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ORIGINAL FEATURES

This thesis addresses many aspects of friction stir welding of copper. The following

features are believed to be original:

1. The confirmation of the existence of entrapped oxide particles in copper FSW

welds.

2. A detailed understanding of the entrapped oxide particles in copper friction stir
welds, including their origin and formation. Development of a feasible way of
avoiding entrapped oxide particles in copper friction stir welds. The successful
method is a combination of oxide removal from the butting faces and the use of

inert shielding gas during welding.

3. In the most critical application of FSW of copper, 50 mm thick corrosion barrier
canisters for the final disposal of spent nuclear fuel, it was discovered that plastic
deformation and the resulting ductile fracture in FSW welds localise mainly on a

processing line or occasionally on the line of entrapped oxide particles.

4. Different testing methods revealed that the microstructure, texture, and mechanical
properties of copper friction stir welds are similar to those of the base materials in

hot deformed or annealed state.

5. The comparison of different parts of the spent nuclear fuel canister (base materials
as well as FSW and EB welds) using almost the entire material or weld thickness
samples revealed that the mechanical properties of the FSW welds are significantly
better than those of the welds produced by the other possible method, electron beam

welding.

6. Banding in copper FSW welds consists of layers (bands) with smaller and larger
grain sizes. The amount of local misorientation is higher in the bands of smaller
grain size than in the bands of larger grain size. Contrary to aluminium FSW welds,
the copper FSW welds exhibit almost random texture and no texture changes

between the bands of smaller and larger grain sizes.
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7. Defect-free dissimilar metal welds were produced between copper and aluminium.

The welds exhibit very good tensile strength and electrical properties.
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1 INTRODUCTION

1.1 Background and Motivation

Friction stir welding (FSW) is a new, innovative welding method where joining occurs in
the solid state. Properties of the welds (for example in aluminium alloys) are similar to
those of the base material. FSW welds have high strength, increased fatigue life, smaller
residual stresses, and higher corrosion resistance as compared to welds produced by fusion
welding methods. FSW is widely used in many industries for joining aluminium alloys.
The applications include space shuttles, air planes, amphibious assault vehicles for the US
Marine Corps, trains, ships, components for the automotive industry, etc. There are few
industrial applications for FSW of copper. One of them is the fabrication of water-cooled
backing plates (Okamoto et al. 2001). (Threadgill and Nunn 2003; Kallee and Nicholas
1998; Colligan et al. 2003; Arbegast 2006)

Friction stir processing (FSP) is a variation of FSW. It is used, for example, in marine
propellers to improve the corrosion properties and to heal shrinkage porosity (Mahoney et
al. on-line; Mahoney and Lynch on-line). It can also be used to create high strain rate
superplasticity and to produce surface composites (Mahoney et al. 2001a; Mahoney et al.

2001b; Mishra et al. 2003).

Copper has many good properties (such as high electrical and thermal conductivity,
excellent corrosion resistance, and good formability) which cannot be fully utilized due to
restrictions in its weldability. Copper is difficult to join using conventional fusion welding
methods due to its high thermal conductivity. FSW is suitable for joining copper because

the heat is created on the spot by friction between the tool and the base material.

The most important and critical application of FSW in joining copper is the corrosion
barrier canister for spent nuclear fuel. The plan is to encapsulate the spent nuclear fuel after
cooling. The fuel elements will be placed in a cast iron insert which provides the
mechanical strength, surrounded by a copper canister which acts as a corrosion barrier. The
canisters will be deposited 500 m deep in the crystalline bedrock embedded in bentonite
clay. Figure 1 shows the different barriers in the final disposal of spent nuclear fuel.

(Andersson and Andrews 1999)
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Cladding tube Spent nuclear fuel Bentonite clay Surface portion of deep repository

Fuel pellet of Copper canister Crystalline Underground portion of
uranium dioxide with cast iron insert bedrock deep repository

Figure 1. System for the disposal of spent nuclear fuel (Cederqvist 2006).

The spent nuclear fuel should be contained in the canisters for at least 100 000 years, until
the radiation is on a safe level. Copper is selected due to its good corrosion properties
under the repository conditions. Due to the reducing environment many materials, e.g.
stainless steel, would corrode quickly as the protective oxide layer could not renew itself.
Copper is also deformed readily, thus accommodating, e.g., rock displacements assuring

the leak-tightness of the copper canister.

The copper corrosion barrier is a crucial part of the system for the disposal of spent nuclear
fuel. The canisters will be made of phosphorus-doped oxygen-free copper (Cu-OFP). The
addition of about 50 ppm of phosphorus improves the creep properties of the copper
significantly. The grain size of the copper must be 360 um or smaller in order to guarantee
a hot-worked condition and suitability for ultrasonic inspection. The grain size requirement
is readily fulfilled using FSW, whereas the grain size in electron beam welds (EBW) can
be up to 12-15 mm. The canister thickness will be 50 mm, diameter 1050 mm, and the
length and weight will vary depending on the fuel type (3600-5250 mm and 5300-7585 kg,
respectively). The lid (and the bottom when not using tubes with integrated bottoms) will
be joined to the tube by either FSW or EBW. It is estimated that approximately 3000
canisters will be used in Finland and 6000 canisters in Sweden. The Swedish Nuclear Fuel

and Waste Management Co. (SKB) has chosen FSW as their reference method, whereas
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Posiva Oy in Finland is studying the use of EBW. (Andersson et al. 2000; Andersson and
Andrews 1999; Cederqvist and Andrews 2003; Raiko 2005; SKB 2007)

Despite their many advantages, FSW and FSP are fairly unknown and little used in
Finland. Improving the knowledge level on the methods could lead to benefits in many
industries. FSW of copper in particular is very interesting, as it will be used in the final
disposal of spent nuclear fuel. It is important to understand the factors influencing FSW of

copper to ensure the best possible weld quality and safe final disposal.

1.2 Structure of the Thesis

This Doctoral Thesis consists of a theoretical section (Chapters 2-7) describing the state-of-
the-art of FSW and FSP of copper and an experimental section (Chapters 8-11) describing
the objective, experimental methods, results, and discussion, followed by conclusions and

suggestions for future work. The contents of the Chapters are as follows:

Chapter 2 gives an overview of FSW of copper. The welding process, material flow,
microstructure, banding, and welding parameters are described, along with tool geometry
and materials. Then the role of copper as base material and factors such as flow stress and

dynamic recrystallization are considered.

Chapter 3 introduces FSP, the most important variation of FSW. A general description of
the process and the tool geometry as well as the resulting improvements in microstructure
and other properties as compared to the as-manufactured state are given and FSP of copper

is discussed.

Chapter 4 concentrates on dissimilar metal welding. FSW is used to join different
aluminium alloys together as well as aluminium to copper, steel, magnesium, titanium, etc.
Emphasis is on FSW of copper to aluminium. The method, resulting microstructure, and

the formation of intermetallic compounds are described.

Chapter 5 focuses on entrapped oxide particles in FSW welds. The origin, avoidance, and

effect of entrapped oxide particles are discussed.
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Chapter 6 concentrates on welding defects in copper FSW welds. Welding defects in
copper FSW welds are different from those in fusion welds and also from those in
aluminium FSW welds. A classification of the welding defects is provided along with a

description of the welding defects and their formation.

Chapter 7 describes the mechanical properties of copper FSW welds. Tensile properties
and hardness profiles of copper FSW welds are described.

Chapter 8 outlines the objective as well as the scope of this Doctoral Thesis.

Chapter 9 describes the experimental investigations of this Doctoral Thesis. The subjects
include base materials, tool materials and geometries, arrangements, welding trials, and
experimental methods. The used experimental methods were sample preparation, optical
microscopy, SEM, EBSD, tensile testing, hardness measurements, three-point bend tests,

electric resistivity measurements, and optical strain measurement.

Chapter 10 shows the results obtained in this Doctoral Thesis. Results include the
microstructure and mechanical properties of copper and Cu/Al dissimilar metal FSW welds
as well as the localization of plastic deformation in different parts of the copper corrosion

barrier canister for spent nuclear fuel and entrapped oxide particles in copper FSW welds.

Chapter 11 contains the discussion of obtained results. Results are also compared to those

of other studies.

Chapter 12 provides the conclusions of the Doctoral Thesis.

Chapter 13 suggests topics for future research.
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2 FRICTION STIR WELDING OF COPPER

FSW is a new welding method invented at The Welding Institute (TWI) in UK in 1991. It
is a solid state joining method and therefore the defects of fusion welding due to the liquid
state, such as solidification cracking, are either greatly diminished or completely avoided.
It offers excellent weld quality with mechanical properties generally equal or superior to
those of the base material, especially as compared to fusion welding methods. There is no
steep gradient in the joint properties or microstructure. Additionally, it is safe, clean, and
environmentally friendly. It does not require expensive filler wires or high level of operator
skill or training, and it can take place in all positions from downhand to overhead. At the
moment it is mainly used for joining aluminium alloys, although it is feasible for a variety
of materials, including steel as well as copper, nickel, and titanium alloys. (Dawes 1995;

Threadgill and Nunn 2003; Arbegast 2006; Ahmed et al. 2008)

2.1 Process

Even though the principle of FSW is simple, the mechanisms behind the formation of the
weld are very complex (De Vuyst et al. 2006). Material flow during FSW is dependent on

the base material, tool geometry, and welding parameters.

2.1.1 Principle

The principle of FSW is as follows. A non-consumable, rotating tool is plunged between
the rigidly clamped pieces to be welded. Heat generated by friction between the tool and
the base material and plastic shear deformation softens the base material but does not melt
it. Frictional heating dominates in the upper region of the weld and plastic work-induced
heating in the lower region (Song and Kovecevic 2003; Colligan and Mishra 2008). As the
tool is moved along the joint line, the butting surfaces are “stirred” together by the severe
plastic flow around the rotating tool. The tool transports the plasticized base material from
the leading side of the tool to the trailing side of the tool in a manner similar to extrusion or
forging. On the trailing side of the tool, the material cools and a solid-state weld is formed.

Figure 2 shows a schematic presentation of the FSW process and the main terminology.
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(Thomas et al. 1991; Dawes 1995; Shercliff and Colegrove 2002; Threadgill and Nunn
2003; Kallee and Nicholas 1998; Ahmed et al. 2008; Cam 2011)

sufficient downward force to
im aintain registered contact

Advancin

zide of weld Joint

Trailing edge of Retreating side
the rotating tool of veld

Figure 2. A schematic presentation of the friction stir welding process with the main
terminology (Kallee and Nicholas 1998).

Local melting of the base material near the tool is a much debated topic. There is no
microstructural evidence of melting, and furthermore, local melting generally does not
cause problems related to bulk melting, such as hot cracking, observed in fusion welds.
Colegrove and Shercliff (2005) suggest that at higher temperatures slip (instead of stick
condition) occurs reducing heat generation and, consequently, avoiding material melting.
An alternative theory by Seidel and Reynolds (2001) is that heat generation is reduced by

material softening at higher temperatures.

2.1.2  Material Flow

The base material is moved by the tool in a flowing manner during FSW. The material flow
is very complex and it depends on tool design, welding parameters, base material, and the

contact condition between the tool and the base material. The material flow is very
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different on the advancing side as compared to the retreating side. While material on the
retreating side is merely wiped from the front of the tool to behind it, the flow of the
material on the advancing side is much more complex (Figure 3). The material on the
advancing side enters a rotational zone close to the probe, rotating for one or several
revolutions before being deposited behind the tool over a much wider region. The more the
material from the advancing side is rotated around the tool probe, the more highly
deformed it becomes. According to the marker material studies, most of the material ends
up behind its original position, the distance of about one probe diameter. A final position in
front of the original position is noticed mainly near the tool shoulder. Some studies show
evidence of vertical displacement due to the downward force caused by the tool threads.
(Guerra et al. 2003; Schmidt et al. 2006; Zettler et al. 2006; Zhang et al. 2005; Seidel and
Reynolds 2001; Zhang et al. 2007; Guerra et al. 2001; London et al. 2003; De Vuyst et al.
2006)

Advancing Side

Cu

Retreating Side Bottom View

' 5mm '

Figure 3. Displacement of marker materials (titanium on the advancing side and
copper on the retreating side) during FSW of an aluminium alloy (Zettler et al. 2006).
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Colligan (1999) made comprehensive tests of the material flow using steel shots as tracer
material in aluminium alloy FSW welds. The steel shots were placed in different positions
and their movement was documented using radiography. Figure 4 shows the original
positions of the steel shots. Figures 5 and 6 show the final positions of the tracer material
steel shots in horizontal and side views, respectively. Based on the results it was concluded
that material movement in aluminium alloy FSW welds occurs either by extrusion or
chaotic mixing, depending on the original location of the base material. Base material in
the upper region of the weld path is stirred, forced down by the probe, and deposited in the
centre of the FSW weld, the “nugget”. Other material is simply extruded around the

retreating side.

Retraating Sida

{4.8 mm

AL __.'.,-:___,, om0 A A L e
|
—! lﬂ 2.5mm
2.5mm _4.| |-G—

—# 54 mm
— 54 mm L‘—

Figure 4. Original positions of the steel shot tracer material in aluminium alloy 7075-
T6 plate (Colligan 1999).
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Figure 5. Horizontal view of the positions of the steel shot tracer material in

aluminium alloy 7075-T6 FSW welds (Colligan 1999).
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Figure 6. Side view of the positions of the steel shot tracer material in aluminium alloy
7075-T6 FSW welds (Colligan 1999).

Schneider et al. (2006) introduced a model of the flow components in FSW (Figure 7)
based on marker material studies using lead embedded in aluminium alloy 2195-T81. The
flow components are rigid body rotation, uniform translation, and ring vortex. The rigid
body rotation represents the material surrounding the tool and rotating with it. It is
separated from the rest of the weld metal by a cylindrical shearing surface of velocity
discontinuity. The uniform translation denotes the tool traverse velocity. It is a

homogeneous, constant velocity flow field. The ring vortex encircling the tool represents

25



the effects of axial motion. The downward flow is caused by the features of the tool probe
and shoulder. The upward flow at a greater radius results from the backing plate (under the
pieces to be welded) changing the direction of the downward flow. Only the radial
components of the ring vortex flow interact with the two other flow components, leading to
lateral shifts of the tracers. Heurtier et al. (2006) presented essentially the same flow
components as Schneider et al.’s (2006) model. They concluded that as the material on the
advancing side spends a longer time in the ring vortex field and is more affected by it, the
strain and the resulting grain structure refinement are higher on the advancing side as

compared to the retreating side.

\
J

Retreating
Side

Advancing
Side

Straight-
through
current

Yortex
influenced
current

Figure 7. Schematic of the flow fields in FSW by Schneider et al. (2006). The flow
components are rigid body rotation (a), uniform translation (b), and ring vortex (c).
The combined effect of these is seen in (d).

Schmidt et al. (2006) studied material flow in FSW of aluminium alloy AA2024-T3 and
presented a somewhat different model for the material flow. They concluded that there are
several flow zones (e.g. rotation zone, transition zone, and deflection zone), as seen in
Figure 8, which are closely linked to the corresponding material flow. Figure 9 shows

computer tomography images of horizontal sections of AA2024-T3 joints with copper
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strips as marker material in different configurations, demonstrating the model of Schmidt et
al. (2006). Advancing side of the weld is on the right and traverse direction is from the
bottom to the top of the figures. Figure 9b illustrates the presence of marker material traces
several probe diameters in front of the original marker material line, indicating that the
material has been transported forward in the rotation zone. It is assumed that the marker
material has first entered the transition zone, moved forward in the rotation zone, and then
back to the transition zone, from which it is deposited. However, even though traces of the
marker material are deposited in front of the original marker material line, most of it is

deposited behind the original line, as can be seen in Figures 9b and c.

Welding direction Tramsverse MM
- position
Loim

! 3 Tool probe

1 Rotation layer
= Transition layer
a ™ Wao =W, [ Deflection zone

Welding direction
=t s

c

Figure 8. A schematic presentation of the different flow zones in the model by
Schmidt et al. (2006).
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Figure 9. Computer tomography images of horizontal sections of AA2024-T3 joints
with copper strips as marker material (Schmidt et al. 2006).

Several studies have divided the material flow into two components: shoulder-driven and
probe-driven flows. Shoulder-driven flow is dominant just below the surface of the base
material, under the shoulder. The shoulder provides frictional heating and constrains the
plasticized base material. The probe-driven flow occurs deeper in the base material, around
the tool probe. The rotating probe induces heating by plastic deformation. The two flow
components merge and form a defect-free FSW weld. (Kumar and Kailas 2008; Chen and
Maginnes 2004; Heurtier et al. 2006; De Vuyst et al. 2006; Dong et al. 1999; Guerra et al.
2003)

2.1.3 Welding Parameters

There is a consensus that the most important welding parameter is the rotation speed, but
that the traverse speed and plunge depth are also very significant. Rotation speed
determines the heat input and temperature as well as the shear experienced by the FSW
welds. Consequently, it influences the microstructure and mechanical properties of the
FSW welds. Other welding parameters include tilt angle, spindle power, torque, Z force, as
well as the distance between the FSW weld and the side of the plate. (Record et al. 2004;
Dawes and Thomas 1999; Nandan et al. 2008; Mishra and Ma 2005; Gould et al. 1998;
Surekha and Els-Botes 2011; Yan et al. 2004; Cederqvist 2011; Cederqvist 2006;
Fehrenbacher et al. 2011; Ahmed et al. 2008; Dubourg et al. 2006)

Many factors affect the process of FSW. Colligan and Mishra (2008) developed a

conceptual model of the influence of different welding parameters on the FSW process.
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Figure 10 shows the model of the relationships between different welding parameters and

their effects.
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Figure 10. Conseptual model of the relationships between welding parameters and
their effects (Colligan and Mishra 2008).

An example of the formation of a FSW welding parameter window in Cu-OF can be seen
in Table 1. It shows the effect of rotation and traverse speeds on the formation of welding
defects in the welds. Around the area where defect-free welds are formed, the amount and
severity of welding defects grows as a function of the deviation from the values of the

welding parameter window. (Savolainen et al. 2004)
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Table 1. Example of a FSW welding parameter window for Cu-OF showing the
influence of rotation and traverse speeds on welding defect formation (Savolainen et
al. 2004).

Cu-OF
RPM
Good weld Good weld
1400 300 600
Good weld Small void Large void
1120 250]  Very small void 750 1000
Good weld Good weld Void
900 200 400 600
Small void Small void|  Surface-breaking void| Surface-breaking void| Surface-breaking void
710 150 300 450 600 750
Void Surface-breaking void| Surface-breaking void| Surface-breaking void
450 100 300 400 500
Large void Large void Large void| Surface-breaking void| Surface-breaking void
355 50 100 150 200 250

The FSW process can be efficiently controlled by maintaining a constant welding
temperature (about 850 °C for copper). Temperature control is based on changing the input
values, mainly tool rotation speed. Temperature control by tool rotation speed is much
more sensitive than that by traverse speed or axial force. (Cederqvist and Andrews 2003;

Cederqvist 2006; Fehrenbacher et al. 2011)

Generally, there is little need for joint preparation, oxide removal, or the use of shielding
gas (Dawes 1995; Threadgill and Nunn 2003). In critical applications, when the amount of
entrapped oxide particles needs to be minimized, shielding gas during FSW or oxide
removal prior to welding can be used. However, oxide removal from the butting faces prior
to welding is harmful, unless shielding gas is used during welding. Removal of the
protective oxide layer leads to increased oxidation of the butting faces and increased
amount of entrapped oxide particles. Additionally, the use of shielding gas makes the
process more stable with fewer variations in power input and torque (Cederqvist 2011).

(Savolainen et al. 2008)

2.2 Tool

The tool is the most significant factor in FSW along with the correct welding parameters.

The functions of the tool include heating and softening the base material, dispersing the
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oxide layer, extruding the base material from front of the tool to the back and from the top
of the weld to the bottom, and finally consolidating the softened material to form a solid
phase joint. The tool plays a critical role in the material flow. (Threadgill and Nunn 2003;
Mishra and Ma 2005; Nandan et al. 2008)

2.2.1 Tool Geometry

The tool consists of a shoulder and a probe. The length of the probe is relative to the
thickness of the material to be welded (Dawes 1995). Generally both the shoulder and the
probe have features (threads, flutes, flats, scrolls, etc.) to improve the welding action. In
thin section welds the effect of the shoulder is more important, but as the section thickness
grows, the effect of the probe becomes more dominant. Savolainen et al. (2004) noticed
that for FSW of thin section copper a triflat shape is adequate. Thicker sections require
more complex tool geometries. (Shercliff and Colegrove 2002; Threadgill and Nunn 2003;
Andersson and Andrews 1999; Dawes and Thomas 1999)

Tool geometry is very important as it influences the resulting microstructure and size of the
weld and the dispersion of oxides. Tool geometry also contributes to the strength of the
tool. A successful tool geometry produces welds with no defects, no surface undercutting,
and no flash. In addition, the geometry should be easily machinable. Unfortunately, tool
designs are currently based on observations and limited experimental data, not on the

understanding of the fundamental process principles. (Dawes 1995; Nelson 2005)

As the welding speed or section thickness grows, the need for more complicated tool
geometries increases. One innovative development has been a tool geometry where the
shoulder is convex and scrolled, which both constrains the welding material and
compensates for plate thickness variations. Tapered shoulder tool and convex scrolled
shoulder step spiral (CS4) tool also facilitate welding perpendicular to the material surface,

so that there is little thinning and flash. (Colligan and Pickens 2005; Sorenson et al. 2007)
Figure 11 shows the tool design currently used by SKB for FSW of 50 mm thick copper to

be applied for manufacturing spent nuclear fuel canisters. The tool probe is a complex MX

Triflute variant and the shoulder has a CS4 design. (Cederqvist 2011; Cederqvist 2006)
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Figure 11. The tool currently used by SKB for FSW of 50 mm thick Cu-OFP to be
applied for manufacturing spent nuclear fuel canisters. The tool has a probe with a
complex triflute design and a CS4 shoulder. (Cederqvist 2011)

2.2.2 Tool Material

The tool material is ideally non-consumable in order to maintain the tool features and to
avoid contamination of the weld with tool trace material. With increasing welding
temperature the requirements for the tool material become more challenging. Temperature
during FSW of copper varies between 790-910 °C. Welding cycle lasts 45 minutes for the
50 mm thick copper canisters for spent nuclear fuel. (Cederqvist 2006, Cederqvist 2011)

Required properties for tool materials include sufficient strength at welding temperature,
wear and creep resistance, fracture toughness at ambient and welding temperatures,
inertness to the material to be welded, thermal stability, and good friction compatibility
with the base material. The essential and desired properties are summarized in Table 2.
(Threadgill and Nunn 2003; Gould et al. 1998; Colegrove et al. 2003)
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Table 2. Essential and desirable properties of tool material at welding temperature
(Threadgill 2003).

Essential Properties Desirable Properties
Sufficient high temperature strength | Oxidation resistance
Wear resistance at ambient and
operating temperaturcs

Fracture toughness at ambient and
operating temperature

Established material

Inert to workpiece

Good creep performance Low toxicity
Machinability Affordability
Stable microstructure at operating Multiple Supplicrs
lemperature

Inert to workpiece at operating Short lead times
temperature

Microstructural uniformity

At the moment wrought nickel-based superalloys are the most promising tool materials for
FSW of copper. The tool currently used by SKB for FSW of 50 mm thick copper is made
of'a Nimonic 105 probe and a Densimet (sintered tungsten alloy) shoulder (Figure 11). The
tool probe is coated with chromium nitride using PVD (physical vapour deposition) in
order to reduce crack formation (Cederqvist 2011). Inconel 738LC and Inconel 939 were
used successfully by Savolainen et al. (2004). Hautala (2001) used Inconel 718 with
limited success. Polycrystalline cubic boron nitride (PCBN) is also promising, but there are
problems associated with brittleness and size constraints (probe length of only 12 mm is
achievable at the moment). Other, less successful tool materials include cemented carbides,
ceramics, refractory metals, cast superalloys, and oxide dispersion strengthened (ODS)

alloys. (Cederqvist and Andrews 2003)

2.3 Microstructure of the Welds

The microstructure of copper FSW welds is very complicated. It has been studied using
many different methods in a variety of copper grades and plate thicknesses. Zones, grain

structure and size, texture, and precipitates are discussed.
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2.3.1 Zones of FSW Welds

The typical transverse microstructure of a FSW weld is comprised of four zones. The
nugget, often referred to as the dynamically recrystallized zone, is in the centre. The
restoration mechanism depends on the base material. The nugget has undergone the most
severe plastic deformation and the highest temperature. The nugget is surrounded by the
thermo-mechanically affected zone (TMAZ). In TMAZ, strain and temperature are lower,
resulting only in partial recrystallization. TMAZ is followed by the heat affected zone
(HAZ), where the base material property changes are due to the heating caused by FSW.
Beyond this lies the unaffected base material. The microstructure is formed by the
extrusion-like deformation process as well as the rotation of the tool. Subsequent static
changes (such as grain growth) take place in the weld. The different zones of the
microstructure correlate with the distribution of equivalent plastic strain. Figure 12 shows a
schematic presentation of the zones and Figure 13 shows them in a 50 mm thick copper
FSW weld. (Shercliff and Colegrove 2002; Killgren 2010; Zhang et al. 2007; Seidel and
Reynolds 2001)

Figure 12. A schematic presentation of the typical transverse microstructure of a
friction stir weld or processed zone illustrating the different zones: unaffected
material (A), thermally affected (B), thermo-mechanically affected (C), and
dynamically recrystallised material (D). Advancing side is on the left and retreating
side on the right. (Kallee and Nicholas 1998)
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Figure 13. Different microstructural zones in a 50 mm thick copper FSW weld
(Killgren 2010).

When the 50 mm thick Cu-OFP FSW welds are electrolytically polished, three “processing

lines” are revealed. Their location is shown in Figure 14.

Figure 14. The location of processing lines is indicated by arrows in a hydrogen
annealed 50 mm thick Cu-OFP FSW weld. The processing line on the left also
contains entrapped oxide particles.
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2.3.2 Grain Size

In copper FSW welds the grain size depends on the strain rate and temperature causing
dynamic recrystallization during FSW. Lower heat input either by decreasing the tool
rotation speed or by increasing the traverse speed results in smaller grain size. It has also
been noticed that grain growth occurs in the wake of the tool. (Xie et al. 2007; Su et al.

2011; Surekha and Els-Botes 2011; Cam 2011; Belyakov et al. 1998)

The grain size of the FSW welds influences their mechanical properties. Although the grain
size may be smaller in the nugget, the hardness and strength of the weld may be lower
there due to the loss of work-hardening (i.e. reduction in dislocation density). However, a
good compatibility between the grain size and mechanical properties can be achieved with
Hall-Petch relationship if the subgrain size is used as the main strengthening contribution.

(Dalla Torre et al. 2007; Cam 2011)

2.4 Banding

Banding is a feature in the nugget of friction stir welds. It is a repeating pattern, the shape
of which depends on the base material, tool geometry and welding parameters. In
aluminium alloy FSW welds banding appears as cyclic variations in grain size, particle
distribution, texture, and/or hardness. (Reynolds 2008; Yang et al. 2004; Sutton et al. 2003;
Fonda et al. 2004; Zettler et al. 2006; Booth et al. 2007; Fonda and Bingert 2007)

Banding consists of periodic bands which, in horizontal cross-section, are thicker in the
centre and thinner on the edges due to the forward motion of the tool. Figure 15 shows a
horizontal cross-section of an aluminium FSW weld. Band spacing corresponds to the feed
per revolution as well as to the tool geometry (features such as flutes and flats). The
microstructure is more homogeneous and, consequently, the band contrast is lower in slow
(“hotter”) FSW welds than in medium and fast (“colder”) welds. (Fonda et al. 2004;
Ahmed et al. 2008; Yang et al. 2004; Cui et al. 2008; De Vuyst et al. 2006; Krishnan 2002;
Xu and Deng 2008; Li et al. 1999)
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Figure 15. Horizontal cross-section of an aluminium FSW weld. Advancing (A) and
retreating (R) sides of the weld as well as the rotation and traverse directions are
marked. (Fonda et al. 2004)

On the advancing side of the weld the bands are very sharp and well defined but on the
retreating side they are more diffuse/obscured (Fonda et al. 2004; Ahmed et al. 2008). The
constituent particle size is larger on the advancing side and smaller on the retreating side of
the weld. Volume fraction of the particles is also higher on the retreating side. This may be
due to the considerably higher estimated strains on the advancing side as compared to the
retreating side, leading to more pronounced refinement of particles on the advancing side
of the weld. (Fonda et al. 2004; Yang et al. 2004; Sutton et al. 2003; Cui et al. 2008; Zhang
et al. 20006)

Chen and Cui (2007) studied the formation mechanisms of banding. They caused the tool
probe to break suddenly and analysed the material around the probe. They noticed that the
bands are formed as the material is forged and spread by the tool flanks. Each thread space

is geometrically restricted (consisting of upper and lower flanks, crests of the thread, and
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root) and produces one layer of banded material in the nugget in one rotation of the tool.
Also Krishnan (2002) concluded that in FSW a semicylindrical layer of material is
extruded by the tool in one rotation of the tool, resulting in the formation of banding.
Figure 16 shows the formation of the weld and the banded structure as a result of the

geometrically restricted deposition of the material in a layered manner.

Figure 16. Formation of banding as a result of the geometrically restricted depositing
of material in a layered manner (Chen and Cui 2007).

In aluminium alloy FSW welds the formation of banding depends on the tool rotation
speed as seen in a schematic diagram in Figure 17. Low rotation speeds lead to a zigzag
pattern and banding is only formed at higher rotation speeds. Banding forms as material
from the retreating and advancing sides with different histories are layered and mixed. (Xu
and Deng 2008; Hamilton et al. 2008; Guerra et al. 2003)
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d Advancing side Retreating side

Figure 17. A schematic presentation of the effect of tool rotation speed on the
formation of banding in aluminium alloy FSW welds. A transverse cross-section of a
weld produced by low rotation speed shows a slightly deformed weld interface (a)
while at high tool rotation speed the interface is highly deformed and banding
appears (b). (Xu and Deng 2008)

In aluminium alloy FSW welds the complex thermal and deformation histories greatly
affect the resulting microstructure. Slight variations in the original crystallographic
orientations of the base material have also an effect on the microstructure, as they react
differently to the shear deformation during FSW. (Fonda and Bingert 2007; Ahmed et al.
2008)

According to Prangnell and Heason (2005), the orientation differences in aluminium alloy
FSW welds are due to rigid body rotations between adjacent bands caused by irregularities
in the material flow, whereas Fonda and Bingert (2007) state that the orientation
differences are caused by periodically changing deformation conditions (variations in strain
rate or temperature) resulting in texture variations between the bands. Also Chen and Cui
(2007) concluded that microstructural variations in the bands (e.g. variations in grain size,

particle distribution, or texture) are due to shear deformation variations within the layers.

Reynolds (2008) noticed a cyclic fluctuation in torque and X-force corresponding to the

banding in aluminium alloy FSW welds. Both he and Schneider et al. (2006) suggest that
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the material flow is affected by the contact conditions (stick-slip) between the tool and base

material, thus varying the strain rate.

2.5 Copper as Base Material in FSW

FSW of copper is more difficult as compared to FSW of aluminium as copper has
significantly higher melting point, thermal conductivity, and flow stress. According to
Mahoney (2003), the flow stress at welding temperature determines the friction stir
weldability of a given material. Restoration process influences the resulting microstructure
and mechanical properties. Kéllgren and Sandstrom (2003) state that in FSW of copper the
main restoration process is recrystallization, which is visible in the nugget (compeletely
recrystallised) and also in the TMAZ (partially recrystallised). Dynamic recrystallization
(DRX) lowers the flow stress during deformation at elevated temperatures. There are also
some other factors that are considered to influence the friction stir weldability of a material.
Heat transfer characteristics (such as thermal conductivity, heat capacity, and thermal
diffusivity) of the base material largely define the required process conditions for welding.
For example, low thermal diffusivity reduces the heat transfer rate, which can be
compensated with lower tool rotation and higher traverse speeds and a larger tool shoulder
diameter. Melting temperature of the base material gives an indication of the operating
temperatures and stresses of the tool. Effective plastic range is the range of temperatures
over which the weldable material can achieve a plastic state. A wide plastic range of the

weld material results in a wide range of processing conditions. (Gould et al. 1998)
2.5.1 Properties of Copper

Copper has a face-centred cubic (fcc) crystal structure and it does not undergo phase
changes after solidification. Melting point of copper is 1084 °C. Copper has a significantly
lower stacking fault energy (SFE, 78 mJ/ m”) as compared to that of aluminium, affecting
the restoration process. Other properties of copper include high thermal and electrical

conductivity, formability, and corrosion resistance. (McNelley et al. 2007)
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2.5.2 Flow Stress

Mahoney (2003) concluded that flow stress at the welding temperature determines the
ability of a metal to be friction stir welded. Flow stress is the average of the yield and
tensile stresses of the material. Gao et al. (1999) tested copper with 99.99 and 99.99999
mass percent purities (4NCu and 7NCu, respectively). It was noticed that increasing the
temperature or decreasing the strain rate lowers the flow stress, as seen in Figure 18. The
increasing amount of impurities has also a large increasing influence on the flow stress.
DRX is indicated by softening and steady state after a peak stress on the flow curves of the
material. The same flow stress can be obtained with various combinations of temperature
and strain rate. The combined influence of temperature and strain rate can be defined with

the Zener-Hollomon parameter (Z), shown in the following equation:

Z=¢exp(Q/RT), (1)

where ¢ is the strain rate, T is the absolute temperature, R is the gas constant, and Q is the
activation energy for deformation. The apparent activation energy for hot deformation of
copper in the high temperature (700-950 °C) and high strain rate (3-100 s™") region suggests
that the rate-controlling mechanism is grain boundary self-diffusion. (Prasad and Rao

2004)
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Figure 18. The influence of temperature (left) and strain rate (right) on the flow stress
of copper with different purity grades (Gao et al. 1999).
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2.5.3 Dynamic Recrystallization

Dynamic recrystallization is a restoration process which occurs during high-temperature
metal working operations, for example hot rolling, forging, and extrusion. Many
researchers (e.g. Killgren and Sandstrém 2003) have reported on dynamic recrystallization
occurring during friction stir welding of copper, especially in the weld nugget. It is
consistent with the observations of Shercliff and Colegrove (2002), who report that some
aspects of FSW can be compared to extrusion and forging. Dynamic recrystallization is
beneficial as it lowers the flow stress of the material and enables the material to be more
easily deformed. It also influences the texture and grain size of the worked material, thus

affecting its properties. (Humphreys and Hatherly 1995)

DRX is dependent on temperature, strain, stress, and the initial microstructure. Impurities
increase the temperature of recrystallization. DRX is a continuous process of deformation,
nucleation of grains, and subsequent migration of grain boundaries leaving new
dislocation-free grains, which then deform further. The driving force for DRX arises from
the elimination of dislocations generated during deformation. In metals with low or
medium stacking fault energy (SFE), such as copper and its alloys, in which restoration
processes are slow, DRX may take place when a critical deformation condition is reached
(dislocation density increases to a critical value necessary for DRX to occur). Figure 19
shows a schematic of the typical characteristics of DRX with changes in the deformation
conditions, including stress-strain response, grain size evolution, and stress dependence on
grain size. Grain size in DRX is only dependent on the processing conditions, not on the

initial grain size. (Humphreys and Hatherly 1995; Cram et al. 2009)
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Figure 19. Schematic illustration of the typical characteristics for DRX with changes
in deformation conditions. a) Stress-strain curves with transition from single-peak to
multi-peak behavior. b) Evolution of the grain size from the initial D, to the steady-
state D; grain size. ¢) Dependence of stress on the grain size. (Cram et al. 2009)

A simplified description of DRX is as follows. During high-temperature deformation new
grains originate at the high-angle boundaries (misorientation greater than 10-15°, generally
old grain boundaries). As the material deformation continues, the dislocation density of the
new grains increases and reduces the driving force for their growth. Finally the
recrystallized grains cease to grow and a new grain structure is formed. Figure 20 shows
the development of microstructure during dynamic recrystallization. DRX generally starts
at the old grain boundaries (Figure 20a). New grains are nucleated at the boundaries of the
growing grains (Figure 20b) and in this way a thickening band of recrystallized grains is
formed (Figure 20c). Eventually the material will become fully recrystallized (Figure 20d).
(Humphreys and Hatherly 1995; Doherty et al. 1997)
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Figure 20. The development of microstructure during dynamic recrystallization. In
(a-d) with large initial grain size and (e) with small initial grain size. (Humphreys and
Hatherly 1995)
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3  FRICTION STIR PROCESSING

Friction stir processing (FSP) is the most important variant of FSW. The process and tools
are similar, but instead of creating a joint as in FSW, the aim of FSP is to locally alter the
microstructure of the base material to obtain desirable properties. By FSP, materials can be
processed selectively at specific locations, without changing the properties of the entire
structure. It can be used to tailor the microstructure of materials to be suitable for various
applications, affecting either only the surface of the material or through-thickness sections.
It creates a gradual transition from the processed material to the unaffected base material.
FSP produces a homogeneous microstructure with a fine grain size and a uniform second
phase particle distribution. FSP can be used, for example, to improve strength, ductility,
resistance to corrosion and fatigue, as well as to enhance thick section formability,
eliminate casting defects, produce surface composites, and create high strain rate
superplasticity (Figure 21). A review of the state-of-the-art of FSP was made by
Savolainen et al. (2006), including the principle, tools, applications, and materials. (Fuller
et al. 2003; Mahoney et al. 2001a; Mahoney et al. on-line; Mahoney and Lynch on-line;
Mishra et al. 2003; Ma et al. 2004)

FSP has been used in many applications for aluminium alloys. It has been applied to the
enhancement of fatigue life by microstructural refinement and homogenization as well as
to the elimination of casting defects, production of high strength (650 MPa) and good
ductility in cryomilled nanophase aluminium alloys, to the improvement of tensile
properties of fusion welded dissimilar aluminium alloys by eliminating porosity and
refining the microstructure, to the creation of high strain rate superplasticity, and to the
production of ultra-fine grained aluminium with excellent mechanical properties. (Sharma
et al. 2004; Berbon et al. 2001; Fuller et al. 2004; Charit and Mishra 2003; Kwon et al.
2003)

In addition to aluminium alloys, FSP has been applied to many other materials. Lee et al.
(2008) reported in-situ production of aluminium-iron nanocomposites with enhanced
modulus and tensile strength. FSP was used to harden the surface of cast iron by forming
extremely fine martensite with the resulting microstructure possessing average hardness of

700 HV (Fujii et al. 2008). The effects of arc welding in 304L stainless steel were
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diminished by FSP which lowered the residual stresses and eliminated the cast
microstructure as well as defects such as cracking and porosity (Sterling et al. on-line). FSP
eliminated casting defects of Ni-based superalloy Inconel 718 while producing
homogeneous microstructure and fine grain size as well as yielding the fracture toughness

and microhardness values above those of the base material (Jasthi et al. 2011).

Friction Stir Processed Al-4Mg-1Zr alloy Friction Stir Processed Al-4Mg-1Zr alloy

“ antosted H untested
H 1x10% " H 550°C
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H 3x107%"! F—‘ 475°C
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}——' 1x107%" '——i 425°c
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Figure 21. Al-4Mg-1Zr specimens produced by FSP before and after superplastic
deformation. a) At 525 °C and different strain rates and b) at 2x107's™ and different
temperatures. (Ma et al. 2003)

3.1 Process

In FSP, the material modification mechanisms are the same as in FSW. The tool is
traversed until the entire area to be processed has been covered. The passes are
overlapping, the tool probe typically being moved by '2 probe diameter to the advancing
side of the previous pass. Posada (2006) reported the use of a spiral raster in moving the
tool in order to eliminate the advancing side and the defects associated with it. Figure 22
shows a schematic presentation of FSP. (Dawes 1995; Mahoney and Lynch on-line; Fuller

et al. 2003)
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a) : b)

Figure 22. A schematic presentation of FSP. A rotating tool is plunged into a work
piece. Friction heats and plasticizes the base material and as the tool is traversed, a
processed zone is created. (Mahoney and Lynch on-line).

3.2 Tool

The geometry of the FSP tool depends on the application. The tool shoulder and length of
the probe control the thickness of the processed zone. When processing thicker sections,
the geometry can be the same as in FSW, with a shoulder and a probe. When only the
surface needs to be processed, a tool without a probe can be used. Figure 23 shows a
probeless FSP tool, which is effectively just a scrolled shoulder. A scrolled shoulder was
noticed to reduce the amount of flash as well as to produce a greater FSP depth. (Shercliff
and Colegrove 2002; Dawes and Thomas 1999; Fuller et al. 2004; Dawes 1995; Mahoney
et al. 2001a)
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Figure 23. A probeless FSP tool with a 38 mm diameter scrolled shoulder and a 2 mm
deep web (Fuller et al. 2004).

3.3 FSP of Copper

FSP is used to improve the mechanical properties of pure copper. The mechanical
properties of the processed material as compared to those of the base material depend on
the condition of the base material (annealed or work-hardened) as well as on the heat input
during FSP. When compared to annealed base material, FSP increases hardness as well as
yield and ultimate tensile strength values with little effect on elongation to fracture. FSP of
work hardened material lowers hardness as well as yield and ultimate tensile strength
values and it also significantly improves the elongation to fracture. Lower heat input during
FSP (achieved by increasing traverse speed and/or decreasing rotation speed) leads to
smaller grain size, higher hardness as well as yield and ultimate tensile strength values, and
lower elongation to fracture. It was also noticed that FSP does not impair the electrical
conductivity of copper despite the smaller grain size. (Surekha and Els-Botes 2011;

Barmouz et al. 2011a; Barmouz et al. 2011b)

Su et al. (2011) produced nanocrystalline structures in oxygen-free high conductivity
copper (Cu-OFHC) by FSP in a single step. They used small tools and rapid cooling with
dry ice in order to minimize the heat input. The resulting microstructure had equiaxed
grains with the grain size varying from 50-300 nm (174 nm in average) and nearly random

orientation.
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4 DISSIMILAR METAL WELDING

FSW offers interesting possibilities for the joining of dissimilar materials due to the solid
state nature of the method. Metals with different melting points or materials which cannot
be welded using fusion welding methods can be joined using FSW. Dissimilar material
welds between, for example, different aluminium alloys (marine and aerospace industry),
aluminium and steel (automotive industry), aluminium and titanium (aviation industry), as
well as aluminium and magnesium (automotive industry) are possible. (Tanaka et al. 2009;
Lee et al. 2006; Watanabe et al. 2006; Okamura and Aota 2004; Cavaliere et al. 2009; Choi
et al. 2011; Karlsson et al. 2000; Dressler et al. 2009).

Copper and aluminium are widely used in the electric power industry. However, it is
difficult to join them using fusion welding methods due to their large differences in
physical and chemical properties and the tendency to form brittle intermetallic compounds
(IMC). FSW of Cu/Al dissimilar metal joints is discussed in more detail in the following.
(Xue et al. 2011a; Braunovi¢ and Alexandrov 1994; Elrefaey et al. 2005)

4.1 FSW of Dissimilar Materials

The arrangement of the base materials in regard to FSW is important. Generally, the lower
strength material should be on the retreating side in order to prevent it from being displaced
from the weld as flash and from causing large voids and poor surface quality. If the base
materials have similar properties (such as AI/Al or AI/Mg), the arrangement is not so
critical. (Okamura and Aota 2004; Xue et al. 2011a; Cavaliere et al. 2009; Karlsson et al.
2000; Uzun et al. 2005; Watanabe et al. 2006)

Another important aspect in FSW of dissimilar metals is the location of the probe in
relation to the joint line. Displacement of the probe from the centre line has been proven to
be beneficial. Okamura and Aota (2004), Xue et al. (2010; 2011a; 2011b), Watanabe et al.
(2006), and Uzun et al. (2005) offset the probe significantly to the side of the softer
material, barely touching the harder material. According to them, it makes the joining of
materials with different properties feasible. The temperature is lower as compared to

welding at the centre of the joint line, leading to the formation of a smaller amount of
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brittle IMC layers, but also less mixing of the base materials. In the study by Savolainen et
al. (2005), the probe offset was slightly on the copper side, as the tool geometry was
initially designed for making copper welds. Good quality dissimilar metal welds were

produced also with this configuration.

IMC structures are found in FSW welds of dissimilar materials (Cu/Al, Al/Mg, Al/T1, etc.).
They were also discovered by Savolainen et al. (2005) between copper and aluminium. The
thickness of the IMC layers increases with increasing tool rotation speed and decreasing
tool traverse speed, corresponding to higher temperatures and longer duration times. The
IMC structures have a significant influence on the mechanical properties of the joints.
While a thin IMC layer or structure improves the mechanical properties, a thick layer
decreases them dramatically. (Choi et al. 2011; Dressler et al. 2009; Ouyang et al. 2006;
Xue et al. 201 1a; Sarrafi et al. 2011)

4.2 Cu/Al Dissimilar Metal FSW

For Cu/Al dissimilar metal FSW it applies that copper should be on the advancing side in
order to produce defect-free welds with good surface quality. Copper with its higher flow
stress and melting point is more difficult to transport than aluminium. When copper is on
the retreating side, material flow is more difficult which leads to poor weld surface quality,
high amount of flash, and weld defects. (Xue et al. 2011a; Okamura and Aota 2004;
Avettand-Fénoél et al. 2010; Sarrafi et al. 2011, Savolainen et al. 2004)

Cracks, voids, large copper particles, and poor surface quality were observed at small
probe offsets due to the difficult mixing between copper particles and aluminium matrix.
At sufficiently large probe offsets (to the aluminium side) the welds exhibited good surface
quality and defect-free welds with a fairly uniform mixture of Cu particles in aluminium
matrix. Savolainen et al. (2005) produced good quality welds with probe offset to the
copper side (Figure 24). They used a tool geometry designed for FSW of copper, whereas
in the other studies a tool geometry used for FSW of aluminium has been used. Avettand-
Fénoél et al. (2010) also suggest that the tool offset should be to the copper side in order to
obtain higher deformability of copper. (Xue et al. 2011a; Okamura and Aota 2004; Sarrafi
etal. 2011)

50



Figure 24. A transverse cross-section of a double-sided Cu/Al dissimilar metal FSW
weld.

Xue et al. (2011b) studied the influence of welding parameters on FSW of Cu/Al dissimilar
metal joints. They noticed that at lower tool rotation speeds voids are formed due to
insufficient heat formation. At medium rotation speeds good quality welds with a
continuous, thin IMC layers were produced. With too high rotation speeds the layered IMC
structures grew too thick, having an adverse effect on the mechanical properties of the
welds. The weld surface quality also suffered greatly from the formation of too excessive

IMCs.

Generally, the tensile strength of good quality Cu/Al dissimilar metal FSW joints is similar
to that of the weaker base material. Tensile strength is lowered by low rotation speeds
and/or large probe offsets leading to insufficient mixing of the base materials. Elongation
to fracture is often low in Cu/Al dissimilar metal FSW joints due to the formation of brittle
IMC layers. Minimizing the brittle layer at the weld interface leads to higher elongation to
fracture. (Liu et al. 2008; Xue et al. 2010; Xue et al. 2011a; Okamura and Aota 2004,
Savolainen et al. 2005)

Sarrafi et al. (2011) reported that the ultimate tensile strength of Cu/Al dissimilar metal
FSW joints was 75 % of that of the cold-worked aluminium base material. Fracture

occurred on the aluminium side in the HAZ where FSW had annealed the base material.
Xue et al. (2010) studied Cu/Al dissimilar metal FSW weld interfaces using very small

tensile test specimens. The test samples containing the IMC layer fractured at the particle

rich zone. Tensile strength was up to 210 MPa, being much higher than that of the weaker
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base material (aluminium). They concluded that Orowan strengthening by the IMC

particles had strengthened the structure.

Xue et al. (2011a; 2010) studied Cu/Al dissimilar metal FSW joints using three-point bend
tests. Samples made at the tool rotation speed of 600 rpm and probe offset of 2 mm
exhibited very good results. They could be bent 180° without fracture. At higher tool
rotation speeds the bending properties were poor due to the layered IMC structures at the

weld interface.

Liu et al. (2008) noticed different structures on the copper and aluminium sides of the
nugget. They suggested that they were due to the different thermal conductivities of
aluminium and copper, leading to a temperature reduction in the copper side. Continuous
dynamic recrystallization (CDRX) was noticed on the Al side with significant grain
refinement. They estimated that the material temperature was below 500 °C and that
therefore copper did not experience CDRX, only plastic flow. According to them, no
obvious metallurgical bonding occurred between copper and aluminium during FSW,
resulting in the formation of a weld nugget with a lamellar structure. Contrary to Liu et al.
(2008), Avettand-Fenoél et al. (2010) concluded that dynamic recrystallization occurs both
in aluminium and copper during FSW of Cu/Al dissimilar metal joints and Belyakov et al.
(1998) state that DRX takes place in copper fully or partly at temperatures higher than 250
°C.

Many authors have detected the existence of IMC layers in Cu/Al dissimilar metal FSW
welds. According to X-ray diffraction (XRD) analysis, the detected IMCs are Al,Cu, AlCu,
and AlsCug. The layers are continuous and uniform with thicknesses of about 1 um. The
layers also contained a-Al and the saturated solid solution of Al in Cu. Only Liu et al.
(2008) reported that according to XRD analysis no new IMCs were generated during FSW.
Even though the temperature during FSW is lower than the melting points of copper or
aluminium, it is sufficiently high to form hyper-eutectic Cu-Al alloys. (Ouyang et al. 2006;
Xue et al. 2010; Xue et al. 201 1a; Sarrafi et al. 2011; Elrefaey et al. 2005)

Intermetallic compounds between copper and aluminium are hard and brittle due to their
non-metallic covalent bonding and they have high electrical resistance which reduces the

strength and electrical conductivity with increasing thickness of the IMC layer (Abbasi et
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al. 2001). The formation of the different IMCs depends on the annealing time and
temperature (Lee et al. 2004). Increasing the welding temperature also increases the
amount of IMCs, both at the interface and in the nugget. In FSW the annealing time and
temperature depend on the welding parameters (mainly rotation and traverse speeds of the
tool). Thickness of the IMC layers increases with increasing temperature and time
(Braunovi¢ and Alexandrov 1994). It was noticed that a thin foil (50 um) of zinc between
copper and aluminium decreases the amount of harmful IMCs forming during FSW of lap
joints. The average fracture load of the joints with zinc intermediate layer was three times
higher as compared to the joints without the zinc layer. According to Xue et al. (2011), a
thin layer of IMCs is required at the weld interface to ensure bonding between copper and

aluminium. (Elrefaey et al. 2005)
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5 ENTRAPPED OXIDE PARTICLES

Entrapped oxide particles (also known as kissing bond, joint line remnants, or line-type
artefact) have been studied mainly in aluminium FSW welds. Entrapped oxide particles
form a line, generally in a zigzag pattern. The line meanders partially or completely
through the weld. The line consists of small oxide inclusions (<100 nm) with varying
degrees of amount and connectivity. The particles are located at grain boundaries. The
amount and connectivity of the particles decreases with increasing distance from the root of
the weld due to the more efficient mixing near the shoulder of the tool. (Vugrin et al.

2005; Sato et al. 2004; Palm et al. 2003; Okamura et al. 2002)

The line of entrapped oxide particles is formed by fragmentation and dispersion of the
oxide layers of the initial butting surfaces and it is not seen in bead-on-plate welds. The
pattern of the entrapped oxide particles depends on the welding parameters, base material,
and tool design. As the thickness of the original oxide layer or the alloying element content
of the base material increases, the line of entrapped oxide particles becomes more
pronounced. Removal of the original oxide layers by pickling, brushing, or milling has the
opposite effect. (Palm et al. 2003; Sato et al. 2004; Okamura et al. 2002; Warsinski et al.
2011; Jene et al. 2006)

Although generally considered as harmless, on certain occasions the entrapped oxide
particle lines have been noticed to reduce the mechanical strength of the welds. Figure 25
shows the crack path in a tensile tested aluminium alloy along the line of entrapped oxide
particles. Root and face of the FSW weld were removed prior to testing. Entrapped oxide
particle lines can be occasionally linked with the premature joint failures. SEM studies
have shown that different failure modes are active depending on the location of the
fracture. Failure at the line of entrapped oxide particles exhibits a less ductile fracture dut
to the strain localization, while fracture occurs in a highly ductile manner elsewhere in the
weld. The line of entrapped oxide particles is also assumed to adversely affect the
corrosion properties of the welds. (Jene et al. 2006; Sato et al. 2004; Warsinski et al. 2011;
Palm et al. 2003; Okamura et al. 2002)

54



Figure 25. Crack path in a tensile tested aluminium alloy FSW weld. The fracture is
located at the line of entrapped oxide particles. The root and face of the weld were
removed prior to testing. (Jene et al. 2006)
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6 WELDING DEFECTS

Welding defects occurring in FSW welds differ from those in fusion welds due to the solid
state nature of FSW. This Doctoral Thesis concentrates on defects occurring in copper
FSW butt welds in general and on those in copper spent nuclear fuel canisters in particular.
The formation of welding defects is discussed and a classification and description of the

different defects are given.

6.1 Formation of Welding Defects

When defects begin to form in FSW, they are typically continuous, encompassing the
entire remaining length of the joint. Defects are usually located on the advancing side of
the joint. The defects can be caused by several incorrect variables, such as tool geometry,
traverse and rotation speeds of the tool, plunge depth, and tilt angle. A too wide welding
gap as well as plate thickness mismatch and variation can also lead to the formation of
welding defects. Different welding variables influence the material flow, which in turn
defines the formation of the weld as well as the welding defects. Cederqvist and Andrews
(2003) concluded that the major cause for the formation of weld defects in FSW of 50 mm
thick copper was process instability. They also noticed that a control system of the welding
temperature not only improved weld quality, but also simplified weld production.

(Bendzsak et al. 2000; Leonard and Lockyer 2003; Zettler et al. 2010; Arbegast 2008)

In their 3D model of FSW, Bendzak et al. (2000) attributed the formation of welding
defects to the chaotic transition region of the material flow on the advancing side of the
weld. The transition region is between the region of rotation immediately below the
shoulder and the region of extrusion near the probe. Colegrove and Shercliff (2005) have
also modelled the FSW process and concluded that defects occur on the advancing side of
the FSW weld due to a stagnation point. Experimental results by Leonard and Lockyer
(2003) have supported the theoretical models.
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6.2 Welding Defects in Copper FSW Welds

Arbegast (2008) and Zettler et al. (2010) have analyzed and classified the welding defects
occurring in aluminium alloy FSW welds, but their results are not directly applicable to
copper FSW welds. Figure 26 shows a schematic presentation of the appearance and
location of welding defects in copper FSW welds. Flash formation and plate thinning due
to the effect of the tilted shoulder are not considered as welding defects in this Doctoral

Thesis, but as characteristic features of FSW welds.
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Figure 26. A schematic presentation of the location of different welding defects in
copper FSW welds.

6.2.1 Voids

Voids are volumetric, contain no material, and are aligned with the welding direction. They
are generally continuous throughout the entire weld. Figure 27 shows a double-sided weld
of Cu-DHP with a void on the advancing sides of the welds. The voids can be located on
the advancing side or at the root of the weld depending on the process variables. The size

of the voids varies also greatly. Voids indicate that the weld has been too cold. The
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temperature has not been sufficient to properly plasticize and deform the material. This is
due either to a too high traverse speed, too low rotation speed, or too low plunge depth.
Plate thickness variations or too wide welding gaps can also cause the formation of voids.
In this work the defects known as “worm holes” are considered as voids. Worm holes are
small voids which are aligned through the wall thickness direction instead of along the

welding direction. (Leonard and Lockyer 2003; Bird 2003; Fuller 2007; Kéllgren 2010)

Figure 27. An example of a double-sided Cu-DHP FSW weld with voids on the
advancing sides of the welds.

There are different opinions related to the definition of a void. In this work voids can be
surface-breaking or sub-surface as they are closely related to each other. Figure 28 shows
the similarity in the formation of surface-breaking and sub-surface voids. Voids form when
the amount of heat and pressure has not been adequate to fill the space behind and below

the tool.

Figure 28. Similarity in the formation of surface-breaking and sub-surface voids in a
copper FSW weld.
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Surface-breaking voids are often detected by visual inspection. Dye penetrant and eddy
current testing can also be used for their detection. It is possible to detect sub-surface voids
using non-destructive testing (NDT) methods, such as radiographic and ultrasonic testing

(Bird 2003).

In the upper region of the weld (influenced by the tool shoulder) even surface breaking
voids may form. In FSW of 50 mm thick copper, voids up to 10 mm in diameter have been
noticed on the advancing side. According to SKB (2005), they are due to insufficient

welding temperature, caused in particular by too low tool plunge depth.

Figure 29. Void in the upper part of a 50 mm thick copper FSW weld (SKB 2005).

6.2.2 Lack of Penetration

Lack of penetration (LOP) leaves the plates at the root of the weld unjoined, though they
may have some weak bonding. This type of defect is effectively a crack, which causes the
structure to fracture easily due to the high stress concentration factor. It causes a reduction
in tensile strength and loss of fatigue strength. The severity of the defect depends on its

size. The primary reason for LOP is a too short tool probe. It can be caused also by a too
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low plunge depth, plate thickness variation, improper tool design, or tool misalignment in
relation to the butting surfaces. It is possible to detect LOP with radiographic, ultrasonic,
eddy current, or dye penetrant testing (in through-thickness welds), but no reliable NDT
method is available at the moment. The only definitive method is a bend test with the root
in tension. In critical applications, the weld root is recommended to be machined. Figure 30
shows a LOP defect in a Cu-DHP weld. (Bird 2003; Leonard and Lockyer 2003; Zettler et
al. 2010; Fuller 2007)

Figure 30. LOP in a Cu-DHP weld.

6.2.3 Entrapped Oxide Particles

Entrapped oxide particle lines are occasionally called “lazy S” or “kissing bond”. They
consist of a semi-continuous layer of oxide particles along the joint line. The amount and
connectivity of the micron-sized voids is highest at the root of the weld and diminishes
towards the top of the weld. Figure 31 shows entrapped oxide particle lines in a Cu-OF
weld. (Bird 2003; Vugrin et al. 2005; Fuller 2007)

Entrapped oxide particles are due to insufficient cleaning of the butting surfaces prior to
welding or insufficient breaking and mixing of the original oxide layers on the butting
faces. The formation of entrapped oxide particle lines can be prevented by decreasing the
traverse speed, increasing the rotation speed, or placing the butting faces on the advancing
side of the tool where more efficient mixing occurs. Improvements in the tool design can
also disrupt the oxidised layers more efficiently. Entrapped oxide particles are undesirable,
as they may lead to a loss of mechanical properties or cracking, although they may be

tolerated in certain circumstances. Entrapped oxide particles are very difficult to detect
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using NDT methods. Bird (2003) claims to be able to detect its possibility by determining
the depth of penetration with material noise ratio analysis in ultrasonic testing. (Leonard

and Lockyer 2003; Jene et al. 2006; Vugrin et al. 2005; Fuller 2007; Bird 2003)

The origin of entrapped oxide particles in FSW welds of oxygen-free copper with about 40
ppm of phosphorus (Cu-OFP) was studied by Savolainen et al. (2008). It was noticed that
oxide removal using nitric acid and the use of shielding gas both reduce the amount of
entrapped oxide particles, and that best results are obtained when using both measures

simultaneously.

Figure 31. Entrapped oxide particle lines in a double-sided Cu-OF FSW weld.

The second form of entrapped oxide particles is large inclusions. The presence of oxide
inclusions (smaller than 300 um) has been noticed in FSW welds of 50 mm thick copper.
They are generally found near the surface in the overlap zone of the weld. They are thought
to be caused by oxidation due to welding in air and they can be possibly avoided by using
shielding gas during welding. The oxide inclusions can only be seen with metallographic

studies, not by NDT methods. (SKB 2005)
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Figure 32. Oxide inclusions in the overlap zone of S0 mm thick copper FSW weld
(SKB 2005).

6.2.4 Joint Line Hooking

Joint line hooking (JLH) is generally seen in lap joints, but due to the special joint
geometry of the spent nuclear fuel canister weld, it is also detected at the root of the 50 mm
thick copper FSW weld. An example is shown in Figure 33. It forms when the vertical joint
line is pulled out in the horizontal direction by the material flow. It may also be due to too
long tool probe or too large plunge depth. JLH was most pronounced where the circular
welds overlapped. The size of the defect has been reduced from the maximum of 4.5 mm to
the minimum of 1 mm by shortening the tool probe and/or by using a mirror-image tool
probe. JLH can be easily detected using ultrasound, but not with radiography. (SKB 2005;
Ronneteg et al. 2006; Cederqvist 2006).
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Figure 33. Joint line hooking in a 50 mm thick copper FSW weld (Cederqvist 2006).

6.2.5 Faying Surface Flaw

According to Bird (2003), faying surface flaw is located at the top surface of the plate and
it is a surface-breaking defect. It can contain oxides and it is metallurgically similar to a

rolling lap. Figure 34 shows a faying surface flaw in a Cu-DHP weld.
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There is no information in the literature regarding the formation or effects of the faying
surface flaw. Colegrove et al. (2003) noticed that near the top of the weld, where the
shoulder is dominant, the thin copper strip placed in the joint line (while friction stir
welding aluminium) was very little disturbed by the flow. It can be assumed that the faying
surface flaw is formed in a similar manner. Instead of the copper strip, it is the oxide layer
from the joint line which is not properly dispersed near the tool shoulder and that is what
the faying surface flaw consists of. Faying surface flaw may have harmful effects on the

corrosion properties of the material.

6.2.6 Tool Trace Material

Traces of nickel (20 ppm) were found in 50 mm thick copper FSW welds when using
nickel-based superalloy Nimonic 105 as tool probe material (Cederqvist 2006). The trace
material is usually located close to the surface, but it may be found anywhere in the weld.
The size of the inclusions is smaller than 300 pm. They originate from tool wear caused by
high temperatures and process forces. They can be detected using high-sensitivity

radiography or chemical analysis. (SKB 2005)

Figure 35. Trace material from the nickel-based superalloy Nimonic 105 tool (SKB
2005).
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6.2.7 Pores

Copper FSW welds have been noticed to contain single pores or pore lines in all areas of
the weld. Single pores are 0.1-0.5 mm in diameter, and pore lines may be up to 9 mm in
length. They are due to incorrect welding parameters, especially too small tool plunge
depth. They can only be detected with metallographic studies, not with NDT methods.
(SKB 2005)

Figure 36. Pores in the overlap zone of a 50 mm thick copper FSW weld (SKB 2005).
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7 MECHANICAL PROPERTIES OF THE WELDS

There is very little information available in the literature regarding the mechanical
properties of copper FSW welds. Generally, the results have shown that the mechanical
properties of copper FSW welds are similar to those of the base material, assuming that
suitable welding parameters are used. The mechanical properties seem to be directly related

to the material flow during FSW. (Cam 2011; Zettler et al. 2006)

7.1 Tensile Tests

Heat input during welding and the resulting grain size influence the tensile properties of
copper FSW welds. Lower heat input (lower tool rotation speed or higher traverse speed)
with reduced grain size results in increased yield and tensile strength values and reduced
ductility. Tensile properties of the welds as compared to those of the base material depend
on the condition of the base material (annealed or work hardened) as well as on the heat

input of the welding. (Surekha and Els-Botes 2011; Xie et al. 2007)

Xue et al. (2011b) studied FSW of pure copper using welding parameters with low heat
input and rapid water cooling on the trailing edge of the tool. The resulting welds exhibited
nearly equal tensile properties (yield and ultimate tensile strength values as well as

elongation to fracture) as compared to the base material.

Sun and Fujii (2010) welded 2 mm thick commercially pure copper. They noticed that
increasing the applied load decreases the resulting grain size more than reducing the tool
rotation speed. By increasing the load and consequently obtaining higher hardness than that

of the base material, the samples fractured at the base material in tensile tests.

Andersson and Andrews (1999) compared the tensile strength values of 10 mm thick
phosphorus-doped copper FSW welds at various locations (start, middle, and end of the
weld) and the base material. Tensile strength values of the welds were uniform, but lower
as compared to those of the base material (216-218 MPa and 280 MPa, respectively). The

welds fractured at random locations along the gauge length showing no preferred location.
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7.2 Hardness Profiles

Two competitive mechanisms influence the hardness of copper FSW welds: anneal
softening and grain refinement. The hardness of the weld depends on the dominant
mechanism. The weld hardness in relation to that of the base material depends on the
condition of the base material (annealed or work-hardened) as well as on the heat input of
the welding. Heat input increases with increasing tool rotation rate and decreasing traverse
speed and leads to annealing softening and lower hardness. Lowering the heat input leads
to refined grain size and eventually to higher hardness of the welds as compared to the base

material. (Xie et al. 2007; Surekha and Els-Botes 2011; Cam 2011)
An interesting approach was that by Xue et al. (2011b). They made FSW welds of pure

copper with minimal heat input and rapid water cooling on the trailing edge of the tool. The

resulting joints had hardness nearly equal to that of the work-hardened base material.
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8 OBJECTIVE OF THE DOCTORAL THESIS

The application of using FSW in the sealing of copper corrosion barrier canisters for final
disposal of spent nuclear fuel has made FSW of copper an important research subject.
Increased understanding of the different factors influencing the microstructure and
properties of the welds is necessary to ensure reliable modelling of the behaviour of the
spent nuclear fuel canister. As the required life-time (100,000 years) of the canister cannot
be experimentally validated, the durability of the canister must be predicted based on

shorter-term experiments and modelling.

Cu/Al dissimilar metal FSW welds are of interest to the electric power industry. Cu/Al
dissimilar metal FSW joints with good mechanical properties and high electrical

conductivity could be useful in many applications.

The aim of this Doctoral Thesis was to study FSW of copper and Cu/Al dissimilar metal
FSW as well as the microstructure and properties of the welds. The welding configurations
in this Doctoral Thesis are limited to butt welding. Single-sided welding of 5 mm thick and
double-sided welding of 10-11 mm thick material was studied. The microstructure and

mechanical properties of the copper and Cu/Al dissimilar metal FSW welds were studied.
Other topics studied in this Doctoral Thesis were the origin, detection, and avoidance of

entrapped oxide particles as well as the localization of strain in different parts of the copper

corrosion barrier canister for spent nuclear fuel.
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9 EXPERIMENTAL

The experimental part of the study included welding tests, microstructural studies, and

evaluation of the mechanical properties of the welds.

9.1 Base Materials

The following base materials were studied:

Cu-OF: Oxygen-free electrolytically refined copper with less than 40 ppm impurities and
less than 10 ppm oxygen. Table 3 shows the composition of the Cu-OF material. Cu-OF
was in a cold-rolled condition and the plate thickness was 10 mm. It is a work hardenable

material. Material was provided by Luvata Oy (formerly Outokumpu Poricopper Oy).

Cu-DHP: Phosphorus-deoxidised copper — high residual phosphorus with less than 40 ppm
impurities, less than 30 ppm oxygen, and about 250 ppm phosphorus. Table 3 shows the
composition of the Cu-DHP material. Cu-DHP was hot rolled with an 11 mm plate
thickness. It is a solution strengthened, work hardenable material. Material was provided

by Luvata Oy (formerly Outokumpu Poricopper Oy).
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Table 3. The chemical compositions of Cu-OF and Cu-DHP materials (Luvata Oy,
formerly Outokumpu Poricopper Oy).

Cu-OF (ppm) Cu-DHP (ppm)
Cu 99.997% 99 981%
Ag 10.4 11
Al <0.08 <1
As 0.99 2
Bi 0.32 <1
Cr 0.06 <1
Fe 09 5
H 0.5 0.62
Mg 2 <1
Mn =0.1 <1
Ni 1.1 1
0] 26 25
P <03 161
Pb 022 <2
S 7.1 4
Sn 0.1 <2
Te 033 <4
In 0.5 <2

Cu-OFP: oxygen-free copper with approximately 50 ppm phosphorus. Table 4 shows the

composition of Cu-OFP. Cu-OFP was in hot-worked condition (hot-rolled). The material

was provided by Posiva Oy.

Table 4. The chemical composition of Cu-OFP (Posiva Oy).

Spec. Meas.
168791 168792
Cu % min 99.99 99,092 99,992
Ag ppm mex 25 13,9 14,1
As * 5 0,92 0,98
Bi 1 0,13 0,14
Cd ¢ 1 <0,003 <0,003
Fe " 10 0,6 0,7
H ¢ <0.6 0,5 0,3
| Hg 1 <0.5 <0.5
Mn “ 0.5 <0,1 <0,1
Ni 10 0,6 0.8
0 * <5 1,8 1,5
P " 30-70 51 49
Pb “ 5 0,26 0,27
S - <8 5,0 5,2
Sb “ 4 0,06 0,07
Se " 3 0,1 <0,1
Sn " 2 0,06 0,06
Te i 2 0,08 0,07
Zn 5 1 <0,1 <0,1

70



In the Cu/Al dissimilar metal FSW welds the studied base materials were Cu-OF and
extruded aluminium alloy EN-AW 6060 T6 with plate thickness of 10 mm. Aluminium
alloy EN-AW 6060 T6 was provided by Nordic Aluminium Oy.

Good quality, defect-free 50 mm thick Cu-OFP FSW and EB welds as well as the base
materials were provided by SKB and Posiva Oy, respectively. The lid base materials were
forged and tube base materials were extruded. The base materials were oxygen-free copper
with nominally 30-70 ppm phosphorus (specific compositions were different for each of

the four lid and tube base materials).

9.2 Tools

Two tool types were used in the welding experiments. All welding trials except the banding
experiments were made with nickel-based precipitation hardenable superalloy IN738LC
tools (chemical composition is shown in Table 5). The alloy IN738LC has excellent high
temperature creep-rupture strength and maximum operating temperature of about 980 °C. It
is used for turbine blades and other demanding applications. The tool geometry used for the
nickel-based superalloy IN738LC tools is shown in Figure 37. The tool consists of a shank,

a concave shoulder, a conical probe with three flats, and cooling channels inside the tool.
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Figure 37. The tool geometry used for the nickel-based superalloy IN738L.C tools.
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Table 5. The chemical composition of the nickel-based superalloy IN738LC tool
material in wt. %.

IN738LC
Al 1.84
B 0.011
C 0.151
Co 189
Cr 22.43
Cu < 0.02
Fe 0.15
Hf < 0.05
Mg ppm 323
Mn < 0.05
Mo < 0.05
N ppm 34
Nb 1.01
Ni 48.05
O ppm 7
P < 0.002
5 ppm 10
Si < 0.1
Ta 141
Ti 3.78
V < 0.1
W 203
Y < 0.05
Ir 0.092

A “cold” Cu-OF weld showing banding was made with a commercially available PCBN
tool from MegaStir Inc. PCBN is a superabrasive material primarily used in machining of
Ni-based superalloys, high-strength ferrous materials, and cast irons. As an FSW tool
material, it is used mainly for joining high temperature materials such as steels or stainless
steels. PCBN has a very high hot strength. The PCBN tool had a slightly concave shoulder
and a conical probe with three flats. Probe length was 6 mm, probe diameter 9 mm at the
root of the probe and 6 mm at the tip of the probe. The tool geometry of the PCBN tool was
very similar to that of the IN738LC tools. The lower friction coefficient of PCBN as
compared to IN738LC resulted in less frictional heating of the base material during FSW
and, consequently, a “cold” FSW weld.
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9.3 Arrangements

A converted milling machine (TOS FGS 50T Plus) was used for the friction stir welding
trials. Figure 38 shows an overall view of the arrangement. The arrangement included tool
temperature, power, and tool rotation speed measurement as well as a near-infrared
sensitive video camera, air/gas cooling of the tool, and clamping. The tools had internal
cooling channels and they were usually air-cooled. Gas shielding and internal tool cooling

by carbon dioxide or argon were used in some welds.

Figure 38. An overall view of the welding arrangement.

Figure 39 shows the clamping. Blue L-bars were used to push the sample plates together
from the sides and thick bars to clamp them rigidly to the backing bars (one thick and one
thin, which had to be replaced occasionally as the heat from welding distorted it).
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Figure 39. The clamping arrangement.

9.4 Welding Trials

Prior to welding, joint preparation was used when needed by cleaning, grinding, or etching
the surfaces to be welded. The plates were clamped tightly against each other and the
backing plate. Before welding the tool rotation speed was set to the desired value. The
plunge depth was manually controlled by a Z-axis tool display. The traverse speed was also
manually controlled and it was accelerated to the desired value over a distance of 20-30
mm in order to avoid high stresses on the tool. Tool tilt angle was 2.5° for copper FSW
welds and it was varied for the Cu/Al dissimilar metal FSW joints. In double-sided
welding, the plates were first welded from one side and then after flash removal from the
opposite side. The length of the probe and the plunge depth were chosen so that the double-
sided welds overlapped by 1-2 mm. The shielding gas (when used) was argon. Prior to
welding the work pieces were put in a plastic cover encompassing also the welding head
and table and rinsed with argon for at least five minutes so that argon would replace air
also in the grooves (argon is heavier than air). The work pieces were then welded in argon

inside the plastic cover.
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9.5 Experimental Methods

Sample preparation of copper specimens is challenging especially for scanning electron
microscopy (SEM) and electron backscatter diffraction (EBSD) studies and for the
detection of entrapped oxide particles. Much time and effort was put to the development of
sample preparation methods. FSW welds were studied using optical microscopy, SEM,
EBSD, tensile tests, hardness measurements, bend tests, optical strain measurement,

hydrogen annealing, and electrical resistivity measurements.

9.5.1 Sample Preparation

The basic sample preparation of grinding and polishing was performed with Struers
LaboPol-21 equipment using SiC water grinding papers and diamond polishing paste down

to 1 um particle size.

The samples were further electrolytically polished to ensure a strain-free surface for SEM
and EBSD studies. The samples were electrolytically polished using Struers LectroPol-5.
The polishing liquid was D2 (250 ml phosphoric acid, 500 ml distilled water, 250 ml
ethanol, 2 ml Vogel’s Sparbeize, 50 ml propanol, and 5 g urea). Polishing parameters

varied depending on the size of the sample.

An experimental electrolytic etching method was used to study the microstructure of the
FSW welds, for example to reveal the presence of entrapped oxide particles. The method
exaggerates the size and amount of oxide particles in order to make them more visible. The
method removes the entrapped oxide particles and increases the size of the remaining
“holes”. The electrolytic etching was performed using Struers LectroPol-5 and electrolyte
D2. The parameters of the electrolytic etching were more severe than in electrolytic

polishing and they depended on the size of the sample.

To reveal the microstructure for optical microscopy, the samples were etched using a

50%/50% solution of distilled water and nitric acid for 60 s.
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Oxide removal prior to welding was performed by immersing the samples in a 50% / 50%
solution of water and 65% HNO; for 30 s. The samples were ultrasonically cleaned in
ethanol before and after oxide removal. The samples were welded promptly after oxide

removal to minimize the formation of a new oxide layer.

9.5.2  Optical Microscopy

Optical microscopy was performed using Nikon Epiphot 200 microscope. Samples were
either etched or electrolytically etched using an experimental method to reveal the feature

to be studied.

9.5.3 Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used to study the features in the copper FSW
welds and base materials. Zeiss DMS 962 SEM was used to study the Cu-OF and Cu-DHP
FSW welds as well as the Cu/Al dissimilar metal FSW welds. For other FSW welds, Zeiss
Ultra 55 field emission gun scanning electron microscope (FEG-SEM) was used. SEM
parameters depended on the used equipment and on the studied samples. Energy dispersive
x-ray spectroscopy (EDS) was also used for the chemical composition measurements of the

samples.

Some fracture surfaces of Cu/Al dissimilar metal FSW welds were nickel-plated to

preserve all the surface layers for the SEM examination of the cross-sections.

9.5.4 Electron Backscatter Diffraction

Electron backscatter diffraction (EBSD) method was extensively used in the studies. It was
used to map the crystallographic orientations in the base materials and the weld nuggets.
EBSD acquisition and analyses were performed with Oxford Instruments Nordlys II
camera and Channel 5 software (originally by HKL Technologies). Acceleration voltage
was 20 keV, working distance 20 mm, and tilting of the samples 70°. Other EBSD

parameters, such as step size and magnification, varied depending on the application.
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9.5.5 Tensile Tests

The transverse tensile tests of 5 mm thick Cu-OF and Cu-DHP FSW welds were performed
using an MTS 810 testing machine according to the standard SFS-EN 895. The standard is
for fusion welds, but it is applicable also to friction stir welded joints. Sub-size transverse
test specimens according to ASTM E 8M — 96 were used. The strain rate was 4x10™ 1/s
with an extensometer and 9x10™ 1/s after the removal of the extensometer. Two specimens
were made of each weld. Figure 40 shows the geometry and dimensions of the sub-size
transverse tensile test specimens. The welds were located at the centre of the test specimens

and they cover a maximum of 20 mm of the total gauge length (32 mm).
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Figure 40. The geometry and dimensions of the sub-size transverse tensile test
specimens. The image is not in scale. (ASTM E 8M - 96)

Tensile testing for studying the localization of plastic strain in different parts of the copper
canister for spent nuclear fuel was performed using an MTS 810 material test system. The
Cu-OFP samples were tested at constant strain rates of 5x10™, 107, and 10° 1/s using flat
tensile test samples. Gauge length of the dog-bone shaped samples was 40 mm, width 35
mm, and thickness 5 mm. FSW and EB welds were cut transverse to the welding direction

by electro-discharge machining and they were located at the centre of the gauge length.

Transverse tensile tests for Cu/Al dissimilar metal FSW samples were performed using an
MTS 810 material test system. The dimensions of the flat specimens were 4 x 25 x 176 mm
for the one-sided welds and 8 x 25 x 176 mm for the double-sided welds. The specimens
were machined to remove the effect of the weld surfaces. Strain rate was 5x10™ 1/s. Welds

were located at the centre of the specimens.
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9.5.6 Hardness Measurements

Buehler Omnimet hardness tester was used for the hardness profile measurements of the
Cu-OF and Cu-DHP FSW welds. The hardness was measured from the centre of the weld.
For Cu-OF the weight of 1 kg was used (HV 1), whereas for Cu-DHP the weight of 0.5 kg
was used (HV 0.5). The results were verified with Zwick 3202 and Gnehm Brickers 220

hardness measurement devices.

The hardness of the tool materials was measured using Zwick 3202 or Gnehm Brickers 220

hardness measurement devices. The result is the average of five measurements.

Hardness profiles of the Cu-OFP FSW samples were measured using Buehler Micromet
2101 microhardness tester and weight of 1 kg (HV 1). Hardness profiles were measured
both horizontally and vertically in the middle of the weld.

Buehler Omnimet was used to measure the hardness (HV) of the Cu/Al dissimilar metal
FSW welds. Hardness profiles were measured horizontally at the distance of 2 mm from
the surface (in the double-sided welds from both surfaces). Step size was 0.5 mm and the

weight of 0.5 kg was used.

9.5.7 Bend Tests

Three point bend tests of Cu-OF and Cu-DHP FSW welds were performed according to the
standard SFS-EN 910 using a former and transverse face bend test specimen (FBB). Both
sides of the welds were tested. The specimen thickness (a) was equal to the thickness of the
base material adjacent to the welded joint. Width of the test specimen (b) was 22 mm and
the total length (L) varied between 200 and 210 mm, depending on the width of the plates.
The specimen surfaces were machined and the edges of the test specimens on the face in
tension were rounded (r < 0.2 a). Diameter of the rollers was 30 mm, distance between the
rollers was 40 mm, and the diameter of the former was 20 mm. Specimens were bent
gradually so that the minimum angle was 90°, 105°, 120°, and 180°. Figure 41 shows the

geometry of the bend test specimens.
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Figure 41. The geometry of the bend test specimens (SFS-EN 910).
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9.5.8 Optical Strain Measurement

An optical strain measurement system consisting of a CCD camera and a PC with imaging
software was used to measure and analyze the deformation of 50 mm thick Cu-OFP FSW
samples containing almost the entire weld or material thickness. Images for optical strain
measurement were obtained at a rate of 0.3 Hz during tensile testing with an MTS 810
material test system at a constant strain rate of 5x10™ 1/s using flat tensile test samples.
FSW and EB weld samples were taken transverse to the welding direction by electro-
discharge machining, which provides a good surface for optical strain measurement
without additional painting. Gauge length of the samples was 40 mm, width 35 mm, and
thickness 5 mm. Welds were located at the centre of the gauge length. The system records
successive images of the sample surface during deformation and constructs the deformation
fields using advanced cross-correlation algorithms. Deformation fields were determined
using StrainMaster optical strain measurement system delivered by LaVision. Figure 42

shows the optical strain measurement arrangement.
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Figure 42. Arrangement of the optical strain measurement. The electro-discharge
machined dog-bone shaped sample is being tensile tested using an MTS 810 material
test system. A powerful lamp is used to provide sufficient lighting of the sample for
obtaining the images by a charge-coupled device (CCD) camera.

9.5.9 Hydrogen Annealing

Friction stir welded Cu-OFP samples with different joint preparation methods and
shielding gas combinations were hydrogen annealed in order to reveal the presence of
oxide particles in the welds. Hydrogen annealing was carried out by annealing the
electrolytically polished samples for 30 min at 850 °C in N + 10 % H; gas. After annealing
the samples were left to cool with the furnace. During hydrogen annealing hydrogen reacts
with oxide particles in the copper producing water. At the elevated temperature of

hydrogen annealing, the water evaporates leaving voids in the structure.

9.5.10 Electrical Resistivity Measurements

The electrical resistivity measurements were made using a Cropico Digital Microhmmeter

DO7. The measurement length was 99 mm. Resistance values of both base materials and
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welded Al/Cu joints were measured. In the case of welded joints, the specimens were
positioned so that the original joint line before welding was in the middle of the
measurement length. The arrangements of the electrical resistivity measurements are

shown in Figure 43.

Figure 43. The arrangement of electrical conductivity measurements. The
measurement length was 99 mm.

9.5.11 Temperature and Power Measurements

Temperature measurement was performed using a K-type thermal element inside the tool
pin. Logging occurred once per second and was the average of 18 000 measurements. The
thermal element was kept in constant contact with the tool by a spring. The results obtained
with the thermal element inside the tool were not absolute values, because the cooling of
the tool affected the measurements. Power used by the milling machine was measured from
the inverter feeding the spindle motor. The idle power of the machine was approximately 1

kW. The measurements were made using Virtual Bench Logger program.
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10 RESULTS

The results obtained in this work show the microstructure and mechanical properties of
copper and Cu/Al dissimilar metal FSW welds. The results also include the origin,
detection, and avoidance of entrapped oxide particles as well as the localization of plastic

strain in different parts of the copper corrosion barrier canister for spent nuclear fuel.

10.1 Microstructure

Different aspects of the microstructure of copper FSW welds were studied. The studied

features included grain structure, grain size, texture, and precipitates.

10.1.1 Grain Structure

Figures 44 and 45 show the transverse cross-sections of double-sided copper FSW welds
with 10 mm plate thickness and 50 mm thick copper FSW welds, respectively. The base
material in the 5 mm thick weld is cold-rolled Cu-OF with large grain size and elongated
grain structure. The extruded and forged base materials of the 50 mm thick Cu-OFP FSW
weld have small grain sizes. In the 50 mm thick weld the different zones of the
microstructure of the weld are clearly visible, whereas in the 5 mm thick weld they are not

clearly revealed.

Figure 44. Double-sided FSW weld of cold-rolled Cu-OF with 10 mm plate thickness.
Smaller grain size in the weld is evident. No separate zones are readily seen contrary
to Figure 45.
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Figure 45. Many microstructural zones are visible in the transverse cross-section of a
50 mm thick Cu-OFP FSW weld. Forged lid (on the left, retreating side) and extruded
tube (on the right, advancing side) are the base materials. (Savolainen et al. 2010)

Grain structures of the double-sided 10 and 11 mm thick Cu-OF and Cu-DHP, respectively,
FSW welds were studied using EBSD. The EBSD maps were taken at the centre of the
weld nugget. Figures 46 - 49 show examples of the results obtained with EBSD of the base
materials and of the weld nuggets. The orientation maps form pairs. The first map of the
pair is the orientation map with colours corresponding to the crystallographic orientation of
each point as defined by the Euler angles. The grain boundaries are marked in black, the
low angle boundaries (minimum misorientations 1.2°) in grey and the twin boundaries in
yellow. The percentage of the twin boundaries of the total grain boundary length is
calculated based on the EBSD results. The amount of twin boundaries is higher in the FSW
welds than in the base materials, especially in the Cu-OF base material. In the second map
of the pair the intra-grain misorientations caused by the dislocations are calculated and the
grains are classified accordingly as deformed (high dislocation density), substructured (low
angle boundaries inside the grains), and recrystallized (low dislocation density).
(Savolainen et al. 2004)
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Figure 46. EBSD maps of the cold-rolled Cu-OF base material. On the left: The
percentage of twin boundaries of the total grain boundary length is 2.1 %. The grains
are strongly elongated in the horizontal direction. On the right: Recrystallized
fraction is shown in blue, substructured in yellow, and deformed in red colour.
(Savolainen et al. 2004)
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Figure 47. EBSD maps of the Cu-OF FSW weld nugget. On the left: Twin boundaries
are highlighted with yellow colour. The percentage of twin boundaries of the total
grain boundary length is 34.9 %. The weld exhibits a fine, uniform, equiaxed grain
structure. On the right: Recrystallized fraction is shown in blue, substructured in
yellow, and deformed in red colour. (Savolainen et al. 2004)

84



Figure 48. EBSD maps of the Cu-DHP base material. On the left: Twin boundaries
are highlighted with yellow colour. The percentage of twin boundaries of the total
grain boundary length is 12.3 %. The grains are slightly elongated in the horizontal
direction. On the right: Recrystallized fraction is shown in blue, substructured in
yellow, and deformed in red colour. (Savolainen et al. 2004)

Figure 49. EBSD maps of the Cu-DHP FSW weld nugget. On the left: Twin
boundaries are highlighted with yellow. The percentage of twin boundaries of the
total grain boundary length is 18.4 %. The weld exhibits a fine, uniform, equiaxed
grain structure as compared to the grain structure of the base material. On the right:
Recrystallized fraction is shown in blue, substructured in yellow, and deformed in red
colour. (Savolainen et al. 2004)

10.1.2 Grain Size

Grain size of the 10-11 mm thick Cu-OF and Cu-DHP base materials as well as of FSW
welds was studied using EBSD. Table 6 shows the results when considering the twin
boundaries as grain boundaries (EX + T) and when ignoring the twin boundaries (EX — T).
The grain size was studied at the centre of the weld nugget in the FSW welds. FSW

resulted in a smaller grain size as compared to that of the base materials. The cold-rolled
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Cu-OF base material had a very large grain size of about 145 um horizontally and 75 pm
vertically. The corresponding FSW weld had an equiaxed grain size of about 15-20 pm.
The hot-rolled Cu-DHP base material had a smaller initial grain size of 55 pm horizontally
and 35 pm vertically. The corresponding Cu-DHP FSW weld had an equiaxed grain size of
about 20-25 um. (Savolainen et al. 2004)

Table 6. The average grain sizes (um) of the unwelded base materials and of the weld
nuggets. The grain sizes are determined by considering the twin boundaries as grain
boundaries (EX + T) and by ignoring the twin boundaries (EX — T). (Modified from
Savolainen et al. 2004)

Location Direction EX+T EX-T
Cu-OF Base Horizontal 143 145
Vertical 73 76
Nugget Horizontal 15 22
Vertical 15 20
Cu-DHP Base Horizontal 53 57
Vertical 35 37
Nugget Horizontal 21 24
Vertical 18 20

The grain sizes of the 50 mm thick Cu-OFP FSW and EB welds were compared to those of
the forged and extruded base materials. In the base materials the grain size varies from 60
to 75 um depending on the manufacturing method. In FSW welds the grain size is equal to
or smaller (60 pm) than that in the base materials. In EB welds the grain size is
significantly larger than that in the base materials, exhibiting grains up to 12 mm in length.
Figures 50 and 51 show the transition regions from the FSW and EB welds to the base
materials. The transition from the FSW weld to the base material is smooth (Figure 50),
while the grain size gradient between the EB weld and the base material is very steep

(Figure 51).
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Figure 50. An EBSD map of the root of an FSW weld in transverse direction. Part of
the original joint line can be seen on the upper left corner. The weld is on the top and
forged lid material on the bottom. The transition from the weld to the base material is
smooth. Length of the scale bar is 2000 pm. (Savolainen et al. 2010)

R 4 ey i

Figure 51. An EBSD map showing a top view of an EB weld. Large grain size of the
EB weld and the steep grain size gradient can be clearly seen. Base material is on the
right. Length of the scale bar is 2000 pm. (Savolainen et al. 2010)
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10.1.3 Texture

Figure 52 shows the transition from the weld nugget to the base material in a 5 mm thick
FSW weld of cold-rolled Cu-OF. The weld is on the left and base material with its large
grain size is on the right. Euler maps show the grain structure and pole figures show the
texture of the different zones in the weld. On the left hand side, the weld nugget has an
equiaxed grain structure and an almost random texture produced by DRX. At the centre,
the TMAZ/HAZ material has undergone static recrystallization and exhibits annealing
(cube) texture. On the right hand side, the base material shows the typical rolling texture of

fcc materials. (Saukkonen et al. 2008)

Figure 52. EBSD images (Euler maps and pole figures) showing the transition across
the boundary of the dynamically recrystallized zone in a FSW weld of cold-rolled Cu-
OF. The weld nugget is on the left and the HAZ is on the right. Texture changes from
almost random to cube to rolling texture can be seen in the pole figures. In the upper
part of the image the same area is seen as a continuous orientation image. The twin
boundaries are highlighted with yellow. The area of the separate images in the middle
of the picture is 366x288 pm. (Saukkonen et al. 2008)

10.1.4 Precipitates
Precipitates of 50 mm thick Cu-OFP FSW welds were studied. It was noticed that during

FSW, dissolution of certain precipitates, e.g. Cu,S, into solid solution of copper occurred.

Figure 53 shows a macroscopic image of the transverse cross-section of the FSW weld
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with sharp contrasts between the zones. The locations of EBSD studies are marked with

boxes and letters. (Saukkonen et al. 2008)

Figure 53. Transverse cross-section of the lower part of a 50 mm thick copper FSW
weld showing different zones of the weld. Boxes and letters mark the areas studied by
EBSD. (Saukkonen et al. 2008)

Figures 54 and 55 show the origin of the sharp contrast differences in Figure 53 at location
C between the weld and the base material. The contrast is caused by the dissolution of
Cu,S precipitates during FSW and their subsequent precipitation in a much finer form
during cooling. EDS spectrum in Figure 56 shows that the particles consist of copper and
sulphur. The solubility of sulphur in copper increases rapidly at temperatures above 800
°C, which is consistent with the dissolution of Cu,S precipitates in the temperature range of
copper FSW, 800-900 °C. Insert in the bottom left corner in Figure 54 shows Cu,S
precipitates of the base material and their “tail” in greater detail. The “tails” are assumed to
be an artefact caused by the fast flow of the electrolyte during electrolytic polishing.
(Saukkonen et al. 2008)
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Figure 54. SEM image showing the origin of the contrast in the FSW weld marked by
C in Figure 53. Weld is on the right and base material on the left. EDS study revealed
that the features on the left are Cu,S. The insert shows Cu,S precipitates of the base
material and their “tail” in greater detail (Saukkonen et al. 2008)
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i EHT = 500 kv Mag= 1200KX  SignalA = SE2 Date 2 Dec 2007
Chase 1811 WD= 9mm Aperure Size = 6000 pm  Time 133712

Figure 55. SEM image showing in greater detail the same location of the FSW weld as
in Figure 54. Base material with its coarser Cu,S precipitates is on the left and FSW
weld with the finer precipitates is on the right.
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Figure 56. EDS spectrum shows that the particles seen in the FEG-SEM image
contain copper and sulphur.

10.2 Banding

A defect-free 6 mm thick Cu-OF bead-on-plate FSW weld was studied using EBSD. The
weld was “cold” with a clearly visible banding. Figures 57-59 show EBSD maps of the
banding in transverse, longitudinal, and horizontal cross-sections, respectively. The maps
provide a 3-dimensional illustration of the bands. In each cross-sectional view the first map
(on the left) is the pattern quality map with superimposed grain boundaries. The second
map (on the right) shows the local misorientations. Colour key for the local misorientation
maps is shown in Figure 60. In Figure 61, a higher magnification of banding in the
longitudinal cross-section is shown. Pattern quality map and local misorientation map show
that local misorientations are clearly higher in the bands of smaller grains than in the bands
of larger grains. Figure 62 shows a high magnification IPF map of banding in longitudinal
cross-section in the Z-direction. Colour key is seen in the insert. Texture in the FSW weld

is weak. (Savolainen et al. 2012a)
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Figure 57. EBSD maps of the transverse cross-section of banding. Pattern quality
map is on the left and local misorientations map is on the right. Advancing side of the
FSW weld is on the right. Length of the scale bar is 1000 pm. The colour key for the
local misorientations map is given in Figure 60. (Savolainen et al. 2012a)
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Figure 58. EBSD maps of the longitudinal cross-section of banding at approximately
the centre of the weld, slightly on the retreating side. Pattern quality map is on the left
and local misorientations map is on the right. Welding direction is from right to left.
Local misorientations are higher in the smaller grains. Length of the scale bar is 1000
pm. The colour key for the local misorientations map is given in Figure 60.
(Savolainen et al. 2012a)
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Figure 59. EBSD maps of the horizontal cross-section of banding at the depth of
approximately 1 mm. Pattern quality map is on the left and local misorientations map
is on the right. Advancing side is on the right. Length of the scale bar is 1000 pm. The
colour key for the local misorientations map is given in Figure 60. (Savolainen et al.
2012a)
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Figure 60. Colour key for the local misorientations maps in Figures 57-59 and Figure
61. (Savolainen et al. 2012a)
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Figure 61. EBSD maps with a higher magnification of the area in the longitudinal
cross-section of the Cu-OF FSW weld showing banding. The welding direction is from
right to left. The surface of the weld is towards the top of the image. Pattern quality
map is on the left and local misorientations map is on the right. Length of the scale
bar is 200 pm. The colour key for the local misorientations map is given in Figure 60.
(Savolainen et al. 2012a)
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Figure 62. IPF map of banding in a Cu-OF FSW weld in the longitudinal cross-
section in the Z-direction. Colour key is shown in the insert. (Savolainen et al. 2012a)

Figure 63 shows an IPF map of the longitudinal cross-section of a cold FSW weld with
banding shown in Figures 57-59. The map is divided into three regions, the area of distinct
banding in the centre of the image and the areas above and below it. The areas are
separated by black lines. The calculated {111} pole figures of each area are shown next to
the corresponding areas. It can be seen from the IPF map that the colouring is almost
random also in the areas of distinct banding shown more clearly in Figure 58. The
calculated strength values of the {111} pole figures from the top, middle, and bottom
regions are 2.3, 2.1, and 2.3 times random, respectively, indicating weak texture.

(Savolainen et al. 2012a)
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Figure 63. Inverse pole figure map showing the longitudinal cross-section of the Cu-
OF FSW weld with banding (same weld as in Figure 58). The {111} pole figures
calculated from the top, middle, and bottom regions of the image separated by black
lines are shown on the right. The strength values of the texture in pole figures are 2.3,
2.1 and 2.3 times random, respectively. The colour key of the IPF map is shown in the
insert. (Savolainen et al. 2012a)

10.3 Cu/Al Dissimilar Metal FSW

FSW of dissimilar metal joints between copper and aluminium as well as the properties of
the welds were studied. The varied welding parameters were tool rotation and traverse
speeds (beginning with values which produced good welds in Cu-OF), the sideways (Y-
axis) position of the tool (in the centre of the weld line, on copper side, or on aluminium
side), the rotation direction (should the stronger material be on the advancing or on the
retreating side of the weld), and the tool tilt angle. First the effect of rotation direction was
studied with three different combinations of tool rotation and traverse speeds. Then the
effect of the probe location was studied using the better rotation direction and the same
rotation and traverse speeds as before. The effect of varying the tilt angle was also tested.
Finally, the rotation and traverse speed combinations were optimised. The studied welding
parameter combinations and the transverse microsections of the samples are presented in

Table 7. (Savolainen et al. 2005)
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Table 7. The studied welding parameter combinations and the transverse sections of
the Cu/Al dissimilar metal FSW welds (Savolainen et al. 2005).

Weld [Rotation| Traverse | Tilt| Plunge | Material on Tool Transverse
Speed Speed | (°) | Depth | Advancing | Displacement Microsection
(rpm) |(mm/min (mm) Side

14A 1000 100 2.5 6.0| Aluminium None -
14B 1000 50( 2.5 6.0 Aluminium None -
14C 1000 100 2.5 5.8] Aluminium None -
14D 1000 100] 2.5 5.7 Copper None iﬁ
15A 1000 100 2.5 5.7 Copper 2 mm in Cuﬁ
15B 1000 100 2.5 5.7| Aluminium 2 mm in Cu -
15C 1000 100] 2.5 5.7 Copper 2 mm in Al &
15D 1000 100] 2.5 5.7 Aluminium 2 mm in Al 3
19A 1250 100] 2.5 5.5 Copper None -
19B 1250 100] 2.5 5.5 Aluminium 2 mm in Al -
19C 1250 100| 2.5 5.5 Copper 2 mm in Cu !—‘
19D 750 100 2.5 5.6 Copper None “
19E 750 100] 2.5 5.6] Aluminium| 1.5 mm in Al -
19F 750 100| 2.5 5.6 Copper| 1.5 mm in Cu ’_—‘
19G 1000 100] 1.5 5.6 Copper None -
19H 750 100] 1.5 5.7 Copper| 1.5 mm in Cu -
19] 750 150[ 2.5 5.6 Copper| 1.5 mm in Cu F._-
20A 750 150( 2.5 5.6 Copper| 1 mm in Cul -
20B 750 150] 2.5 5.6 Copper| 0.5 mm in Cu -
20C 750 200] 2.5 5.6 Copper| 1.5 mm in Cu -
21A 1000 200] 2.5 5.6 Copper| 1.5 mm in Cu
21B 1250 250[ 2.5 5.6 Copper| 1.5 mm in Cuﬁ

25A+B 750 150 2.5| 5.6+5.7 Copper| 1.5 mm in Cu r

27A+B 750 100] 2.5[ 5.6+5.7 Copper| 1.5 mm in Cu x‘
27C 750 100] 2.5 5.6 Copper| 1.5 mm in Cu -

27D 750 150] 2.5 5.6 Copper| 1.5 mm in Cu

Figures 64-66 show examples of the appearance of good and poor quality Cu/Al dissimilar
metal FSW welds. In Figure 64 copper was on the advancing side and the tool

displacement was on the copper side. In Figures 65 and 66 aluminium was on the
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advancing side and tool displacement was either on the aluminium side (Figure 66) or there

was no tool displacement (Figure 65).

Figure 64. An example of a good quality Cu/Al dissimilar metal FSW weld, 2004-10-
19J (in Table 7). Copper was on the advancing side of the weld. Tool displacement
was 1.5 mm on the copper side. Welding parameters were 750 rpm and 150 mm/min.

Figure 65. An example of a poor quality Cu/Al dissimilar metal FSW weld, 2004-10-
14A (in Table 7). Aluminium was on the advancing side, no tool displacement.
Welding parameters were 1000 rpm and 100 mm/min. No proper joint was formed
between the plates.

Figure 66. An example of a poor quality Cu/Al dissimilar metal FSW weld, 2004-10-
19E (in Table 7). Tool displacement was 1.5 mm on the aluminium side. Aluminium
was on the advancing side. Welding parameters were 750 rpm and 100 mm/min. It is
noteworthy that with the same welding parameters, a good weld is produced when
copper is on the advancing side. With aluminium on the advancing side, a large
groove is formed on the aluminium side.
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10.3.1 Tensile Tests

Transverse tensile tests were performed for one-sided and double-sided Cu/Al dissimilar
metal FSW welds of two different welding parameter combinations, 750 rpm / 100
mm/min and 750 rpm / 150 mm/min. Figure 67 shows the measured stress-strain curves.

(Savolainen et al. 2005)
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Figure 67. Transverse tensile test results of the Cu/Al dissimilar metal FSW welds.
The welding parameters are given in Table 7. (Savolainen et al. 2005)

10.3.2 Hardness Profiles

Hardness was measured horizontally at the distance of 2 mm from the weld surfaces and
vertically from the centre line of the Cu/Al dissimilar metal FSW weld nugget. Figure 68
shows the horizontal hardness profiles of the one-sided Cu/Al dissimilar metal FSW welds.
In the vertical hardness profile through the weld nugget (weld 2004-10-27A+B), the
hardness varied between 50 HV and 220 HV. Microhardness measurements show that the
hardness of the Al,Cu-phase is 425-470 HV 50g and the hardness of the AlCu-phase is
650-700 HV 50g. (Savolainen et al. 2005)

98



One-Sided Welds

250 1

200 ﬁ
s + 2004-10-21A
- [ = 2004-10-19F
oS —— 2004-10-19J
= 150 |
= 1
& 1‘?‘ 1,
c 1Y o omshh A,
§ 100 o et —
= h 1AL Lt il
.I-l:/‘::::.‘,\ f‘: | f |I \f
50 i ':f P L
4] T T T T T T T T T 1
25 -20 15 10 5 0 5 10 15 20 25

Distance From Weld Centre, mm

Figure 68. Horizontal hardness profiles of the one-sided Cu/Al dissimilar metal FSW
welds. Aluminium is on the left and copper on the right. The rotation and traverse
speed values (rpm / mm/min) of 2004-10-21A, 2004-10-19F, and 2004-10-19J were
1000/200, 750/100, and 750/150, respectively. Other welding characteristics are given
in Table 7. (Savolainen et al. 2005)

10.3.3 Electrical Resistivity

The electrical resistivity of the Cu/Al dissimilar metal FSW welds was studied. The
electrical resistivity measurement results (Table 8) were used to calculate first the
specimen resistivity by normalising the results with taking into account the different cross-
sectional areas of the specimens. The results show that the resistivity of the welded joint
(29 nQm) is 2.5 % higher than the average resistivity of both base materials (28.3 nQm).
The additional resistance resulting from welded joint was calculated by using the base
material resistances and the welded sample resistances (Table 9). The calculated resistance
value of the joint, 0.4 pQ, corresponds to the resistance of 3.1 mm long copper bar or 1.8

mm long aluminium bar with the same cross-sectional area. (Savolainen et al. 2005)

Table 8. Electrical resistivity measurement results for copper and aluminium base
materials and two Cu/Al dissimilar metal FSW joints (Savolainen et al. 2005).

Specimen Cross-section area | Resistance | Resistivity
mm?> nQ nQm
Cu 201 10.1 20.5
Al 199 17.9 36.1
Cu/Al joint 10-25-A+B 160 17.9 28.9
Cu/Al joint 10-27-A+B 159 18.0 29.0
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Table 9. Results of the electrical conductivity tests (Savolainen et al. 2005).

Specimen Total resistance | Cu Resistance | Al Resistance | Joint resistance

J159) nQ pQ pQ
Cu/Al joint 10-25-A+B 17.9 6.33 11.2 0.395
Cu/Al joint 10-27-A+B 18.0 6.36 11.2 0.433

10.3.4 Intermetallic Compounds

Macroscopic images of the structures just below the surface of the weld are presented in

Figures 69 and 70. The different joint zones (pure copper, pure aluminium, and their

mixture) can be seen in the pictures. They show the form of mixing of copper and

aluminium.

]

B

Figure 69. The Cu/Al dissimilar metal FSW weld 2004-10-25A (Table 7). Welding
parameters were 750 rpm and 100 mm/min.
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Figure 70. /Aldi51ar metal FS weld 004-10-27e 7). Welding
parameters were 750 rpm and 150 mm/min.

Transverse macrosections as well as the tensile test specimens of the Cu/Al dissimilar
metal FSW welds were studied using SEM. In backscattered electron (BSE) SEM images
the contrast is formed by differences in atomic weight; aluminium is shown as the darker
phase and copper as the lighter phase. There was a thin, pale grey layer on the fracture
surfaces of the Cu/Al dissimilar metal FSW welds. A BSE image of the cross-section of the
nickel-plated fracture surface of a tensile test specimen is shown in Figure 71. A BSE
image of the transverse microsection of a Cu/Al dissimilar metal FSW weld revealing
various zones of copper, aluminium, and their combinations is shown in Figure 72.

(Savolainen et al. 2005)
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Figure 71. A BSE image of the thin discontinuous layer on the fracture surface of a
Cu/Al dissimilar metal FSW weld. Aluminium is on the top and nickel-plating on the
bottom.

1000 S e
#170904

Figure 72. A BSE image of a Cu/Al dissimilar metal FSW weld cross-section. Multiple
phases in the weld are clearly visible. Copper-rich phases are seen as lighter and
aluminium-rich phases as darker fields in the figure. (Savolainen et al. 2005)
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Figure 73 shows a BSE image of the intermetallic compounds in the weld nugget.
According to EBSD, the two phases are identified as Al,Cu (darker phase) and AlCu
(lighter phase). During FSW the intermetallic phases are dispersed (Figure 74). The brittle
intermetallic regions contain cracks which are stopped by ductile aluminium at the

interface.

*x1000 Z0vm 15kU
Hi1i40205 THK HTL

Figure 73. A BSE image of the intermetallic compounds in the weld nugget of a Cu/Al
dissimilar metal FSW weld. The darker phase is identified as ALCu and the lighter
phase as AICu by EBSD. The darkest regions at the edges of the image are formed by
topographical contrast due to etching during electrolytical polishing.
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Figure 74. A BSE image showing the fracture surface of a Cu/Al dissimilar metal
FSW weld. Cracks in the brittle IMC (light grey) phase are stopped by the ductile
aluminium (dark grey) phase at the interface.

10.4 Entrapped Oxide Particles

The origin, avoidance, and effect of entrapped oxide particles in copper FSW welds were

studied.

10.4.1 Origin of Entrapped Oxide Particles

The origin and formation of entrapped oxide particle lines were studied using Cu-OFP
samples with very narrow electro-discharge machined grooves of varying depth (0, 2, 5,
and 8 mm). The grooves were located at the centre line of the weld. The four bead-on-plate
welds on grooved samples were made using the same welding parameters but different
joint preparation and shielding gas combinations. The studied joint preparation and
shielding gas combinations were as follows: 1: no oxide removal and no shielding gas, 2:
oxide removal and no shielding gas, 3: no oxide removal and using shielding gas, and 4:
oxide removal and using shielding gas. The samples were FSW welded using a tool with a
5.5 mm long tool probe. Figures 75-78 show the formation of the entrapped oxide particle

line. The entrapped oxide particle lines originate from the butting surfaces. The deeper the
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original groove, the longer the line of entrapped oxide particles. In Figure 78, where the

groove is deeper than the tool probe length, a part of the groove remains un-welded.

(Savolainen et al. 2008)

Figure 75. Sample with no groove Figure 76. Sample with a 2 mm deep
(Savolainen et al. 2008). groove (Savolainen et al. 2008).

Figure 77. Sample with a 5 mm deep Figure 78. Sample with an 8 mm deep
groove (Savolainen et al. 2008). groove (Savolainen et al. 2008).

The development of the typical S-shaped feature of the line of the entrapped oxide particles
can be seen in Table 10, especially in samples 2A-2D (enlarged in Figures 75-78). In
sample 2A there was no groove and there is no evidence of entrapped oxide particles. In
sample 2B, there was a 2 mm deep groove, and a short entrapped oxide particle line can be
seen at the top of the weld. In sample 2C, there was a 5 mm deep groove, and entrapped
oxide particle line encompasses almost the entire weld depth. In sample 2D, there was an 8

mm deep groove, and in addition to the entrapped oxide particle line, also the unaffected
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remnants of the original groove can be seen (vertical section of the entrapped oxide particle

line). (Savolainen et al. 2008)

Table 10. Macroscopic images of the bead-on-plate FSW welded, grooved Cu-OFP
samples with different groove depths and different joint preparation and shielding gas
combinations. The images are not in the same scale in relation to each other.
(Savolainen et al. 2008)

1 Mo oxide
removal, no
shielding gas

2 Oxdde removal,
no shielding gas

3 Mo oxide
removal,
shielding gas

4 Oxide removal,
shielding gas

10.4.2 Avoidance of Entrapped Oxide Particles

Figures 79-82 show details of the bead-on-plate friction stir welded grooved Cu-OFP
samples (upmost curve of the entrapped oxide particle line). The samples were hydrogen
annealed at 850 °C for 30 min in N, + 10 % H; gas. The results show the effect of the
different studied combinations of oxide removal prior to welding (using 50/50% nitric
acid/distilled water) and shielding gas during welding. The sample in Figure 79 was the
reference, welded without oxide removal or shielding gas. The sample in Figure 80 was
welded after oxide removal, but without shielding gas. Figure 81 shows the sample welded
using shielding gas, but with no prior oxide removal. The sample with both oxide removal
prior to welding and using shielding gas during welding is shown in Figure 82. (Savolainen

et al. 2008)
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Figure 79. Detail of hydrogen annealed
reference sample FSW welded with no
oxide removal or shielding gas. Length
of the scale bar is 0.5 mm. (Savolainen
et al. 2008)

Figure 81. Detail of hydrogen annealed
sample FSW welded with no oxide
removal and with shielding gas. Length
of the scale bar is 0.5 mm. (Savolainen
et al. 2008)

Figure 80. Detail of hydrogen annealed
sample FSW welded with oxide
removal and no shielding gas. Length
of the scale bar is 0.5 mm. (Savolainen
et al. 2008)

Figure 82. Detail of hydrogen annealed
sample FSW welded with oxide
removal and shielding gas. Length of
the scale bar is 0.5 mm. (Savolainen et
al. 2008)

The hydrogen annealed samples 1DV and 2DV contained voids and signs of deformation

visible at the region of entrapped oxide particles (Figures 83 and 84). The hydrogen

annealed samples 3DV and 4DV showed no voids, only signs of deformation (Figures 85

and 86). The voids indicate the existence of a relatively high amount of entrapped oxide

particles in the weld whereas the existence of deformation indicates some reaction between

the hydrogen and oxide particles in the welds. (Savolainen et al. 2008)
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Figure 83. SEM image of hydrogen annealed reference sample (1D) FSW welded with
no oxide removal prior to welding or use of shielding gas. Voids and plastic
deformation are clearly visible in the region of the entrapped oxide particles.
(Savolainen et al. 2008)

20pm_ 2 EHT = 15.00 kv Mag= 200KX Signal A = SE2 Date ;16 Aug 2007
20 28.tif WD= 30mm Aperture Size = 1200 pm  Time :9:42:11

Figure 84. SEM image of hydrogen annealed sample (2D) FSW welded with oxide
removal and no shielding gas. Voids and deformation are clearly visible at the region
of entrapped oxide particles. (Savolainen et al. 2008)
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Figure 85. SEM image of hydrogen annealed sample 3D FSW welded with no oxide
removal and with shielding gas. Some voids are visible, but there are signs of
deformation at the region of entrapped oxide particles. (Savolainen et al. 2008)

QO}EH . EHT = 15.00 kV Mag= 2.02KX Signal A = SE2 Date :16 Aug 2007
4D 14.tif WD= 17 mm Aperture Size = 1200 pm Time :9:17:55

Figure 86. SEM image of hydrogen annealed sample 4D FSW welded with both oxide
removal and shielding gas. No voids are visible, but the region of entrapped oxide
particles shows signs of deformation. (Savolainen et al. 2008)
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Four different EBSD maps were run from the base material and from the upmost curve of

the entrapped oxide particle line of the Cu-OFP FSW welds (Figures 87-106). The maps

are defined as follows: 1: Pattern quality, 2: Grain boundaries. Both band contrast and

grain boundaries (misorientation angle 10°, no small angle boundaries), 3: Euler angles.

Twin boundaries fulfil Brandon criterion, and 4: Recrystallized fraction. The minimum

angle for subgrain determination was 2°. (Savolainen et al. 2008)

Figures 88-90 show the EBSD maps of the base material. It can be seen that the base

material has a large, non-homogeneous grain size. The average grain size is about 180 um.

The base material was hot rolled and consequently in recrystallized condition. Annealing

twins can be seen everywhere in the base material (Figure 89). (Savolainen et al. 2008)
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igure 87. EBSD pattern quality map
of the base material. Length of the scale
bar is 1000 pm. (Savolainen et al. 2008)
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Figure 88. EBSD pattern quality map
with  superimposing the  grain
boundaries shows that the base
material has a large, non-homogeneous
grain size. Length of the scale bar is
1000 pm. (Savolainen et al. 2008)
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Figure 89. Euler map of the base

material. Twin boundaries are shown
as yellow. Length of the scale bar is
1000 pm. (Savolainen et al. 2008)

Figure 90. Recrystallized fraction map
shows that the base material is
recrystallized. Recrystallized fraction is
shown in blue and substructured in
yellow colour. Length of the scale bar is
1000 pm. (Savolainen et al. 2008)

Figures 91-94 show the EBSD maps of sample 1D (8 mm groove, no oxide removal, no

shielding gas, no hydrogen annealing). The entrapped oxide particle line can be seen in

Figure 91 as a black semi-continuous line. The grain size is considerably smaller than in

the base material, about 25 pm. (Savolainen et al. 2008)

Figure 91. EBSD pattern quality map
of the reference sample 1D FSW
welded with no oxide removal or
shielding gas. Location of the
entrapped oxide particles can be seen
as a black semi-continuous line.
Length of the scale bar is 500 pm.
(Savolainen et al. 2008)

Figure 92. EBSD pattern quality map
with superimposed grain boundaries of
the reference sample 1D. The grain
boundaries are seen as black. Grain
size is very small. Length of the scale
bar is 500 pm. (Savolainen et al. 2008)
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Figure 93. Euler map of the reference
sample 1D. Twin boundaries are shown
as yellow. Length of the scale bar is 500
pm. (Savolainen et al. 2008)

Figure 94. Recrystallized fraction map
of the reference sample 1D.
Recrystallized fraction is shown in
blue, substructured in yellow, and
deformed in red colour. Length of the
scale bar is 500 pm. (Savolainen et al.
2008)

Figures 95-98 show the EBSD maps of sample 1DV (8 mm groove, no oxide removal, no

shielding gas, hydrogen annealed). Sample 1DV shows clearly the region of entrapped

oxide particles. Grain size has remained small in that region, even though it is larger

everywhere else in the sample due to grain growth. The average grain size in the studied

location is about 80 pm. (Savolainen et al. 2008)
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Figure 95. EBSD pattern quality map
of hydrogen annealed reference sample
1DV FSW welded with no oxide
removal or shielding gas shows clearly
the region of entrapped oxide particles.
Grain size is considerably larger than
in the as-welded sample. Grain size is
small near the entrapped oxide
particles. Length of the scale bar is 500
pm. (Savolainen et al. 2008)

Figure 96. EBSD pattern quality map
with superimposed grain boundaries of
hydrogen annealed reference sample
1DV. Length of the scale bar is 500 pm.
(Savolainen et al. 2008)
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Flgure 97. Euler map of hydrogen
annealed reference sample 1DV. Twin
boundaries are seen as yellow. Length
of the scale bar is 500 pm. (Savolainen
et al. 2008)

Figure 98. Recrystalllzed fraction map
of hydrogen annealed reference sample
1DV. Recrystallized fraction is shown
in blue, substructured in yellow, and
deformed in red colour. Length of the
scale bar is 500 pm. (Savolainen et al.
2008)

Figures 99-102 show the EBSD maps of FSW welded sample 4D (8 mm groove, oxide

removal, using shielding gas, no hydrogen annealing). No signs of entrapped oxide

particles can be seen. The average grain size (25 pum) is considerably smaller than that of

the base material (180 um). (Savolainen et al. 2008)

Flgure 99 EBSD pattern quality map
of sample 4D FSW welded with both
oxide removal and shielding gas. No
entrapped oxide particles can be seen.
Length of the scale bar is 500 pm.
(Savolainen et al. 2008)

Figure 100. EBSD pattern quallty map
with superimposed grain boundaries of
sample 4D. Grain size is very small
Length of the scale bar is 500 pm.
(Savolainen et al. 2008)
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(Savolainen et al. 2008)

Figure 101. Euler map of sample 4D.
Twin boundaries are seen as yellow.
Length of the scale bar is 500 pm.

Figure 102. Recrystallized fraction map
of sample 4D. Recrystallized fraction is
shown in blue, substructured in yellow,
and deformed in red colour. Length of
the scale bar is 500 pm. (Savolainen et
al. 2008)

Figures 103-106 show the EBSD maps of FSW welded sample 4DV (8 mm groove, oxide

removal, using shielding gas, hydrogen annealing). Sample 4DV shows minor signs of

entrapped oxide particles after hydrogen annealing. The grain size has remained small near

the oxide particles. The average grain size (130 um) is almost double compared to that of

sample 1DV (80 pum) even though the as-welded grain size (samples 1D and 4D) was the

same. (Savolainen et al. 2008)
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Figure 103. EBSD pattern quality map
of hydrogen annealed sample 4DV
FSW welded with both oxide removal
and shielding gas. Grain size is very
large compared to the as-welded
sample. Entrapped oxide particles can
be faintly seen. Length of the scale bar
is 500 pm. (Savolainen et al. 2008)

Figure 104. EBSD pattern quality map
with superimposed grain boundaries of
hydrogen annealed sample 4DYV.
Entrapped oxide particles and the
related small grain size can be faintly
seen. Length of the scale bar is 500 pm.
(Savolainen et al. 2008)
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Figure 105. Euler map of hydrogen
annealed sample 4DV. Twin
boundaries are seen as yellow. Length
of the scale bar is 500 pm. (Savolainen
et al. 2008)
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Figure 106. Recrystallized fraction of
hydrogen annealed sample 4DYV.
Recrystallized fraction is shown in blue
and substructured in yellow colour.
Length of the scale bar is 500 pm.

(Savolainen et al. 2008)

10.4.3 Pinning Effect of Entrapped Oxide Particles

The entrapped oxide particles in the Cu-OFP bead-on-plate FSW welds had a pinning
effect on the grain boundaries and consequent grain size of the welds. Even after annealing
the samples at 850°C for 30 min, the grain size in the region of entrapped oxide particles
has remained small. Figures 107 and 108 show FSW samples without and with hydrogen
annealing, respectively. The samples are mirror images of each other. (Savolainen et al.

2008)

Table 11 shows the average grain size of the base material and the studied bead-on-plate
Cu-OFP FSW welds (1D, 1DV, 4D, and 4DV). The grain size in the as-welded condition
(samples 1D and 4D) is roughly the same, about 25 pum. In the hydrogen-annealed samples
the grain size is significantly larger, about 80 and 140 um depending on the amount of
entrapped oxides particles. The sample FSW welded with no oxide removal or shielding
gas has the average grain size of 80 um and the sample FSW welded with both oxide
removal and use of shielding gas has the grain size of about 140 pm. (Savolainen et al.

2008)
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Table 11. The average grain size of the Cu-OFP base material and FSW welded
samples 1D, 1DV, 4D, and 4DV (Savolainen et al. 2008).

Grain size (Hm)
Horizontal | Vertical
Base material 182 183
1D 26 22
1DV 80 74
4D 25 23
4DV 141 122

100pm EHT = 10.00 kV Mag= 200X Signal A = OBSD Date :5 Oct 2007
1D 0}.tif WD= 11mm Aperture Size = 1200 pum  Time :15:47:26

Figure 107. An SEM image of the reference sample 1D (FSW welded with no oxide
removal or shielding gas) in the as-welded condition. Entrapped oxide particles can be

seen very faintly as a dark semi-continuous line (pointed out by arrows). (Savolainen
et al. 2008)

116



200um EHT = 10.00 kv Mag= 200X Signal A = QBSD Date 5 Oct 2007
1DV 21.tif WD= 11 mm Aperture Size = 1200 um  Time :16:29:38

Figure 108. An SEM image of the hydrogen annealed reference sample 1D, mirror
image of the as-welded reference sample 1D seen in Figure 107. The region of
entrapped oxide particles as well as the consequent small grain size can be clearly
seen. (Savolainen et al. 2008)

10.5 Optical Strain Measurement

Localization of plastic deformation in different parts (forged and extruded Cu-OFP base
materials for lid and tube, FSW and EB welds) of the 50 mm thick copper corrosion barrier
canister for spent nuclear fuel was studied. Figures 109-112 show the results of the optical
strain measurements at the point of fracture. All images have the same scale for strain (0-
3.5). All samples exhibit similar uniform elongation with the exception of the EB weld. In
EB weld the extruded tube material has much longer elongation than the forged lid

material. (Savolainen et al. 2010)
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Figure 109. Strain map at the point of fracture of the Cu-OFP lid material of the spent
nuclear fuel corrosion barrier canister (Savolainen et al. 2010).
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Figure 110. Strain map at the point of fracture of the Cu-OFP tube material of the spent
nuclear fuel corrosion barrier canister (Savolainen et al. 2010).
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Figure 111. Strain map at the point of fracture of a Cu-OFP FSW weld of the spent nuclear
fuel corrosion barrier canister. Lid material is on the top and tube material on the bottom.
The fracture occurs in the weld closer to the lid material along a line of entrapped oxide
particles. (Savolainen et al. 2010)
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Figure 112. Strain map at the point of fracture of a Cu-OFP EB weld of the spent nuclear fuel
corrosion barrier canister. The sample fractured at the centre of the weld. Lid material is on
the top and tube material on the bottom. Deformation localizes in the middle of the weld with
large grain size. It can also be seen that the extruded tube material has higher elongation than
the forged lid material. (Savolainen et al. 2010)
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Figure 113. Strain map at the point of fracture of a Cu-OFP EB weld of the spent nuclear fuel
corrosion barrier canister. The sample fractured at the HAZ. Tube material is on the top and
lid material on the bottom. Deformation localizes to the HAZ. It can also be seen that the
extruded tube material has higher elongation than the forged lid material. (Savolainen et al.
2010)

10.6 Mechanical Properties of the Welds

Mechanical properties of the different copper base materials and FSW welds were studied

using tensile tests, hardness measurements, and bend tests.

10.6.1 Tensile Tests

Table 12 shows the transverse (to the rolling direction in the base materials and welding
direction in the FSW welds) tensile test results of 10-11 mm thick Cu-OF (cold-rolled) and
Cu-DHP (hot-rolled) base materials and FSW welds. The Cu-OF samples fractured at the
weld. Figure 114 shows the Cu-OF FSW weld tensile test specimens and the base material
specimen. The Cu-DHP samples fractured at the HAZ. Figure 115 shows the Cu-DHP

FSW weld specimens and the base material specimen. (Savolainen et al. 2004)
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Table 12. Transverse tensile test results of Cu-OF and Cu-DHP base materials and
FSW welds. (Savolainen et al. 2004)

Material Notation | Yield Strength, Tensile Elongation to
MPa Strength, MPa Fracture, %
Cu-OF, base OF1 292 208 13
Cu-OF, weld 07-04-02-VA 128 217 38
Cu-OF, weld 07-04-02-VB 120 217 38
Cu-DHP, base D1 66 208 56
Cu-DHP, weld 06-19-01-VA 103 216 50
Cu-DHP, weld 06-19-01-VB 112 230 44
Cu-DHP, weld 06-19-02-VA 109 215 47
Cu-DHP, weld 06-19-02-VB 115 215 47
Cu-DHP, weld 06-23-01-VA 108 215 50
Cu-DHP, weld 06-23-01-VB 109 216 47

Figure 114. Cu-OF tensile test specimens. The base material specimen is on the top. It
can be seen that the FSW welded Cu-OF specimens have failed in the weld metal and
that the welded specimens exhibited higher elongations to fracture than the cold
worked base material. (Savolainen et al. 2004)
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Figure 115. Cu-DHP tensile test specimens. The base material specimen is on the top.
The FSW welds are located at the centre of the gauge lengths. The fracture locations
in the HAZ/base material region of the FSW welds can be seen. (Savolainen et al.
2004)

Localization of plastic deformation in different parts (forged and extruded Cu-OFP base
materials, FSW and EB welds) of the 50 mm thick copper corrosion barrier canister for
spent nuclear fuel was studied with tensile tests. Large samples containing almost the entire
weld or base material thickness were studied using tensile testing with optical strain
measurement (see Figures 109-113). The results show that in the base materials the
deformation occurs uniformly over the entire gauge length. In FSW welds the deformation
localizes in the weld at the line of entrapped oxide particles or at the processing line next to
the line of entrapped oxide particles. Fracture occurs in a ductile manner. Figure 118 shows
the ductile fracture surface of a copper FSW weld with dimples and shear lips indicating a
ductile fracture process. In EB welds the deformation localizes in the large grains in the
middle of the weld (EB centreline) or at the steep grain size gradient between the weld and
the tube material (EB HAZ). Tensile strength is the lowest in the EB welds (175 MPa as
compared to 200 MPa or higher for the other samples). Elongation to fracture in the FSW
welds is similar to those of the base materials, but for the EB welds it is significantly lower
(appr. 40 % as compared to 65 % in the base materials). Figure 120 shows the stress-strain
curves for each 5x10™ 1/s test sample. The stress-strain curves for test samples with 107
and 107 strain rates were very similar to those of the 5x10™ 1/s samples. (Savolainen et al.

2012b)
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Figure 116. Fracture surface of a tensile test specimen made from 50 mm thick Cu-
OFP lid base material. Dimples and shear lips indicate a ductile fracture process.
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100 pm EHT = 10.00 kV Mag= 350X Signal A = SE2 Date :2 Oct 2009
,'I'ube os_tff WD =33.6 mm Aperture Size =30.00pm  Time :11:17:00

Figure 117. Fracture surface of a tensile test specimen made from 50 mm thick Cu-
OFP tube base material. Dimples and shear lips indicate a ductile fracture process.
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Figure 118. Fracture surface of a transverse tensile test specimen made from 50 mm
thick Cu-OFP FSW weld. Dimples and shear lips indicate a ductile fracture process.
(Savolainen et al. 2012b)

100 pm EHT = 10.00 kv Mag= 160X Signal A = SEZ Dale 1 Oct 2009
EB1Tube 13.4if WD =357 mm Aperture Size = 60.00 um  Time 13:08:25

Figure 119. Fracture surface of a transverse tensile test specimen made from 50 mm
thick Cu-OFP EB weld shows ductile shear fracture through the whole specimen. The
fracture surface appearance differs significantly from those of the base materials and
the FSW weld where shear lips formed on both side surfaces of the specimens.
(Savolainen et al. 2012b)
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Figure 120. Typical stress-strain curves of each Cu-OFP tensile test sample. It can be
seen that the tensile strength of the EB welds is low as compared to that of the other
samples. The tensile strength of the EB weld is 175 MPa as compared to 200 MPa or
higher of the other samples. (Savolainen et al. 2010)

The fracture locations of the FSW welds are shown in Figure 121. FSW welds fractured at
two specific locations, either along a processing line close to the line of entrapped oxide
particles or along the entrapped oxide particle line. Majority of the samples fractured at the
processing line. The fracture locations were determined by cutting the fractured samples in
four pieces perpendicular to the fracture on both sides of the fracture and electrolytically

polishing the samples to reveal the entrapped oxide particles. (Savolainen et al. 2012b)

125



e Entrapped oxide particle line

Figure 121. Fracture locations in a 50 mm thick FSW weld of a copper canister for
spent nuclear fuel. Lid material is on the retreating side (right) and tube material on
the advancing side (left). (Savolainen et al. 2012b)

Figures 122-126 show details of the fracture locations in the 50 mm thick Cu-OFP FSW
welds. Figure 122 shows an EBSD pattern quality map of a part of the processing line. The
processing line cannot be detected by EBSD. Figure 123 shows the local misorientation
map of the same location and Figure 124 provides the colour key for the local
misorientation map. Figure 125 shows a detail of the entrapped oxide particle line after
electrolytic polishing. The voids left by the entrapped oxide particles can be seen due to the
used experimental method of electrolytic etching. Figure 126 shows a larger magnification
FEG-SEM image of a detail of the entrapped oxide particle line in the same FSW weld.
(Savolainen et al. 2012b)
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Figure 122. EBSD pattern quality map of a detail of the processing line. Length of the
scale bar is 100 pm.

Figure 123. Local misorientation map of the same location of the processing line as in
Figure 122. Figure 124 provides the colour key. (Savolainen et al. 2012b)
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Figure 124. Colour key for the local misorientation map in Figure 123. (Savolainen et
al. 2012b)

Figure 125. A detail of the entrapped oxide particle line in a 50 mm thick Cu-OFP
FSW weld shown in Figure 121. (Savolainen et al. 2012b)
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Figure 126: FEG-SEM image of a detail of the entrapped oxide particle line seen in
Figure 121.

Figure 127 shows EBSD maps of a horizontal cross-section of the EB weld. Lid base
material is on the left. Figure 127a is a pattern quality map showing the grain size
distribution in the EB weld and in the base materials. The yellow lines show twin
boundaries. The amount of twin boundaries is high in the base materials but not in the EB
weld. Figure 127b is an inverse pole figure map (IPF) in the Z-direction showing that in the
middle of the EB weld a highly oriented microstructure with <100> direction is
dominating. Figure 127c is a local misorientation map showing the local concentration of
higher strain (green colour) at the centreline of the weld and close to the fusion lines
between the weld metal and the base materials. (Savolainen et al. 2010; Savolainen et al.

2012b)
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Figure 127. EBSD maps of a horizontal cross-section of the EB weld. Lid base
material is on the left. a) Pattern quality map showing the distribution of grain size in
the EB weld and the base materials. Twin boundaries are seen yellow. b) IPF map in
the Z-direction shows that in the middle of the EB weld a highly oriented
microstructure with <100> direction is dominating. ¢) Local misorientation map
showing the local concentration of higher strain (green) at the centreline of the weld
and close to the fusion lines between the weld metal and the base materials.
(Savolainen et al. 2012b)

Uniform, non-uniform, and total strains of the samples can be seen in Table 13. Elongation
to fracture of the base materials and the FSW welds is similar. However, for the EB weld it
is significantly reduced as compared to the other materials. The reduction of non-uniform
strain in the EB weld is even more pronounced than that of the uniform strain. Table 13
shows also strains at the gauge length as measured by LaVision, the used optical strain
measurement system. The results differ from those obtained by the displacement

measurement. The discrepancy is most likely due to elongation occurring over the entire
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sample, not only at the gauge length, which is taken into account in the LaVision results.

(Savolainen et al. 2010)

Table 13. Uniform, non-uniform, and total strains of the samples as well as the results

obtained by LaVision (Savolainen et al. 2010).
Uniform | Non-uniform Total LaVision
strain strain strain

Tube 0.50 0.23 0.73 0.65
Lid 0.56 0.21 0.77 0.66
FSW 0.55 0.18 0.73 0.61
EB centre 0.32 0.11 0.43 0.40
EB HAZ 0.32 0.10 0.42 0.38

10.6.2 Hardness Profiles

Hardness profiles were measured over the transverse cross-section of Cu-OF FSW welds
with 10 mm thick cold-rolled base material and Cu-DHP FSW welds with 11 mm thick
hot-rolled base material. In the work-hardened Cu-OF material the hardness was clearly
lower in the weld than in the base material, corresponding to the hardness of base material
in annealed state. Hardness of the Cu-DHP welds was equal to that of the annealed base
material. Figure 128 shows the hardness profiles measured at the centre line of the welds.
For Cu-OF hardness measurements the weight of 1 kg (HV 1) was used and for Cu-DHP
welds the weight was 0.5 kg (HV 0.5). (Savolainen et al. 2004)
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Figure 128. Hardness profiles of Cu-OF (HV 1) and Cu-DHP (HV 0.5) FSW welds
(based on results in Savolainen et al. 2004).

Horizontal and vertical hardness profiles were measured for 5.5 mm thick Cu-OFP bead-
on-plate FSW welds with hot-rolled base material. In the horizontal hardness profiles the
hardness is higher in the weld than in the HAZ/base material region. All samples show
similar results. Also the vertical hardness profiles show similar tendency for higher
hardness in the weld than in the HAZ/base material. Figure 129 shows the measured
horizontal hardness profile and Figure 130 the vertical hardness profile. (Savolainen et al.
2008)
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Figure 129. Horizontal hardness profiles of 5.5 mm thick Cu-OFP bead-on-plate FSW
welds. Hardness is higher in the weld zone than in the HAZ/base material region.
Higher hardness is most likely due to the smaller grain size in the nugget, according
to the Hall-Petch relation modified for Cu-OF. (Savolainen et al. 2008)
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Figure 130. Vertical hardness profiles of 5.5 mm thick Cu-OFP bead-on-plate FSW
welds. Results are consistent with those of horizontal hardness measurement. In the
weld (0-6 mm) the hardness is slightly higher than in the HAZ/base material (6-10
mm). (Savolainen et al. 2008)
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10.6.3 Bend tests

Double-sided FSW welds of cold-rolled Cu-OF and hot-rolled Cu-DHP with 10-11 mm
plate thickness were studied using 180° three-point bend tests. All samples survived the
bend tests without any signs of damage. Figures 131 and 132 show examples of the bend

test specimens of Cu-OF and Cu-DHP, respectively. (Savolainen et al. 2004)

Figure 131. Bend test specimen of Cu-OF (Savolainen et al. 2004).

Figure 132. Bend test specimen of Cu-DHP (Savolainen et al. 2004).
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10.7 Temperature Measurements

A typical chart depicting spindle power and tool temperature during FSW welding of
copper is shown in Figure 133. Spindle power and tool temperature have a clear
correlation, spindle power being slightly ahead the temperature. Welding of both sides of
the plates is shown in the figure. The sequences that can be seen in the figure are as
follows: plunging is seen as the first increase of both temperature and the spindle power.
The shift from plunging to welding sequence is seen as a small decrease, and then the
actual welding is observed as the main increase. Ending of the welding is seen as a steep
decrease, and finally the lifting of the tool as a low spindle power usage. In some welds the
steady state was reached during welding. The experimental welds were rather short due to
restrictions caused by clamping. It would have been preferable to use longer welds.
Thermal element was located inside the tool, next to a cooling channel. Therefore the
absolute values are not reliable. Temperature was measured during welding using external

temperature measurement which showed the temperature of about 850 °C.
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Figure 133. Spindle power and tool temperature during two FSW welding cycles of
Cu-OF. The absolute temperature values are not reliable. The correct
maximum/steady state temperature was about 850 °C.

The use of shielding gas had a large effect on the welding parameters. Parameters

producing defect-free welds without the shielding gas produced welds with small voids
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when using shielding gas. Temperature measurement showed that the temperature during
welding with shielding gas was about 20 °C lower than without shielding gas (735 and 755
°C, respectively), as seen in Figure 134. The decrease of the temperature may be due to
lower rotation speed caused by sticking of the material to the tool as there are fewer oxides

to promote slipping.

Temperature (degC)
§ 8 £ £ 8 3 E

1 14 27 4D 53 66 79 92 1D5 118 131 144 157 170 183 196 200 222 235 248 261 274 287
Time {s)

Figure 134. Temperature measurement with and without shielding gas during FSW of
Cu-OFP (Savolainen et al. 2008).
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11 DISCUSSION

In this Doctoral Thesis, the microstructure and mechanical properties of copper and Cu/Al
dissimilar metal FSW welds were studied. The entrapped oxide particles in copper FSW
welds and the localization of plastic deformation in different parts of the copper canister
for spent nuclear fuel were also explored. In this chapter the results are discussed and

compared to those of other studies.

11.1 FSW of Copper and Copper Alloys

FSW is an efficient way to join copper and copper alloys. The heat necessary to plasticise
the base material is produced on-site, solving partly the problem caused by the high heat
conductivity of copper which makes the use of fusion-based welding method difficult or
impossible. Additionally, as no melting occurs during FSW and the joint is formed under
hot-working conditions, the grain size remains small. For joining of thick section copper
there is only one other available welding method, EB, which however causes extremely

large grain size of the joint.

11.2 Microstructure of the Welds

11.2.1 Grain Structure

EBSD results (Figures 46-49 and 52) show that FSW of copper produces a dynamically
recrystallized microstructure with small, equiaxed grains and increased amount of twin
boundaries. The results of EBSD studies of copper FSW welds are consistent with those of
Lee and Jung (2004). They observed recrystallized grain structure and annealing twins in
the nugget of copper FSW welds in transmission electron microscopy (TEM) studies. They
also noticed a significant decrease in the density of dislocations as compared to the base
material. Dalla Torre et al. (2007) ascribed the increase in the amount of twin (Z3)

boundaries to the occurrence of recovery and recrystallization.
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11.2.2 Grain Size

FSW produces weld joints with a small grain size. Grain size depends on the welding
parameters, not on the original grain size of the base materials. Welding parameters define
the strain rate and temperature during welding which in turn control the dynamic

recrystallization and the resulting grain size.

In copper canisters for spent nuclear fuel the grain size should be smaller than 360 pm. In
50 mm thick copper FSW welds the grain size (60 um) is equal to or smaller than that in
the base materials (60-70 um depending on the manufacturing method), consistent with the
results of Andersson (2005). In EB welds the grain size is considerably larger, up to 12

mm.

Not only is the grain size of FSW welds in the copper canisters small and similar to the
base materials, but also the grain size gradient between the FSW weld and the base
material is smooth. Between the EB weld and the base material the grain size gradient is
very steep. Both the small grain size and smooth grain size gradient make FSW a more
attractive option for sealing the spent nuclear fuel canister, as the differences between the

joint and the base materials are small.

11.2.3 Texture

Texture in copper FSW welds is dependent only on the welding parameters, not on the
grain structure or texture of the base material. Due to the occurrence of DRX, texture is

nearly random in the weld nugget.

With cold-rolled Cu-OF base material, the transition from the nugget to the base material
can be seen as a change from the nearly random texture of the nugget to cube texture in the
TMAZ/HAZ region, and further to rolling texture in the base material (Figure 52). With a
hot-worked base material such a change is not necessarily seen and it may be difficult to
distinguish the weld zones based on the joint texture. In the copper canisters for spent
nuclear fuel, the Cu-OFP base material is in hot-worked condition with a small grain size.
An important consideration is the similarity of FSW welds and base materials in copper

canisters also in regards to texture.
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The texture in copper FSW welds cannot be directly compared to those of aluminium or
stainless steels, because the materials have different stacking fault energies and, therefore,
different restoration mechanisms form the resulting microstructure. In aluminium and
stainless steels, the microstructure is dependent on the original microstructure due to
recovery. In copper, the microstructure is formed by recrystallization and it is independent

of the original microstructure, defined only by the (hot-forming) conditions.

11.2.4 Precipitates

Precipitates in copper FSW welds have not been previously studied. It was noticed that the
intensive deformation and high temperature during FSW cause the dissolution of Cu,S
precipitate particles into solid solution with copper matrix. The Cu,S precipitate particles
subsequently reprecipitate in a much finer form during cooling. The solubility of sulphur in
copper increases rapidly at temperatures above 800 °C, consistent with the dissolution of

Cu,S precipitates in the temperature range of copper FSW, 800-900 °C.

11.3 Banding

Banding in copper FSW welds has been previously very little studied. Contrary to the
aluminium alloy FSW welds, in normal “hot” copper FSW welds the banding is not readily
visible. Copper FSW welds made with a large variety of welding parameters have been
studied by Savolainen et al. (2004). None of the defect-free “hot” welds showed banding.
Banding has only been seen in “cold” FSW welds. Also Xie et al. (2007) linked the
formation of banding in copper FSW welds to insufficient heat input. They noticed that at
higher rotation speeds (and, therefore, higher heat input) the banding disappeared and a

microstructure with a fairly uniform grain size was formed.

EBSD results (Figures 57-63) show that banding consists of layers (or bands) of smaller
(appr. 20 um) and larger (appr. 60 pm) grains. Local misorientations are larger in the small
grain areas than in the large grain areas. As there are almost no texture variations in the
recrystallized copper FSW welds, it can be concluded that the differences in the grain size

observed in the “cold” copper FSW welds are due to variations in the deformation
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conditions between adjacent bands. The grain size variations are most likely caused by
differences in strain rate (due to contact conditions, e.g. stick-slip between the tool and the
base material). Higher strain rate leads to smaller grain size. The results are consistent with

those of Xie et al. (2007).

11.4 Cu/Al Dissimilar Metal FSW Welds

FSW has the potential of producing good quality Cu/Al dissimilar metal FSW joints
despite the large difference in the base material melting temperatures. Good strength and
high electrical conductivity can be achieved, but the elongation to fracture tends to be low

due to the formation of brittle intermetallic compounds.

Next to the correct welding parameters, the tool rotation direction and probe location in
relation to the base materials are important. The stronger material (copper) must be on the
advancing side and weaker material (aluminium) on the retreating side in order to avoid
poor weld quality with surface-breaking voids. The result is consistent with other studies
(for example, Okamura and Aota 2004; Xue et al. 2011a). Contrary to the general results
on the subject, in this study the best results were obtained with the tool probe on the copper
side. Tool probe at the joint centre or on the aluminium side resulted in poor weld quality
due to the formation of voids. The reason for this is that the tool was designed for FSW of
copper. In the other studies the tools were designed for FSW of aluminium. Effective tool
geometries vary depending on the base material and the welding parameters, mainly tool
rotation and traverse speed. Higher tool rotation and traverse speed values (as are generally
used for aluminium) require more complex tool geometries as compared to those used for
FSW of copper of similar plate thickness. For FSW of copper lower tool rotation and
traverse speeds are used as copper is more difficult to FSW and generally welding speed is
not an issue in copper FSW welds. Due to the differences in the welding parameter
combinations of the two materials, tool geometry becomes important in dissimilar metal
welds. Complicated Al tool geometries are not suitable for FSW of copper at the welding

parameter combinations and the simple Cu tools are not capable of welding Al alloys.
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11.4.1 Tensile Tests

Tensile strength of the Cu/Al dissimilar metal FSW welds was good, comparable to that of
the aluminium base material (Figure 67). However, elongation to fracture was low due to
the formation of intermetallic compound layers. The results are consistent with those of

other studies, for example by Liu et al. (2008) and Xue et al. (2010).

11.4.2 Hardness Tests

The hardness measurement results (Figure 68) show softening in the HAZ, both in
aluminium and copper, as well as high variation of hardness (50-220 HV) in the weld. The
softening is due to annealing caused by the thermal cycle of FSW. The high hardness
values (as compared to copper and aluminium base materials) in the nugget indicate the
presence of intermetallic compounds in this area. The 0.5 kg measurement weight caused
too large an indentation to enable the measurement of the real hardness of these IMCs.
Further studies and microhardness measurements show that the hardness of the Al,Cu-
phase is 425-470 HV 0.05 and the hardness of the brittle AlCu-phase is 650-700 HV 0.05.
The inaccuracies in the microhardness results are due to the thin character of the
intermetallic phase layers. Ouyang et al. (2006) studied also FSW of Cu/Al dissimilar
metal joints and noticed significant hardness variations in the welds. Hardness varied from
136 to 76 HV 0.2 depending on the microstructure of intermetallic compounds and material
flow patterns. Braunovi¢ and Alexandrov (1994) measured the microhardness (HV 0.04
load) of the intermetallic phases formed when annealing friction-welded Al-Cu bars. Their
results were as follows: Cu,Al, CusAly, CusAl;, CuAl, and CuAl, exhibited microhardness
of 35, 180, 624, 648, and 413 kg/mmz, respectively. The microhardness values of AlCu and
AlLCu phases in the study by Braunovi¢ and Alexandrov (1994) and this study are

consistent with each other.

11.4.3 Electrical Resistivity/Conductivity

The additional electrical resistance resulting from Cu/Al dissimilar metal FSW welds
corresponds to the resistance of 3.1 mm long copper bar or 1.8 mm long aluminium bar of
the same cross-sectional area. This result shows that the FSW joint is an attractive option

for electrical conductivity purposes.
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11.4.4 Intermetallic Compounds

SEM studies of dissimilar metal Cu/Al FSW welds showed that all welds contain A,Cu
compound. Typically, it is formed at the interface and in the nugget next to aluminium in a
globular shape. At the studied welding temperatures the phase at the interface is always
Al Cu. At higher temperatures AlCu is formed only in the nugget next to copper as a
banded structure. Layers of phases other than Al,Cu are generally too thin to be reliably

analysed, but multiple phases can be seen.

SEM studies of the fracture surfaces of Cu/Al dissimilar metal FSW welds show that the
welds fracture through a thin IMC layer. The layer was too thin (less than 1 um) to be
reliably characterized with either EDS or EBSD. Elrefaey et al. (2005) noticed also that
brittle fracture occurred in Cu/Al dissimilar metal FSW lap welds and that it was caused by
the IMC layers. They used XRD to determine that the layers consisted of Al4Cug and AICu
IMC phases. According to Braunovi¢ and Alexandrov (1994), the mechanical properties of
friction welded copper-aluminium joints are strongly and adversely affected when the

thickness of the IMC layer at the interface is larger than 2 pm.

During FSW the IMCs are dispersed and, with correct welding parameters, the amount of
interconnecting layers can be minimised. SEM studies of the fracture surfaces of the Cu/Al
dissimilar metal FSW welds revealed that the brittle IMC regions contain cracks which are
stopped by the ductile aluminium at the interface (Figure 74). A similar effect was noticed
by Ouyang et al. (2006). They assumed that local thermal stress concentrations in CuAl,
particles are higher than their fracture strength and they begin to crack. Crack growth is
stopped by ductile copper lamellae. The restraining effect of copper prevents the formation
of crack networks in the weld. An added benefit of IMCs is that their spheroidal form may
increase the strength of the joint. Instead of completely avoiding the IMCs, the control of
the thickness of the IMC layer at the weld interface as well as the size and distribution of

the IMC particles in the nugget zone are the key factors (Xue et al. 2010).
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11.5 Entrapped Oxide Particles

Entrapped oxide particles in copper FSW welds have been earlier very little studied. They
are difficult to discover and require special sample preparation to be detectable.
Electrolytic polishing has proved to be successful in revealing the location of the oxide
particles. Unfortunately, it also removes the oxide particles from the surface and increases
the size of the remaining holes. Another indirect method of observing the location and
amount of entrapped oxide particles is hydrogen annealing. Formation of the pattern of
entrapped oxide particle lines seems to be closely related to material flow as its pattern is
very similar to that of banding. Figure 135 shows an entrapped oxide particle in an

electrolytically polished copper FSW weld.
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Figure 135. Entrapped oxide particle in an electrolytically polished FSW weld of
copper is marked with an arrow. Diameter of the oxide particle is about 0.5 pm.

Figures 75-78 show the formation of the entrapped oxide particle line in Cu-OFP FSW
welds. It is seen that the entrapped oxide particle lines originate from the butting surfaces.
The deeper the original groove, the longer the line of entrapped oxide particles. In Figure

78, where the groove is deeper than the tool probe length, a part of the groove remains un-
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welded and clearly shows the origin of the entrapped oxide particle line. The entrapped
oxide particle line forms the typical S-curve seen in FSW welds. The results are consistent
with those of, for example, Sato et al. (2004) regarding oxide particles in an aluminium

alloy.

The effects of different combinations of oxide removal prior to FSW and use of shielding
gas during FSW were studied using the same welding parameters and other arrangements
for all the welds. The results (Figures 79-106) show that the combination of oxide removal
and shielding gas gives the best result with almost no entrapped oxide particle line. Using
only shielding gas gives the second best result, suggesting that the majority of oxides
originates from air during welding. The oxidation reaction of copper at high temperatures
is much faster than at room temperature. An interesting note is that the most pronounced
oxide line is not in the reference sample with no treatment, but in the sample with oxide
removal prior to welding and no use of shielding gas. This can be attributed to the lack of a

protective oxide layer which makes the surface more susceptible to oxidation by air.

The effect of hydrogen annealing on Cu-OFP FSW welds is seen in high magnification in
Figures 83-86. The voids indicate the existence of a relatively high amount of entrapped
oxide particles in the weld whereas the existence of deformation indicates some reaction

between the oxide particles in the welds and the hydrogen.

In addition to surface preparation and the use of shielding gas, the formation of entrapped
oxide lines can be affected by the tool. Both tool features and tool location have an effect
on the amount of detected oxide particles. More complex tool features (for example a
scrolled shoulder) disperse the oxide particles more efficiently. The oxide particles are also
more efficiently dispersed if the original joint line is on the advancing side of the tool, not
in the centre of the tool (Kumar and Kailas 2010; London et al. 2003). In 50 mm thick
welds the oxide particles are not seen in the top region of the weld where the tool features
are more pronounced. Welds with more complex tool features also show more complex

flow patterns.

What is also interesting to note, is the grain size of the material in each welded sample
before and after hydrogen annealing. The weld samples were welded using the same

parameters and they originally had the same grain size (before hydrogen annealing). After
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hydrogen annealing, the grain size roughly corresponds to the amount of entrapped oxide
particles. The higher the amount of entrapped oxide particles is, the smaller the resulting
grain size. For example, in sample 1DV (no oxide removal, no shielding gas) the average
grain size is half of that in sample 4DV (oxide removal, use of shielding gas). It seems that
the small, relatively closely spaced entrapped oxide particles suppress the grain growth by
particle pinning of the grain boundaries, i.e. that Zener pinning occurs in the samples with
higher amounts of entrapped oxide particles. In Zener pinning the entrapped oxide particles
and migrating boundaries interact resulting in the suppression of the grain growth

(Humphreys and Ardakani 1996).

11.6 Localization of Plastic Strain

The localization of plastic strain in different parts of the copper canister for spent nuclear
fuel was studied in tensile tests with large samples containing almost the entire thickness of
the FSW and EB welds as well as the forged lid and extruded tube base materials. In the
base materials plastic deformation occurred very uniformly, but it was localized on specific
sites in the welds. In FSW welds, deformation and fracture localized mainly on the
processing line and occasionally on the line of entrapped oxide particles. The FSW welds
and the base materials show similar hot worked microstructure. In EB welds, deformation
and fracture localized either at the centre of the weld or at the fusion line between the weld
and the forged lid base material. EB welds exhibit large columnar grains and have steep
grain size gradients at the fusion lines between the weld metal and the base materials.
Maximum allowed grain size in the copper corrosion barrier canisters for spent nuclear fuel
is 360 um and in the EB welds grain sizes up to 12 mm were detected. FSW welds also
have mechanical properties similar to those of the base materials. EB welds, however,
show significantly smaller elongation to fracture and slightly lower tensile strength. The
results on the properties of EB welds are inconsistent with those of Ollonqgvist (2007). He
measured the tensile properties of 50 mm thick EB welds using the proportional cross-weld
tensile specimens with rectangular cross-section (10 mm x 8 mm). In the cross-weld
testing failure occurred always in the centreline of the EB weld, but the measured
elongations to fracture were high and comparable to the base material testing results.
Specimens containing the whole weld area, which were used in this study, give a different

view on the ductility of the EB welds. It is important to use full-thickness samples covering
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the whole weld to have a realistic constraint of the weld structure with different

microstructure and mechanical property gradients.

Fracture surfaces of the base materials and FSW welds (Figures 116-118) were similar with
dimples and 45° shear lips on both side surfaces of the sample indicating ductile fracture.
Fracture surfaces of EB welds (Figure 119) exhibited significantly different appearance.
EB welds also fractured in a ductile manner, but with stronger strain localisation. Fracture

occurred along a shear band (in large grains) through the entire weld sample.

11.7 Mechanical Properties of FSW Joints

11.7.1 Tensile tests

Double-sided 10 mm thick Cu-OF FSW welds showed significant reduction in tensile
strength and almost a three-fold increase in elongation to fracture as compared to the cold-
rolled base material. The tensile strength of the FSW weld was 220 MPa and the tensile
strength of the base material was 300 MPa. The elongations to fracture were 40 and 13 %
for the FSW weld and the base material, respectively. The Cu-OF FSW weld samples
failed in the weld. FSW has annealed the cold-worked Cu-OF increasing its ductility and
simultaneously decreasing its hardness and strength. Hwang et al. (2010) had similar
results. FSW welds of cold-worked C11000 copper had tensile strength of about 60 % as
compared to that of the base material, whereas the elongation to fracture reached three

times that of the base metal.

Tensile strength and elongation to fracture values of double-sided 11 mm thick Cu-DHP
FSW welds were similar to those of the hot-rolled base material. The tensile strength of the
FSW welds was slightly higher at 215-230 MPa compared to 210 MPa of the base material.
Elongation to fracture of the weld was slightly lower at 50 % as compared to 55 % of the
base material. Cu-DHP samples failed in the HAZ/base material region. In the hot-worked
Cu-DHP FSW has caused no further annealing, but the difference in the results may be
caused by the grain size gradients in the welds. The Cu-DHP results are in agreement with
those of Andersson (2005). He compared 50 mm thick FSW welds to forged lid material

using tensile testing. Samples were taken across and along the copper FSW weld. The
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welds show tensile strength and elongation to fracture values similar to those of the base
material (193-209 MPa of the weld as compared to 206 MPa of the base material).

Elongation to fracture of the welds was 49-58 % compared to 51 % of the base material.

The results of transverse tensile tests of the entire 50 mm thick Cu-OFP FSW and EB
welds and of the forged and extruded base materials show similar tensile strength (200
MPa or higher, comparable to the results of Andersson (2005)) in all samples except the
EB weld (175 MPa). The extruded tube material showed the highest tensile strength of 220
MPa. However, the clongations to fracture were higher compared to the results of
Andersson (2005). The elongation results obtained by the cross-head displacement
measurement differ from those measured with LaVision, an optical strain measurement
system. The discrepancy is most likely due to the elongation occurring over the entire
sample, not only in the gauge length, which is taken into account in the LaVision results.
The values of elongation to fracture obtained by LaVision are basically more reliable and
they are as follows: for both base materials 65 %, for FSW welds 60 %, and for EB welds
40 %. The influence of strain rate on the mechanical properties was negligible in the
studied range (5x107, 107, and 10 1/s), as the tensile properties and fracture locations

were the same for all corresponding test samples independent on the strain rate.
11.7.2 Hardness profiles

Hardness profiles of double-sided 10 mm thick Cu-OF FSW welds show that the weld is
clearly softer than the cold-rolled base material. The hardness of the FSW weld is 60 HV 1
compared to the hardness of 100 HV 1 of the base material. The smaller grain size in the
Cu-OF welds would suggest higher hardness as compared to the base material, but the
effect of work hardening in the cold-worked base material exceeds the influence of the
grain size refinement due to FSW. The reduction in hardness is visible through the entire
width of the shoulder, not only through the width of the probe. Hwang et al. (2010)
reported that in C11000 copper the hardness of the FSW weld was about 60 % of that of
the base material, 60 HV compared to the hardness of 100 HV of the base material.

In double-sided 11 mm thick Cu-DHP FSW welds there is no difference in hardness
between the hot-rolled base material and the weld. Cu-DHP was already in an annealed

state; therefore the effects of FSW on the hardness were minimal. The smaller grain size
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resulting from FSW had no hardening effect on Cu-DHP, contrary to the prediction based
on the Hall-Petch relation. It can be concluded that the annealing softening was more
dominant with the used welding parameters than grain refinement. Results similar to those
of Cu-DHP were obtained by Andersson and Andrews (1999) for 50 mm thick Cu-OFP
FSW welds with hot-worked base material. Hardness profiles across the transverse cross-
sections showed relatively constant hardness values (60-70 HV 2.5) regardless of the grain

size variations.

The horizontal and vertical hardness profiles (Figures 129 and 130) of 5.5 mm thick Cu-
OFP bead-on-plate FSW welds show that the hardness is higher in the weld than in the hot-
worked base material. The difference in hardness is due to the considerably smaller grain
size in the weld nugget (25 pm as compared to the 180 um of the base material), as both
the base and weld materials are in hot-worked condition. The results are in agreement with

the Hall-Petch relation.

11.7.3 Bend tests

The bend tests of double-sided FSW welds of cold-rolled Cu-OF and hot-rolled Cu-DHP
with 10-11 mm plate thickness gave good results. All samples survived the three-point
bend tests without any sign of damage, even when bending the samples by 180°. The
results are consisted with those of Andersson and Andrews (1999), where 10 mm thick
copper FSW welds were studied using 180° three-point bend tests for the root and face

surfaces without failure.

148



12 CONCLUSIONS

The final disposal canister for spent nuclear fuel is the most critical application for FSW of
copper. The other available welding method for sealing the corrosion barrier canister is
electron beam welding (EBW). Based on the work performed in this Doctoral Thesis it can
be concluded that the microstructure and mechanical properties (especially tensile strength
and elongation to fracture) of copper FSW welds are very similar to those of the hot-
worked base materials and superior as compared to EB welds. Based on these
characteristics, FSW can be considered as a more suitable method for sealing the copper

corrosion barrier canisters for spent nuclear fuel than EBW.

The microstructure of copper FSW welds has been little studied. It was noticed that FSW
produces copper welds with a fine-grained recrystallized microstructure and almost random
texture. The microstructure is complicated and it was studied using many different methods
for a variety of copper grades and plate thicknesses. Studies included different weld zones,

grain structure and size, texture, and precipitates.

Banding in copper FSW welds occurs as a difference in the grain size of the adjacent
bands. It was noticed that local misorientations are larger in the small grain areas than in
the large grain areas. It is assumed that the spatial differences in the grain size are due to
variations in the strain rate (caused by contact conditions between the tool and base

material).

Welding defects occurring in copper FSW welds are different from those in traditional
fusion welds due to the solid state nature of the process. The welding defects are caused by
instabilities in material flow (too cold or too hot conditions) or by geometric factors such as
too short tool probe, too large tool displacement from the joint line, or plate thickness
mismatch. A classification of the welding defects occurring in copper FSW welds in

general and in 50 mm thick Cu-OFP FSW welds in particular was given.
The existence of entrapped oxide particles in copper FSW welds was confirmed. Their

detection is difficult and requires complicated sample preparation. Entrapped oxide

particles were confirmed to be originating from the butting surfaces. Their amount can be
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reduced or even eliminated by removing the oxides from the butting surfaces prior to

welding and by using shielding gas during welding.

The fracture in tensile tests of 50 mm thick copper FSW welds occurs either at the
processing line next to the line of entrapped oxide particles or at the line of entrapped oxide

particles. Fracture occurs in a ductile manner.

FSP is the most important variant of FSW. It is a method for local altering of the
microstructure and the resulting properties. It can be used, for example, to heal casting
defects, homogenize microstructure, produce surface composites, and to improve the

formability.

Defect-free dissimilar metal FSW joints between copper and aluminium were successfully
produced. The welds exhibit good tensile strength and electrical conductivity. However,
the elongation to fracture was poor due to the formation of brittle intermetallic compounds.
Cu/Al dissimilar metal FSW welds are of particular interest for the electrical power

industry.
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13 SUGGESTIONS FOR FUTURE WORK

Studies for the development of improved (easy and direct) ways of detecting entrapped
oxide particles are recommended. Currently the entrapped oxide particles can be detected
only indirectly using either electrolytic polishing which removes the oxide particles and
enlarges the remaining holes or by hydrogen annealing in which hydrogen and oxygen

react at elevated temperatures producing water vapour.

Fatigue testing of samples containing entrapped oxide particle lines might reveal most

reliably the largest oxide particles present in the copper FSW welds.

The amount of entrapped oxide particles in 50 mm thick copper FSW welds can be reduced

by oxide removal prior to welding and by the use of shielding gas during FSW.

Entrapped oxide particles in 50 mm thick copper FSW welds could maybe be more widely
distributed by displacing the tool so that the original butting faces are on the advancing side
during welding and by using higher plunge depth to ensure better mixing of the original

oxide layers of the butting faces.

Further studies on the effects of entrapped oxide particles for example by multi-axial

tensile and creep testing are needed.

Even if the main features of the microstructure of copper FSW welds have been
determined, in this work it is recommended that further studies on the microstructure are
performed. Subjects include the behaviour of different precipitate particles (e.g. copper
sulphides and phosphides) during FSW and the distribution of different types of grain

boundaries as well as their effects.
The comparison of the welds produced by the two competing welding methods (FSW and

EBW) for the sealing of spent nuclear fuel copper canisters regarding the mechanical

properties in the relevant loading directions occurring in the repository is recommended.
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The comparison of heterogeneous weld microstructures (local misorientations, anisotropy,
and texture) produced by the two competing welding methods (FSW and EBW) for the
sealing of the copper canister for spent nuclear fuel would be informative for the

understanding of the long-term properties of the copper canisters.
An important question is why the deformation localizes and subsequently the fracture

occurs on the processing line of the FSW weld. There is no apparent reason for this

behaviour, such as a change in the grain structure or the existence of small voids.
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