Temperature

CORROSION FIGURES FOR COPPER ALLOYS EXPOSED TO UFS’ GAS AT 15 kPa

TABU. 4.1.8 : MUNIZ METAL

48
149
984

188
1026

100

163
979

.20

43
187
1005

1SO

209
1006

Exposure Time

Mass Increase

Am yg cm

248
340

317
580
1125

46
79
372
618
802

80
278
709

1131
1663

181
1268
1443
4080
73 59



COR%jSjON M CURES FOR COPPER ALLOYS IfCPOSED TO UFf GAS AT 15 kPa

TABLE 1.1.¢ : 50 Cu 50 Zn

Temperature Exposure Time Mass Increase
°C t, h Am, pg cm
50 6 13

24 18
46 22
213 43
980 117
80 6 19
24 73
46 98
213 223
980 798
100 6 i
24 113
46 156
213 348
980 1437
120 6 173
24 220
46 343
213 1062
980 1713
150 b ¥
24 389
46 728
13 3153

980 6279



CORgffilON FIOJRESJK)R a)i>P}-R ALLfWS LXPOSH) TO  GAS AT 15 TePa

TABIE 4 .1ml0 : 2S Cu 75 Zn

Temperature Exposure Time Mass Increase

46
213 43
980 236
251

46
213 778
080 1176

100
148
205
309
980 1839
120 168
302
46 579
213 1396
980 1873
462
150

5:8
46 1441
13 2162

980 4140



4.38

C(mROSL ON HQtRES FOR COPPER ALLOYS EXPOSED TOUF5 GAS AT 15 kPa

TABLE 4.1 JJ . 10 Cu 90 Zn

Temperature Frposure Time Mass Increase

Am, ug cm

46

980 342

422
532

100
351
1647

980

120
66

46 1467
980 2366

227
464
1279
2440
930 4362

150



} IC3JRES FOR COPPER ALLOYS [EXPOSED TO UTi) GAS AT 15 kPa

TABLE 4.1.12 : APMIRALTY BRASS

Temperature Exposure Time
Mass Increase

Am’ yg Cm""

37

980 204
30 46

143
827
980 1353

100 88
200

276
583
980 2835

196

345

46 442
783

980 2163

120

264
927
1338
3864
7825

150

980



CORROSION FIOmMESJ jy cOPPBt ,LC~* EXPnSHn Tn Iff. Gfts AX 15 kP»

TABLE 4.1.13: NAVAL BRASS

Temperature Exposure Time Mass

Increase
c t h Am, yg cm'
50 s 34
18 140 1
48 124
185 335
984 562
80 5 58
23 36
42 41 1
188 957
1026 2050
100 5 256
20 257
41 602
163 1291
979 2878
120 3 204
21 791
43 956
187 2448
1005 5343
1SO 5 523
16 1961
41 4193
20> 5799

1006 16098



m1U " TON  IQJRES JJOR COIPER ALLOYS EXPOSED ID Tt GAS AT 15 kPa

TABLE '.1.14 :LEADED BRASS

Temperature

Exposure Time Mass Increase
°C t, h Am, pg cm_9
50 6 19

24 21

4b 70

213 126

980 196

80 6 8
24 79

46 148

213 285

980 2095

100 6 16
4 111

46 131

213 252

930 1865

120 6 i
Y 274

46 717

213 1162

980 2725

150 6 o
24 573

46 1688

213 3552

980 7215



(iy”~S H3 iia)RI:S FOR coprcu ALLOT EXPOSED TO UF, GAS AT 15 kPa

TABLE 4.1.1s :95/5 FHOSnilR BRONIE

Temperature Exposure Time Mass Increase
°C t, h Am, pg em
50 5 13

18 6

48 23

185 54

984 71

80 5 35
23 43

42 79

188 155

1026 223

100 5 65
20 44

41 68

163 208

979 281

120 3 ol
21 86

43 173

187 260

1005 480

- 5 176
” 310

il 473

209 772

1737

1006



CORROSION FIQJRES FOR COPPER AI IDYS EXPOSED TO UF* GAS AT 15 kPa

TABLE 4.1 -J6 :90/10 PIPSPIPR BRON2H

Temperature Exposure Time Mass Increar'
°C t, h Am, yg cm
50 6 14

24 49
46 65
213 253
980 585
80 6 18
24 14 1
46 175
980 1589
10' 6 >
24 184
46 290
213 746
980 1402
78
120 6
24 227
46 427
213 1131
930 -548
235
150 ©
24 369
46 996
213 3841
7404

980
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4.41

CORROSJON HQIRES FOR COPPER ALLOYS RXPORFn TO IFF ras AT is vra

-------------------- — O

TABLE 4.1.17 : BERYLLIUM COPPER

Temperature Exposure Tine Mass Increase
°C t, h Am, ug cm
50 5

18

48
185 18
984 20
80 5 21
23 28
42 33
188 37
1026 93
100 5 ¥
163 69
979 279
120 3 s
21 57
3 84
187 355
100 5 563
. S 121
y 285
i1 484
209 735
1369

1006



(iZ.AS!CHJ 1JGURLs FOR COPPER ALILOYS EXPOSED TO 1F GAS AT 15 kPa

TABIE 4.1.18 : 18 % NICKEL SILVER

Exposure Time
p Mass Increase

Am, yg cm~"

984 105

80

241
434

100 93

145
163 241
979 488

120 156
166
174
537

1005 766

150 256

1008
2783

209
1006



4.43

FIOJRES FOR COPPER ALIflYS HXPQSED TO Ul (  GAS AF 15 kPa

TABLE 4.1.19 : ALUMINIUM BRONZE

Temperature Exposure Time Mass Increase
°C t, h Am, yg cm""
50 5 4

21 20

118 20

190 20

501 23

981 50

30 5 21
21 26

118 37

90 84

SOl 96

981 113

100 S 20
21 34

118 127

190 I1SO

501 227

981 331

120 > 2!
51 106

118 186

190 257

501 365

081 602

I1SO ¢ "
’ 147

18 458

190 578

SOl 1130

1546

981



4.44

TABLF, 4.2 : VALUHS OF 1IF CONSTANTS A AND n RESULTING FROM
EMPIRICALLY FITTING CORROSION DATA TO Am m Atn

Temperature
Alloy oC A "
Electrolytic Copper 50 15,57 0,16
80 17,95 0,37
100 20,50 0,38
120 68,05 0,18
150 109,82 0,37
95/5 Brass 50 17,67 0,18
80 16,24 0,39
100 22,64 0,39
120 41 ,63 0,36
150 130,61 0,37
90/10 Brass 50 13,54 0,31
80 20,07 0,45
100 32,12 0,42
120 58,61 0,40
150 178,16 0,41
85/15 Brass 50 7,80 0,47
80 25,07 0,51
100 37,42 0,51
120 107,62 0,40

150 228,05 0,44



SN, 1IKSKISrSfgt3

TemperatureT

Alloy
oC A n
80/20 B
rass 50 24.89 0.37
80 33,34 0,52
100 71,77 0,45
120 168,16 0,37
150 351,22 0,40
70/30 Brass 50 8.38 0.55
80 49,26 0,47
100 65,67 0,46
120 123,16 0,41
150 303,52 0,43
70/30 Brass 50 30,64 0,38
ial all
(Commercial alloy) 30 35.23 0,49
100 71,68 0,44
120 164,52 0,37
150 293,89 0,44
Muntz metal 50 25,34 0,38
80 39,28 0,49
100 81,64 0,34
120 162,85 0,34

150 313,42 0,46



_____ —— “uwai Afsnj A AND r RESULT fNfl FROM
(continued) I:-5553!
Alloy Temlzzrature R )

50 Cu 50 Zn 50 2.48 0.56

80 4,20 0,76

100 4,88 0,82

120 75,75 0,46

ISO 121,79 0,57

25 Cu 75 Zn 50 0,46 0.90

80 50,00 0,47

100 1,70 1,01

120 42,00 0,57

150 227,06 0,42

10 Cu 90 Zn 50 0,04 1,33

20 45.02 0,47

100 146,95 0,40

120 172,52 0 "8

150 185,99 0,46

Admiralty Brass SO 4,52 0,55
80 35,00 0,54

100 4,59 0,93

120 46,53 0,56

150 196,8 7 0,54



TABULA2 : VALUKS Of THE CONSTANTS A AND n RESULTING FROM
(Continued) EMPIRjCAUY FITTINC CmROSION BATA TO A. 7 7 "

Alloy Temp:zrature A )
Naval Brass 50 34,52 0.41
80 46,11 0,55
100 94,98 0,50
120 165,11 0,50
150 398,50 0,53
Leaded Brass 50 12,42 0,41
80 0,47 1,22
100 0,46 1,21
120 68,63 0,53
150 191,54 1,53
95/5 Phosphor Bronze 50 6,33 0,36
80 21,88 0,34
100 26,80 0,35
120 37,15 0,37
150 82,09 0,44
90/10 Phosphor Bronze 50 7,90 0,63
80 24,08 0,61
100 45,40 0,50
120 46,64 0,58

150 144,31 0,5?



TABLEJL2 : ~ 1 » .OF THf CONSTANTS A ANP ,, RESULTING FROM
(Continued) EMPIRICALLY FITTING CORROSION DATA

Temperature
All
Oy OC A n
Beryllium Copper 50 3.53 0.26
80 7,89 0,35
100 1,40 0,77
120 25,30 0,45
150 101,55 0,38
18 % Nickel Silver 50 10,27 0,34
80 21,55 0,44
1uU 29,99 0,40
120 70,87 0,35
150 80,21 0,51
Aluminium Bronze 50 4,08 0,31
80 10,33 0,35
100 7,71 0,55
120 11,53 0.58

150 32,99 0,55



4.49

1A BU”J : X-MV niFFRACTIONjPsuLTS ,,,R yftR,ot,s COPPF,R Al,,.nYS
EXPOSBD TO i1,r,c GAS AT 15 1p-.

Corrosion Conditions

Alloy Time Temperature FllJljir;iil:lnels

h °oC identified
Electrolytic Copper 250 120 6-UF5
Electrolytic Copper 282 80 6-UF5
Electrolytic Copper 264 100 8-UFs
90/10 Brass 250 120 6-UF5
90/10 Brass 282 100 B-UFS5S
90/10 Brass 264 80 8-UFs
~0/10 Brass 1006 150 U2F9
70/30 Brass 209 150 U2F9
70/30 Brass 16 150 U2F9
70/30 Brass 1006 100 U2F9
70/30 Brass 1006 80 U2F9

Leaded Brass 262 100 6-1JFs, U2F9

95/5 Phosphor Bronze 282 100 6-UFg, U"Fg
Beryllium Copper 250 120 B-Ukg
Beryl lium Copper 282 100 8-UFs
Beryllium Copp. r 264 80 3-UFg

18 t Nickel Silver 250 120 0-UFe, U2



IMKkLjL1 : X-RAY DIFFRACTION RFSULTS OF THE TEMPERATURE-CHANCE
EXPERIMENT. UF* PRESSURE : 15 kPa. (50) SIGNIFIES PRE-

FLUORI NATION AT 50 °C FOR 140 h. TOTAl TIME AT INITIAL

Temperature (S) : eoo h. time at final tfmperature 840 h
Initial Final Uranium
Alloy Tflﬁ%era_ Tef[npreera— Fluorides
u Identi fied
OC oC
Electrolytic Copper 80 150 a-Ul( ¢ B-UFr
(SO)
95/5 Brass 150 80 UzFg + s-UFg
* 6-UF5
(50)
80/20 Brass 150 80 U,Fg + a-UFg
(50)
70/30 Brass 150 80 n2F9 + a-UF5
Muntz metal 80 150 112F9 + a-UF;
(50)

Leaded Brass 150 80 U2F9 + a-UF5



1AISLE 4.5: ACTIVATION L[Nt.RGIHS FOR IHE CORROSION OF Cu-Zn
ALLOYS EXPOSED TO UF( CAS AT 15 kPa

Alloy Temperature Activation Energy Q

Range kJ mol -1
Cu 5 Zn 50 - 120 °c 22,8
Cu 5 Zn 120 - 150 °C 54,0
Cu 10 Zn 50 - 120 °C 25,4
Cd 10 Zn 120 - 150 °C 52,7
Cu 20 Zn 50 - 80 °C 20,2
Cu 20 Zn 80 - 150 °C 37,3
Cu 30 Zn (Com. alloy) 50 - 80 °C 12,8

Cu 30 Zn (Com. alloy) 80 - 150 °C 35,9



4.52
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TABLE 4.
ACTIVATION ENERGIES FOR THE TFME.-'"PATMDK

~ANGL H- ~ ’S°— AS OBTAINED FROM THE TEMPERATURF.
CHANGE EXPERIMENTS "

Alloy Appare: * activation
energy, Q fkJ mol " 1)

Electrolytic 59
Copper ’

(Comm. alloy)

Muntz metal 1.6



TABLE 4.9

WRIJS5 MINWgS AND EXPOSED TO IIP

TABLE 4.9.1 : 95/5 BRASS

Temperature

cu

100

120

150

t,

4.55

Exposure Time

94

262

484

76G

94

262

484

768

h

rrs kpa

Mass Increase

Am, ug cm

150

331

551

780

658

890

1100

1325



(*ORRffilONflg)RE.c m ,IR-OXIDIZED AT  °C
FOR 15 MIMFTES AW EXPOSED TO UFf CAS AT 15 kl’.i~
TASLE 4.9.2 : 85/15 BRASS

femperature Exposure Time Mass Increase

Am, ug cm"’

(0]

300b



— '< Ha3KgRcgrmiR M\U)V.S AIR-OXin.m AT ,ecn oc
— ifflailL aW KPOSED TO UP. GAS AT ,5 kPa
TABLE 4.9.3 : 80/20 BRASS

Temperature Exposure Time Mass Increase
. t,h Am yg em"
100 94 110

262 250
484 441
768 639
120 94 195
262 420
484 654
768 932
ISO 94 2091
262 3531
484 4795

768 6405



rogjroijN jig”rog”™ y »~ alloys AiR-nxinT/Pn A iso °c

IDCPOSED TO UF, GAS AT 15 kPa
TABLE 4.9.4 : >0/30 BRASS

Temperature Exposure Time Mass Increase
0
-2

Am, ng cm

150 94 1976
202 3528
484 5024

768 6613



CORROS1” FIQJRES"FOR COPPER ALLOYS AfR-nxil)I[ZED AT 150 °C
J-SLJi MINUTES AND EXPOSED TOnr ~ AT 15 kPn

TABLf 4.9.5 : MINI2 MCTA]

Temperature Exposure Time Mass Increase
Am, pg cm"
100 88
262 203
484 365
768 538
120 94 238
262 467
484 715
768 971
150 1424
262 2160
484 3180

768 4102



4.60

(ORROSION  FIGURES FOR COPPER ALLOYS AIR-OXIDIZED AT 150 °C
FOR 15 MINUTES AND EXPOSED TOH " GAS AT 15 kPa

TABLE 4.9.6 ELECTROLYTIC COPPER

Temperature Exposure Time Mass Increase

100

262 99

484 160

768 213

120 116

262 238

484 361

768 511

150 208

415

484 592

882



Electrolytic Copper

: VAIlL-S OF I>ffi GCONSTANTS A AND n rOR PRE-OXIPIZED AIXOYS
Rt,a]LTING FROM EMPIRICALLY FITTINf, CORROSION DATA TO

Am = Atn

Alloy

95/5 Brass

85/15

80/20

70/30

Muntz

Brass

Brass

Brass

Metal

Temperature
°C
100
120
150

100
120
150

100
120
150

100
120
150

100
120

150

100
120
150

2,09
4,76
9,66

1,50
4,16
144,82

1,09
6,88
22,18

2,36
6,69
189,45

1,69
11,26
137,95

0,70
0,70
0,67

0,86
0,79
0,33

0,99
0,85
0,79

0,84
0,74
0,53

0,63
0,72
0,57

0,87
0,67

0,51



ACTIVATION ENERGIES FOR TUE. CORROSION OF PRE-OXIDIZED Cu-Zn ALLOYS
IN UP* GAS AT 15 kPa IN HIT TBIPERARIRE RANGE 100 - 150 °C

Activation
Al loy Energy Q,
kJ mol 1
Electrolytic Cooper
Cu 5 Zn 97
Cu 15 Zn 71
Cu 20 Zn 103
Cu 30 Zn 86

Cu <0 Zn 100



4.63

FIGURE 4.1  8-UFr CRYSTALS ON ELECTROLYTIC
COPPER AFTER 200 h EXPOSURE TO
UFe AT 80 °C (x 2000)

FIGURE 4.2 : U.F,, CRYSTALS fA) ON 70/30 BRASS
BRAT , AFTER 1000 h EXPOSURE

TO UF( AT 150 °C (x 3000)
fSOVE CRYSTALS IB) CRACKED
DUE TO REACTION WITH MDISFURE
LEADING TO AN AVORPHOUS
MIXTURE OF UF1 AND U?F; )
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FIGURE 4.4 : SECTION OF 80/20  BRASS SPECIMEN
SHOWING FLUO1<H)E PEM-TRATION. EXPOSED

TO UE6 (AS AT 15 kl*a Al 150 °C FOR
1 000 h fx 9001

FIGURE 4.5 : SECTION OF 85/15 u-BRASS SPECIMEN



FIGURE 4.6 : SECTION OF A LEADED BRASS SPECIMEN
SHOWING FLUORIDE PENETRATION AND VOID
FORMATION. EXPOSED TO UFr AT IS kla
AT 150 °C FOR 930 h (x 10 000)

FIGURE 4.7 : SECONDARY  ELECTRON IMAGE OF
70/30 BRASS SPECIMEN AFTER 1000 h
EXPOSURE TO UF* AT 150 °C. AUGER

OBTAINED ALONG THE LINE SHOW (x 1170)



FIGURE 4.8 : (REFER FIGURE 4.7). AUGER LINE
ANALYSIS FOR THE ELEMENIS Cu,
F AND Zn ACROSS PEMTRATION ZONE (x 1170)

FIGURE 479 : SCANNING ELECTRON MICROGRAPH OF
70/30 BRASS SURFACE AFTI:R 1000 h CONTACT

7o REVEAL SURFACE UYER OF Zn F-, (x 3000]



WAS RENT TO REVEAL SURFACE TAYER OF
Zn S (x 7001

Zn 1, LAYER (B) AND BARF. SUBSTRATCJC).
(x 600)



4.69

FIGURE 4.12 : (CORROSION LAYERS ON NINIZ METAL
Din ACHED FROM THE SUBSTRATE AND
\IEWED FROM THE MUEM SIDE (x 300)

wuclLiee MODES *0*x
p * g HH ] roo .

Z/n Ka : 8,63 KeV



NUCLtS*Moots 'eo«Xx
t S» .1 «'# m

FIGURE 4.14 : C W ISITION OF AREA B IN FIGURE 4.12

Cu i'ci: 8,04 KcV
2n Ka: 0,63 KeV
Ul\/g{1 13,2 KeV

Cu Ka : 8,04 KcV
Z/n Ka : 8,63 KeV
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LVITHYIM

FIGURE 4.18 : CORROSION CRUST ON NAVAL BRASS
AFTER 188 h EXPOSURE TO UFf
AT 80 °C (x 1000)

FIGURE 4 19 . SECTION 01 NAVA 8RA.SS_SPjCIMHj

AT THIS mn'ERAHW rx BOO



FIGURE 4,20 : SELECTIVE ATTACK ON Tiff g-PHASE

AT 130 t fx 80)

FIGURE 4.21 : PREFEREMIIAI, FUIORIDE PEhgTRATION
OF 6-nWSE IN NAVAWIRASS. EXPOSURE;.



FIGURE 4.22 : SECONDARY ELECTRON IMAGE
OF ARFA SHOWN IN FIGURE 4.21

FIGURE 4.23 AUGER LINE SCAN ACROSS AREA
m m in fignu 12 showing
VARIATION IN F U m in” CONCENTRATIm



FIGURE 4.24 :AUGER LINE SCAN ACROSS ARTA SI1KWJ

IN ZINC CONCENrR/VE1ON

TN FIGURE 4.22 9 KMNGVARIAI1™;
IN COPPER CONCENTRATION
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