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DEVELOPMENT OF HIGH-STRENGTH 
CORROSION-RESISTANT ZIRCONIUM ALLOYS 

by 

John A. De M a s t r y , F r e d e r i c k R. Shober^ and Ronald F . Dickerson 

Ipproximutelr 100 ternary and quaternarr sponge-zirconium alloys were 
screened for structural and cladding applications in a natural-uranium-fueled heai'\-
ivater-moderated pover reactor. The alloy additions studied included 2 to I ir/o tin, 
0.5 to 2 w/o rrolybdenum, and I to 3 te 'o niohium. The effect of O.l w'o iron and 
0.05 u\'o nickel additions to the experimental allovs was evaluated. All composi
tions ivere arc melted, rolled at 850 C from a helium-atmosphere furnace, vacuum 
annealed 4 hr at 700 C, and furnace cooled. Room- and elevated-ten>pernture hard
ness measurements were used to estimate the tensile strengths of the allofs, while 
corrosion resistance was evaluated by 1000-hr exposures to static 300 C water. 

On the husis of a minimum hardness of 250 DPH and a maximum ueigkt 
gain of 30 mg per dm" in corrosion testing, seven zirconium alloys appeared 
promising for intensive evaluation for the intended application: 2 v','o tin-0.5 wlo 
mohbdenum, 2 tvo tin-2 w/o niobium-O.l w'o iron-0.05 ti/o nickel, 2 w/o tin-3 v/o 
niobium-O.I iv 'o iron-0.05 v'o nickel, 3 w o tin-O.l w'o iron-0.05 v 'o nickel, 3 iv^o 
tin-0.5 w'o molyhdenum-O.l w o iron- 0.05 w 'o nickel, 3 w'o tin-0.5 w/o 
molyhdenum-1 ic/o niobium-0.1 w'o iron-0.05 w. o nickel, and 4 w/o tin-0.5 le/o 
molybdenum. 

INTRODUCTION 

In a na tura i -uran iun i - fue led h e a v y - w a t e r - m o d e r a t e d r e a c t o r , the volume of the 
r eac to r co re and, t h e r e f o r e , the volume of any pa ra s i t i c m a t e r i a l s a r e impor tan t con
s ide ra t ions . If such a r e a c t o r is fueled with meta l l i c u r an ium, the u ran ium mus t be 
clad with a c o r r o s i o n - r e s i s t a n t m a t e r i a l a s pro tec t ion agains t the c o r r o s i v e effect of 
the wa te r . Cladding i s a lso r equ i red to main ta in re tent ion of the f ission products within 
the fuel e lement itself. In addi t ion, if such a r e a c t o r is designed in such a way that the 
fuel and the coolant a r e contained within individual p r e s s u r e t ubes , these tubes m u s t be 
r e s i s t a n t to co r ro s ion by the coolant and m u s t a lso have sufficient s t rength to withstand 
the p r e s s u r e r equ i red to keep the coolant f rom boiling. 

The m a t e r i a l used for these appl icat ions mus t not only mee t the r e q u i r e m e n t s of 
s t rength and c o r r o s i o n r e s i s t a n c e but m u s t a l so have a low enough t h e r m a l - n e u t r o n -
cap ture c r o s s sect ion to provide max imum neutron economy. Z i r ca loy -2 has excellent 
co r ro s ion r e s i s t a n c e in water at t e m p e r a t u r e s ranging up to 680 F , but is only a l i t t le 
s t ronge r than pu re z i rconium. It i s pos s ib l e , however , to use this alloy both as 
p r e s s u r e - t u b e m a t e r i a l and as cladding by designing thick enough sect ions to provide 
the r equ i red s t rength . N e v e r t h e l e s s , the economy of neut rons in a na tu ra l u ran ium r e 
ac to r is of such impor t ance that a reduct ion of the amount of Z i r c a l o y - 2 s t r u c t u r a l m.a-
t e r i a l avai lable for p a r a s i t i c cap ture of neu t rons could provide the m a r g i n needed for 
economic r e a c t o r operat ion. The obvious approach to such a reduct ion would be to use 
a m a t e r i a l which is substant ia l ly s t ronger than Z i r ca loy -2 and by so doing reduce the 
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sect ion of the va r ious s t i 'uctural components . For tuna te ly , it is poss ib le to fur ther 
improve individual p r o p e r t i e s of z i rcon ium by alloying. This approach is pa r t i cu l a r ly 
a t t r ac t ive if the t e m p e r a t u r e is well below the 680 F assoc ia ted with the acceptance t e s t 
for Z i r ca loy -2 in p r e s s u r i z e d - w a t e r - r e a c t o r appl icat ions . 

The fact that the coolan t -water t e m p e r a t u r e of the h e a v y - w a t e r - m o d e r a t e d wa te r -
cooled na tu ra l -u ran ium-fue led r e a c t o r designed and being cons t ruc ted by the E. I. 
du Pont de Nemours & Co. , Inc. , was 570 F was respons ib le for i n t e r e s t in the de
velopment of a z i rcon ium alloy having cons iderably m o r e s t rength than Z i r ca loy -2 and 
adequate c o r r o s i o n r e s i s t a n c e in 570 F water . P r ev ious invest igat ions had shown that 
smal l additions ( less than 5 w/o) of molybdenum, niobium, and tin s t rengthen z i rconium 
without marked ly decreas ing i ts co r ro s ion resistance^•'•' and that the poss ib i l i t i es for 
developing a " t a i l o r - n i a d e " z i rcon ium alloy for the specific applicat ion were good. In 
an a t t empt to choose s eve ra l potent ial al loys a r e s e a r c h p r o g r a m was pe r fo rmed for 
the purpose of surveying a number of al loys for future evaluation. This invest igat ion 
and the r e su l t s obse rved a r e d i scussed in detai l in subsequent sect ions of this r epor t . 

PREPARATION OF ALLOYS 

Nine s e r i e s of al loys were p r e p a r e d : t e r n a r y z i r con ium-base alloys containing 
2. 0 , 3. 0 , and 4. 0 w/o tin plus 0 to 2. 0 w/o molybdenum, t e r n a r i e s containing 2. 0 , 
3. 0, and 4. 0 w/o tin plus 0 to 3. 0 w/o niobium, and qua te rna ry al loys containing 2. 0 , 
3. 0 , and 4. 0 w/o tin plus 0. 5 to 2. 0 w/o molybdenum and 1. 0 to 3. 0 w/o niobium. 
Duplicate me l t s of each alloying composi t ion were p r e p a r e d . These duplicate me l t s 
differed in i ron and nickel content. In one m e l t , 0. 1 w/o i ron and 0. 05 w/o nickel were 
added while in the cor responding alloy no i ron or nickel was added. 

Alloys were p r e p a r e d by a r c mel t ing (tungsten electrode) sponge-base z i rconium 
and appropr i a t e alloying addit ions six t i m e s . The 50-g buttons were then cas t into 1 by 
3/4 by 1/4-in. b a r s p r i o r to fabricat ion. Table 1 shows ana lyses of melt ing stock used. 
In o r d e r to a s c e r t a i n if the nominal composi t ions of the alloys p r e p a r e d were v/ithin 
exper imenta l e r r o r , spot chemica l ana lyses were pe r fo rmed . Table 2 l i s t s the resu l t s 
of r ep re sen t a t i ve ana lyses . 

Alloys containing 2. 0 and 3. 0 w/o t in were hot ro l led at 850 C from a hel ium a t 
m o s p h e r e to 0, 070 m. Reductions of 15 p e r cent p e r p a s s were obtained with no edge 
cracking . Alloys containing 4 .0 w/o tin showed slight edge c rack ing , and the amount of 
reduct ion was the re fo re reduced to 10 p e r cent p e r p a s s . No further cracking was ob-
served» All al loys were annealed in evacuated Vycor tubes at 700 C for 4 h r and 
furnace cooled. After anneal ing, spec imens for co r ros ion evaluat ion, ha rdnes s 
m e a s u r e m e n t s , and meta l lography were shea red from the annealed sheet . 

(1) References at end. 
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TABLE 1. VENDOR' S ANALYSES OF MELTING STOCKS 

Impur i ty 

Analyses of Indicated Base Stock, ppm 
Zirconium 

Sponge T i n Molybdenum Niobium 

Aiiuninum 
Arsen ic 
Boron 
Carbon 
Chlorine 
Chromium 
Cobalt 
Copper 
Hafnium 
Hydrogen 
Iron 
Lead 
Magnesium 
Manganese 
Molybdenura 
Nickel 
Niobium 
Nitrogen 
Oxygen 
Silicon 
Tantalmxs. 
T i n 
Titanium 
Vanadium 
Zi rconium 

4 3 
__ 

<U. 2 
__ 

1400 
50 
<5 
20 
62 
27 

150 
5 

938 
15 
__ 

<10 
- -
34 

1000 
50 
__ 
- -

<30 
<20 

Balance 

__ 
30. 3 
— 
~-
- -
- -
— 

3 .0 
- -
__ 

50 
20 

__ 
__ 
- -
__ 
— 
— 
— 
__ 
— 

Balance 
__ 
- -
3 

Balance 

50 

40 

<100 

<100 
400 

4 . 7 
<100 

50 

Balance 
29 

870 
<100 

<1500 

50 

500 

TABLE 2. ANALYSES OF SPONGE ZIRCONIUM-BASE ALLOYS 

Nominal Composi t ion, w / o 
Analyzed Composi t ion, w /o 

Sn Mo Nb F e Ni 

Z r - 2 . 0 Sn-0. 5 Mo 2 .1 0 .43 

Z r - 3 . 0 S n - 0 . 5 M o - 1 . 0 Nb-0. 1 3.1 0 .37 
Fe 0.05 Ni 

1. 3 0. 099 0.057 

Z r - 4 . 0 Sn-2 . 0 M o - 3 . 0 Nb 4 . 0 1.4 3 .7 
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ALLOY HARDNESS AT ROOM AND ELEVATED TEMPERATURES 

R o o m - t e m p e r a t u r e h a r d n e s s values were used as a tool to es t imate the t ens i l e 
s t rengths of al loys being studied. The tens i le s t rength was es t imated from the 
h a r d n e s s - s t r e n g t h re la t ionship . (^) A r o o m - t e m p e r a t u r e h a r d n e s s p a r a m e t e r of 
250 was se lec ted since it would yield an es t ima ted i n c r e a s e of 12,000 ps i in the room-
t e m p e r a t u r e t ens i l e s t rength over that of Z i r c a l o y - 2 . 

R o o m - t e m p e r a t u r e h a r d n e s s values of al loys studied showed p r o g r e s s i v e in
c r e a s e s in h a r d n e s s for total alloying additions up to 5 w /o . Above 5 w/o no a p p r e 
ciable i n c r e a s e s in h a r d n e s s were noted up to 9 w/o total alloying content. F igure 1 
shows graphical ly this i n c r e a s e in h a r d n e s s . The g r e a t e s t i n c r e a s e s in h a r d n e s s e s 
appear to be due to the t in addi t ions. Composi t ional var ia t ions from the nominal 
values make it difficult to ass ign any significance to ha rdnes s i n c r e a s e s o r d e c r e a s e s 
of individual a l loys . R o o m - t e m p e r a t u r e h a r d n e s s number s a r e shown in Table 3. 

After evaluation of the r o o m - t e m p e r a t u r e h a r d n e s s v a l u e s , alloys were se lected 
which showed p r o m i s e of high s t rength (based on h a r d n e s s - s t r e n g t h relat ionship) for 
ho t -ha rdnes s study. The h a r d n e s s of a l a r g e number of al loys had been i n c r e a s e d s ig
nificantly; t h e r e f o r e , co r ro s ion data were a lso taken into cons idera t ion in select ing 
al loys for ho t -ha rdnes s m e a s u r e m e n t s . Diamond-pyramid h a r d n e s s e s of the alloys 
se lec ted were obtained at elevated t e m p e r a t u r e s by means of a vacuum ho t -ha rdness 
machine . In this a p p a r a t u s , the spec imen and stage a r e heated by a r e s i s t ance - type 
furnace immedia te ly surrounding t h e m , and the spec imen is p laced d i rec t ly over 
thermocouples fitted into the s tage from below. Indentations were made by lowering 
the indenter until i ts full weight (730 g) r e s t e d on the specimen for 15 sec . At l ea s t 
five indentations were made at 200, 300, and 400 C. Four i m p r e s s i o n s were made at 
600, 700, 800, and 900 C. 

Increas ing the tin content resu l ted in i n c r e a s e d ho t -ha rdnes s va lues . The effect 
is shown in F igure 2. The values obtained h e r e for the 2. 0 and 4. 0 w/o tin alloys show 
good ag reemen t with previous ly r epor ted data, i^l Increas ing the tin content from 1. 5 to 
4. 0 w/o r e su l t s in an i n c r e a s e in h a r d n e s s at 300 C of 50 DPH. This co r re sponds to an 
estimated(-3) i n c r e a s e in tens i le s t rength of 15,000 ps i . Increas ing the tin content in 
al loys containing 0. 5 w/o molybdenum also r e su l t s in significant i n c r e a s e s in h a r d n e s s 
numbers at 300 C (above the h a r d n e s s of Z i rca loy-2) . The ha rdnes s is not i n c r e a s e d at 
300 C with i n c r e a s e s in tin content from 3. 0 to 4. 0 w/o tin. This i s shown in F igure 3. 
In al loys containing 1.0 w/o molybdenum and 1 w/o niobium _, t he re is an i n c r e a s e in 
h a r d n e s s over that of Z i r ca loy -2 of 90 DPH (105 to 195 DPFI) at 300 C for al loys con
taining 4 w/o tin. This i s shown graphical ly in F igure 4. It appea r s that in al loys 
containing l a r g e r amounts of total alloying addi t ions , i n c r e a s e s in t in content r e su l t in 
g r e a t e r i n c r e a s e s in hot h a r d n e s s than in the m o r e dilute al loys (F igures 3 and 4). 
F igure 5 shows the curves obtained for al loys containing 2. 0 w/o molybdenum and 3. 0 
w/o niobium. The g r e a t e r i n c r e a s e s in h a r d n e s s evident in F igure 5 a r e due to total 
alloying content. In F igure 6, where the total alloying content (excluding tin) i s shown, 
it appea r s that o ther alloying addit ions and t in have an equal effect on the ho t -ha rdnes s 
values at 300 C. Table 4 l i s t s the ho t -hardness values obtained on se lected r e p r e s e n t a 
t ive a l loys . 
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TABLE 3. ROOM-TEMPERATURE HARDNESSES AND CORROSION BEHAVIOR IN 300 C WATER 

OF THE ZIRCONIUM ALLOYS PREPARED IN THE PROGRAM 

Nominal Alloying Additions 
(Balance Zirconium), w/o 

Alloy Sn Mo Nb Fe Ni 

Room -Tempei ature 

Hardness, DPH 

1000-Hr Corrosion in 300 C Water 

Weight Galrf^^ 

mg per dm2 Appearance(°) 

1 
2 

3 

4 

5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 

51 

2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2,0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2,0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2,0 
2.0 
2.0 
2.0 

3,0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3,0 
3.0 
3.0 
3,0 
3.0 
3.0 
3.0 
3.0 
3.0 

3.0 

--
.. 
0.5 
0.5 
1.0 
1,0 
2.0 
2.0 
.. 
.. 
.. 
--
--
--
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
1.0 
1.0 
1,0 
1,0 
1.0 
1.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 

--
--
0.5 
0.5 
1.0 
1.0 
2.0 
2.0 
— 
--
--
--
.-
--
0.5 
0.5 
0.5 
0.5 

0.5 

--
.. 
--
--
.. 
--
--
.. 
1.0 
1.0 
2.0 
2.0 
3.0 
3.0 
1.0 
1.0 
2.0 
2.0 
3.0 
3.0 
1.0 
1.0 
2.0 
2.0 
3.0 
3.0 
1.0 
1.0 
2.0 
2.0 
3.0 
3.0 

.-

--
--
.. 
.. 
.. 
— 
— 
1.0 
1.0 
2.0 
2.0 
3.0 
3.0 
1.0 
1.0 
2.0 
2.0 

3.0 

0.1 

0.1 

0.1 

0.1 

0,1 

0,1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

262 
279 
299 
256 
292 
274 
323 
285 
285 
264 
295 
307 
361 
297 
279 
260 
258 
270 
274 
240 
283 
264 
283 
283 
276 
290 
294 
312 
302 
308 
302 
307 

279 
312 
283 
304 
276 
281 
279 
274 
270 
253 
292 
292 
297 
299 
306 
319 
297 
281 
289 

12 
23 
18 
23 
25 
25 
30 
27 
25 
26 
12 
14 
29 
14 
25 
23 
27 
21 
19 
18 
33 
28 
34 
26 
24 
44 
58 
68 
50 
62 
68 
62 

3 
12 
12 
15 

19 
25 
27 
24 
17 
22 
15 
27 
25 
23 
19 
19 
20 
25 
24 

G 
G 
G 
G 
G 
M 
M 
M 
M 
M 
G 
G 
M 
M 
M 
M 
M 
M 
M 
S 

s 
S 
W 
S 
s 
w 
w 
w 
w 
w 
w 
w 
G 
G 
G 
G 
G 
G 
M 
G 
G 
G 
G 
M 
M 
M 
G 
G 
G 
M 
M 
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TABLE 3. (Continued) 

AUoy 

Nominal Alloying Additions 
(Balance Zirconium), w/o 

Sn Mo Nb Fe Ni 
Room -Temperature 

Hardness, DPH 

lOQO-Hr Corrosion in 300 C Water 
Weight Gain(a), 

mg per dm^ Appearance'^ 

52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
M 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 

97 
98 

3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 

4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4,0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4,0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4,0 

1,5 
1,5 

0,5 
1.0 
1,0 
1.0 
1.0 
1.0 
1.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2,0 

._ 

.-
0,5 
0,5 
1.0 
1.0 
2.0 
2.0 
.. 
— 
--
_. 
.. 
--
0.5 
0.5 
0.5 
0.5 
0.5 
0,5 
1.0 
1,0 
1,0 
1.0 
1,0 
1,0 
2.0 
2.0 
2,0 
2.0 
2,0 
2.0 

--
--

3.0 
1.0 
1.0 
2.0 
2.0 
3.0 
3.0 
1.0 
1.0 
2.0 
2.0 
3.0 
3.0 

.. 

._ 
--
.. 
--
.. 
.. 
.. 
1.0 
1.0 
2.0 
2.0 
3,0 
3.0 
1.0 
1.0 
2.0 
2.0 
3.0 
3.0 
1,0 
1.0 
2.0 
2.0 
3.0 
3.0 
1,0 
1.0 
2.0 
2.0 
3.0 
3.0 

.. 
__ 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0,1 

0.1 

O.J 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0,1 

0.1 

0.05 

.. 
0.05 

.. 
0.05 

.. 
0.05 

-. 
0.05 

.-
0.05 

-. 
0.05 

_. 
0.05 

.. 
0,05 

.-
0.05 

.. 
0.05 

.. 
0.05 

-. 
0.05 

.. 
0.05 

--
0.05 

.. 
0.05 

--
0.05 

._ 
0.05 

.. 
0.05 

.. 
0.05 

-. 
0.05 

-. 
0. 05 

.. 
0.05 

._ 

0.05 

285 
327 
812 
309 
299 
293 
294 
312 
317 
299 
319 

322 
319 

309 
304 
333 
322 
293 
299 
294 
304 
330 
287 
299 
302 
302 
299 

333 
322 
306 
333 
314 
330 
30G 
317 
304 
322 
289 
308 
302 
311 
302 
318 
301 

243 
232 

29 

23 

33 

34 

47 

32 

34 

47 

40 

42 

61 

46 

68 

21 

21 

21 

24 

19 

24 

17 

26 

19 

21 

16 

19 

20 

26 

20 

16 

14 

22 

20 

22 

20 

28 

27 

26 

26 

26 

31 

24 

26 

35 

29 

52 

26 

25 

S 

M 

S 

s 
w 
w 
s 
w 
w 
w 
w 
w 
w 
G 
G 
G 
G 
G 
G 
G 
M 
G 
G 
G 
G 
M 
M 
G 
G 
G 
M 
M 
S 
G 
S 
S 
S 
S 
S 
s 
s 
w 
w 
w 
w 
G 
G 

(a) Average of three specimens. 
(b) Code: 

G = Black oxide M = Milky 
S = Slightly mottled W = Mottled. 
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TABLE 4. HARDNESS OF SPONGE-ZIRCONIUM ALLOYS AT ELEVATED TEMPERATURES 

Nominal 
(Balance 

Sn 

2 .0 
2 .0 

2 .0 

2 .0 
2 .0 

2 . 0 

2 .0 

3 .0 
3.0 

3 .0 

3 .0 

4 . 0 

4 . 0 

4 .0 

4 .0 

4 . 0 

4.0 

Mo 

0 .5 

0 .5 
1.0 

1.0 

1.0 

2 .0 

0 .5 

--
1.0 

2 .0 

_-
0 .5 

--
1.0 
1.0 

2 .0 

Alloying Additions 
. Zirconium), 

Nb 

- „ 

. . 
1.0 
1.0 
2 .0 

3 .0 

3 .0 

- . 
3.0 

1.0 

3 .0 

--
--

3.0 
1.0 

3 .0 

3 ,0 

Fe 

0.1 
--
--
--
--
--
--

0 ,1 

--
--

0 . 1 

0 .1 

0 .1 

--
— 

0 .1 

0 , 1 

w/o 

Ni 

0.05 

. . 
--
--
--
— 
--

0.05 

--
— 

0.05 

0.05 
0.05 

--
--

0.5 

0 .5 

Room 

292 

289 

264 

287 
267 

274 

312 

299 

263 

292 

295 

287 
304 

270 
299 

279 

299 

200 C 

157 
174 

168 
199 

168 

177 
209 

188 
182 

203 

225 

177 

196 
193 
233 

261 

299 

300 G 

113 

140 

137 
160 

146 

145 

187 

165 

159 

179 
200 

150 

165 

163 

195 

228 

277 

DPHN at 

400 C 

92 .7 

117 

120 

136 
124 

126 

167 

142 

138 
154 

165 

127 
135 

137 
178 
212 

249 

remperaiure 

500 C 

73.2 
93.2 

95 .8 
110 
103 

108 

131 

112 

111 

121 

127 

98 .0 
111 

118 
148 

105 
200 

Shown, 

550 C 

60.9 

7 9 . 1 
76.4 

8 6 . 1 
85.2 

97 .2 

106 

92 .7 
9 1 . 4 

91 .7 
104 

81 .3 

96 .0 

105 

128 

120 

177 

kg per mm~ 

600 C 

48 .2 

57.5 

54.2 

65.7 
58 .8 

09.6 
76.2 

72.6 

64.6 

70.9 

77 .4 

61 .4 

77 .1 

72.7 
88.9 

77.0 

122 

700 C 

26 .2 

27 .3 

24 .6 
23 .7 

20.7 

27 .4 

20.9 

34 .8 
2 4 . 1 

26 .9 

19.0 

29 .3 

42 .9 

27 ,8 
40 .3 

25 .6 
3 4 . 4 

800 C 

14.2 

17.4 

8 .3 

0 .0 
0.2 

9. ,3 

8.0 

1 J . 4 

8.1 

8.6 

5.9 

14.7 

20 .0 

10.9 
8.8 

7.9 

8 .3 

900 C 

4 . 0 

--
--

3.0 

--
--

6.0 

3.4 

1.9 

2 .4 

4.C 

. . 
0.2 

2 . 1 

1.9 

2 .7 

2 .5 

Zircaloy-2C'*) 232 145 104 77.6 59.3 50.1 36.6 19.9 11.4 5.8 

(a) Reference alloy made up witli same sponge zirconium as alloys listed above. 
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Using the h a r d n e s s of Z i r ca loy -2 at both room t e m p e r a t u r e (2Z0 DPH) and at 
300 C (104 DPH) as a reference, , i t can be seen that l a r g e i n c r e a s e s in h a r d n e s s have 
been obtained. At both room and e levated t e m p e r a t u r e s the m o s t beneficial addition 
appea r s to be tin and tin in combination with niolybdenum. 

ALLOY CORROSION EVALUATION 

A maximtim. to ta l weight-gain c o r r o s i o n p a r a m e t e r of 30 mg p e r dm^ in 1000 hr 
was se lec ted as a bas i s for sc reening candidate a l loys . It should be pointed out that^ to 
es tab l i sh an expected se rv i ce life in p r e s s u r i z e d - w a t e r r eac to r s^ substant ia l ly longer 
r e f e rence per iods would be n e c e s s a r y . Specimens for co r ro s ion studies at 300 C in 
h igh-pur i ty water were p r e p a r e d in t r ip l i ca t e by shear ing t e s t coupons 1 by 0. 75 by 
0. 70 in, f rom the wrought sheet . Approximate ly 0. 003 in, was machined from each 
su r face , and an additional 0. OOZ in, was pickled from, the sur faces in a HNO3-5 volume 
p e r cent HF-50 volume p e r cent H2O solution. The spec imens were exposed to s ta t ic 
deminera l i zed water at 300 C for a total of 1000 h r , and removed from test^ weighed^ 
and examined at interm.ediate tim.e in te rva l s of 168, 336, 672, and 1000 h r . Total 
weight gains in m i l l i g r a m s p e r square dec ime te r of surface were calcula ted for each 
per iod . Resul t s for 1000 h r of exposure a r e s u m m a r i z e d in Table 3, 

The effect of niobium additions on the co r ro s ion behavior of the zirconium, al loys 
is i l l u s t r a t ed in F igu re 7. No cons is ten t t r ends a r e evident f rom these r e s u l t s . In 
gene ra l , niobium appea r s to have l i t t le effect on the weight gains obtained after 1000 hr 
of exposure to 300 C water . This is cons is tent with r epor ted observa t ions that b inary 
niobium addit ions have l i t t le influence on the c o r r o s i o n behavior of z i rconium. (3) The re 
a r e indicat ions from the data in F igure 7 that i nc reas ing niobium i n c r e a s e s the amount 
of co r ro s ion in 2 w/o molybdenum-0. 1 w/o i r o n - 0 . 05 w/o n icke l -3 to 4 w/o tin a l loys . 
The r ea son for this effect is not yet apparen t . 

F igure 8 shows the effect of molybdenum additions on the weight gains of the 
z i rcon ium alloys after 1000 h r of exposure to 300 C water . It is obvious from these 
cu rves that inc reas ing the molybdenum, content r e su l t s in i n c r e a s e d a t tack in the a l loys . 
(This is in l ine with the known harmful effects of molybdenum additions to zirconium.'-^') 
The a d v e r s e effects of molybdenum a r e mos t evident at the h igher niobium levels and 
indicate the poss ib i l i ty of a cumulat ive effect of the alloy addit ions. 

The weight gains obtained af ter exposing b inary z i rconiuni - t in al loys 1000 h r to 
300 C wate r a r e compared in F igure 9- The re appea r s to be no effect of t in on c o r r o 
sion behavior under these condit ions. However , exposure at h igher t e m p e r a t u r e s and 
for longer pe r iods would be expected to revea l a drop in co r ros ion r e s i s t a n c e with in
c reas ing tin content. An in t e r e s t i ng , and as yet unexplained, beneficial effect of t in 
was obse rved when total alloy content was cons idered . This effect i s shown in F igure 10. 
At the 4 w/o tin l eve l , all spec imens containing up to 5 w/o total alloy additions ex
hibi ted weight gains of l e s s than 30 mg p e r dm^ in 1000 h r of exposure . A p r o g r e s s i v e 
i n c r e a s e in a t tack was noted at the lower t in leve ls of 3 and Z w / o . Although t in is 
known to counterac t the a d v e r s e effects of n i t rogen , and, to a l e s s e r extent , those of 
a luminum, ca rbon , and t i t an ium, at impur i ty l e v e l s , i t i s not cons ide red a s exer t ing 
significant beneficial effects in the case of molybdenum, niobium, and o ther e lements 
at alloying l eve l s . 
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Specimens were exposed 1000 hr to 300 C water . 
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TABLE 5, ALLOYS SUGGESTED FOR FURTHER EVALUATION 

Sn 

2 . 0 
2 . 0 
2 . 0 
3 . 0 
3 . 0 

3 . 0 
4 . 0 

Nominal Alloying Addition 
(Balance Zirconium.), w / o 

M o 

0 . 5 
__ 
- -
- -
0 . 5 

0 . 5 
0 . 5 

Zircaloy-2(b) 
Zircaloy-2(c) 

Nb 

m „ 

2. 0 
3 . 0 
__ 

- -

1.0 
__ 
__ 

- -

F e 

« „ 

0. 1 
0. 1 
0. 1 
0. 1 

0. 1 
- -
- -
— 

s 

Ni 

0 . 0 5 
0 . 0 5 
0 . 0 5 
0 . 0 5 

0 , 0 5 
__ 
__ 
- -

D P H , kg p e r 
R o o m 

T e m p e r a t u r e 

290 
307 
297 
312 
304 

319 
333 
230 
210 

m m ^ 

300 C 

140 
140(a) 
150(3-) 
160 
165 

160(a) 
165 
104 
104 

Weigh t G a i n in 
300 C W a t e r , 

m g / ( d m 2 ) ( 1 0 0 0 h r ) 

18 
14 
14 
12 
15 

19 
21 
24 
13 

A p p r o x i m a t e C a l c u l a t e d 
T h e r m a l - N e u t r o n 

C r o s s S e c t i o n , 
b a r n p e r a t o m 

0. 198 
0. 200 
0. 213 
0. 189 
0. 199 

0. 209 
0. 205 
0. 195 
0. 195 

(a) Estimated hot-hardness values from similar alloys. 
(b) Values obtained in this testing program. 
(c) Values obtained from literature. 

u i 
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CONCLUSIONS 

Two genera l conclusions can be drawn from the r e su l t s of the p r o g r a m : 

(1) Alloys can be p r e p a r e d which show i n c r e a s e d h a r d n e s s e s over Z i r ca loy -2 
at both room and elevated t e m p e r a t u r e s while s t i l l re taining co r ros ion 
r e s i s t a n c e in 300 C wate r for 1000 h r which i s comparab le to that of 
Zircaloy-2, 

(2) The survey has shown that seven al loys have s h o r t - t i m e co r ros ion p r o p e r 
t i e s in 300 C water comparab le to Z i r ca loy -2 and s t reng ths g r e a t e r than 
Z i r ca loy -2 . 

RECOMMENDATIONS 

Completion of this phase of the p r o g r a m has indicated that s eve r a l al loys can be 
se lected which show p r o m i s e as a p rospec t ive cladding m a t e r i a l for use in wate r at 
300 C. Alloys which show the opt imum com.bination of ha rdnes s at room, t e m p e r a t u r e 
and 300 C, c o r r o s i o n life in 300 C w a t e r , and the rmal -neu t ron c r o s s sect ion (calcu-
lated(^)) a r e shown in Table 5. 

Natura l ly , fur ther evaluation of these alloys i s n e c e s s a r y before they can be of 
use as cladding m a t e r i a l . It will be n e c e s s a r y to de te rmine the i r miechanical and c reep 
p r o p e r t i e s and the i r t h e r m a l conductivity. Alloys which show the bes t combinations of 
these p r o p e r t i e s should undergo fur ther evaluation in a wel l -planned i r r ad ia t ion 
p r o g r a m . 
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