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Summary

Copper for the manufacturing of canisters for nuclear waste was studied. First, the electrochemical
behavior of cold worked copper from test rods previously subjected to various degrees of tensile
or compressive strain was studied and compared to high purity copper without strain. Second, the
electrochemical behavior of cold worked copper and friction stir welded copper was studied and
compared to parent copper from the canister lid and to high purity copper. The surface morphology
after forced corrosion was studied for the latter group of copper materials.

The results for the cold worked material from test rods indicate that the apparent nobility of the
copper is independent of strain level, independent also of whether the strain is compressive or tensile
and independent of whether the exposed surface is oriented along the strain or perpendicular to the
strain. The test does not reveal any significant differences in apparent nobility between the weld, the
parent material from the lid and the cold worked copper.

When forced electrochemically to corrode to an average depth of 40 um, some small areas of the
0.2 cm’ electrodes seem completely uncorroded. No areas where the corrosion had concentrated to
more than double the average depth were found.
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1 Background

Svensk Karnbranslehantering AB (SKB) intends to use a phosphorous doped copper material

in canisters for final deposition of spent nuclear fuel. The composition of the copper material is
specified in SKB (2010), and is a highly pure copper (>99.99 %) with a phosphorous addition of
30-100 ppm. In this investigation the electrochemical and corrosion behavior of phosphorous
doped copper materials after various degrees of cold work is studied relative to a very pure copper
material without cold work. Copper material from a friction stir weld is also included. The electro-
chemical properties studied are the equilibrium potential in copper containing solution and the
surface morphology that arises when the material is forced to corrode electrochemically.

Galvanic corrosion studies between weld and base materials have previously been reported in
Gubner and Andersson (2007).

SKB R-17-09






2 Theory

In this study we investigate the apparent nobility of cold worked or welded copper material relative
to very pure copper (without any cold work).

The apparent nobility is determined by measuring the equilibrium potentials of the materials when
immersed in solutions with copper ions. Application of Nernst’s law to the results allows estimation
of the normal potential, £, for each material. Comparing experimentally determined values of £,
for different copper materials should reveal differences in the activity of copper in these materials
and hence differences in the driving force for corrosion. The theory is described in Taxén and Sparr
(2014).
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3 Material and electrodes

3.1 Cold worked copper from test rods

Three copper materials having been subjected to different degrees of cold worked were studied
relative to a high purity copper without any cold work.

The three cold worked materials were taken from pieces of test rod from a test of mechanical creep
(Andersson-Ostling and Sandstrém 2009).

Test pieces were cut from parts of the test rods far from any visible crack.

The test pieces had labels identifying their history: “CuCW12-1”, “CuCW15-a” and “CuCW12-¢”.
CuCW12-1: strained 12 % tensile.

CuCW15-a: strained 15 % compressive.

CuCW12-¢: strained 12 % compressive.

3.2 Cold worked copper from a compressed copper barrel

Copper material from a compressed barrel was studied. A thick walled barrel was compressed 12 %
in the axial direction (Andersson-Ostling and Sandstrém 2009). From this, specimens were cut using
Electric Discharge Machining. Further studies of the material is given in Wu et al. (2014).

Figure 3-1 shows photographs of the locations for where samples were taken for electrochemical
measurements. The specimen labelled “CuCW12-¢” in the previous section had been cut from the
same compressed barrel.

Longitudinal samples were cut as cylinders with axes parallel to the axis of the compressed barrel
and expose circular areas perpendicular to the direction of the strain. Transverse samples were cut as
cylinders with axes perpendicular to the compressed barrel and expose circular areas along the strain,
in one direction.

s

Figure 3-1. Photographs of sample from a compressed copper barrel, indicating from where duplicate
longitudinal (left) and duplicate transverse (right) specimens were cut.
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3.3 Welded copper and copper from a canister lid

Copper material from two places where a lid was friction stir welded to a copper canister were
studied. Two samples were taken from the actual weld zone and two samples from the parent
material of the lid. Figure 3-2 shows photographs of how the samples, with duplicates, were taken.

Longitudinal samples were cut as cylinders with axes parallel to that of the canister and expose
circular areas parallel to the lid. Transverse samples were cut as cylinders with axes perpendicular to
that of the canister and expose circular areas approximately perpendicular to the radius of the canister.

34 Electrodes

The electrode of high purity copper consisted of oblong balls or ‘shots’, Espi Metals, 6N purity.
The cross section had elliptical shape with a major diameter of about 3 mm. The electrical connec-
tion was made by gluing a wire to the copper balls and a piece of copper sheet, using electrically
conducting glue (Conductive Epoxy CW2400, Chemtronics). This arrangement was then cast in a
resin (Epofix, Struers) so that only the high purity copper was exposed. Because of the small size
of the copper balls, the exposed area was only approximately 7 mm®. All copper electrodes were
polished to 600 grit on SiC-paper.

3.41 Cold worked copper from test rods

Duplicate test specimens were cut from tensile test pieces which had been subjected to various
degrees of stress, either by tensile or compressive loading. Figure 3-3 illustrates how sectioning of
the test pieces was carried in two different orientations in relation to the applied tensile stresses. The
orientation is analogous for samples subjected to compressive loading. The resulting test area was
either rectangular (transverse) or half-circular (longitudinal) for the different orientations.

In order to make electrical contact with the copper samples, plastic sheathed wire (peeled at the
ends) was fixed at the back of the specimens by conductive epoxy (Conductive Epoxy CW2400,
Chemtronics). The samples were then cold mounted in a two component epoxy resin (Epofix,
Struers). Each mount contained the duplicate samples (electrically insulated) from each material,
i.e. 4 specimens/mount. Due to different dimensions of the tensile test samples, the resulting test
pieces had slightly different dimensions and hence the surface area in contact with the solution
varied between the specimens. The latter values have been specified in Table 3-1. The electrodes
were labelled #1—16. The labelling is also clarified in Table 3-1.

Figure 3-2. Photographs of sample from copper canister lid, indicating where duplicate longitudinal and
duplicate transverse specimens were cut from weld and parent material.

12 SKB R-17-09



tensile stress

Surface under
‘ ‘ 'along'

Cut
< —

(:0 <__Turn 90°

Surface under
> tensile stress
'across’

Figure 3-3. Schematic illustration of how sectioning of test pieces was carried out from tensile samples
and the resulting orientation of the test pieces in relation to the applied stress during cold work.

Table 3-1. Electrode designations for the copper reference material and for samples from the
test rods.

Electrode Orientation with Electrode | Material
Number respect to stress surface
direction (cm?)
1 n/a
2 n/a
0.07 Reference copper
3 n/a
4 n/a
5 L Cylind
ong (Cy in ) 0.25
6 Long (Cylind)
12 % tensile
7 Transv (Rect) 04
8 Transv (Rect) '
9 L Cylind
ong (Cyl in ) 0.10
10 Long (Cylind)
12 % compressive
11 Transv (Rect)
0.25
12 Transv (Rect)
13 Long (Cylind) 0.2
14 Long (Cylind) ’
15 % compressive
15 Transv (Rect)
0.25
16 Transv (Rect)

All samples were cut as cylinders. Longitudinal samples expose circular areas perpendicular to the

direction of the strain. Transverse samples expose rectangular areas along the strain, in one direction.

SKB R-17-09
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3.4.2 Cold worked copper from compressed barrel, copper from weld and
from canister lid

In order to make electrical contact with the copper samples, plastic sheathed wire (peeled at the
ends) was threaded through holes drilled at the ends of the cylinder specimens. The wire was
eventually fixed to the specimens by conductive epoxy (Conductive Epoxy CW2400, Chemtronics).
The samples were then cold mounted in a two component epoxy resin (Epofix, Struers). Each
mount contained the duplicate samples, electrically insulated, from each material (longitudinal and
transverse sections), i.e. 4 specimens/mount. Each cylinder had an area of approximately 0.2 cm® in
contact with the solution.

The electrodes were labelled #1—16. The labelling is clarified in Table 3-2.

Table 3-2. Clarification of electrode designations for the copper reference material and for the
samples from the copper canister.

Electrode Orientation Sample Material
Number

1 n/a

2 n/a Reference

3 n/a copper

4 n/a

5 Transverse

6 Transverse Weld (lid)

i

7 Longitudinal

8 Longitudinal

9 Transverse
10 Transverse

- Core (canister)
11 Longitudinal
12 Longitudinal
13 Transverse
14 Transverse )
. Parent (lid)

15 Longitudinal
16 Longitudinal
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4 Experimental

4.1 Performance

Measurements of the cold worked copper from test rods are presented as runs #1 and #2. Measurements
of the cold worked copper from the compressed barrel and from the weld are presented as run #3.

The experiments were carried out in a glass cell with a volume of approximately 1 L. A supporting
electrolyte consisting of 0.5 M MgSO, at pH 2.5 was selected. This solution was selected to allow
minor differences in the corrosion properties of the metal itself to manifest and not be clouded by
solid corrosion products forming at the surface. Nitrogen gas was continuously bubbled through the
test solution. The nitrogen gas came from the building’s central gas system which is fed by nitrogen
gas of quality Instrument 5.0, AGA. All additions during the course of the experiments were,
however, made using solutions not previously de-aerated. The solution was stirred continuously
(magnetic stirrer) throughout the duration of the test.

4.2 Equilibrium potentials for the copper materials

In order to measure how noble or un-noble the different copper materials behave, the electrodes’
potential in solution were measured relative to a reference electrode of saturated calomel (SCE). All
potentials are given relative to the SCE potential.

The copper content of the test solution was increased stepwise in order to verify that Nernst’s law
is applicable. Under conditions where Nernst’s law is applicable the measurement of the electrode
potentials gives a measure of the normal potential for the different copper materials.

The values of the normal potential, thus determined, are measurements of how noble the different
copper materials behave relative to high purity copper. All potentials were measured using a
potentiostat: Solartron Electrochemical Interface 1286. Before and after each experiment, the potential
of the reference electrode was measured relative to a similar electrode that is always kept in saturated
KCIL. The difference was always less than 1 mV.

The copper content in the solution was increased by successive additions of a stock solution of
0.5 M CuSO, to the supporting electrolyte.

4.3 Surface morphology after forced corrosion
4.3.1 Forced corrosion

After the equilibrium potential measurements, accelerated corrosion was carried out for half of

the duplicate electrodes from the different regions of the copper canister (6 electrodes in total)

in 0.5 M MgSQO, solution at pH 2.5. The electrodes were corroded simultaneously by applying

a constant anodic current of 0.371 mA, in total. Based on an electrode area of approximately

0.2 cm*/specimen, the average current density was 0.315 mA/cm’ to each of the 6 electrodes. The
time of the galvanostatic polarization was set to 96 hours so that the average corrosion depth would
be 0.04 mm. The original intention was to corrode to an average depth of 0.10 mm. Due to a trivial
calculation error the current density or time was set too low. The error was not discovered until after
the electrical connections had been irrevocably cut from the electrodes.

A setup illustrated in Figure 4-1 was used to force six copper electrodes to corrode to an equal
average depth. The potentio-galvanostat is set to deliver a certain constant current. The current
branches to the separate electrodes. The resistance of the separate electrode may vary slightly but
this resistance is much smaller than the resistance of the serial resistors. Thus an equal part of the
current is forced through each electrode. Using 160 kQ resistors, a voltage in the order of 10 V

is required from the potentiostat in order to deliver the current to corrode an area of 0.2 cm? to an
average depth of 0.04 mm in four days.
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Figure 4-1. Illustration of the setup used to forcibly corrode several copper electrodes simultaneously to
the same average depth.

4.3.2 Confocal microscopy

After forced corrosion to a certain average depth the electrodes were imaged by confocal microscopy
in order to study the shape of the corrosion attack and the morphology of the surface.

4.4 Grain size distribution (optical microscopy)

After the equilibrium potential measurements, optical analysis of the cold worked copper specimens
was carried out, in order to study any variation in grain size for the different orientations with respect
to the applied stress.

Prior to analysis, the specimens were polished to a surface finish of 3 um using diamond suspension
followed by etching for 3—4 minutes in a solution consisting of 40 g CrO;, 7.5 g NH,Cl, 50 mL
H,SO, (95-97 %), 50 mL HNO; (65 %), 1900 mL H,0.
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5 Results

5.1 Equilibrium potentials for the copper materials

When potentials appeared stable, various additions of 0.5 M CuSO, were made to the solution
in order to change the redox potential of the system. The potentials just prior to a change in the
composition of the solution are here interpreted as the equilibrium potential of the electrode.

5.1.1 Cold worked copper from test rods

After initial measurements of the copper materials, some samples exhibited non-stable potentials.
Closer examination of the electrodes (sample subjected to 15 % compressive strain) revealed cracks
in the mount material immediately adjacent to the test surface of the electrodes. The cracks were
sealed up by epoxy (Scotch Weld EC-9323 B/A) and the measurements were repeated. To prevent
removal of the epoxy utilized to seal the cracks, no grinding was carried out of the electrode surfaces
prior to the repeat measurements.

However, when run #2 was started the electrodes of the reference copper showed aberrant behaviour
and the experiment was terminated. Some of the small pieces of the reference copper had an uneven,
pitted appearance. The mount with the four electrodes of reference copper was gently repolished and
the experiment was restarted.

The results from the separate experiments are presented as run #1 and run #2. No data from the
interrupted first part of run #2 are presented.

Run #1

Figures 5-1, a through d and 5-2, a through d show the open circuit potential for the reference
material and for the cold worked copper from test rods as function of experiment duration after
run #1.

Table 5-1 shows a compilation of steady state values of the potential for the different copper
electrodes at various solution compositions during run #1.

Figures 5-3, a through d and 5-4, a through d show the steady state values of the potential for the
reference material and for the cold worked copper from test rods as function of the average potential
of the four reference material electrodes.

Figures 5-5, a through d and 5-6, a through d show the steady state values of the potential, from
Table 5-1 interpreted as equilibrium potentials, as function of the logarithm of the copper ion
concentration. The solid lines in Figures 5-5 and 5-6 have the theoretical slope of 29.1 mV per
decade. The legend in each graph shows the value of the estimated E,. Data points corresponding to
decreasing copper concentrations are omitted from Figures 5-5 and 5-6 because the dilution was not
made with sufficient accuracy to correctly calculate the copper ion concentration.

Table 5-1. Steady state values of the electrode potentials for the different electrodes.

Time [Cu*] Electrode
(Hours) (M) Potential (mV SCE)

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16
122 0.008 173 171 176 174 179 211 16 212 216 212 225 23.0 171 232 157 23.0
167 0.016 254 248 257 254 253 273 221 289 295 298 31.7 31.0 253 293 252 31.0
284 0.05 352 359 36.1 359 37.6 36.2 346 38.6 405 399 40.7 399 33.1 375 26.9 40.1
332 0.079 40.8 414 417 421 43.0 414 411 436 459 455 459 452 371 43.0 309 452
427 Dil.1 284 271 281 28.8 33.0 331 334 318 341 33.8 331 342 279 311 246 332
456 Dil.2 214 215 216 224 263 268 269 259 275 279 276 277 217 241 187 27.2
498 Dil.3 156 143 155 16.2 198 20.7 204 196 213 213 210 214 154 184 10.0 20.9
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Figure 5-1. Open circuit potentials for copper electrodes #1—8 (reference copper and cold worked copper)
as function of experiment duration after run #1. The vertical dashed lines indicate times when the copper
content in the solution was increased by the addition of a copper rich stock solution or decreased by
dilution.
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Figure 5-2. Open circuit potentials for copper electrodes #9—16 (cold worked copper) as function of

experiment duration after run #1. The vertical dashed lines indicate times when the copper content in the

solution was increased by the addition of a copper rich stock solution or decreased by dilution.
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Figure 5-3. Open circuit potentials for copper electrodes #1—8 (reference copper and cold worked copper)
as function of the average potential of the reference material (electrodes #1—4) during run #1. The straight
line shows the limit where the studied electrode behaves as more noble (over the straight line) and less
noble (under the straight line) than the average of the four reference copper electrodes.
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Figure 5-4. Open circuit potentials for copper electrodes #9—16 (cold worked copper) as function of the
average potential of the reference material (electrodes #1—4) during run #1. The straight line shows the
limit where the studied electrode behaves as more noble (over the straight line) and less noble (under the
straight line) than the average of the four reference copper electrodes.
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Run #2

Figure 5-7, a through d and 5-8, a through d show the open circuit potential for the reference and
cold worked copper as function of experiment duration.

Table 5-2 shows a compilation of steady state values of the potential for the different copper
electrodes at various solution compositions.

Figures 5-9, a through d and 5-10, a through d show the steady state values of the potential for the
reference material and for the cold worked copper from test rods as function of the average potential
of the four reference material electrodes.

Figures 5-11, a through d and 5-12, a through d show the steady state values of the potential, from
Table 5-2 interpreted as equilibrium potentials, as function of the logarithm of the copper ion
concentration. The solid lines in Figures 5-11 and 5-12 have the theoretical slope of 29.1 mV per
decade. The legend in each graph shows the value of the estimated E,,.

Table 5-2. Steady state values of the electrode potentials for the different electrodes.

Time [Cu®] Electrode
(Hours) (M) Potential (mV SCE)

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16

64 002 30 29 28 32 34 35 3B 34 36 36 336 36 33 34 35 35

164 0.037 36 35 34 37 37 39 38 39 42 42 42 42 41 39 40 39
260 0.068 38.7 37.2 37.6 40.6 432 443 433 441 463 47.0 46.7 463 458 455 46.2 456
359 0.095 424 417 41.0 43.4 485 49.0 48.1 489 49.7 50.7 50.1 50.3 51.0 50.5 51.2 50.7
502 0.011 144 134 138 151 175 175 167 173 20.3 203 20.2 205 20.0 188 19.4 193
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Figure 5-7. Open circuit potentials for copper electrodes #1—8 (reference copper and cold worked copper) as
function of experiment duration after run #2. The vertical dashed lines indicate times when the copper content
in the solution was increased by the addition of a copper rich stock solution or decreased by dilution.
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Figure 5-8. Open circuit potentials for copper electrodes #9—16 (cold worked copper) as function of
experiment duration after run #2. The vertical dashed lines indicate times when the copper content in the
solution was increased by the addition of a copper rich stock solution.
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Figure 5-9. Open circuit potentials for copper electrodes #1—8 (reference copper and cold worked copper)
as function of the average potential of the reference material (electrodes #1—4) during run #2. The straight
line shows the limit where the studied electrode behaves as more noble (over the straight line) and less

noble (under the straight line) than the average of the four reference copper electrodes.
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Figure 5-10. Open circuit potentials for copper electrodes #9—16 (cold worked copper) as function of the
average potential of the reference material (electrodes #1—4) during run #2. The straight line shows the
limit where the studied electrode behaves as more noble (over the straight line) and less noble (under the
straight line) than the average of the four reference copper electrodes.
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Figure 5-11. Equilibrium potentials for copper electrodes #1—8 (reference copper and cold worked copper)
as function of the logarithm of the copper ion concentration after run #2. The solid lines have the theoreti-
cal slope of 29.1 mV per decade. The legend in each graph shows the value of the estimated E,.
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Figure 5-12. Equilibrium potentials for copper electrodes #9—16 (cold worked copper) as function of
the logarithm of the copper ion concentration after run #2. The solid lines have the theoretical slope of
29.1 mV per decade. The legend in each graph shows the value of the estimated E,.
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5.1.2 Summary of results from runs #1 and #2

Table 5-3 summarizes the results for the copper materials from test rods in terms of the estimated
normal potentials, E,.

Table 5-3. Summary of results from electrode potential measurements of cold worked copper
from test rods.

Electrode Orientation with Material E, values E, values
Number respect to stress from Run #1 from Run #2
direction

1,2 n/a Reference copper 74 71

3,4 n/a 74 73

5,6 Long (Cylind) 12 % tensile 74 79

7,8 Transv (Rect) 76 79

9,10 Long (Cylind) 12 % compressive 78 80

11, 12 Transv (Rect) 77 80

13, 14 Long (Cylind) 15 % compressive 75 80

15, 16 Transv (Rect) 77 80

Data for electrode numbers 13 and 15 from run #1 were omitted from Table 5-3 since the potentials
showed aberrant behaviour and the electrode mount material was found to be cracked near those
electrodes.

5.1.3 Cold worked copper from compressed barrel, copper from weld and
from canister lid

Figure 5-13, a through d and 5-14, a through d show the open circuit potential for the reference and
copper canister samples as function of experiment duration.

Table 5-4 shows a compilation of steady state values of the potential for the different copper
electrodes at various solution compositions.

Figures 5-15, a through d and 5-16, a through d show the steady state values of the potential for the
reference material and for the cold worked copper from test rods as function of the average potential
of the four reference material electrodes.

Figures 5-17, a through d and 5-18, a through d show the steady state values of the potential, from
Table 5-4 interpreted as equilibrium potentials, as function of the logarithm of the copper ion
concentration. The solid lines in Figures 5-17 and 5-18 have the theoretical slope of 29.1 mV per
decade. The legend in each graph shows the value of the estimated E,.

Table 5-4. Steady state values of the electrode potentials for the different electrodes.

Time [Cu®] Electrode
(Hours) (M) Potential (mV SCE)

1 2 3 4 5 6 7 8 9 10 " 12 13 14 15 16
17 0.02 183 151 146 147 221 237 229 227 231 253 235 251 219 227 228 23.1
214 0.037 186 209 236 219 299 30.0 301 296 317 311 310 33.1 29.0 289 314 31.1
357 0.068 226 249 278 26.8 345 36.8 33.8 340 357 358 355 36.7 345 327 33.1 342
526 0.095 282 304 312 295 410 413 404 36.1 405 394 384 425 389 370 364 375
718 0.032 200 175 19.6 174 251 258 215 182 254 259 235 275 251 247 254 234
1151 0011 68 54 46 56 70 67 59 39 87 96 66 74 67 66 67 72
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Figure 5-13. Open circuit potentials for copper electrodes #1—8 (reference copper and copper from a
weld) as function of experiment duration. The vertical dashed lines indicate times when the copper content
in the solution was increased by the addition of a copper rich stock solution.
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Figure 5-14. Open circuit potentials for copper electrodes #9—16 (copper canister) as function of
experiment duration. The vertical dashed lines indicate times when the copper content in the solution was
increased by the addition of a copper rich stock solution or decreased by dilution.
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Figure 5-15. Open circuit potentials for copper electrodes #1—8 (reference copper and cold worked
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Figure 5-16. Open circuit potentials for copper electrodes #9—16 (copper canister) as function of the
average potential of the reference material (electrodes #1—4). The straight line shows the limit where the
studied electrode behaves as more noble (over the straight line) and less noble (under the straight line)
than the average of the four reference copper electrodes.
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Figure 5-17. Equilibrium potentials for copper electrodes #1—8 (reference and weld copper material) as
function of the logarithm of the copper ion concentration. The solid lines have the theoretical slope of 29.1
mV per decade. The legend in each graph shows the value of the estimated E,.

Core sample from compressed copper barrel Core sample from compressed copper barrel
(transverse), electrode #9 and #10 (longitudinal), electrode #11 and #12
—~ 50 Eoseomv 5 20 Eo=72 mV
L 0=69m w —Eo=72m
O 40 5 ° 9 O 40 =z o 1
® e o 10 @ sl o 12
> 30 > S 30
E 7 E %
< 20 / <= 20
S 10 ¢ S 10 S
c c
5 g’
o -10 a -10
-20 T T T T T 1 -20 J J T J ! !
-3 -25 -2 -15 -1 -05 0 -3 -2.5 -2 -1.5 -1 -0.5 0
Log [Cu?] (M) Log [Cu?] (M)
Parent material from copper canister lid Parent material from copper canister lid
(transverse), electrode #13 and #14 (longitudinal), electrode #15 and #16
50 50
m Eo=67mV {7 Eo=67 mV
O 40 . 13 O 40 ° 15
(7} /A/K o 14 0 - )X o 16
> 30 }u/ > 30 /
E 2 ) E x >
© ©
= 10 = 10
e “ -t
c c
@ 0 0 /
-t -
[} o
o -10 o -10
-20 T T T T T 1 -20 T T T T T 1
-3 -25 -2 -1.5 -1 -0.5 0 -3 -25 -2 -1.5 -1 -0.5 0
Log [Cu?] (M) Log [Cu?] (M)

Figure 5-18. Equilibrium potentials for copper electrodes #9—16 (core and parent copper material) as
function of the logarithm of the copper ion concentration. The solid lines have the theoretical slope of
29.1 mV per decade. The legend in each graph shows the value of the estimated E,.
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Table 5-5 summarizes the results for the copper materials from the copper weld, from the com-
pressed barred and from the canister lid in terms of the estimated normal potentials, E,.

Table 5-5. Summary of results from electrode potential measurements of copper from the weld,
cold worked copper from compressed barrel, and copper from the canister lid.

Electrode Orientation with Material E, values
Number respect to stress from Run #3
direction

1,2 n/a Reference copper 60

3,4 n/a 60

5,6 Transv Weld 71

7,8 Long 69

9,10 Transv Core 69
11,12 Long 72

13, 14 Transv Parent material, lid 67

15, 16 Long 67

Figures 5-17 and 5-18 show that some data points deviate from the straight line with almost 10 mV.
In view of these deviations, the differences in E,-values between the weld, the core and the parent
material from the lid, in Table 5-5, are not considered significant.

5.2 Surface morphology after forced corrosion

One of the duplicate samples from the copper weld, from the compressed barred and from the
canister lid were subjected to forced corrosion. After forced corrosion for 96 hours to a calculated
average depth of attack of 0.04 mm, the electrodes were studied by confocal microscopy.

Figures 5-19 through 5-36 show microscopes image and depth profiles of the various copper
samples. Figure 5-19 and Figure 5-22 show optical images of a small part of the electrode surface
(2.6 x2.6 mm) for the weld, for the two orientations. Figure 5-20 and 5-23 show depth profiles of
the areas. The images are colour coded after the local depth of corrosion. The closest objects (peaks)
are coded red and the most distant objects are coded blue. The images are composed of square arrays
of data 1024 x 1024. Figures 5-21 and 5-24 show depth profiles along one direction for the weld
specimens. Rows 200, 500 and 800 were selected, counting from the top of the depth profile images.
The actual depth was calculated from the known average corrosion and applying this value as a row
average. Figures 5-25 through 5-30 show the corresponding results for the cold worked compressed
copper barrel, in the two orientations. Figures 5-31 through 5-36 show results for copper from the
lid, in the two orientations studied.
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Figure 5-19. Gray scale photograph of a part of the copper surface after forced corrosion to an average
depth of 0.04 mm. Weld material (transverse) from copper canister lid. The imaged size is 2.6 x 2.6 mm.

2 um
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Figure 5-20. Depth profile of a part of the copper surface after forced corrosion to an average depth of
0.04 mm. Weld material (transverse) from copper canister lid. The imaged size is 2.6 X 2.6 mm.
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Figure 5-21. Depth profile from the original surface of a part of the copper surface after forced corrosion
to an average depth of 0.04 mm. The different lines represent different parallel lines across the surface in
Figure 5-20. Weld material (transverse) from copper canister lid.
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Figure 5-22. Gray scale photograph of a part of the copper surface after forced corrosion to an average
depth of 0.04 mm. Weld material (longitudinal) from copper canister lid. The imaged size is 2.6 X 2.6 mm.
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Figure 5-23. Depth profile of a part of the copper surface after forced corrosion to an average depth of
0.04 mm. Weld material (longitudinal) from copper canister lid. The imaged size is 2.6 X 2.6 mm.
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Figure 5-24. Depth profile from the original surface of a part of the copper surface after forced corrosion
to an average depth of 0.04 mm. The different lines represent different parallel lines across the surface in
Figure 5-23. Weld material (longitudinal) from copper canister lid.
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Figure 5-25. Gray scale photograph of a part of the copper surface after forced corrosion to an average
depth of 0.04 mm. Core material (transverse) from copper canister. The imaged size is 2.6 X 2.6 mm.

=77 ym

Figure 5-26. Depth profile of a part of the copper surface after forced corrosion to an average depth of
0.04 mm. Core material (transverse) from copper canister. The imaged size is 2.6 x 2.6 mm.
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Figur 5-27. Depth profile from the original surface of a part of the copper surface after forced corrosion
to an average depth of 0.04 mm. The different lines represent different parallel lines across the surface in
Figure 5-26. Core material (transverse) from copper canister.
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Figure 5-28. Gray scale photograph of a part of the copper surface after forced corrosion to an average
depth of 0.04 mm. Core material (longitudinal) from copper canister. The imaged size is 2.6 X 2.6 mm.
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Figure 5-29. Depth profile of a part of the copper surface after forced corrosion to an average depth of
0.04 mm. Core material (longitudinal) from copper canister. The imaged size is 2.6 x 2.6 mm.
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Figure 5-30. Depth profile from the original surface of a part of the copper surface after forced corrosion
to an average depth of 0.04 mm. The different lines represent different parallel lines across the surface in
Figure 5-29. Core material (longitudinal) from copper canister.
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Figure 5-31. Gray scale photograph of a part of the copper surface after forced corrosion to an average
depth of 0.04 mm. Parent material (transverse) from copper canister lid. The imaged size is 2.6 X 2.6 mm.
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Figure 5-32. Depth profile of a part of the copper surface after forced corrosion to an average depth of
0.04 mm. Parent material (transverse) from copper canister lid. The imaged size is 2.6 X 2.6 mm.
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Figure 5-33. Depth profile from the original surface of a part of the copper surface after forced corrosion
to an average depth of 0.04 mm. The different lines represent different parallel lines across the surface in
Figure 5-32. Parent material (transverse) from copper canister lid.
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Figure 5-34. Gray scale photograph of a part of the copper surface after forced corrosion to an average
depth of 0.04 mm. Parent material (longitudinal) from copper canister lid. The imaged size is 2.6 X 2.6 mm.
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Figure 5-35. Depth profile of a part of the copper surface after forced corrosion to an average depth of
0.04 mm. Parent material (longitudinal) from copper canister lid. The imaged size is 2.6 X 2.6 mm.
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Figure 5-36. Depth profile from the original surface of a part of the copper surface after forced corrosion
to an average depth of 0.04 mm. The different lines represent different parallel lines across the surface in
Figure 5-35. Parent material (longitudinal) from copper canister lid.
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5.3 Grain size distribution (optical microscopy)

Micrographs of the three different materials from test rods, in two different orientations, are shown
in Figures 5-37 through 5-39.

For all specimens, it proved difficult to quantify the grain size due to the shape of the grains.
However, no apparent difference in grain shape or size was discerned between the longitudinal and
transverse cross sections of the samples subjected to 12 % and 15 % compressive strain. For the
sample subjected to 12 % tensile strain, there appeared to be some elongation of the grains along one
direction in the transverse cross section in comparison to the grain morphology in the longitudinal
cross section. However, no evident variation in grain sizes was observed.

Figure 5-37. Micrographs of copper electrode subjected to 12 % tensile strain. Images show the
longitudinal, (left) and transverse (vight) cross section with respect to the applied stress direction.
100 x magnification. Scale bars are 200 um.

Figure 5-38. Micrographs of copper electrode subjected to 12 % compressive strain. Images show

the longitudinal (left) and transverse (right) cross section with respect to the applied stress direction.

100 % magnification. Scale bars are 200 um. The black spots show remains of corrosion products from the
etching procedure employed to reveal the microstructure.
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Figure 5-39. Micrographs of copper electrode subjected to 15 % compressive strain. Images show
the longitudinal (left) and transverse (right) cross section with respect to the applied stress direction.
100 % magnification. Scale bars are 200 um.
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6 Discussion

6.1 Electrochemical nobility of the copper materials

All electrochemical measurements presented in this report were associated with an unusually high
noise level. The experimental setup will apparently have to be shielded better against electro-
magnetic noise, for future experiments.

The electrode potentials, for the tested materials, in Tables 5-1, 5-2 and 5-4 are generally more noble
than the potentials for the reference material. This is illustrated in Figures 5-3, 5-4, 5-9, 5-10, 5-15
and 5-16, with a minimum of interpretation of data. The estimation of normal potentials requires that
the potentials are interpreted as equilibrium values and that Nernst’s equation is applicable. Table 5-3
quantifies how much more noble the tested materials are relative to the reference material, in terms
of normal potentials.

The trends between run #1 and run #2 are different. The reference copper behaved as more noble in
run #1 than in run #2. All the tested materials behaved less noble in run #1 than in run #2. A likely
cause for this difference may be found in the treatment of the electrodes before each run. When

run #1 was started the tested materials were freshly polished but the reference copper was not. When
run #2 was started the tested materials were not repolished but the reference electrodes were. It
would seem that previous exposure to the test solution followed by air exposure causes the normal
potential to shift in the noble direction by a few mV. This may have several causes. Traces of surface
oxides on the surface may cause the surface to behave as more noble or the least stable fractions of
the surface may have corroded away during the first exposure so that the potential is determined
more by the more stable, more noble, fractions of surface.

Tables 5-3 and 5-5 show that there is no significant influence of cold work on the apparent nobility
of the material. The estimated values of the normal potential are the same independently of whether
the strain was compressive or tensile. The estimated values are the same independently of the
orientation of the surface in relation to the strain.

Table 5-5 shows that there are small differences in apparent nobility between the weld and the parent
material in the lid. The samples from the weld appeared as slightly more noble than the lid and
equal to that of cold worked copper from the compressed barrel. Gubner and Andersson found small
differences in the corrosion potential between weld and parent material (Gubner and Andersson
2007). The present work adds to their observation and shows that very similar potentials are
established at weld and parent material over a relatively wide range of equilibrium potentials.

The cold worked material tested as pieces from test rods in run #1 and run #2 (12 % compressive
strain) originates from the same compressed copper barrel as the cold worked copper in run #3. The
results, however, differ by about 10 mV. All results in Table 5-3, for runs #1 and #2, are about 10 mV
higher than the results in Table 5-5, for run #3. The reason for this difference is not clear.

6.2 Surface morphology after forced corrosion

The microscope images and depth profiles in Figures 5-19 through 5-36 do not show any significant
difference in surface morphology after corrosion to an average depth of 40 um. Some areas seem
almost uncorroded so that the location of the local surface is the same as it was before the forced
corrosion. This behaviour is observed for all tested copper materials but is perhaps most apparent
for the samples from the canister lid in Figures 5-33 and 5-36. No effects of the orientation of the
exposed surface in relation to cold work or weld can be seen for any material. Also, no tendency to
preferential corrosion at particular sites can be discerned. The maximum corrosion depth is about
60-70 um. The positive values that appear are obviously artefacts.
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6.3 Grain size distribution in cold worked copper from test rods

The material from the test rod subjected to 12 % compressive strain seems to have slightly larger
grains than both the material from the test rod subjected to 15 % compressive strain and material
from the test rod subjected to 12 % tensile strain. A slight elongation of the grains in the transverse
surface of the material from the test rod subjected to 12 % tensile strain is discerned in the right hand
image in Figure 5-37.
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7 Conclusions

Cold worked, phosphorous doped copper has been studied electrochemically. The material studied
behaved as more noble than beads of high purity copper. Material from a friction stir weld was
similarly studied.

No significant influence of cold work on the apparent nobility of the material was found. The
estimated values of the normal potential are the same independently of whether the strain was
compressive or tensile. The estimated values are the same independently of the orientation of the
exposed surface in relation to the strain.

The test does not reveal any significant differences in apparent nobility between the weld, the parent
material from the lid and the cold worked copper.

When forced to corrode electrochemically to an average depth of 40 pm, some small areas of the
0.2 cm” electrodes seem completely uncorroded. No areas where the corrosion had concentrated to
more than double the average depth were found.
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