
porosity, root defects, lack of fusion, blowholes and run outs.

The aim of the current study was to estimate the applicability of high vacuum EB-welding
technology to canister manufacturing. The main goal of this program was to prepare
welding parameters which can assure defect free weld in thick copper. The first studied
application was longitudinal welds of the canister body when the cylinder part of the
canister is manufactured by hot rolling and bending. Two EB-welds about 4-5 m long are
needed with 55-65 mm penetration for these longitudinal welds. The second studied
application was the final closure of the lids where two continuous welds (about 3 m long)
are needed with defect free slope out of the weld.

In addition to the EB-welding development program, the NDE-technology of the
EB-welded structure was studied. The aim of the NDE-studies was to estimate the
inspectability of the EB-welded structure in full-scale canisters and the applicability of
ultrasonic techniques to canister examination.

Creep strength of the copper was also studied. The background to these experiments was
insufficient knowledge of behaviour of canister material in service temperature. The earlier
studies concentrated on a highly elevated temperature area where the high temperature
creep mechanisms exist. Research work in this report was planned to concentrate on the
temperature area of 20-150 °C which sufficiently covers the service temperature of the
canister.
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2 CIRCULAR AND LONGITUDINAL EB-WELDS OF THICK
COPPER CYLINDER

2.1 Canister design

The canister for spent nuclear fuel disposal consists of two main components: the integral
insert structure made of nodular graphite cast iron and the copper overpack. The insert is
the load carrying part of the structure and the copper overpack makes the vessel corrosion
resistant and prevents the high level nuclear fuel from coming into contact with ground
water. The main dimensions, volumes and masses of the Finnish copper canisters are given
in Table 1 (Raiko H. & Salo J-P 1996).

Table 1. Mass and dimensional data of the Finnish copper canisters for spent nuclear
waste disposal, model 1996.

Outside diameter \m\
Wall thickness [ml
Length [ml
Density [kg/m31
Material volume [ni31
Mass fkgl
Number of items [-1
Total mass [kgl

Copper cylinder
(TVO)
0.98
0.05
4.4

8900
0.64
5733

1
5733

Copper cylinder
(IVO)
0.98
0.05
3.45
8900
0.51
4495

1
4495

Copper lids

L 0.98
0.05

8900
0.05
445
2

890

The copper overpack of the canisters can be manufactured by EB-welding of hot rolled
and bent copper plates together, and then machining the cylinder to the final tolerances.
Other manufacturing routes are extrusion or forging of cast billet and machining
afterwards, extrusion and forging from a copper billet. The copper lids can be
manufactured by casting, forging or hot pressing and machining. The bottom lid can be
EB-welded onto the cylinder before final procedures in the disposal plant. The complete
manufacturing programs are shown in Figure 1 (Aalto H. et al. 1996).
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Figure 1. Alternative manufacturing processes of copper canisters for spent nuclear fuel
disposal.

Figure 1 shows that EB-welding is needed at least when the bottom is installed to the
copper canister. In the manufacturing processes which is based on hot rolling and bending,
EB-welding is also needed in the longitudinal body welds of the cylinder. In both
manufacturing processes the top lids of the copper canisters have to be EB-welded in the
disposal plant. The EB-welding has been found to have the greatest potential for canister
manufacturing because of the ability to weld thick section of copper, and its suitability for
remote automatic operation. Additional benefit is that preheating of the canister is not
needed before welding.

2.2 Difficulties of circular EB-welds

The main difficulty of circular and large thickness welds is the manufacturing of a defect
free end of the weld. Normally the end of the weld remains in the workpiece, so the
metallurgical and geometrical soundness of the end of the weld is decisive for the quality
of the entire weld. The reasons of the difficulties for the weld and overlapping area are
(Dithey&Dobnerl995):

• The different inside and outside diameter of the joint causes different welding
velocities of the weld root and the weld surface.

• Start and end of the weld are overlapping, so that the beginning of the weld is melted
twice.

• Start and end of the weld are remaining in the workpiece and can not be located in
additional start and end plates.

• The fade out of the weld takes place in previously welded and therefore already
preheated metal. Without a change of the parameters serious weld defects can occur.
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An EB-weld is therefore composed of at least four different areas, Figure 2 (Dithey &
Dobner 1995):

1. Slope in: The beam power increases steadily to nominal weld level. This phase is
uncritical, because it is overwelded anyway later.

2. Real joint: The beam power is maintained constant during this area. The parameters are
selected to get adequate penetration as well as to optimise weld quality. Different
tangential speed of the inner radius (lower speed) and the outer radius (higher speed) can
also cause problems.

3. Overlap: The overlapping area contains the slope in area and twice welded area until
slope out. In the overlap area the material is welded twice.

4. Slope out: The beam power is decreasing steadily to zero.

electron beam

(3) overlapping zone

(4) slope-out

(2) real joint

Figure 2. The areas of thick circular EB-weld (Dithey & Dobner 1995).

2.3 The slope out area

The main difficulty of radial and large thickness weld is the manufacturing of a fault free
slope out area of the weld. Typical defects in form of root defects appear in the welding
zone at the slope out area. The slope out area is necessary to generate a specific shape of
the weld root. By means of a suitable slope technique continuous solidification of the weld
from the root to the upper bead is quaranteed. The formation mechanism of the root defect
is explained in more detailed in section 3.5.
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2.4 Weld penetration and weld profile

The elimination of root defects in partially penetrating deep welds has been the subject of
numerous studies world wide. In the case of copper the avoidance of very sharp fusion
zone tips is very difficult. Weld profiles in copper are normally deep and narrow because
high welding power has to be used to guarantee adequate penetration. The deep and narrow
weld profile is mainly caused by the high thermal conductivity of copper. Typical weld
profile in EB-welded copper is shown in Figure 3. The width of the weld is about 2-4 mm
at the half of the penetration and the penetration depth is 60 mm. The width/penetration
ratio in this case is 1/30-1/15, depending on welding parameters.

Figure 3. Typical EB-weldprofile in thick copper.

2.5 Welding defects and their formation mechanisms

Porosity

Fusion zone porosity can cause problems in the case of copper. Porosity may occur if there
are gas forming impurities in the material or the material is cleaned improperly before
welding. These kind of internal impurities are gases (oxygen) and elements which
vaporise at low temperatures.

Extreme care is necessary in cleaning the work pieces, especially when the surface of the
metal is oxidised. The selection of the material grade is also important. Oxygen free copper
without alloying elements has proved to be the most suitable of copper materials for
EB-welding.

Spiking and root defects

Root defects and spiking are associated with partial penetration electron beam welds.
Spiking and the root porosity are most likely to occur when the diameter of the electron
beam at the root is focused to a minimum. The penetration also has the maximum value in
this condition.
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According to certain data, the penetration peaks (spikes) are formed when the axial part of
the beam penetrates for a short period of time to the bottom of the keyhole. The penetration
peak is approximately conical and there is no metal in it for a period of time. The metal
then flows into the penetration peak and starts to solidify extremely rapidly due to the
surrounding large volume of relatively cold metal. This is particularly true in the case of
highly conductive materials, such as copper. Insufficient latent heat and time to fill the
capillary tip generally results in root cavities (root defects). This means that, to prevent the
formation of these defects, it is necessary to increase the diameter of the penetration peaks.
Experiments have shown that in welding of steel with partial penetration, reliable melting
of the metal is guaranteed when the diameter of the peak (d) > 3 mm and height (h) < 1.5 d
(Figure 4). (The typical values for EB-welded copper are (d) < 1 mm and height (h) = 5-10
d) (Leskov).

Thus, the first condition for defect-free EB-weld in the slope out area of circular weld is to
prevent the formation of small diameter peaks. This can be ensured normally by
defocusing the beam to a certain extent.

The previously suggested mechanism indicates that the spiking phenomenon is closely
related to the depth of penetration and it is difficult to suppress the spiking, without loosing
the penetration depth.

Figure 4. The formation mechanism of root defects by spiking (Leskov 1989).

Cold shuts

Fusion zone cold shuts are closely related to spiking and root defect formation mechanisms
(Tsukamoto & Irie 1990). The cold shuts are formed because of rapid solidification process
during welding. These discontinuities are very difficult to be avoided completely and to be
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detected by NDE-methods in copper. Normally they cannot be detected by radiographic
methods. Ultrasonic testing can detect the larger cold shuts.

Cold shuts can usually be avoided or minimised by reducing the welding speed,
broadening the weld and increaseing the radius of the weld at the root.

Run outs

The excessive run out of the molten metal can occur in the case of horizontal EB-welding
of copper. Run outs occur due to gravity and the low surface tension of the molten
material. They can cause severe internal defects or craters. These defects can extend deep
into the material depending on the amount of corresponding run out.

Run outs can reduced by using a fronting bar in the case of horizontal welding or,
completely avoided by welding in a vertical position.

Gun discharging

Gun discharging is not an actual welding defect, but it can cause a remarkable defect if it
happens during welding. Gun discharging (flashing) can happen when metal vapour or
vapour caused by impurity elements from metal enters electron gun during welding.
Vapour makes gun discharging possible. Short working distance increases the probability
of flashing. When the gun discharging happens it produces peak or pause in the electron
beam which causes welding defects. The problem can be partly avoided using proper
control electronics of EB-gun.

When the gun discharging happens it usually causes a deep crater which extend through the
whole penetration depth. This type of welding defect has proved to be very difficult to
repair by EB-welding.
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3 EB-WELDING EXPERIMENTS

3.1 The objectives of the test program

The main objective of the test programme was to develop the EB-welding technique which
can be applied to longitudinal body welds of cylinder parts of the copper canister and
circular, continuous welds of the lids. The essential development target was to produce a
sufficiently defect free weld for the butt joints of the cylinder parts and the circular weld
between the cylinder and the lid. The specified objectives for the research programme
were:

• prepare vertical and horizontal welds in copper without significant root defect with
penetration of 55-65 mm

• compare weldability of different copper grades
• estimate effect of different welding parameters on weld quality and penetration
• develop and optimise slope out procedure for vertical and horizontal EB-welding
• compare welding results using horizontal and vertical beam
• collect information for welding cylindrical copper pieces
• estimate transferability of welding parameters from EB-welding equipment to another

3.2 Test materials

The materials used in this project consisted of oxygen-free high conductivity copper
(Cu-OF), micro alloyed low phosphorus copper (Cu-OFP) and phosphorus deoxidised
copper (Cu-DHP) in thickness of 50 and 70 mm. Materials Cu-OF and Cu-DHP are
specified by the standards, but the material Cu-OFP doesn't correspond to any national or
international standard precisely. The composition of the typical test materials are presented
in Table 2. The grain size of the test material was typically 150 urn.

Table 2. The composition of the test materials and corresponding national and
international standards.

Alloy/Composition

Cu-OF

Cu-OFP

Cu-DHP

National/
International standard
SFS 2905/
ASTMC10200 OF
Not available

SFS 2907/
ASTMC12200DHP

O
(ppm)

1.5

1.5

14

P
(ppm)

<1

45

220

Fe
(ppm)

2

2

43

Cu (%)

100

99.99

99.97

In all cases welding trials were conducted on sizeable pieces to avoid excessive heating and
test pieces were cooled between each trial to avoid preheating effects. For the first
development trials 500 mm x 500 mm x 50 mm pieces were generally employed. In all
cases special backing bars were used to avoid penetration.
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3.3 Welding equipment

Two types of EBW equipment were used; a full vacuum type with 150 kV accelerating
voltage, generating a maximum power of 30 kW; and a full vacuum type with 150 kV
accelerating voltage, generating a maximum power of 60 kW. The technical details of
these two types of EB-welding equipment are in Table 3. Figure 5 shows the EB-welding
machine at Finavitec site (workshop).

Dimensions of the EB-welding equipment were not large enough for full size canister
manufacturing. The largest welded samples were 250 mm long cylinder part and a full size
canister lid. The diameters of these samples were the same as a full size canister.

The maximum power of Finavitec's EB-welding equipment was 30 kW. Using maximum
power and relatively slow welding speed (1 mm/s) 50-60 mm penetration depth can be
achieved. This limited parameter variation ranges during test program.

Table 3. Technical details of EB-welding equipment which were used in development
program.

Type
Manufacturer
EB-gun

Vacuum chamber
dimensions
Vacuum pumps

Manipulators

Control system
Additional
equipment

Finavitec
EBOCAM K 100 G300K CNC
IGM Robotersysteme AG
max. power 30 kW,
150 kVx 200 mA
2.7mx2.0mx2.1 m

Turbomolecular for the EB-gun
and mechanical and kryo pumps
for the work chamber.
XYZ-table, rotating and tilting
unit and 900 mm X-movement
of the gun.
CNC and PLC
Groove tracking, filler metal
feeding, pulse unit, function
generator.

IGM
EBOCAM 50-G600
IGM Robotersysteme AG
max. power 60 kW;
150 kVx 400 mA
1.6 mx 1.2 m x 1.2 m

Mechanical and diffusion pumps

XY-table and rotating unit.

CNC and PLC
Double focal lenses
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Figure 5. The EB-welding machine (Finavitec Oy, Finland).

3.4 Welding parameters

EBW has more parameters to control than many conventional welding process. Care must
be taken in the control of these parameters, as variations result in significant changes in the
weld. Thus, variations in weld penetration, from machine to machine or on the same
welding machine over time, can often be traced to small differences in power density.
Consequently, in critical applications, care must be taken to ensure filament installation,
chamber pressure, beam deflection, and gun-to-work distance are maintained constant.
Major and minor welding parameters are reviewed in this section and they can be divided
to primary and secondary parameters, respectively (ANSI/AWS C7.1-92, 1992).

Accelerating voltage

Accelerating voltage is a primary welding parameter. Increasing the voltage in the electron
beam gun increases the speed of the electrons. Thus with higher voltages and higher
electron speed, it is possible to obtain a narrower beam and a sharper focus which increases
deeper penetration of the weld for a given power.

Beam current

Beam current is also a primary welding parameter and it contributes to both the power
input and the power density. Slope in and slope out areas are most commonly
accomplished by variations in the beam current. It is therefore necessary to control beam
current during slope in and slope out. It is important that during this phase, parameters are
controlled accurately in order that the required weld quality is maintained.
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Focus current

The current in the focus coil is a primary parameter because of it's effect on the beam focal
spot. This variable has the greatest effect on the power density at the work surface because
it changes the area over which the beam power acts. It is advisable that a standard method
for determining and controlling the focus current is developed and followed. It is also
important to realise that the actual focal point moves up and down with changes in beam
current.

Welding speed

As with any welding process, travel speed is a primary welding parameter. It determines
the power input per unit length of weld, and has a direct effect on weld joint penetration
and weld profile. Like the other primary variables it should be controlled closely to
maintain consistency in the welds produced.

The slower the velocity, the deeper is the penetration. But if the velocity is too low, the
entire work piece may heat up and excessive heating can produce welding defects.

Oscillation frequency

Oscillation frequency varies from a fraction of a hertz when using the deflection to
generate the weld travel path to thousands of hertzs when using beam deflection to modify
the weld shape. The oscillation frequency is generally secondary parameter when
modifying the weld shape.

Oscillation amplitude

Amplitude has a pronounced effect on the resulting weld. It controls the area over which
the beam energy is distributed.

Oscillation pattern

Oscillation pattern has a significant effect on the weld. Common patterns are circular,
sinusoidal (both transverse and longitudinal to the weld travel direction), and elliptical.

Gun-to-work distance

Gun-to-work distance is another secondary variable. Variations in the gun-to-work distance
varies the focal spot, and thus the beam power density. Large changes in the gun-to-work
distance has an effect on the minimum focal spot size achieved. The minimum focal spot is
achieved at minimum gun-to-work distance. Also the penetration depth has the highest
possible value when the gun-to-work distance is at minimum. However, short gun-to-work
distance increases the probability to gun discharge.

Vacuum

The vacuum in the welding chamber has different effects on the welds produced. In the
case of medium vacuum welding, variations in chamber pressure, particularly above 10~2

torr (1.3 mbar) have a pronounced effect on the weld penetration and weld shape.
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Table 4 gives a list of the welding parameters used during this work. Accelerating voltages
of 150 kV and 110 kV were chosen for welding experiments. The vertical and horizontal
positions was employed to obtain a complete understanding of copper weldability. Several
combinations of focus current, welding speed, oscillation pattern, oscillation frequency and
oscillation amplitude were investigated to identify the range of parameters that would
produce a sound weld. The parameters shown in Table 4 are representative of testing
ranges.

Table 4. Welding parameters used during test program.

Parameter
Welding position
Accelerating voltage
Beam current
Focal length
Focus current
Oscillation pattern
Oscillation frequency
Oscillation amplitude
Welding speed
Thickness of the filler material on the
surface

Variation range
Vertical, Horizontal
100kV-150kV
200 mA-350 mA
500-650 mm
2000-2600 mA
Longitudinal/Transverse/Sinudoial/Circular
20 Hz-100 Hz
0.1 mm-3 mm
1 mm/s-4 mm/s
0-1.5 mm

3.5 Experimental procedures

The complete understanding of the effect of parameters in EB-welding is difficult because
there are many factors which affect the weld quality. There are some powerful methods
available to optimise a final result using only few series of experiments. Taguchi method
is one of those methods which can be used in the problems where many parameters exist
(Weiser & Fong 1994, Wen & Lin 1992).

The Taguchi method of experimental design is very well suited to improving EB-weld
quality for several reasons. First Taguchi method is very efficient and easy to apply. This
makes it possible to conduct a series of experiments that result in continuous process
improvement. Secondly, the effect of many different process parameters can be studied
simultaneously.

In this work the conventional and Taguchi methods were used to optimise overall weld
quality in thick copper. Figure 6 shows 18 welded test pieces which were welded during
the basic survey of welding parameters.
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Figure 6. Welding procedure test blocks during the basic optimisation of welding
parameters.



22

4 LID EB-WELDING

4.1 Production of the lids

The lid material was the same phosphorus micro alloyed oxygen free copper (Cu-OFP) that
is used at present for the primary canisters. The castings of the starting material was
performed using the oxygen free copper casting procedure in Outokumpu Poricopper Oy.
The original billet diameter was 0 350 mm and the length was 1.4 m.

The hot working of the billet was performed in two stages. At first the material was forged
to intermediate phase mould. At the second stage the material was forged to the ring mould
whose diameter was 0 1000 mm.

The actual processing of the material is shown in Figure 7.

Figure 7. Processing of the copper lids.

4.2 Production of cylinder parts

The starting material for the cylinder parts was 150 mm x 1130 mm cast plate. The plate
was hot rolled upto 70 mm thickness and sawn into 2000 mm long and 250 mm wide
pieces. The microstructure of the hot rolled plates was homogeneous and the grain size was
120-150 jam.

The plate pieces were bent by pressing them into the cylinder mould. After bending the
bent halves were stress released at 250 °C for 2 h. Purpose of the heat treatment was to
remove residual stresses which can cause problems during EB-welding.
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The bent halves were EB-welded in the vertical position by Finavitec. The welding defects
in the slope in/slope out areas were avoided by the use of start and end plates. The backing
bar was also used in order to prevent the penetration through the workpiece. Figure 8
shows cylindrical pieces before EB-welding.

Figure 8. The author and the cylindrical pieces before EB-welding.

After EB-welding two cylinders were machined in the lathe according to horizontal and
vertical lid weld designs.

4.3 Horizontal beam welded lid

The demonstration welding was performed to the full scale canister lid ( 0 976 mm) and
250 mm long cylinder. The total weight of the welded parts was 900 kg. The welded
construction is shown in Appendix 1.

The lid and cylinder combination had to be welded up side down because of the limited
size of the vacuum chamber. The horizontal welding position required an outer fronting
bar for preventing excessive ran outs of the molten material. The axial distance of the
fronting bar from the joint was 3-5 mm.

The actual welding was carried out in two stages: by firstly tack welding using EB spot
welding, and then the main welding. The tack welding was made using 30-40 mA welding
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current and 20 mm/s welding speed. The main welding was performed using parameters in
the Table 4.

Table 4. Welding parameters for horizontal lid welding.

Welding parameter
Accelerating voltage
Beam current
Focus current
Welding speed
Oscillation pattern
Oscillation frequency
Oscillation amplitude
Working distance

Set value
llOkV
320 mA
2162 mA
2 mm/s
Longitudinal
20 Hz
1 mm
530 mm

Total welding time for the circle was 29 minutes including slope in and slope out. During
welding the EB-welding machine worked without disturbance. In practice this means that
there were no gun discharges, disturbances in the rotational unit or in vacuum system. The
temperature of the welded structure was 170 °C after welding.

Figure 9 shows the welded structure after horizontal EB-welding.

Figure 9. The horizontal lid closure demonstration.
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4.4 Vertical beam welded lid

The demonstration welding for vertical lid was also performed using the full scale canister
lid ( 0 975 mm) and 250 mm long cylinder. The welded structure is shown in Appendix 2.

The construction was welded using outer pre-stressed supporting ring in order to avoid
problems caused by thermal expansion during welding. The total welding time was 50
minutes including slope in and slope out areas. There was one unplanned stop during
welding caused by overheating of the oil cooling system in high voltage unit. The welding
was restarted after 10 minutes. The main welding was performed using parameters in Table
5.

Table 5. Welding parameters for vertical lid welding

Welding parameter
Accelerating voltage
Beam current
Focus current
Welding speed
Oscillation pattern
Oscillation frequency
Oscillation amplitude
Working distance

Setting value
150 kV
200 mA

1 mm/s
Longitudinal
20 Hz
1 mm
653 mm

Figure 10 shows the vertical lid after demonstration welding.
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Figure 10. The vertical demonstration welding.
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5 RESULTS OF EB-WELDING PROGRAM

5.1 Weldability of different copper grades

After welding three base materials, each having different composition (described in Table
I), the welds were inspected by non-destructive testing such as ultrasonic and radiographic
tests (UT,RT). Also destructive testing was used to determinate weld quality.

According to the results the welded copper grades can be divided in two categories. In the
first group there are Cu-OF and Cu-OFP whose weldability is good. Another group is
Cu-DHP whose weldability is poor because the weld exhibited excessive porosity. The
porosity is caused mainly by higher oxygen content of Cu-DHP comparing to other grades
Cu-OF and Cu-OFP.

5.2 Welding parameters and weldability

Accelerating voltage

High accelerating voltages (110 kV and 150 kV) have been used to achieve the required
penetration (55-65 mm). The use of high voltage, in connection with high beam current
and slow welding speed causes a deep and narrow weld profile which is susceptable to root
defects and spiking. However the optimised parameters can guarantee relatively good weld
quality even though high accelerating voltage is used.

Beam current

Adequate penetration is ensured by the beam current when the accelerating voltage is
constant. Thus the beam current is not normally adjusted during main welding.

The beam current is the important control variable during slope out. Investigations have
showed that the selection of appropriate time function (linear, square, ...) is of little
significance. The more important thing is reducing speed of welding. During downward
adjustment of beam current full penetration welding changes into partial penetration
welding. This change requires a sudden variation of the other welding parameters (such as
focus current, oscillation amplitude).

Welding speed

The welding speed has effect on weld profile. If slow welding speed is used wider profile
of the weld can be achieved. In a case of higher welding speed the profile becomes
narrower. The narrow profile of the weld causes difficulties because it can cause root
defects or lack of fusion.

Focus current

Focus current affects focus position and thus it is very essential parameter in determing
weld quality. Esentially focus current effects the root area of the weld, because the focus
position defines the profile of the weld.
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In the slope out area focus current is normally increased simultaneously during reduction
of the beam current. The minor adjustment of the focus current during slope out does not
improve the weld quality.

Working distance

The working distance effects on penetration because it influences the energy distribution of
the beam. Using shorter working distance more intensive energy distribution can be
achieved than when using longer distances.

Vacuum pressure

The vacuum pressure used during welding is of minor importance on weld quality. The
high vacuum (10^ mbar) and the rough vacuum (102 mbar) were compared during test
program.

Oscillation pattern

Welding experiments performed using vertical and horizontal beam positions showed that
longitudinal oscillation which is parallel to the joint is most suitable for thick copper
welding. There were some minor differences in oscillation patterns but particularly for the
root quality of the weld, the longitudinal oscillation proved to be the most suitable.

Oscillation frequency

Different oscillation frequencies were also studied using both vertical and horizontal
welding. The high oscillation frequencies reduced defects at the root area but increased
microporosity in the weld. Microporosity increased as the frequency increased.

Oscillation amplitude

The most suitable oscillation amplitude for vertical and horizontal welding was 1.0 mm
amplitude. During slope out, modifications in the oscillation amplitude didn't improve the
weld quality.

Filler material

Filler material was used in order to avoid surface crater formation during welding. The
surface defects can be reduced by filler metal but adjusting extra pieces on the surface of
the work piece can be difficult. An alternative and well working method is a cosmetic pass
after main welding.

5.3 Minimization of the root defects

One of the major objectives of the test program was to develop defect free root area in the
thick copper. The results of the numerous test welds showed that it is possible to weld
significantly defect free root area using vertical EB-welding, and optimised welding
parameters.
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The horizontal welding position caused more welding defects especially in the root area.
The welding results showed quite unsatisfactory results in the slope out area. However, the
root defects were below 50 mm penetration if sufficiently high beam current is used.
Horizontal welding can therefore be applied to the construction where slope out area is in
the end plate, outside of the real joint.

The welding results of the test program can be applied to full scale copper canister
manufacturing, using either vertical or horizontal welding positions. These parameters can
be used on the longitudinal body welds of the canister manufacturing process which is
based on hot rolling and bending. In the case of vertical and horizontal EB-welding, it is
recommended to use a special backing bar in order to avoid problems caused by excessive
run outs and possible root defects. The backing bar can be machined off after EB-welding.

5.4 Slope out procedure development

The slope out area technique proved to be very challenging to develop. It is difficult to
avoid root area defects especially while beam power is decreased. During the test program
both vertical and horizontal slope out techniques were developed. Generally horizontal
slope out development proved to be much more difficult than the vertical one. Root area
also defects occurred during vertical EB-welding.

However, the authors later applied new slope out procedure techniques in Finavitec.
Preliminary results were very promising in the vertical position. The slope out area was
practically defect free. These tests will be reported later.

5.5 Transferability of welding parameters

The EB-welding machines of Finavitec and IGM are technically relatively close to each
other. The parameters proved to behave quite similarly in both machines.

Accordingly the welding results using the same parameters on differen machines gave
almost identical welding results. Thus it can be concluded that transferability was excellent
in this particular case, altough generally it can be more difficult to transfer parameters from
one machine to another because of differences in gun power, electronics and beam
generating devices.

5.6 Optimal welding parameters for thick copper welding

Optimising welding parameters for thick copper requires a lot of work. There is not one set
of parameters which can be applied in all cases. The horizontal and vertical EB-welding
requires different set of parameters for optimal welding. The optimal set of parameters is
also dependent on the characteristics of the EB-welding machine.

Every time a new set of welding procedure tests is required, if there is a change in the
copper material or thickness to be welded by EBW.
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5.7 Results of demonstration welding

Results of demonstration welding showed that it is possible to weld the lid closure in either
a vertical or horizontal position. The general quality of the welded structure was better in
the vertical weld but the machining and installation of the lid with vertical weld is more
complex than the one with horizontal weld.

The horizontal welding position caused excessive run outs and defects on root area. The
run outs can be reduced by using outer fronting ring but according to the welding tests it is
very difficult to avoid them completely.
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6 ULTRASONIC INSPECTION OF EB-WELD

6.1 Introduction

The weld between the canister and the lid has to be inspected after welding in order to be
sure that no significant defects are existing in the weld. The aim of the ultrasonic
inspection was to study the applicability of ultrasonic techniques for inspection of
EB-welds in copper. Practical examinations were performed with several specimens
simulating the real weld geometry in the copper canister. The first simplified specimens
containing artificial reflectors were used to test different ultrasonic techniques and to
optimise the transducers used in later experiments. The final tests were performed with a
specimen representing full size inspection of the EB-weld between lid and canister
(Jeskanen & Kauppinen 1997).

Typical welding defects in copper are root defects, incomplete penetration, lack of fusion
and craters. The purpose of the inspection programme was to assess the observation to be
able to detect defects in EB-welded thick copper.

6.2 Materials and test program

The test material which has been used in all ultrasonic experiments is Cu-OFP. Specified
composition of the Cu-OFP is shown in Table 1.

The ultrasonic examinations were performed using three different test specimens. The first
specimen was a hot rolled copper plate containing an EB-weld. The grain size of the plate
was 120-150

The two following specimens were manufactured according to real canister geometry
which is shown in Figure 10. The EB-weld geometry simulated the geometry of the real
copper canister. The specimens also contain two different microstructures: lid side of the
specimen is hot forged and, cylinder side is hot rolled. The grain size of the hot forged side
was 500-1500 (am and on the hot rolled side 120-150

The final inspection was performed on a full size canister lid which is shown in Figure 11.
The lid was manufactured by hot pressing and the grain size of the lid was 150-200
The cylinder was fabricated from hot rolled plate whose grain size was 120-150 fim.
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Figure 11. The ultrasonic inspection of the vertical weld

6.3 Ultrasonic techniques

Measurements were made with the automatic ultrasonic inspection system Sumiad III. The
logarithmic amplifier used in the measurements allows the measurement of echo
amplitudes having differences up to 80 dB. Three type of probes were used for inspection:

» normal incidence probe (2.25 MHz)
«• angle beam probe 70 ° SEL (focused into 10 mm depth)
» angle beam probe 60 ° SEL (focused into 40 mm depth)

In the case of horizontally welded lids, a normal incidence probe was used to inspect the
weld through the lid. Angle beam probes were used to inspect the weld through the hot
rolled cylinder. The Figure 12 shows the inspection techniques for the horizontally welded
lid.
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Figure 12. Inspection techniques for the horizontally welded lid.

6.4 Results of the test examination

Normal incidence probe

The grain size in the EB-weld and forged base material limits the frequency the probe can
be used at. In order to have optimal resolution the diameter of the sound beam in the weld
area should be as small as possible. The probe used in these measurement was not quite
optimal.

The root defects in the weld can be clearly detected with normal incidence probe in the
EB-weld of the full scale sample. The depth of the weld penetration can be evaluated from
the root defects. The distance of the weld can also be estimated from the inspection surface
using ultrasonic techniques. That information can be used to confirm that the EB-weld is
precisely where it is supposed to be.

Angle beam probe (focused into 10 mm depth)

In the inspection performed from the hot rolled sides of the specimens primarily surface
opening defects and crater type defects were detected. Typical depth range where defects
can be detected is 0-15 mm from the surface.

Angle beam probe (focused into 40 mm depth)

Using the 60 ° SEL angle beam probe, the root area defects can be studied. In the case of a
horizontally welded lid, angle beam inspection from the hot rolled side of the construction,
proved to be better than normal incidence probe through the hot forged lid.
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Horizontally and vertically welded lids

Comparison was performed using both the horizontal and vertical welded structures. The
vertically welded construction proved to be easier to inspect than the horizontal one, using
ultrasonic testing. The major difference in the inspectability of the vertical and horizontal
construction was mainly caused by the direction used in scanning with the normal
incidence probe. In the case of vertical welded construction the scanning was performed
through the hot rolled plate (having smaller grain size than the hot forged lid when
inspection was performed to the horizontally welded lid).

Figure 13 shows the typical defects in the root area. The inspected area contains the slope
out area in the both cases. The vertically welded structure seemed to contain less defects
than horizontally welded structure.

Figure 13. The welding defects in the slope out area in (a) vertically welded lid and
(b) horizontally welded lid structure.

6.5 Conclusions

The most serious problem in the ultrasonic inspection of the EB-welded copper is the
strong attenuation of ultrasonic waves in the weld material. One solution to overcome this
type of problem would be the use of signal processing techniques. Another solution is to
develop the microstructure of the material to get more optimal grain size for the inspection.
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For the inspection, focused normal incidence probes and focused angle beam probes are
recommended. Based on the experimental results it can be estimated that in the EB-weld,
planar structural discontinuities having a diameter larger than 5 mm and locating
perpendicular to the sound beam, can be reliably detected. Based on inspection of the full
scale sample it could be assessed that even smaller defects can be detected.

With the normal incidence probe the root defects in the weld can be revealed and based on
these, the depth and the distance of the EB-weld from the inspection surface can be
assessed.

Comparisons performed between horizontal and vertical welded lid structures, proved that
vertically welded structure contains less welding defects, and is also easier to inspect by
ultrasonic than the horizontal structure.
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7 CREEP PROPERTIES OF EB-WELDED COPPER

7.1 Background

The aim of the present work was to produce an experimentally based assessment of the
long-term strength and performance of the copper lid welds in the nuclear waste disposal
canister.

The EB-welds tends to be weaker than the base material under long term creep loading of
polycrystalline metals, due to aspects related to the microstructure even when there are no
actual weld defects. It is therefore of considerable interest to explore the effect of welds on
the expected life of the welded copper lids under the expected ranges of temperature and
stress. Earlier performed creep experiments were made in highly elevated temperatures and
the present work aimed to study creep strength closer to the expected temperature that
would occur in the repository (Auerkari & Holstrom 1997).

7.2 Materials

The test material was Cu-OFP whose composition is presented in the Table 1. Samples for
creep testing were sawn from the original weld test plates and machined to the uniaxial
specimens.

7.3 Testing methods

Creep testing was performed in 20 kN lever type constant load creep testing machine by
VTT within the temperature range of 20 to 150 °C (one test at 200 °C). Most of the tests
were designed to give failure within about 5000 h (max). In addition, tests were performed
at very low stresses with specimens instrumented with strain gauges over different zones of
the weld as well as across the whole weld. The instrumented specimen is shown in Figure
14.
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Figure 14. The instrumented creep specimen.

7.4 Results

The cross-weld creep and creep rupture testing results are shown in Table 6. Because of
strain burst caused by temperature fluctuations, only the overall cross-weld data from the
whole weld strain gauge were studied as a function of temperature and stress.
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Table 6. The creep testing results for EB-welded Cu-OFP (Tor 4- interrupted).

Temp
r°ci
100
100
100
150
150
20

200
20
20
150
20

Stress a
IMPal

170
160
150
110
140
180
90
170
165
125
60

Min strain rate
Eminri/hl
1.6e0 1)

0
0
0
0

0.02
0
0

3.5e-6l
0

3e-8+ 3)

Elongation

err%i
25.3
25.4
21.7
12.lt
22.7
25.5
15.7T

26
2.95T 2)

26
1.27+3)

Loading strain
EoP/ol

16
14.9
10.6
6.7
12.5
14.1
3.7
15.9

-
9.1

1.2 3)

Time to failure
Thl

0.07
22

2304
7290t
48.6
1.2

3025
559

5683t
905
3310

1) Emin approximate only
2) only creep strain
3) measurement by strain gauges

Some of the specimens, which were tested until the fracture, were cut longitudinally after
failure for metallography. The results of the metallographic studies were summarised in
Table 7.

Table 7. The general appearance of the failure location in the sectioned specimens.

Temperature / Stress
100°C/160MPa

150°C/125MPa

100°C/150MPa

150°C/160MPa

Failure location
Weld

Weld

Weld

Weld

Failure appearance
Heavy necking, no
cavitation
Transverse cavity strings &
cracks
Necking, scattered
cavitation
Necking, scattered
cavitation

The creep testing results from Table 7 can be presented in a Larson-Miller plot (Figure 15).
There is also some comparative result from the literature. It appears that welded specimens
are clearly weaker than the base material. The reason for this strength loss could be related
to the cast microstructure and grain orientation of the weld. Particularly within the low
stress region, the creep failure occurred close to weld centreline and along the grain
boundaries of the weld.



39

200

ISO

I

50

0

-Q „

-

-

3000

1

XXX

ooo

1
4000

1 1

0 ".

* \

\ «

*>

0

estimate from mtn. creep rate
VTT test continues
Strain gauge test (com.)

I i

5000 6000

1

ooo
D O G

0

d , o OD

0

0 0 0

*

1

7000
PLM-T'[log(t)+I]]

1 1

1M base material Cu-P
VTT weld test to failure

-

0

o
O 0

DO 0

* « O

\

\ op -

*. O3

1 1

8000 9000 IMO*

Figure 15. Stress dependence of the creep life using the Larson-Miller parametric
expression for temperature compensated life. Creep results from the weld and the base
material are compared (Jeskanen & Kauppinen 1997, Henderson et. al. 1991, Hendersson
1994).

The observed failure strains were more than 20 % in all tests taken to rupture. However, at
least somewhat lower failure strains can be expected, if longer term testing was to be
performed, rather than the few thousand hours duration of these tests.

The creep experiments for the EB-welds of the copper canister showed that the copper
material will provide the creep life of 100 000 years required by design. This result applies
to essentially defect-free EB-welds and initial stress level 90-100 MPa or less and a
post-disposal maximum temperature 120°C or less for the first 5000 years from the
beginning of the disposal.

7.5 Conclusions

The long term creep performance has been assessed for the EB-welds of copper. The
stresses and temperatures for the creep testing were selected to cover ranges for the
predicted canister service environment.

The creep testing results of the EB welds suggest that an initial stress of 90-100 MPa or
less and a post disposal maximum temperature of 120 °C or less for the first 5000 years
will provide the creep life of 100 000 years required for the design.
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8 SUMMARY AND CONCLUSIONS

The results obtained from the experiments on EBW for 50 mm thick copper are as follows.

(1) Considerably sound welds with 55-65 mm penetration depth, relatively free of internal
defects such as porosity were obtained using oxygen free copper (Cu-OF) and oxygen free
phosphorus microalloyed copper (Cu-OFP). The quality of the weld was reasonably good,
although some randomly occurred root defects still existed in the optimised weld. The
general quality of the phosphorus deoxidised grade (Cu-DHP) was clearly lower than the
quality of Cu-OF and Cu-OFP.

(2) The circular weld of 50 mm thick, 250 mm long and about 980 mm diameter
cylindrical shell was made using vertical and horizontal EB-welding. It has been shown
that it is technically possible to weld full scale canister lids using either vertical or
horizontal EB-welding.

(3) Vertical welding position proved to generate sounder welds than horizontal welding.
This result applies both the main weld and slope out area.

(4) The welding results of the development program can be applied to full scale canister
manufacturing. The optimal welding parameters can be applied especially longitudinal
body welds of the canister manufacturing process which is based on hot rolling and
bending.

(5) The slope out area of the vertical welding position was relatively sound. The
penetration depth in the slope out from 50 mm up to 30 mm consisted of sparsely occurring
root defects. Otherwise the slope out area was defect free.

(6) Ultrasonic inspection technique for the quality verification of the copper canister
requires specially developed probes for reliable inspection. Inspection using focused
normal incidence probes and focused angle beam probes are recommended. The most
critical point, as far as the inspection is concerned, is the microstructure of the material.
Further development work should concentrate on getting optimal microstructure within the
material.

(7) The creep experiments for the EB-welds of the copper canister showed that the copper
material will provide the creep life of 100 000 years required by design. This result applies
to essentially defect-free EB-welds and initial stress level 90-100 MPa or less and a
post-disposal maximum temperature 120°C or less for the first 5000 years from the
beginning of the disposal.

It was demonstrated that EBW could be applied to the production of nuclear waste canister
overpack made of copper. According to the results, the vertical EB-technique is more
applicable canister manufacturing and the lid closure technique than horisontal
EB-technique. However, it is also possible to apply horizontal EB-welding for longitudinal
body welds of canister manufacturing.



41

9 REFERENCES

Aalto H., Rajainmaki, H & Laakso, L. 1996. Production methods and costs of oxygen free
copper canisters for nuclear waste disposal. Report POSIVA-96-08, Posiva Oy, Helsinki

ANSI/AWS C7.1-92. Recommended practices for electron beam welding. 1992. An
American National Standard. American Welding Society, Miami, USA.

Auerkari, P., HolmstrSm, S. 1997. Long-term strength of EB welds of the canister for
nuclear fuel disposal. Posiva Work Report-97-35e. Posiva Oy, Helsinki.

Dithey, U. Dobner M. 1995. Improved technology of radial electron beam welding on
cylindrical components of large thickness steels. Report IIW Doc. No. IV-630-95,
ISW-Welding Institute, Aachen University, Germany.

Hendersson, P.J., 1994. Creep of copper. International seminar on design and manufacture
of copper canisters for nuclear waste. Sollentuna.

Hendersson, P.J., Osterberg, J.-O. & Ivarsson, B.G., 1991. Low temperature creep of
copper intended for nuclear waste containers. IM-2780, Swedish Institute for Metals
Research, Stockholm.

Jeskanen, H., Kauppinen, P. 1997. Ultrasonic inspection of electron beam welded joints in
copper. Posiva Work Report-97-34e. Posiva Oy, Helsinki.

Leskov, G. I. 1989. Closure of annular joints in electron beam welding pipes with a wall
thickness of up to 40 mm. Welding International 8/1989.

Raiko, H. Salo J-P. 1996. Design report of the canister for nuclear fuel disposal. Report
Posiva-96-13, Posiva Oy, Helsinki.

Tsukamoto, S., Irie, H. 1990. A study on electron beam welding phenomena. III. Melting
process and spiking phenomenon in electron beam welding. Quarterly Journal of the Japan
Welding Society 8, (3), 37-42, August 1990.

Weiser, M., Fong, K. 1994. Application of the Taguchi method of experimental design to
improving ceramic processing. American Ceramic Society Bulletin Vol. 73, January 1994.

Wen, T-C, Lin, S-M. 1992. Aluminum colouring using robust design. Plating and Surface
Finishing, October 1992.



42

Appendix 1: Horizontal beam welded lid
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Appendix 2: Vertical beam welded lid
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