























Figure 2.7 The area at the crust in Figure 1.2 after descaling.

Figure 2.8 Detail of Figure 2.7 showing the boundary between more corroded and less
corroded area (the latter to the right where the milling cutter marks are clearly seen).

Figure 2.9 The more corroded area (to the left) and the less corroded area (to the right) in
higher magnification.
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Gravimetry

The weight loss data are compiled in Appendix E. Based upon the maximum weight loss
obtained (that is for copper coupon A230G) the average corrosion rate of copper was
estimated to less than 0.5 pm/year.

The estimated average corrosion rate is considerably lower than the values earlier obtained
from LOT test parcels A0 and S1. The weight losses for the copper coupons in test parcel A2
(27-46 mg), exposed more than six years, are in fact lower than the weight losses for the
coupons in test parcels A0 and S1 (77- 86 mg), exposed less than two years (5-6).

The estimated average corrosion rate does not contradict the earlier findings from the
performed real-time corrosion monitoring in LOT test parcel A2 (4).

Penetration depth

The penetration depth of copper into the bentonite next to copper coupon A230H has been
examined. The bentonite samples were prepared by means of breaking the bentonite pieces
facing the coupon in such a way that fracture surfaces perpendicular to the coupon were
obtained. Bentonite sample H4b was picked for EDS and the results are found in Appendix F.

Copper was found to penetrate 500 pm into the bentonite.
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Appendix A. Copper coupons



LOT test parcel A2 Copper coupons Appendix A
Post-test examination 2006-08-04
LOT - Test parcel A2
Specimen identification = Microhardness = Length  Width Thickness Swrface area  Weight
Complete Short indentation mm mm mm mm?2 g g/em3
896 « Cu
A222E E x 60,12 15,01 1,51 2032 12,0564 8.85
A222F F 60,07 15,04 1,52 2035 12,0856 8,80
A230G G x 60,09 14,99 1,52 2030 12,1411 8,87
A230H H 60,11 14,99 1,52 2030 11,7696 8,59
LOT - Reference specimens
Specimen identification = Microhardness Length Width Thickness Surface area ~ Weight
indentation mm mm mm nim2 g g/cm3
8,96 Cu
1 X 60,11 14,99 1,50 2027 11,8331 8,76
60,18 15,03 1,52 2038 12,0663 8,78




Appendix B. Sequence of actions



LOT test parcel A2 Procedure Appendix B
Post-test examination 2006-08-04

Se

quence of actions during evaluation of the copper coupons

Start

Bentonite rings 22 and 30 containing the copper coupons were received at Aspd
The bentonite rings were stored in the received packages at Studsvik until start of
examination of the coupons

Reference copper coupons are stored in a desiccator at Studsvik

Procedure

Photographing of bentonite rings 22 and 30 as received

Break loose a copper coupon

Record the position of the coupon in the bentonite block
Photographing of the coupon and adjacent bentonite pieces
Photographing of the coupon in a stereomicroscope

Weighing of the coupon after spraying with pure alcohol
Perform either SEM/EDS or scrape off corrosion products from the coupon
Store the coupon in a desiccator until further cleaning and continued examination
(For examination of corrosion products, see main text)

SEM (loose corrosion products and corrosion attack)
Ultrasonic cleaning in pure alcohol during 1 min

Drying and weighing

Photographing

Ultrasonic cleaning in pure alcohol during 4 min

Drying and weighing

Photographing

Ultrasonic cleaning in pure alcohol during another 5 min
Drying and weighing

Photographing

SEM (adherent corrosion products and corrosion attack)
Ultrasonic treatment in 10 % H,SO4 solution for 5 min

Drying and weighing

Another ultrasonic treatment in 10 % H,SO4 solution for 5 min
Drying and weighing

Microscopy (for final verification of corrosion attack)

Corrosion products on the coupon

See

Appendix C.

Corrosion products in the bentonite

See

also Appendix F.

Break a bentonite piece facing a copper coupon to obtain a cross-section perpendicular to
the coupon

Freeze-drying of the bentonite samples at Clay Technology

SEM/EDS on the cross-section (penetration of copper into the bentonite)



Appendix C ID 1. Corrosion products



EDS

Work performed at Studsvik on 2006-05-18.

JSM-6300 scanning electron microscope; Noran/Voyager EDS system

Cu-K, acceleration voltage 20 kV, live time 100 s

Images, spectra and element mapping on copper coupon A230G

Side 1
Images

Spectra

Side 2
Images

Spectra

Element mapping

Identification

krustaG1, x75

krustaG1detail, x300
nexttokrustaG1, x75
nexttokrustaG1detail, x300

KRUSTAG1

NEXTTOKRUSTAGH1

bluegreenspot

nextto_bluegreenspot

bluegreenspot2

nextto_bluegreenspot2

bigspot
bigspotdetail

BLUEGREENSPOT
NEXTTOBLUEGREENSPOT
NEXTTO2BLUEGREENSPOT

BLUEGREENSPOT2
NEXTTOBLUEGREENSPOT2

BIGSPOT

maparea01, x20
maparea01.C
maparea01.Cl
maparea01.Cu
mapareal1.Fe
maparea01.0
maparea01.S

maparea02, x20
maparea02.C
maparea02.Cl
maparea02.Cu
maparea02.Fe
maparea02.0
maparea02.S

Time

16.13.52
16.23.02

13.11.14
13.16.20
13.21.16

13.25.51
13.32.35

15.34.16

15.09.26

Pos V/Pos H

23,448/45,769
21,482/46,640

29,204/40,432
27,246/40,301

23,448/45,769
21,482/46,640
20,304/45,655

29,204/40,432
27,246/40,301

24,025/46,903

18,013/46,171

Mg-K

1.2
1,0

2,3
0,9

1,8

Al-K

9,3
2,5

16,2
2,4
2,5

13,7
1.4

5,9

4.4

Si-K

32,5
4,6

42,8
53
6,4

45,0
2,8

12,5

9,8

Atom %
SK

2,4
2,4

0,5
0,6
0,5

0,4
0,5

0,9

0,7

CI-K

16,9
7.4

11,3
7,0
6,6

9,6
75

5,6

1,7
2,3

0,4
2,4
1,7

0,7
0,2

0,5

2,8

Fe-K

1.4

Cu-K

34,6
79,8

24,4
81,5
82,4

26,9
87,6

79,3

74,9

Note

24 mm working distance



Copper coupon A230G side 1

G Identification mark

o> Microhardness indentation (not found after exposure)

O Blue-green crust

Copper coupon A230G side 2

Big spot
O
o O
©) Blue-green spots




Visual observations
Work performed at Clay Technology and at Studsvik.

Corrosion products were found not only on the copper coupon, but also on the bentonite, after breaking loose the specimen. Thus, revealing a better adherence to the bentonite on part of the surface.
Blue-green corrosion products were present on part of the surface. Thus revealing the presence of bivalent copper.

The blue-green corrosion products were unevenly distributed on the copper coupon; spots and a "crust" (on A230G side 1).

Findings from XRD

Identified corrosion products: cuprite Cu20
paratacamite  Cu2(OH)3ClI

Not found: malachite Cu2CO3(0H)2
nantokite CuCl
tenorite CuO

Findings from EDS

Higher Al, Si, Cl and Fe contents found in the blue-green corrosion products on copper coupon A230G compared to the adjacent surface on the coupon. (Also lower Cu contents compared to the nextto analyses.)
Major Al and Si contents in the blue-green corrosion products, reveal that the blue-green corrosion products penetrate the bentonite.

The increased Cl content can be explained by the presence of paratacamite in the corrosion products.

That Fe is detected in the blue-green corrosion products, but not next to them (in 3 out of 3 cases), can also be explained by the presence of bentonite in the corrosion products. (See the spectra in ID 4. Penetration depth.)
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ID 3. Gravimetry

Weight changes of copper coupon A222E
Work performed at Studsvik on 2006-05-18
Scale: Mettler AE163, calibrated 2005-10-18

Note: The coupon was unfortunately damaged during retrieval in Aspd; the cutting wheel removed part of the coupon when separating bentonite rings A223 and A222. Thus, only an estimate of the weight loss can be obtained.

Condition Weight Photo
Original weight 12,0564 g

Coupon unfortunately damaged during retrieval in Asp6 1699
After removal from bentonite ring A222 and spraying with alcohol 11,0349

After 5 min ultrasonic treatment in 10 % H,SO, solution 11,0090

After 10 min ditto 11,0070

After 15 min ditto 11,0054

Weight loss 11,0349-11,0070= 27,9 mg

Estimate of total weight loss 12,0564/11,0070*27.9= 30,6 mg



Weight changes of copper coupon A222F
Work performed at Studsvik on 2006-05-18
Scale: Mettler AE163, calibrated 2005-10-18

Note: The coupon was unfortunately damaged during retrieval in Aspd; the cutting wheel removed part of the coupon. Thus, only an estimate of the weight loss can be obtained.

Condition Weight Photo
Original weight 12,0856 g

Coupon unfortunately damaged during retrieval in Aspé 1699
After removal from bentonite ring and spraying with alcohol 9,0147

Coupon left for possible later cathodic reduction of part of the remaining surface and indirect estimation of the corrosion rate.



Weight changes of copper coupon A230G

Work performed at Studsvik on 2006-05-16 and 2006-05-18
Scale: Mettler AE163, calibrated 2005-10-18

Condition

Original weight

After removal from bentonite ring
After spraying with alcohol

After 1 min ultrasonic cleaning in alcohol
After 5 min ditto
After 10 min ditto

After 5 min ultrasonic treatment in 10 % H,SO, solution
After 10 min ditto

Total weight loss

Weight
12,1411 g

12,1642
12,1487

12,1449
12,1356
12,1317

12,0953
12,0952

45,9 mg

Photo

1796-1801

Note

Sample loose corrosion products, see ID 1



Weight changes of copper coupon A230H
Work performed at Studsvik on 2006-04-12
Scale: Mettler AE163, calibrated 2005-10-18
Condition

Original weight

After removal from bentonite ring
After spraying with alcohol

After 1 min ultrasonic cleaning in alcohol
After 5 min ditto
After 10 min ditto

After 5 min ultrasonic treatment in 10 % H,SO, solution
After 10 min ditto

Total weight loss

Weight
11,7696 g

11,76307
11,76154

11,75974
11,75820
11,75607

11,74298
11,74264

27,0 mg

Photo

1756, 1757, 1763

SD21+SD22

1782, 1783, 1784



Estimate of average corrosion rate
The average corrosion rate has been calculated from the following set of data:

Maximum weight loss 45,9 mg
Surface area 20,3 cm?
Density of pure copper 8,96 g/cm?®
Total time of exposure 6,2 year
Average corrosion rate 0,41 um/year

Average corrosion rate <0,5 um/year

Comments
The estimated average corrosion rate is considerably lower than the values obtained from LOT test parcel AO and S1. The weight losses for the copper coupons in test parcel A2 (27-46 mg), exposed more than six years, are in fact lower than the weight losses for the coupons in test parcels A0 and S1 (77- 86 mg), exposed less than two years.

The estimated average corrosion rate is not in conflict with the earlier findings from the performed real-time monitoring in LOT test parcel A2.
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ID 4. Penetration depth

Cu profile in bentonite next to copper coupon A230H - Bentonite sample H4b

Sampling on 2006-03-14 and freeze drying up to 2006-05-11performed at Clay Technology and EDS performed at Studsvik on 2006-05-12
JSM-6300 scanning electron microscope; Noran/Voyager EDS system

Cu-K, acceleration voltage 20 kV, live time 100 s, area 30,5 x 23,4 um (61 x 47 mm; 20 mm =10 um)

Trace Area

a
b
Cc
d
e
f
9
h
I
i
k
2
a
b
c
d
e
f
q
h
I
i
k
|
m
n
o
p
3
a
b
c
d
4
a
b
c
d

Identification

H4b1 surface
H4b1a
H4b1b
H4b1c
H4b1d
Hab1e
Hab1f
H4b1g
H4b1h
H4ab1i
H4b1j
H4b1k

H4b2 surface
H4b2a
H4b2b
H4b2c
H4b2d
Hab2e
H4b2f
H4b2q
H4b2h
H4b2i
H4b2j
H4b2k
H4b2l
H4b2m
H4b2n
H4b2o
H4b2p

H4b3 surface
H4b3a
H4b3b
H4b3c
H4b3d

H4b4 surface
Hab4a
H4b4b
H4b4c
H4b4d

Pos V

24,980
24,980
24,980
24,980
24,956
24,980
24,980
24,980
24,980
25,048
24,980
24,980

23,198

26,762

27,982

Pos H

before

24,457
24,479
24,523
24,567
24,611
24,655
24,699
24,743
24,787
24,831
25,051
25,271

24,637
24,660
24,682
24,704
24,726
24,748
24,792
24,836
24,880
24,924
24,968
25,012
25,056
25,100
25,231
25,451
26,265

24,283
24,305
24,327
24,349
24,393

24,178
24,200
24,222
24,244
24,288

after

24,446

24,625

24,275

27,982

Distance Chi-sqd

um

0
22
66
110

154
198
242
286
330
374
594
814

23
45

89
M
155
199
243
287
331
375
419
463
594
814

1628

22

44

110

22

44

110

2,47
7,68

4,83
1,60
5,30
326
1,87

1,75
2,21

6,03

1,78
339
5,12
4,53
1,16

2,11
224
1,61
339
2,06

1,75

1,49

4,25

2,13

1,29

3,85

417
291

Cu-K

net counts error

7054
3040
1085
871
533
1450
1073
408
461
0
0

2226
3565
2912
1737
1563
1516
1162
555
454
430
370
385

cooo

3160
1726
1739
461

2223
2408
2116
1140

21
106
82
78
72
82
79
68
64

150
174
102
150
148
138
4
69

64
61
60

105
153
167
66

164
97
155
81

k-ratio

0,1182
0,0567
0,0240
0,0247
0,0127
0,0404
0,0295
0,0146
0,0135

0,0696
0,0991
0,0788
0,0463
0,0435
0,0491
0,0467
0,0137
0,0109
0,0117
0,0115
0,0113

0,1408
0,0554
0,0403
0,0199

0,0633
0,0780
0,0616
0,0399

ZAF

1,030
1,019
1,086
1,085
1,069
1,077
1,083
1,056
1,022

1,076
1,080
1,103
1,109
1,099
1,095
1,077
1,123
1,119
1,110
1,111
1,121

0,974
1,023
0,968
0,934

1,001
1,053
1,064
1,067

Atom %

8,98
4,32
1,52
1,59
0,82
2,63
1,94
0,98
1,04

4,63
6,51
5,25
3,11
2,72
3,10
3,13
0,83
0,66
0,71
0,70
0,68

cooo

11,94
4,04
3,54
1,97

514
5,40
4,14
2,65

Wt %
value error netcounts error

12,18
578
2,60
2,68
1,36
4,35
3,20
1,54
1,38

0
0

7.48
10,70
8,69
5,13
4,78
5,38
5,03
1,54
1,22
1,30
1,28
1,26

cooo

13,71
5,66
3,91
1,86

6,33
8,21
6,56
4,25

0,36
0,20
0,20
0,24
0,18
0,25
0,24
0,26
0,19

0,50
0,52
0,30
0,44
0,45
0,49
0,33
0,19
0,18
0,19
0,21
0,20

0,46
0,50
0,38
0,27

0,47
0,33
0,48
0,30

Cu-L

5654
2077
1061

514
425

298
3115
3014
1627
2017

983

383

50

832
611
393

733
1734
1219

392

169
154
103

73
69

84
67
68

62
120

66

Note

No counts
ditto

No counts
ditto
ditto
ditto

Na

4,42
3,12
2,63

3,60

Mg

2,05
2,07
328

244
2,17
2,88
3,04

1,97
3,49

1,48
141
1,82
1,96
1,84

2,72
2,92
2,64
2,75
2,84
2,90

2,73

2,69

2,49

2,12

2,20

2,02

1,80
1,80

Al

15,37

21,46

Si

62,42

60,50
63,10

15,67
24,51

6,89

Atom %
cl

1,80

2,30
2,28

0,52
0,26

0,46
0,53
0,64

0,39
0,35

0,50

0,41
0,32

0,33
0,57

1,00
0,63

Ca

0,84
1,68

4,03
095
2,67
1,99
1,16

2,48
1,10

3,92

10,14
14,55
339
325
2,96

0,79
0,82
0,82
2,81
1,77
1,76
1,23
675

1,30

1,71

1,15

3,64

3,97
2,26

Fe

2,08
1,91

3,30
2,77
2,67
433
4,07

2,11
2,16

2,69

1,20
1,22
193
1,66
3,74

1,74
187
2,03
1,81
1,86

1,46

2,08

3,01

2,75

3,84

3,07

2,40
2,99

Cu

8,98
4,32

1,59
0,82
2,63
1,94
0,98
1,04

4,63

525
31
272
3,10
313

0,66
0,71
0,70
0,68

11,94
4,04
3,54
197

514

4,14
2,65

Au

3,98
5,08

4,78
5,64
5,13
4.7
6,58

1,91
2,84

4,96

3,69
3,84
3,81
4.02
4,99

2,77
3,21
3,06
2,62
3,07

2,79
1,41

13,21
9,94
11,46
16,97

7,35

5,75
574

Fe-K
net counts

2194
1777
2469
2402
2369
1952
3203
2234
2511
2461
2114

1732
1428
894

902

1486
1089
1854
1571
1632
1527
1451
1388
1519
1314
1160
1326

1038
1372
1776
1139

1740
1536
1623
1708

error

93
159
157

97

90
149
161
150
153

89
147

146
80
135
75
141
131
80
138
81
138
75
75
77
133
133
72

136
78
88
69

84
148
149

84

Atom %

2,08
1,91

3,30
2,77
2,67
433
4,07

2,11
2,16

2,69

1,20
1,22
193
1,66
3,74

1,74
187
2,03
1,81
1,86

1,46

2,08

3,01

2,75

3,84

3,07

2,40
2,99



Cu profile in bentonite next to copper coupon A230H - Bentonite sample H4b
Superimposed data. Only data with chi-sqd <5 included.
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H4b3b
H4b4b
H4b3c
H4b4c
H4b2c
H4b2d
H4b1c
H4b3d
H4b4d
H4b1d
H4b2f
H4b1e
H4b2g
H4b2h
H4b1g
H4b2i
H4b1h
H4b2j
H4b1i
H4b2k
H4b2I
H4b2m
H4b1j
H4b2n
H4b1k
H4b2o0
H4b2p

Pos V

24,980
26,762
27,982
26,762
27,982
26,762
27,982
23,198
23,198
24,980
26,762
27,982
24,956
23,198
24,980
23,198
23,198
24,980
23,198
24,980
23,198
25,048
23,198
23,198
23,198
24,980
23,198
24,980
23,198
23,198

Pos H

before

24,479
24,305
24,200
24,327
24,222
24,349
24,244
24,704
24,726
24,567
24,393
24,288
24,611
24,792
24,655
24,836
24,880
24,743
24,924
24,787
24,968
24,831
25,012
25,056
25,100
25,051
25,231
25,271
25,451
26,265

Distance
um

22
22
22
44
44
66
66
67
89
110
110
110
154
155
198
199
243
286
287
330
331
374
375
419
463
594
594
814
814
1628

Chi-sqd

2,47
4,25
3,85
1,78
4,05
2,13
4,17
1,78
3,39
3,26
1,29
2,91
4,83
4,53
1,60
1,16
2,24
3,26
21
1,87
2,24
1,55
1,61
3,39
2,06
1,75
2,55
2,21
1,75
1,49

Cu-K

net counts

7054
3160
2223
1726
2408
1739
2116
2912
1737
1085
461
1140
871
1516
533
1162
555
1073
454
408
430
461
370
385

[eNeoNoNoNoNo]

error

21
105
164
153
97
167
155
102
150
82
66
81
78
138
72
77
69
79
67
68
64
64
61
60

k-ratio

0,1182
0,1408
0,0633
0,0554
0,0780
0,0403
0,0616
0,0788
0,0463
0,0240
0,0199
0,0399
0,0247
0,0491
0,0127
0,0467
0,0137
0,0295
0,0109
0,0146
0,0117
0,0135
0,0115
0,0113

ZAF

1,030
0,974
1,001
1,023
1,053
0,968
1,064
1,103
1,109
1,086
0,934
1,067
1,085
1,095
1,069
1,077
1,123
1,083
1,119
1,056
1,110
1,022
1,111

1,121

Atom %

8,98
11,94
5,14
4,04
5,40
3,54
4,14
5,25
3,11

1,52
1,97
2,65
1,59
3,10
0,82
3,13
0,83
1,94
0,66
0,98
0,71

1,04
0,70
0,68

[eNeoNoNoNoNo]

value

12,18
13,71
6,33
5,66
8,21
3,91
6,56
8,69
5,13
2,60
1,86
4,25
2,68
5,38
1,36
5,03
1,54
3,20
1,22
1,54
1,30
1,38
1,28
1,26

[eNeNoNoNoNo)

Wt %
error

0,36
0,46
0,47
0,50
0,33
0,38
0,48
0,30
0,44
0,20
0,27
0,30
0,24
0,49
0,18
0,33
0,19
0,24
0,18
0,26
0,19
0,19
0,21
0,20

Cu-L Note
net counts error
5654 169
832 84
733 62
611 67
1734 120
393 68
1219 76
3014 83
1627 77
1061 103
392 66
983 73
383 69
425 69
50 80

No counts
ditto
ditto
ditto
ditto
ditto
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