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Legal Notice 

. 
This document was prepared under the spons.orship of the U. S. 

. .. . . . 

Atomic Energy Commission pursuant to the Joint Research and Development 

Program established by the Agreement for Cooperation sihned November 8, 

1958, between the..Government of the United States of America:and,the Euro- 

pean Atomic Energy .Commu,nity (Euratom). Neither the ,Uriited States, the 

U. S. Atomic Energy* Commission, the European Atomic Energy C-ommunity, 
/ the Euratom Comrxiission,. nor any person acting on behalf of'.either Com-. 

mission: , 

Makes any warranty or representation, express 
or  implied, with respect to the accuracy, com- 
pleteness, or  usefulness of the information con- 
tained in this document, or that the use of any 
information, apparatus, method, or process 
disclosed in  this document may not infringe pr i -  
vately owned rights; o r  ' 

B. Assumes any liabilities with respect to the use 
of, or for damages resulting from the use of 
any information, apparatus, method o r  process 
disclosed i n  this document. - - 

As used in  the above, "person acting on behalf of either Cam- 
. . .  

missiontf includes any employee or contractor of eithe? commission or. em- 

ployee of such contractor to the extent that such employee or  contractor or 
i 

employee of such contractor prepares, handles, disseminates, or provides 

, access  to any information pursuant to, his employment or  contract with either 

Commission or. his empl/oyment with such contractor. 
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IMPROVED ZIRCONIUM ALLOYS 

I. .INTRODUCTION 

The United States and the European Atomic Energy Community 

(EURATOM), on May. 29 and June 18, 1958, signed an agreement .+h'ith 

provides a basis for  cooperation i n  programs for the advancement of .the 

peaceful applications .of atomic energy. This agreement, in  part, .provides 

for  the establishment of a Joint U.  S. -Euratom research and development 

program which i s  aimed a t  reactors to be constructed in, Europe under the 

Joint Program. 

The work described in  this report represents the Joint U.S. - 
Euratom effort which is in keeping with the spirit  of cooperation in  contri- 

buting .to the common good by sharing of scientific and technical information 

and minimizing the duplication of effort by the limited pool of technical. talent 

available in Western &rope and the United States. 

11. SUMMARY OF PROGRESS TO DATE 

The approach' to development of successful zirconium 'alloys has 

been screening of corrosion properties in  superheated water and steam follow- 

ed by preparation of further compositions based on these corrosion results. 

Thus, during, the .fir s t  year of work, the major program effort involved de- 

termination of the corrosion properties of approximately 100 binary alloys i n  

680" F water and 750°F steam; selected materials were evaluated in 900°F 

steam (see  ARF 2198-if and ARF 2198-18). 

At the beginning of the current year, data on-the, corrosion 

screening studies were available which indicated fifteen binary compositions 

for further investigation a s  ternary bases or minor ternary additions for im- 

proved corrosion resistance. Thus, approximately 75 ternary compositions 

were prepared. from these alloys . (see  ARF 2198- 18), and the major effort this 

year has been devoted. to ascertaiGng and evaluating corrosion. behavior of 
, , 

these materials.  
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. . Corrosion data in  680°F water for .these ternary alloys a r e  

presently available for an exposure time of 3000 hours. .This test duration 

has allowed'..for reliable evaluation of materials with respect to corrosion 

resistance and has indicated that several compositions initially satisfy one 

of theprogram objectives. Mqreover, these data. indicate that further im- 

provement of properties might be realized by mi'nor modifications of allo,ying 

concentrations. A further group of .about'40 alloys is, therefdre, being pr,e- 

pared for optimization of corrosion properties in 680" F water and strength 

a t  this temperature. In addition, data on ternary compositions in  750°F 

steam a r e  available for  a 1200-hour exposure which indicate some initially 

promising alloys. Selected ternary materials have been exposed to 900°F 

steam for a relatively short time; no definite property evaluations .can be 
. . 

made a t  this time. 

111. PRINCIPAL .INVESTIGATORS 

D.. , Weinstein - ~ r ' o j e c t  Engineer 

F. C. Holtz - ' Group Leader 

IV. STATEMENT OF PROBLEM 

The program objectives a r e  the development of zirconium-base 

alloys having corrosion resistance and/or strength (with equivalent corrosion 

resistance) markedly superior to Zircaloy-2 in 680°F water and/or 750" to 

900°F steam. The pickup of hydrogen during corrosion i s  also an important 

aspect of th is  program; however, this factor is employed for, evaluation of 

experimental alloys rather than a s  a criterion for screening and development 

of material.  

V. DESCRIPTION OF WORK- -RESULTS 
. . 

The corrosion behavior of ternary experimental allojrs in 680" F 
. water for a duration of 3000 hours i s  presented. in Table I. A detailed. analysis 

of these data was presented in the. last  Quarterly Report .(ARF 21 98- 24) and 

.. a. recently issued Summary Progress  Report (ARF 21.98- 26) .which gives 

tensile properties of these alloys a s  well. The. corrosion behavior of prom- 

ising alloys i s  essentially unchanged from previous results a t  2000 hours; , . . . 
that is, these alloys continue to exhibit better corrosion resistance to 680°F 
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water than Zircaloy-2. Graphically, these results a r e  represented in  - 

Figure i and Fig,ur e 2. Zircal'oy- 2, plotted here  for comparison purposes, 
2 exhibits breakaway.corrosion after approximately 100 days (30 mg,fdm 

which. agrees with Bettis data on identical material. Pn Figure f ,  the three 

experimental alloys have, not, ap.parently, reached a transitio n, and the cor - 
rosion ra te  after 3000 hours i s  considerably, lower. than Zir.calqy-2. In .- 

Figure 2, the 2 r - iCr -0 .  25Te and Zr-PSb-O.25Te alloys show similar -be- 

havior; however, the Zr-  ISb-0.5Nb alloy exhibits a rather early tr.ansition 

followed. by, a I.ower post-transition corrosion ra te  than Zircaloy-2. Thus, 

after 3000 hours, the latter composition i s  a l s ~  better than Zircaloy-2. 

Further data a r e  being obtained on these materials to establish corrosion 

properties more  accurately. 

As previously related, the choice of ternary compositions for 

study in  750°F steam was based on corrosion results of binary alloys ex- 

posed to this medium. Table 11 l is ts  the ternary alloys presently being 

studied in 750" F steam and summarizes the corrosion behavior for a f 200- 

hour exposure time. Although a longer time of test  i s  desiged befare ex- 
I 

pounding on the meri ts  of various alloys, a t  least certain trends in  cor - 
I 

rosion behavior of these materials a r e  now apparent. In particular, the 

alloys Zr-3Cr- IFe, ZP-3Cr-8. .25Te, and Zr-  fV- 1Fe thus far  exhibit goo'd ' 

corrosion properties and ought to have excellent elevated temperature 

strength. Alloys which also show good corrosion resistance a r e  Zr-0. 5Nb- 

0. 25(Cr, Te), Zr-PFe-0. 25(Cr, Te) and perhaps Zr-iSb-0. 25Te; in these 

materials,  with the possible exception s f  the latter one, a further increase 

in strength would probably be necessary for consideration a s  useful compo- 

sitions. At present, potentially useful alloys have been returned to  the auto- 

clave so  that more  meaningful evaluation of corrosion behavior can be made. 

During this report period, initial corrosion data were obtained 

on alloys received from General Nuclear Engineering Corporation. These 

compositions were originally prepared. for study under a program on CO 
2 

corrosion resistance of zirconium;' i' in  exchange, ARF forwarded a number 

of binary alloys from the present program to GNEC. The corrosion proper- 

ties of GNEC all.oys in 680" F water for a rather short exposure time a r e  

(1 )  W. Maxwell, GNEC, private communication. 
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. . 

summarized in  Table 111. In gene'ral, the corrosion resistance of .these 

alloys is poor with the exception of alloys containing chromium, beryllium, 

tellurium, and perhaps palladium. Since the test duratibn. is relatively 

short, no definite conclusions can be advanced and no evidence i s  yet avail- 

able indicating incorporation of certain GNEC alloys into the present pro- 

gram. Further exposure to 6 8 0 " ~  water i s  presently being carr ied  out;' 

when autoclave space becomes available, these materials will be evaluated 

in 750°F steam. 

VI. FUTURE WORK 

. .. 
Work on optimization of corrosion and strength properties of 

promising ternary alloys for 680." water by variations of alloy content.wil1 

be initiated during the next quarter. At present, all compositions,(see . , 
. . . . . . 

ARF 2198-26) have bekn arc-melted and a r e  being fabricated to corrosion 

coupons for autoclave exposure. For  750°F steam, data for & exposure 

time of approximately 3000 hours will be obtained, and alloys based on 

proAising materials and designed for optimization of corrosion and strength 

properties will be prepared. Additional data on compositions for 900°F 

steam will be obtained,and any indications of promising' materials kill be ' 

investigated by preparation of selected alloys. 

The pickup of corrosion hydrogen i s  an important consideration . . 

in  utilization' of an alloy a s  a cladding materi,al. Unfortunately, to obtain ; 

this information requires destruction of the corrosion specimen. Moreover,. . . 
. . 

various investigations have. reported inconsistent .data on behavior charac- 

terist ics in  the ra te  a t  which hydrogen i s  absorbed; in some cases, weight 

gain due to hydrogen closely follows the corrosion curve due. to oxygen . 

absdrpfion and subsequent oxide farmation Ghereas, in others, a decrease , 

i n  hydrogen pickup has. been observed a s  the corrosion process proceeds. 

It would s.eem, therefore, that more  meaningful data would be obtained on 

specimens exposed, for a period of t ime sufficient to accurately define the 
, . __--.--. . 

corrosion properties due ,to oxygen. For  the promising alloys in 680" F 

water., hydrogen pickup characteristics will be determined when the cor-  

rosion behavior i s  well defined; reliable data will be obtained at  4000 or  

5000 hours' exposure, at  which time the amount of hydrogen. absorbed will 

be determined. This work will be'.carried out during the next quarter. 
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VII. . CONCLUSIONS 

 his. program . . i s  concerned with d,evelopment of zirconium-base 

alloys having corrosion resistance, and strength superi.or t o  Zircaloy-2 

and / o i  development of materials.  of equivalent corrosion resistance, but 

exhibiting enhanced strength. The current  investigations on ternary alloys 

resulted from an  extensive binary alloy corrosion screening study carr ied  

out during,the f i rs t  year; after approximately 2000 hours' exposure to 680°F. 

water, a number of compositions were selected for further alloy modification. 

After 3000 hours' exposure, these alloys continue .to show corrosion r esist,ance 

superior to Zir.caloy-2; hopefully,. a number of .these compositions will in- 

itially satisfy the program objectives. Alloys which a r e  considered promising 

and offer the highest chance of success a r e  based on the binarycompositions 

Zr - ICr, Zr - iSb, Zr -0. 5Nb, and Zr -0.5Sn with small  additions of Te, Ge, 

Cr, or  Fe. Alloys containing relatively high percentages of solute elements 

have not exhibited satisfactory corrosion properties; very  little further effort 

will be devoted to these compositions as applied to materials for resistance 

t o  superheated water. 

Corrosion data on experimental alloys in 750°F steam en- 

vironment indicate a few highly promising and initially acceptable materials. - 

The salient alloys of this group a r e  Zr-3Cr- iFe,  Zr-3Cr-0. 25Te, and Zr-  

IV-IFe; thus far  the corrosion resistance is better than Zircaloy-2 and the 

higher alloy content indicates enhanced elevated-temperature strength. -.---- 
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TABLE I 

CORROSION BEHAVIOR O F  TERNARY ZIRCONIUM 

ALLOYS IN. 680" F WATER. 

Weight Gain, mg /dmL 
Composition, w /o  336 h r  953 h r  2040 hr '  .. 3005 h r  

Z i rca loy-  2 

Z r -  ISb-O.5Nb 

Z r  - iSb-O.5Nb 

Z r -  ISb-O.5Sn 

Zr-ISb-0.  25Cr 

Zr - ISb-0 .  25Fe 

Zr - ISb-0 .  25Mo 

Z r -  1Sb-0. 25Mo 

Zr-ISb-0.  25Te 

Z r -  ISb-0. 25Ge 
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TABLE I (continued) 

Weight Gain, mg/ dm2 
Composition, w /o  , 3 3 6  hr 9'53 hr . 2040 hr . " 3005 hr 

A R M O U R  R E S E A R C H  F O U N D A T I O N  OF I L L I N O I S  I N S T I T U T E  O F  T E C H N O L O G Y  
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TABLE . I . (  continued) 

. . .  . . . .  . 
' Weight 'Gain,. . mi,/dm2 ' "" 

Composition, w /o  : 336 hr 953 hr 2040 hr . 30.05. hr 

- 9 -  ' . . 
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I 
TABLE .I1 

CORROSION BEHAVIOR OF. TERNARY ZIRCONIUM 

ALLOYS IN ,750' F STEAM 

Weight. Gain, m g  /dm2 
Composition, w/o 3 3 6 h r  , 672 .hr  1272 hr  

21.. 00 30. 24 Zircaloy- 2 5.1. 56 

Zr-ISb-O.5Nb 

Z r -  1Sb-0. 25Cr 

Zr-1Sb-0.25Cr 

Z r -  1Sb-0. 25Te 

2.29. 02 

spall ing 

$9'. 4 3  

25.96 . . 

- .30. 69 

- 28. 35 

29. .92 

51.73 

18.09' 
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TABLE I1 (continued) 

W,eight Gain, mg /dmL 
Composition, w/o 336 hr  672  h r  1272 h r  

18 .51  

33. 24 

spalling 

spalling 

4 1 . 8 6  

34 .77  

2 1 . 6 4  

23 .75  

Zr-  1Fe-0 .25Cr  19 .30  . 2 7 . 4 3 .  . .36. 57 

Zs- 1Fe-0..  25Mo 431 03  - - - - 
Zr-  l ' ~ e - . 0 .  25Te ..25. 69 3 9 . 0 4  51 .37  
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. . TABLE I11 

, CORROSION BEHAVIOR O F  G. N. E. C. BINARY ZIRCONIUM 

ALLOYS IN 6 8 0 ' 0 ~  WATER 

. < ,  

. . . . W ei,ght Gain, .mg /dm2 
.. . . C o m ~ o s i t i o n  41 h r  ." . : .  336 h r .  

Zr -1 .  OBe 

. Z r - 1 .  ONb 

Zr-15. ONb. , 

9.32 

, . 5.88 

8 . 4 1  

6.86 

7.75 

128.71; 

spalling 

spalling 

6. 98 

29.55 

~ r - 0 . 5 M n  

,Zr-1. OMn 

Zr-0..02Pd 

40 0 

spalling 
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FIG. i - CORROSION BEHAVIOR O F  PROMISING TERNARY ZIRCONIUM 
ALLOYS IN 6 8 0 ° F  WATER. 

- 13 - A R F  2198-28 



- Z I R C A L O Y - 2  
o---- 0 Z r  - I S b -  0 . 5 N b  
a- El Z r -  I C r  - 0 . 2 5 T e  . 

0 Z r  - I  Sb - 0 . 2 5  T e '  
CV 

2 10 3 . 4  5 6 7 8 9100 
EXPOSURE T IME,  DAYS 

{. 

FIG. 2 .  - CORROSION BEHAVIOR OF PROMISING TERNARY ZIR CONIUM 
ALLOYS IN 680.F WATER. 
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