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Abstract 

 

In Sweden spent nuclear fuel is planned to be placed 500 m down in the bedrock. The spent 

nuclear fuel will be contained in copper canisters. The reason behind the selection of copper is its 

thermodynamic stability against corrosion in the depository. The copper will be exposed to 

mechanical loading and will be plastically deformed due to creep. The canisters will be sealed by 

friction stir welding. Since the canisters have to survive intact for many thousands of years, the 

properties of the welds are critical. Oxygen free P-doped copper (Cu-OFP) is selected for its 

excellent creep ductility properties and corrosion resistance. In this thesis work creep ductility 

behavior of friction stir welded copper chosen at different areas of the weld is evaluated by using 

the test slow strain rate tensile test. Samples are chosen at different weld areas namely weld, 

cross weld and HAZ. A sum of 21 specimens is tested. These tests are achieved at three various 

strain rates and each rate are carried out at three different temperatures. The strain rates used for 

tests are 1e-4, 3e-6 and 1e-7 [1/s]. The samples are strained until rupture, 20% and 5% of the 

gauge length. Yield strength and tensile strength are usually decreasing with increasing 

temperature and at higher temperature the material can be easily deformed. Few strange 

behaviors are also observed for the samples from HAZ areas at strain rate 1e-7[1/s]. The 

experimental results are justified by using the Knock-Mecking model. The parameters  and ω 

were evaluated by curve fitting method. 
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1. Introduction 

1.1 The Swedish programme for nuclear waste 

Recent investigations on medical and research areas wastes revealed low and intermediate level 

nuclear wastes in it, which is believed to be obtained from power plants and nuclear reactors. 

SKB, the Swedish nuclear fuel and waste management company is managing the spent nuclear 

fuel in Sweden [1][2]. As nuclear waste contains harmful radiation, care is taken to store it in a 

cool place, in a Clab in Oskarshamn, which is an impermanent and transient central storage 

facility where the spent fuel is placed in water which cools the fuel and protects the environment 

from harmful radiation [3].  The facility can store the waste for about 30 years, the radioactivity 

will be maintained within the safe limits and can be safely moved to final storage. The final 

repository is planned storage method KBS-3 for 100000 years in Forsmark [4]. Figure 1 outlines 

and explains the developed system which links number of facilities through a safe chain and 

transportation method. 

 

 

 Figure 1: Transportation system for different types of nuclear waste to final repository [2] 
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1.2 The Barrier 

Three security barriers are the basis for KBS-3. The encapsulation of copper canisters coupled 

with an iron insert will be carried out in the nuclear waste. The insertion of iron is integral for 

desired mechanical properties and copper has the ability to offer essential corrosion protection to 

the canister. The copper canisters has a length of 5 meters and a diameter of 0.9 m and the total 

canister weighs up to 25-27 tones which includes waste too [1][3]. The copper canister which 

includes the bottom lid acts as a barrier of corrosion having 50mm thickness. Friction stir 

welding (FSW) is used to weld the bottom lid of the copper canister [1]. Copper and iron 

cylinders comprise a 2 mm mutual gap for safety issues for long storage period. The details of 

construction phases of canisters are illustrated in the Figure 2. The deformation of canister will 

be carried out at very high temperature caused by the fuel’s heat flow with the external pressure 

of maximum 44 MPa which leads to plastic deformation of copper canister which ranges from 

2.5% up to 4%. The placement of canister will be deep in bed rock bounded by the bentonite clay 

buffer which acts as the shield against the rock’s movement. This clay also thwarts the spreading 

of radionuclides into the storage ground if there exists any crack in the canister[4]. 

 

 

 

  Figure 2: Different protective barriers in the canisters used in KBS-3 method [2]. 
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1.3 Copper canister manufacturing 

.  

 For the canisters, copper will be the material for construction. Copper is the first choice 

for the canister material because of its very good corrosion resistant properties [4]. Initially 

stability of High thermodynamic oxygen free high conductivity copper present in the ground 

water was highly considered. On the contrary, in order to avoid the problems present in the lower 

reported creep ductility, P-doped copper (Cu-OFP) enhanced the Cu-OF as copper canister 

failure is not expected unless the ductility of creep of the copper is low. The copper’s ductility 

behavior has been studied using tensile tests as well as traditional creep tests [3]. Before, 

conducting of extensive tensile testing is carried out on cold annealed and worked copper to 

evaluate the creep behavior. Tensile tests are carried out to comprehend the behavior of creep of 

friction stir welded copper. These tests are executed on samples from the weld’s three different 

areas. The tensile test specimens are designated from the area of weld, cross weld specimen and 

heat affected zone (HAZ). A sum of 21 specimens is tested. These tests are achieved at three 

various strain rates and each rate are carried out at three different temperatures. The table 2 able 

depicts the details of testing. 

2. Creep 

2.1 General 

Material at constant load or stress which undergoing progressive plastic (permanent) deformation 

in period of time and this time dependent deformation is known as Creep. At elevated 

temperatures, creep materials are extremely essential for various types of engineering designs. In 

the creep process, the material slowly deforms or permanently which results of long term 

exposure of stress. As temperature increases creep also increases and it’s results change of shape 

in material permanently.At elevated temperatures, creep materials are extremely essential for 

various types of engineering designs High temperature creep usually proceeds through three 

different stages; primary, secondary and tertiary as shown in the figure. 
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      Figure 3: The three stages of material creep behavior - primary, secondary, tertiary [2] 

In the primary creep, the strain rate is relatively high, but slows down with the increasing time 

due to the work hardening. The strain rate in the end reaches a minimum and becomes near 

constant and this is due to the balance between annealing  and work hardening. This stage is 

known as secondary creep. The characterized creep strain rate typically refers to the rate in this 

secondary stage. Stress rate depends on the creep mechanism. In tertiary creep, the strain rate 

exponentially increases with stress because of necking phenomena [1]. 

 

2.2 Creep behavior of Copper 

The placement of waste package is carried out in a depository 500 m below the ground. Copper 

canister used for spent nuclear fuel will be suppressed to creep because copper is immune to the 

corrosion. Creep of copper canister tends to begin when the clay engorges by absorbing water 

from the surrounding or it can occur when the canister is sheared during earthquake [5]. 

Behavior of creep can be explained using power law relation at low stress and very high 

temperature. On the contrary, the power law relation does not hold good for the behavior of 

creep at low temperature and high stress. The following equation represents the steady-state rate 

of pure metals 

 

                                                                                                         (i) 

where, 

http://en.wikipedia.org/wiki/Work_hardening
http://en.wikipedia.org/wiki/Annealing_(metallurgy)
http://en.wikipedia.org/wiki/Necking_(engineering)
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        b = Burgers vector  

        A & n are dimensionless constants 

        D = the self-diffusion coefficient  

        G = shear modulus  

        k = Boltzmann’s constant 

Here, ‘A’ is a fitting parameter where ‘n’ value depends on temperature and stress, ‘n’ increases 

with increasing stress and decreasing temperature. The stress exponent ‘n’ for pure metals 

deforming in power-law creep lies between the range ~4–7 [5]. 

  Atomic diffusion and dislocation motion drives the creep mechanism present in 

crystalline solids. Each process has its own crucial role for particular limits of stress and 

temperature for different materials. Diffusion creep is essential at fine grain size, high 

temperatures and low stresses and also evident in ceramic materials whereas dislocation creep 

plays an integral role in motion of dislocations in crystalline materials. Dislocation creep 

includes the interaction sliding or dislocation motion coupled with stationary dislocations. 

Movement of dislocation is dependent on the applied stresses which in fact directly proportional 

to the solid’s elastic modulus. Elastic modulus enhances additional temperature dependency to 

the creep equation (i) [8].  

 Vacancy diffusion controls the dislocation climb rate in the lattice intermediary 

temperatures ranging from ~0.4-0.7 Tm. On the other hand, at lower temperatures pipe diffusion 

along dislocation cores turn out to be a dominating diffusion process at lower temperatures. 

These are termed as high temperature climb and low temperature climb respectively. Activation 

energy which is affected by the diffusion process is drastically lower for pipe diffusion than 

volume diffusion. 

 The transition for P-free copper occurs at around 100 Mpa and 160 ºC whereas the 

transition for P-doped Cu is believed to take place at higher temperatures. In the above 

mentioned equation, “n” which is the value of dimensionless constant usually increases with 

increasing stress and decreasing temperature. The measurement of n values is carried out by 

Andersson, Seitisleam and Sandström which is in fact ranges from 35 to 73 at 175 ºC for P-

doped copper. Therefore same wise like steel, copper’s stress exponent increases with decreasing 

temperature and is in the range of 50-100 [5]. 



6 
 

3. Friction-stir welding (FSW)  

 3.1 General 

Friction stir welding (FSW) is known for its solid-state joining process and is also used in 

avoiding original structural characteristics of material. This process is mainly used on 

Aluminum. The process has been explained in below mentioned figure 4. 

 

 

         Figure 4 : Two discrete metal work pieces butted together along with the tool. 

          In FSW, in between two butted sheet material pieces, a cylindrical tool comprising of 

profiled threaded probe is rotated at a constant speed and supplied at a constant traverse rate into 

the joint line. The parts need to be clamped rigidly onto a backing bar in such a way that prevents 

the abutting joint faces from being spaced out. The required weld depth is slightly more than the 

length of the nib and the tool shoulder is in very close contact with the work surface. The nib in 

that case moved against the work, or vice versa. The generation of frictional heat is carried out 

between the wear-resistant welding tool shoulder and nib, and material used for the work pieces. 

This heat coupled with the generation of heat by the mechanical mixing process leads to 

softening of stirred materials without melting. The resultant soften material allows the traversal 

of the tool alongside the weld line in a semi solid tubular shaft of metal. As the pin is moved 

towards the welding direction, supported by a special pin profile compels the plasticized material 

to the back of the pin while applying an ample forging force to consolidate the weld metal.  
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3.2 Process Parameters 

The material which is being welded is assisted by severe deformation of plastic in the solid state 

which includes the dynamic recrystallization of the base material. The crucial parameters of the 

friction stir welding are as follows [7]. 

 Tool design  

 Tool rotation  

 Welding force  

 Transverse speed  

 Tool tilt and plunge depth  

 Flow of material  

         In the friction stir welding, the welding of the material is carried out below the 

recrystallization temperature. Highly characteristic microstructure is a resultant of the 

combination of solid-state nature of the FSW process coupled with its unusual tool and its 

asymmetric nature. The microstructure in fact differs with the HAZ zones. The weld zone or stir 

zone form which is dynamically re-crystallized is heavily deformed material thus corresponds to 

the pin location during welding. The grains present within the stir zone form just about the 

equiaxed structure and comprises of size smaller than the grains present in the parent material. 

The presence of several concentric rings which is also termed as “onion-ring” structure is one of 

the unique feature of the stir zone as shown in the figure 5. The flow arm zone is visible on the 

upper surface of the weld. It comprises of material that is pulled by the tool shoulder from the 

withdrawal side of the weld, around the rear of the tool, and thus deposited on the progressing 

side. The thermo-mechanically affected zone (TMAZ) takes place on both sides of the stir zone. 

The temperature and strain in this region are lower and the welding effect on the microstructure 

is likewise smaller. Unlike the stir zone, the parent material and the microstructure is quite 

similar. The heat affected zone (HAZ) is general to all welding processes. This region is not 

deformed but subjected to a thermal cycle during welding. The temperatures are lower than those 

present in the TMAZ but still might have a significant effect if the microstructure is thermally 

unstable. Generally this region show signs of the poorest mechanical properties [7]. 
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                                                  Figure 5: Onion ring structure 

3.3 Friction Stir Welding (FSW) of Copper  

The copper canister lid used for spent nuclear fuel has to undergo welding with the main shell. 

Friction stir welding process was selected after extensive research. Conventional fusion welding 

techniques cannot be used to join the thick sections present in copper alloy because of high 

thermal diffusivity. The copper’s high thermal conductivity and diffusivity requires high heat as 

input which is infact 100 times higher than the steel alloys. The higher heat present in the copper 

sections can be induced by maintaining the slow weld speed during friction stir welding. FSW 

has the capability of welding copper plates with the thickness ranging from 1.5 to 50 mm.  

 

 

                                      Figure 6: Friction stir welding (FSW) of copper 

 Friction stir welding can be used for inducing desirable heat input. It has been proven that 

the lower rotation speed at the rate of constant traverse speed produces less heat into the weld 

zone resulting in smaller grain size during re-crystallization. Formation of Onion rings can be 

identified during welding. The FSW copper plates discloses that the grain size found in the 

nugget zone is finer than in the base material because of re-crystallization and the grain size 
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present in the heat affected zone was coarser because of the annealing effect. After welding, the 

nugget portrays a softening effect because of the lower density of dislocation. This depicts the 

hardness which relies on the dislocations’ density relatively with the grain size. It is found that 

the traverse tensile strength in the weld zone is 85% of the base materials. Significant difference 

can be identified with respect to the hardness with the highest hardness within the weld nugget. 

The tensile strength in both the cases were almost the same[1]. 

3.4 Deformation, Recrystallization  and Dynamic recrystallization  

The material used during the welding is deformed and recrystallized. Deformed grains during the 

re-crystallization process are substituted by the new un-deformed grains, which grows until there 

is a consumption of all deformed grains. Re-crystallization leads to lower strength, hardness and 

ductility. Re-crystallization relies upon temperature, deformation and time. All these factors are 

mutually dependent upon each other. The critical temperatures to initiate the re-crystallization 

decreases with prolong annealing time and high rate of deformation. Deformation in fact 

provides the nuclei and essential heat for further growth of grains. Thus the low welding speed 

coupled with low rotating speed at content transverse speed generates less heat into the weld 

zone which decreases re-crystallized size of grain.  

 On the contrary, the critical temperature is affected by the increase in deformation and 

requires very less heat to start the recrystallization. Larger grains lead to very few grain 

boundaries which result in a decrease of nucleation rate and an increase in temperature of 

recrystallization. Because of increase in nucleation rate, more deformation leads to finer final 

size of grain. Dynamic re-crystallization results in new grains smaller than the initial grains and 

hence comprises of superior mechanical properties at room temperature. The re-crystallization 

relies upon temperature, deformation, size of grain and time where in which these factors are 

interdependent.  The static re-crystallization is carried out during cooling of deformed material 

and dynamic after heat treatment. 

  The critical temperature required to instigate re-crystallization decreases with annealing 

time. In order to drive the grain growth, the deformation must provide nuclei and stored energy 

[1]. Studies reveal that because of heat affected zone the size of the grain in the nugget is finer 

than the base metal and coarser in the heat affected zone. Due to lower density of dislocation and 

finer size of grain, the nugget illustrates the softening effect [1]. 
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3.5 Thermo-mechanical affected zone (TMAZ)  

        The thermo-mechanically affected zone (TMAZ) also present on the both sides of welded 

stir zone. This region contains lower strain and temperature as compared to the other ends of 

weld and welding effects on the microstructure is considerably smaller. Unlike the stir zone the 

microstructure is noticeable that of the parent material, although drastically deformed and rotated 

[9]. The friction stir welding studies illustrate four main microstructural zones. The weld’s 

microstructure is complex and highly dependent on the position inside the welded zone. Central 

nugget zone contains fine grains, contrary to the TMAZ and HAZ zones where microstructure is 

coarse. Different studies also points out the area immediately below the tool shoulder must be 

given a separate category, as the grain structure usually differs in that particular area.  

 The thermo-mechanically affected zone (TMAZ) is plastically deformed via the friction 

stir welding tool and heat generated from the process affect the material. In many metals the 

whole TMAZ zone appears to be recrystallized except Aluminum which gets plastic strain 

without recrystallization. Figure 7 depicts the different zone in the friction stir welded 

Aluminium joint. Figure 7a depicts the heat affected and deformed region, 7b shows the 

recrystallized central region surrounded by thermo-mechanically affected zone (TMAZ) and 7c 

is the base material. The variation in structure can be evidently seen [9]. 

 

                       7a                                                     7b                                                       7c 

                Figure 7: Structure transitions in friction stir welded Aluminium joint [9]. 

 In the heat affected zone (HAZ) material has experienced thermal cycle, and variation in 

mechanical properties and microstructure can be noticed. On the contrary, this zone does not 

experience any plastic deformation. In the last parent material is not deformed but might have 

gone through thermal cycles during the welding but not affected by the heat with respect to the 

microstructure or mechanical properties[9]. 
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4. Testing Methods 

4.1 Creep testing 

Creep is an integral design factor for the components which is subjected to stresses at high 

temperatures. Creep deformation and material’s rupture behavior are used to calculate the 

strength and material’s life time. The material’ creep behavior is usually studied under uni-axial 

loading test. The tests are conducted at constant temperature under constant dead load. Strain is 

calculates as a function of time and tests continue until failure or till they are interrupted with 

timeout after a specific time. [4].Though Creep curve results from many contributing factors, 

following factors play critical role:  

(i)  Strain hardening  

(ii) Softening processes like strain softening, recovery, re-crystallization, and precipitate over 

aging  

(iii) Damaging processes like specimen necking, cracking, and cavitations.  

          The determination of shape of creep curve includes the mutual balance of all these factors. 

Creep rate is decreased by the strain hardening while the increase of the creep rate is due to the 

latter two factors. In the curve’s primary stage, the decreasing slope attributes to hardening of 

strain. On the contrary an optimized situation between softening, strain hardening and processes 

required for damages is noticed in the secondary-phase of creep curve which results to 

approximately constant creep rate. In the tertiary phase, external and internal damage processes 

decreases the resistance to the applied load which in fact results the ultimate fracture. 

          The equation (i) represents the steady-state creep rate of pure metals with low and 

intermediate stresses. It was found independent of temperature for testing when the stress 

exponent n is calculated for the tensile test which goes in the similar way as carried out for the 

creep test. Acceptable agreement between the two testing techniques is the highlighting factor for 

the comparative analysis of tensile and creep data. On the contrary, dramatic effect on the creep 

can be observed with the increasing p-contents from 0 to 30 ppm [5]. 

4.2 Tensile Test 

The test on the samples can be conducted by using the creep and creep rupture testing. On the 

contrary, to study the creep behavior of metals, tensile test can also be used. Determination of the 

material strength is usually carried out using the tensile testing [4]. The comparative study of 
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creep and tensile test and the data obtains reveals that tensile test results are within the scatter 

band of the creep data even though the creep data is barely on higher side. On the contrary the 

nearly same curve’s slop confirms the acceptable agreement between the both testing techniques. 

The main possible reason for this low scatter could be the more restricted primary phase of the 

tensile test than the creep test [5]. 

             The material is exposed to a uni-axial load at constant strain rate in a tensile test and the 

data assimilated subsequently used to plot strain-stress diagram. The figure 8 depicts the general 

shape of stress-strain curve. Some of the other parameters which include tensile strength, yield 

strength or point of yield and the ultimate strength are used to define the curve. The stress-strain 

diagram compromises of two parts, plastic and elastic region. Stress and strain are directly 

proportional to each other in the region of elasticity. When the stress tends to a particular value 

known as yield stress, material starts yielding and consequently deforms permanently. The 

strength is known as yield strength and the point is known as yield point. Yield strength 

material’s point is determined by the 0.2% offset method.  Stress value increases to highest value 

known as tensile strength which occurs after yield point.     

. 

 

Figure 8: Stress - Strain curve  

 

Due to the material’s internal work hardening, the increasing load between the ultimate strength 

and yield point is required.  The increasing stress extends the specimen. The specimen’s value 
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remains to be constant. On the contrary, diameter decreases consistently along the gauge length 

initially hardening of strain compensates the decrease in cross sectional area and engineering 

stress goes on increasing with increasing strain. Eventually, there comes a stage where reduction 

in the area is comparatively more than the deformation load ascending from the strain hardening. 

Necking starts at this particular stage which is because of localized softening of material. All 

further deformation focuses at this particular point and material ruptures. The load needed to 

deform the material starts reducing at this point [2]. The material’s shape and magnitude of stress 

strain curve relies upon the composition of metal, prior history of deformation, heat treatment, 

temperature, strain rate and the stress imposed during testing. The deformation of plastic carried 

out during tensile test is subjected to climb and glide of dislocations along the crystallographic 

planes [10]. 

5. Background 

Nuclear spent fuel will be disposed in cylindrical canister made of copper. This effort is carried 

out in Sweden. Primarily high conductivity free from oxygen (Cu-OF) Copper was implemented 

to higher thermo dynamic stability in the ground water with repository depth. A lot of creep tests 

were performed on the material used by canister [4]. On the contrary, the significant problem 

noticed during these tests was the initial plastic deformation with 5-15% at dead weight load. 

Additionally an apparent variation in the behavior of creep was noticed with variation in grain 

size and strengthening mechanism. The canister failure can be predicted when the material’s 

creep ductility is high. Thus the slow strain rate tests were performed to study the behavior of 

creep. Xuexing Yao were carried out on cold worked copper which includes phosphor with four 

strain rates which differs at three different temperatures.  Plots of stress-strain curves were 

depicted in figure 9a and even the slop of the line in figure 9b signifies the close relation with the 

steady state creep.     



14 
 

 

                                            9a 9b 

         Figure 9: Stress-strain curve of p-doped Cu and the n values at different temperature 

Eventually Josefin Hallgren carried out the same slow strain rate testing on the annealed copper 

with 50 ppm phosphorous. Phosphorous plays an integral role in increase of creep ductility [4] 

Previously available data depicts that increasing P-content from 0 to 30 ppm has remarkable 

influence on the creep especially on the bare effect [5]. The testing comprised of longitudinal 

samples having 50 mm and 10 mm in length and diameter respectively. Friction stir welding 

technique was used to weld the same material and is thus used for slow strain testing using 

tensile testing method. The preparation of sample technique mentioned above was adopted. 

6. Testing Procedure 

6.1. Methodology 

 In this thesis work, the welded copper specimens are used and tested using slow strain rate 

tensile testing [SSRT]. In the previous studies mentioned, the data obtained from the tensile test 

can be used to draw the stress-strain curve as data from the creep test. In general these plots give 

the information required to study the creep behavior of the specimen. The creep test gives data 

for different dead load at different strain rates and in tensile test gives  data for different tensile 

test values at different strain rate. Once the tensile test is plotted the maximum stress in the curve 

which is known as σ stat.  The time taken to attain ultimate tensile stress (UTS)  corresponds to 

the rupture time in creep testing which correspond to dead weight value in the creep test. [4] 
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6.1   Materials Specification. 

The tensile test specimens were prepared from friction stir welded piece of the copper canister. 

These specimens selected from three different regions of weld as maintaining consistent 

symmetry. The three different regions are weld area, cross weld and HAZ area. The specimens 

which are obtained from weld zone reveals the weld zone properties  and similarly with the HAZ 

and cross weld. In the dynamic recrystalliazation of the weld zone consists of smaller grain size 

when compared to the base metal. While comparing HAZ with base metal, the HAZ area 

structural variation cannot be evident. Samples from cross weld material include both HAZ and 

weld area. The dimensions of specimens are 10 mm in diameter and 50 mm gauge length. The 

copper tube material is used in this work and it is designation 64-2-1 (T27). In this test annealed 

copper is used with 50 ppm phosphorous contents due to which increases the creep ductility [4] 

[10]. These specimens used for the tensile test which are spotted from the different regions of the 

friction weld as shown in figure 8. 

 

 

                                        Figure 10: The test specimen used in the testing 
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6.3 Test equipment 

Uni-axial tensile testing machine is used in the experimental work. The equipments used in this 

experiment are extensometer, electric furnace (oven) with temperature control and loading stand. 

For ductile metals uni-axial loading is mostly appropriate but in compressive testing brittle 

material is more suitable. In creep properties, the loading direction has little influence. During 

third stage in the ductile material, both creep and fracture can be delayed in compression when 

compared to tensile testing and it is due to result of microstructural flaw and failure to 

necking.[8]. 

 In the experiment tensile testing, the strain in the specimens is measured form the 

extensometer of the machine. Extensometer gives the measurement of change in the gauge length 

of the specimen. The displacement of the crossheads is equated to the machine’s elastic 

deflection and also along with plastic and elastic defection of the specimen. Minute details have 

to be considered during testing. In this behavior of the tensile machine plays an integral role. 

Preventative measure to be considered when calculating strain rate since tensile machine may be 

less rigid than the specimen and if the specimen is stiffer it leads to a deflection in the crosshead 

[8]. 

 To understand the mechanical behavior of the materials ASTM standards for deformation 

rate is adopted.  Increase in the strength properties of the various materials is due to the higher 

deformation rate and ductility of materials is also affected with slight change in the deformation 

[10]. 

6.4 Procedure 

The specimens for tensile test were prepared from the welded piece of copper canister. Swetest 

control system tensile testing machine is used to conduct the tests. These test were conducted at 

Material Science department of KTH, Stockholm. Over all 21 specimens were tested at different 

temperature and different strain rates and details of testing of specimens are shown in the table 1. 

Strain rate        20 
o
 C       75 

o
 C      125 

o
 C Max Strain 

1e-4 [1/s] BM BM BM Rupture 

W W W 

3e-4 [1/s] W W W  

20% HAZ HAZ HAZ 

CW CW CW 

1e-7 [1/s] BM BM BM 5% 

W W W 
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                                     Table 1: Details of specimens tested   

 Tensile testing machine is believed to move with given velocity under constant strain rate 

during testing. This velocity can be calculated by multiplying the gauge length of specimen with 

the given strain rate. The machine’s displacement or stroke is supervised by a computer 

programme followed by the load needed to move the machine. An extensometer (Epsilon, model 

3542-050M-HT2) can be used in order to determine the change in the specimen. The maximum 

elongation limit of extensometer is 2.5mm. In order to measure the extension, the extensometer 

is attached to the sample. As each experiment requires longer elongation value the extensometer 

was replaced many times during the time of experiment. When extensometer reaches its limit, it 

is removed, zeroed and inserted again. This procedure involves slight data discontinuity and it 

was corrected later on. 

 The force exerted by the machine crosshead during testing helps in extension of sample. 

So the extensometer and stroke were believed to measure the same elongation but is rather found 

different i.e. the output information differed by the factor 0.67 when both stroke and the 

extensometer were given the same input command (feed). Moreover the stroke showed higher 

values as compared to the extensometer. Different slopes between the extensometer and the 

stroke curve is depicted via stress vs. strain plot where the steeper slope can be observed in the 

stroke curve. This error factor was initially attributed to the machine’s calibration. Later it was 

identified as error due to the measuring difference between stroke and extensometer. Stroke 

measures the sample extension machine and whole setup whereas extensometer measures the 

change in the length of gauge. The extension of sample is carried out from the edges and 

machine crosshead is also deformed elastically. These factors results in different stroke 

measurement. This factor resulted in one after necking because there is no difference between 

the stroke and the extensometer. The reason being localized extension at necking. Conversely 

there is a reduction in the diameter after necking and the entire concentration is acted upon 

necking. The stress concentration at a particular point removes the stress acting components at 

the other sample parts.   Stroke and extensometer both depicts the same measurement under the 

applied load and at the same stress level. This leads the error factor attain the value 1 after 

necking [4] [5] [9]. 
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6.6 Model for Curve fitting 

Some experiments were carried out at high temperatures which include electric oven (furnace) in 

the experiments. The extensometer can be reinstalled by opening the oven door thereby affecting 

the temperature as well but the experiment has to be carried out instantaneously in order to avoid 

very high temperature variations in the experiments.  

 Several empirical models are used to signify the experimental tensile stress-strain curve 

data on with different special fitting parameters. The data obtain from experimental are load, 

time, temperature and extensometer was used to draw the curves such as stress-strain curves and 

true stress- true strain curves. Thereafter all the experimental data have to compare with 

scientific model for evaluating the metal behavior. 

Here, Kocks-Mecking model is used in order to fit the all experimental tensile curves. 

                                                                                                             (1) 

                                                                                                    (2) 

 In the equation ‘ ’ represents yield strength at which plastic deformation takes place 

and (  + k) is the elastic part of the stress strain curve. While on curve fitting the elastic part of 

the curve not to be consider. As a result, (σy + k) can correspond to the yield strength 

              On assuming equation (2) to dislocation density ‘ρ’, dynamic recovery and hardening. 

The author Orowan explained the work hardening in the below expression  

                                                              Work Hardening                                 (3) 

 Dislocations on closed in contact results the locking and mutual annihilation and it is 

known as dynamic recovery which cause consequent reduction in the dislocation density. [12] 

                                                       Dynamic Recovery                                        (4) 

On combining (3) and (4) we obtain a model which is initially proposed by Bergström and it 

results the dislocation density. 

                                                                                                                           (5) 

Where  

ρ = dislocation density 

b = Burgers vector  

m = Taylor factor.  
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ԑ = strain  

L = spurt distance or mean free path                    

In the equation (5) ω and L are known as empirical parameters obtained by fitting experimental 

stress strain curves.  Here L which is related to the grain size, or to the dislocation density. The 

dislocation density L is expressed as 

                                                                                                                            (6) 

Where  and  are constants. L is proportional to the distance between the dislocations. 

The dislocation density L has impact on the strength of the material and which can be used for 

the quantification of work hardening. [12] 

                                                                                                    (7) 

Where,  

G = shear modulus 

 = yield strength or proof strength where the plastic deformation starts 

α = constant  

m = Taylor factor  

The equations (5), (7) represents stress strain curve. In particular which is representation for FCC 

alloys and ρ is obtained by merging with equation (6). 

                                                                                       (8) 

Whereas, 

                                                                                                           (9) 

By solving equation (7) with equations (8), (9) gives [12] 

                                      

                                                                                      (10) 

On further solving the equation (10) we get the following equation (1) (2) 

                                                                                                  (1) 

                                                                                       (2) 
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Above equation is known as kock-mecking expression, where K is constant. And ω is expressed 

as                                        

 

Where B, , ,are constants and T is Temperature. [6] 

6.6 Experimental work 

All tests in this work are slow strain rate tests where tensile testing machine is used instead of 

creep testing. The specimens for tensile testing were prepared by use of friction stir welded 

region of copper canister, which is used to store spent nuclear fuel. The friction stir weld is 

between the lid and canister tube. In the first step of sample preparation copper canister was 

slashed into small pieces with abrasive water jet cutting, further these pieces were machined to 

obtain tensile specimen using CNC machines. Three different types of specimens were primed 

from three different regions of the weld namely cross weld, weld and the HAZ area. The 

specimens prepared have same dimensions and are subject to same kind of testing procedure. 

The sample dimensions are as follows:  

Gauge length = 50 mm  

Diameter = 10 mm 

After preparation of samples slow strain rate testing [SSRT] was conducted using Swetest 

control system NT 2005 tensile testing machine with three different temperatures and strain rates 

respectively. Table 22 contains the Experiment strain rates and temp values.  

Strain rates used  1e-4, 3e-6 and 1e-7 [1/s]    

Temperatures Used  20, 75, 125 
o
C 

                               Table 2 : Experiment Strain Rates and Temperature. 

The test conducted at strain rate 1e-4 [1/s] was strained till rupture, where as test with strain rate 

of 1e-7 [1/s] was performed till 5 % elongation of the gauge length of the specimen .the third test 

with strain rate 3e-6 [1/s] was performed till 20% elongation. The specimens were tested for all 

temperatures and Strain rates mentioned in Table 2.The test completes its course in 1 day for 

strain rate 1e-4[1/s] ,  days for strain rate 3e-6[1/s]  and 9-10 days in case of strain rate 1e-7[1/s] . 

Before starting the test the initial dimensions were noted for subsequent studies and then the 

samples were mounted within the machine with the assist of holding fixtures to undergo uniaxial 
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tensile testing under restricted conditions. Epsilon extensometer was attached to the specimen to 

measure precise strain in terms of extension. 

Machine parameters like PID values, filters on the load and extensometer reading are so 

optimized aimed to achieve best results of the test. Following are points considered while 

conducting tests. 

 

i. Tests were conducted using encoder control channel on the tensile machine.  

ii. The P value needs to be set properly as it affects the feedback signals to the machine 

from the sensors. 

iii.  Filters are used as they reduce the noise contribution towards the extensometer signals 

and load. 

 The sample is then loaded using machine software by setting appropriate machine velocity. The 

load is measured in kN by encoder movement and extensometer gives extension in mm from the 

sample. Both load and extension is used to compute stress, strain, true stress, true strain values. 

Stress-strain, true stress -true strain graphs were plotted respectively. As temperature affects the 

mechanical properties of the specimen material and also electric oven was included in the test 

arrangement to maintain required temperature of the specimen. The graphs plotted were used in 

order to evaluate creep and further mechanical properties by comparing different strains and 

temperatures. During this evaluation some strange behaviors were observed and were further 

investigated. 

Repetitive higher yield stress was observed at certain temperatures and this is due to the behavior 

consisting of the undesired cold working of the samples earlier to the test. Further investigation 

equations 1 and 2 were used. Curve fitting is done with the help of Matlab to determine different 

parameters in equation 1 and 2.The variables ω, σ y, ԑ cw and k are the ones used to fit the 

curves.  

7. Results and Discussions 

In the project three types of weld material is tested at three different temperatures and each at 

three different strain rates. These tests are compared with different strain rates and different 

temperature results in a few interesting findings.  
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7.1 Tests at strain rate 1e-4  

In this test strain rate 1e-4 [1/s] is used to perform the slow strain rate testing [SSRT]. 

Throughout the experiment same material is tested at the same strain rate at different 

temperatures. The test is conducted with the strain rate 1e-4 [1/s] on the material from the weld 

area. Figure 10a shows the results of weld region. These tests were also conducted till rupture. 

Yield stress is also the highest 87.7 MPa at 125 c in this case as well. However UTS is 

decreasing with increasing in temperature.   

                       These tests were conducted on different materials up till 35 % strain till it obtain 

rupture stage. Figure 10b shows the results of cross weld and it is observed that curve consisting 

of two parts plastic and elastic region. In the figures 11 vertical straight lines is elastic region and 

latter that plastic region is formed. Variation is not seen in the elastic region however the yield 

point always differs at different temperatures. In general the formation of plastic deformation 

starts at yield point and strain increases with change in stress. Slope of the curve in the plastic 

region is varying  due to the stress is dependent on strain rate where as in the elastic region the 

dislocation is not important since because the dislocations doesn’t have  enough time to settle 

down at new position. In stress-strain curves, with increase in temperature the yield stress 

decreases. Conversely in these experiments, there is rise in the yield stress at higher temperatures 

particularly at 125 
o
C which is 85 MPa and it is also observed that curve shows plastic region is 

small at higher temperatures as compared to low temperatures. 
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                                                               (c) HAZ region  

Figure 11.Different region of weld material testing with 1e-4 [1/s] at different temperatures. 

 The same trend is conducted HAZ (heat affected zone) region with strain rate 1e-4 [1/s]. The 

results of the HAZ material shows different results as compared to the testing on weld area and 

cross weld. The details of HAZ area are shown in Figure 11c. These tests were also conducted 

till rupture. In this case high yield stress is observed at 125 
o 

C which is 122.4 MPa. Here, 

ultimate tensile strength (UTS) is not following any variation as observed in previous trends 

decreasing with increasing in temperature. Tests conducted at 20 
o 
C and 75 

o 
C have more or less 

have the same yield stress and tests at 125 
o 

C and 175 
o 

C shows different variation from the 

previous results and it is due to the presence of thermo mechanical affected zone (TMAZ). 

Thermo mechanically affected zone (TMAZ) may give to the variation in the results for HAZ . 

7.2 Tests at strain rate 3e-6 [1/s]  

A series of tests conducted using strain rate 3e-6 [1/s] to perform the slow strain rate testing. The 

tests were carried out on different materials up till 20 % strain to the total entire length of sample 

which is 10 mm. In previous test same method was used and the specimens were tested at the 

same strain rate with different temperatures. Figure 12a shows the results of tests conducted on 

material from weld region. These tests are carried out till it reaches 20 % strain. In this case at 

125 
o 

C the yield stress is of 88.9 Mpa. The same trend conducted on HAZ with slow strain rate 

3e-6 [1/s] and it showed different results as compared to weld and cross weld area. The details of 

the material from HAZ area are tested with three different temperatures as shown in figure 12b. 

In this case yield stress is high at 75 
o 

C as compared to test at 125 
o
C. HAZ area again shows 

variation in the results with respect to cross weld and weld areas. This change in variation 



24 
 

justifies the presence of different structure from the weld and cross weld region. These 

sspecimens might contain TMAZ, part from heat affected zone and base metal areas.  
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Figure 12.Different region of weld material testing with 3e-6 [1/s] at different temperatures. 

The constant behavior of the material was observed throughout the tests with strain rate 3e-6 

[1/s] on the material from the cross weld area.  Figure 12c shows the curves of cross weld region 

by which the same elastic and plastic regions makes the curve. Temperature plays important role 
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which affects the plastic deformation and yield stress at this point. Elastic region is independent 

of the strain rate as shown in the figure 12c and in plastic region stress is dependent on the strain 

rate due to differ in slope of the curve. At different temperature and due to the non-appearance of 

dislocation movements doesn’t show any difference in the elastic region. These tests show more 

or less same yield stress value on comparing test with strain rate 1e-4[1/s]. Moreover the test at 

20 
o 

C shows the maximum yield stress value 85 MPa which is almost same value found with 

strain rate 1e-4 [1/s]. 

7.3 Tests at strain rate 1e-7 [1/s] 

A series of tests were carried out using strain rate 1e-7 [1/s] to execute the slow strain rate testing 

in this testing. These tests were executed up to 5 % strain to 2.5mm extension in the sample. On 

other part few technical problems occurred with the machine during the testing period and data 

for the entire specimen which are tested is not being included in the report. According to the 

methodology which is previously carried out, Figure 13a depicts the weld specimen which was 

tested at the same strain rate with varying temperatures.  These tests are reasonably slow and it 

takes around 9-10 days for completion. The effects of temperature for such a long period tend to 

be very prominent. The yield stress and plastic deformation are highly affected by temperature. 

The tests which are performed at 1e-7 [1/s] even follow the trends for the tests performed at     

1e-4[1/s] and 3e-6[1/s] and are highlighted in the figure 13. These tests reveal the variation in the 

yield stress similar to the previous test performed at different strain rates. The test is carried out 

at 20
 o 

C highlights the highest yield stress value 94.9 MPa. Yield test is not varying at a uniform 

rate with the variation in temperature unlike to the previous trend. 
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(a) Weld region                                                                      (b) HAZ region 

Figure 13.Different region of weld material testing with 1e-6 [1/s] at different temperatures. 

Few of the tests were not performed out at this strain rate 1e-7 [1/s] due to the time constraint. 

The unfinished testing for this strain rate conducted on cross weld, weld and HAZ couldn’t 

evaluate properly. Test conducted  at 20 
o 

C and 75 
o 

C shows different variation as shown in 

Figure 13.Some more tests need to conducted at this strain rate 1e-7[1/s] at different temperature 

in order to understand behavior of material and the results compared with other specimen tested 

at strain rate 1e-4 and 3e-6 [1/s].  This variation which results the presence of different structure 

in heat affected zone (HAZ) from the cross weld and weld region.  

 

7.4 Yield Strength  

The point in the stress strain curve at which material starts yielding in called yield point. Change 

in transformation from elastic to plastic deformation region is seen at this point. Yield strength 

varies with temperature and it decreases with rise in temperature and this is due to the ease in 

dislocation movement. Plastic deformation at high temperatures results the low stress values. 

During experimental work the yield stress values showed deviation from the previous trends. 

And it is observed that yield stress values are also increasing with increasing in temperature, in 

particular at 125 
o
C the yield stress value is high. All these samples are selected from different 
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parts of friction stir weld. During friction stir welding (FSW) high traverse speed might not be 

able to induce sufficient heat to the weld material in order to provide the extensive deformation 

during welding process and this outcome results change in the structure.  At temperatures 125 
o
C 

and 175 
o
C might give annealing affects to the material  and it could be to two possible reasons 

one is formation of  new structure will persist in which stress relieved in the material and another 

possible reason is static strain hardening. It is observed that weld and cross weld specimens are 

appears to be consistent behavior for different strain rates shown in the figure 14. Though HAZ 

samples  behave differently. It is observed there  is rise in yield stress values at temperature 125 
o 

C and same behavior is observed  in all the tests and also at all strain rates.  
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 Figure 14.Yield stress variation as a function of temperature for different strain rates. 

The yield stress is analyzed as a function of strain rate which indicates at constant temperature 

for each material stress values are not deviated at different strain rates only in HAZ region 

sample illustrate few deviation. On comparing to other temperatures the yield stress values 

shows higher at 125 
o 

C. Weld samples have high yield stress values than the cross weld samples 

at all strain rates. The samples of HAZ material have no consistency in the results. The results 

are shown in figure 15. 
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     Figure 15.Yield stress variation as a function of temperature for different strain rates. 
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7.5 Modelling and curve fitting  

In order to evaluate metal behavior, mathematical validation of the results needs to be conducted 

on comparing experimental data with any one of the scientific model.  Several empirical models 

can be used to signify the experimental tensile stress strain curve data with different fitting 

parameters  

 Kocks-Mecking model is used in this project for curve fitting 

                                                  (1) 

In the equation ‘ ’   represents yield strength at which plastic deformation takes place and   

( + k) is the elastic part of the stress strain curve. While on curve fitting the elastic part of the 

curve not to be consider. As a result, ( + k) can correspond to the yield strength 

In the equation (1) where K and ω are empirical parameters, obtained by fitting experimental 

stress strain curves.  Kock-Mecking expression can also be written as follow 

                                         (2)    

Here ω is expressed as 

                                                 

Where B, ,  are constants and T is temperature. [6] 

Kocks – mecking model is used to evaluate and determine parameter values such as omega ω, 

yield strength  and k. In this project the parameter k results are not included due to time 

consistent. The parameters are further used to evaluate the behavior of materials. The behaviour 

of the materials is analyzed from the different regions of the weld at different strain rates and at 

temperatures and different parameters were drawn against strain rates and temperature. 

7.6 The parameter ω (omega)  

ω is a empirical parameter and dimensionless and its used  to fit in experimental stress-strain 

curve. The parameter omega (ω) describes the recovery and dislocations rearrange which makes 

material to deform easily and it is determined by the following expression 

                                                

                                                )                                                 (3) 

Where 

    - Interaction distance between dislocations. 
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Usually ω increases with decreasing strain rate and the same trend was observed in all the 

experiments. Omega ω is evaluated by two cases. 

i. Variation for different materials at the constant strain rate  

ii. Variation of omega ω for the same material at different strain rate.  

In the first case (i), at different weld regions the material exhibit the similar omega ω values with 

slight difference. With increasing in temperature omega ω value also increases. The test 

conducted in HAZ material with strain rate 1e-7 [1/s] shows few deviations as shown in 

figures18. 
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           Figure 16.Variation of ω (omega) for different material at same strain rate. 
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While in the case (ii), the variation of omega (ω) at different strain rates of the same material 

shows above mentioned observations. The materials which are tested with strain rates 3e-6 and 

1e-4 [1/s] shows minute variations in the omega values. However the test conducted in HAZ 

material with strain rate 1e-7 [1/s] shows few deviations as shown in figures 17. 
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(a) Weld region                                                 (b) Cross Weld region 
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                                                           (c) HAZ region 

            Figure 17.Variation of ω (omega) for same material at different strain rate. 

Since omega (ω) is recovery and rearrangement of dislocation and it is easily deformed. 

Therefore at higher temperature and strain rates the material can be deform easily. 
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8.  Conclusion  

Based on the experimental study results, following conclusions can be stated:  

 

 The creep properties of weld region and cross weld region at strain rate 1e-4 and 3e-6 

[1/s] shows identical similarities  and  minute.  

 Of all theses material the yield strength of HAZ material is higher than the other weld 

area and it is due to the presence of more than one microstructure in that.  

 Temperature in the electric furnace (oven) might contain tempering effect on the sample 

due to which change in microstructure becomes more significant for the test with slow 

strain rate 1e-7 [1/s].  

 Yield strength is high in few sample it is due to  strain hardening of material or cold 

working and it cause due to the improper handling in the lab 

 Samples selected from different areas of the weld are to be investigated in order to know 

the structural variation in the mechanical properties.  
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9. Future work. 

 The results of tested material were compared tests with results of base material.  

 With the help of metallography   microstructure can be determined.  

 These tests results can be used in further to analyzed with exiting models. 

 In further the results of this thesis work will be used in future FEM computations of the 

time dependent mechanical behavior of the canisters. 
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