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IMPROVED ZIRCONIUM ALLOYS 

The objectives of this p rogram a r e  the -development of zirconium- 

base alloys posses sing exceptionally good corrosion resis tance to 680" F water 

or  750" -900" F s team and/or improved strength a t  elevated temperatures .  

Approxiqate1y:~lOO binary compositions were  pr,epa.red.and .screened .by C O T  - 
rosion testing. in..680° F water;  selected  composition.^ were :expo,s.ed .to 750" F 

steam. . The .data .obtained -indicate -bases for . . ternary .and. quaternary - . .  , . 

.alloys. Re1ate.d investigations. involving :z.irconiurn purity ,and :heat .:tr.eatment 
for::improvement. of .cor.ro.sion pr.0pertie.s a r e  proceeding. Hydr.og,en pickup 

-and mechanical propert ies  will be used a s  acceptability t e s t s  on pr-omis'ing 

compositions. 
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IMPROVED ZIRCONIUM ALLOYS 

1. INTRODUCTION 

This report .summarizes work performed during ,the period 

April I ,  1960 to January 3.1, -19.61, on Contract No. AT(I1-11-578, Project 

Agr eement No.. I ,  "Impr oved~~Zirconium..Alloys. " 

At ,the present op,cr ating t,enlqer.,atur e of pressurized water 

.reactor.s .(:approximately .6009'F); , Zir.c.aloy.- 2 meets most of .the  requirement.^ 

for .,a.f.uel cladding material. Howev.er, ..higher reactor temperatures would 

-result i n  more efficient designs .and provide cheaper nuclear p0we.r.. At 

temperatures not much above .600° F ,  Zircaloy-2 has inadequate. corrosion 

resistance and lacks desired strength a s  a fuel cladding. With the need.for 

improved zirconium alloys apparent, this program has the objective of 

developing alloys markedly superior to those currently ,available. .Specifi- 

cally, the alloys to be developed should possess exceptionally good corrosion 

resistance to 680" F water or 750" -900" F steam and/or should exhibit im-  

proved strength at  elevated temperatures. 

During th.e past decade, consider,able research .and .development 

efforts were carr ied  out on zirconium. However, the relatively immediate 

success of Zircaloy seemed to have retarded progress in further zirconium 

alloy development. This observation i s  exemplified by thq voluminous ac-  
: 

cumulation of data available on minor compositional variations of Zircaloy. 

In more  recent years, comparatively higher concentrations of alloying elements 

were employed in development programs. Very few of these programs system- 

atically :inv.e.stigated binary ,alloys which might then b.e used for development 

of ternary, quaternary, and higher order compositions. As a result, cor - 
rosion data on binary compositions- -other than for relatively dilute alloys- - 
remain incomplete. Although some very promising compositions have r e -  

sulted from past work, no significant improvements over Zircaloy were 

achieved for higher temperature operation. 
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P In the present program, . a  comparatively ,large-scale, binary 

.alloy corr.os.ion :screening -investigation has been c.arried out. ,Ultimately, 

the data obtained on binary compositions should provide ternary  bases and 

indicat.e the e1ement.s having a beneficial effect on corrosion .r.esi-stanc.e. .By 
this procedur-e, i t ,  i s  'hoped.that ..a msjor improvement over. .Zircaloy will 

A t  .the be,ginning of ;this proglam, a n  1 n t e r i m : ~ e ~ o r t ' ~  ' was 

prepared summarizing cur r.ent work .on development of impr ov.ed zir.conium 

alloys. Information was obtained by contact with investigators in this field 

and used for planning the binary alloy corrosion, screening program. In 
1 

addition, a good picture of the present state of zirconium alloy deveiopment 

was obtained. In superheated water, for example, preliminary data indicate 

that some alloys possess corrosion resis tance and/or strength superior to 

Zircaloy-2. Hydrogen pickup during corrosion seems to be the factor limiting 

acceptability; the phenomenon and all  i t s  ramifications a r e  not fully under - 

stood.; In ,superheated st:eam, expecially ,at '900- 1000" F, .no alloy. seems to 

possess the required corrosion resistance, strength, and .minimum hydrogen 
, 

pickup. 

.II. :SCOPE OF  INVESTIGATION 

During the .initial p.lanning stage .of .this progr,am, sev.er.al a r e a s  

of research were conceived- -namely, binary alloys, te rnary  and higher order  

.alloys, effects of..he.at .treatment on corrosion resistance, .mechanical prop;erty 

determination, zirconium purity effects, and pickup of corrosion hydrogen. 

At .this syr.i.ting, -two .mo.r e months of experimental work remain. 

Of the.:six .a.r.eas outlined above, studies a r e  proceeding in.al l  .but ;the :last 

phase of the program. Data on binary ,alloys in superheated water and steam 

havelabeen obtained, and a limited ternary  alloy investigation has been carr ied  

out. :.Initial exp,eriments on zir.conium purity and heat-treatment  effect,^ .hav.e 

been initiated; however, final determination of these effects by evaluation of 

corrosion properties has not yet started. A number of specimens a r e  being 

prepared for  mechanical p:roperty te.sbs, .and .data .will be .availaljle by the end 

of ,the current  contra& period., . Det.ermi.nati0n.s of hydrogen pickup during 

f corrosion.have not been initiated. 
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A. Binary A1loy.s 

For  investigation of the corrosion behavior of binary alloys in 

superheated water and steam, the following compositions were chosen: 

0:25, .f ,  , 3  (.each) :Fey Co, Ni, ,Cu, Cr, 
.-W, .Mo,. .Ta, -Te, Si, 
.Ge, .As, Bi, .Pb, ;P t ,  
Pd, .Rh, ,A.g, Au,. In, Y 

.:In addition, , mor e.-intensive .study was planned on elements 'known I 
to. ,improv.e corrosion resistance. in. water or .steam ,when present  as relatively 

. . I 
,small additions. Fo r  thia . .. . .the fo'llowing. ~. alloys were p r  epar.ed: 

Considerable effort was devoted toward avoiding duplication of 

work done by other organizations;") however, a number of alloying additions 

prev.iously , sho.m to be beneficial were-.employed. .A number .of additiv.es. were I 
chosen by their relationship within the periddic table to beneficial elements. I 
In .addition,. some..compositions were cho.sen .becaus.e of .incomp!ete investi- I 
gation, . , :and others,. were selected for .the fundamental knowledge ,.of ,.the.i.r effect , I 

-B. .Ternary and Higher ..Order :Alloy,s 

Ba~ ic , :~ l l y ,  .the choice of te rnary  ,alloy.s. should be guided.by I 
. c o r r o ~ i o n  data on binary alloys. In this way, the most logical and direct 

approach to successful alloys can proceed. However, an  investigation(2' of 

the airconium-niobium system indicated that .a corrosion minimum might 

exist a t  the comppsition Zr-725Nb. Because of this possible attractive cor -  

rosion behavior a s  well a s  the possibility of retaining ,the beta phase, the 

following , te rnary  alloys were prepared for initial study: I 
i'Zr.-25Nb- f tSn, .Sb, Cr, :V, ,Fe, CU, ,pd) 

* .:All compositions a.re' given in &weight per .cent. 
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C. Heat Treatment and Microstructure; 

The effect of heat treatment on corrosion resistance has not 

received adequate attention. It i s  not known, for example, how a metastable 

retained2beta alloy compares with an alloy of the same composition having a 

microstructure of equilibrium transformation  product,^. Thus, for certain 

heat treatable sy,stems such a s  Zr-Nb, compositions having various micro- 

structures were to be corrosion tested. Other compositions showing good 

corrosion resistance in the equilibrium condition would be considered for 

heat treatment studies. 

D. ,Zir.conium"Purity 

(3) In some exploratory A R F  work by .Levinson ,on electron- 

beam refining, a specimen of iodide zirconium was produced which did not 

exhibit the characteristic l'pepper-like'l precipitate. The corrosion r e t  

sistance of this refined material was superior to identically processed iodide 

zirconium which did show the precipitate and had a higher hardness. No 

explanation was give-n for the difference in corrosion behavior or micro- 

structural appearance, nor was mention made of any change in composition. 

On the basis of this work, investigation of zirconium purity effects on cor - 

rosion resistance was conceived. Pr.omising alloys would be prepared from 

exceedingly high-purity iodide zirconium. 

... E. Hydrogen .Pickup During C.orrosion 

I 

I 
In recent years, the problem of .hydrogen pickup dur-ing .cor - ~ 

r.osion and subsequent concentration by.ther.ma1  gradient:^ . . has receiv.ed con- 

.,sider.able attention. (4s 5, T h e  possible embrittlement accomp.+nying hydrogen 

.pickup could be the eliminating ,factor ,in acc.ept.ability of .an alloy,. .. .-The investi- 

gation of hydrogen pickup provides a thorough analysis of the fact6rs involved 

in corrosion. Therefore this factor will be evaluated on alloys exhibiting 
I 

.promising ,corr:osion behavior. 

I F. Mechanical Pr.operties 

I Strength, ductility, impact resistance, and other mechanical 

1 properties a r e  of prime importance in considering an alloy for use a s  cladding 

I ,  . .  
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1 ) material.  . F o r  alloys showing good corrosion resistance, strength at elevated 

t-emp.er atur e .+would be determined. 
~. . 

111. MATERIALS, APPARATUS, AND EXPERIMENTAL PROCEDURES 

A. Materials 

The quality and description of some of the materials used in 

preparation of alloys i s  summarized below, and a l l  available information 

obtained f rom the .supplier i s  presented. Most of the alloying elements used 

in this program were available from Foundation melting stock; in all  cases 

the purity ,was at  least 99 per cent. In some cases purity was a s  high a s  

99.999t per cent. 

Zirconium: :High-.quality :~ip:o~1ge;(.7.5' pounds.) was qbtained.fr.om;*ah'Ch.ang 

.-Corp.oration, ..Albany, :Oregon. Arc-melted hardness = 105 :VHN. .('.For 

chemical. analy,sis sb.e .T.able. I). .-Iodide zirconium, obtained from-..Westinghous e 

i s  presently being electron-beam refined for use in studying the eff.ect of . z i p  

,conium purity .on corrosion resistance. 

Niobium: Electron-beam-melted niobium in the fo rm of 0. 060 inch thick I 

sheet (3. 9 pounds) was obtained f rom Wah Chang,.Corporation. Asrcast - 

hardness = 74 BHN. (.For chemical analysis see  Table I. ) 

;Tin: ,The Yulcan .Det.inning Comp,any, :Sewar.en, New J e r  s ey, .supplied -1 0 

pounds of ' 'extra puret1 tin, ..9.9. 9,98+ per cent. The m.ajor :impuritie.s were:  
' 

!Fe < 0:00005 wl.0 

total :foreign p e t a l  < 0.002 w1.0 

Antimony: :Reag.ent gr.ade .antimony chips, :9.9..8 per  cent pure, wer.e . u ~ . e d  in 

p r  epar,ation of  alloy,^ . 
Vanadium: Produced by the calcium-reduction process, the vanadium is 

'99.8 per cent pure with carbon and oxygen being the major cant-aminants. 

For  standardization and calibration of autoclaves, 2. 6 pounds 

of cold-rolled (0. .030 inch thick) Zircaloy- 2 was obtained f rom Bettis Atomic 

Power .Laboratory, Pittsburgh, Pennsylvania. The s t r ip  was prepared from 

ingot No. D- 141 for which the corrosion behavior i s  680' F water and 750" F 
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TABLE I 

. , 

. , SUPPLIER'S  .IMPURITY. ANALYSIS O F  SPONGE ZIRCONIUM 
AND ELEC,TR.ON-SEAM-:MEE.LTED .NIOBIUM . 

. . 

Impur i ty  :.Content, p p m  
Impur, i ty , Z r  ' ' .Nb 

Mg 

Mn 

Mo 
, .  . . N 

. . ' Ni 
. . 

i 0 

' P b  

isi 

.Sn 

. .  . Ta 

::Ti . 

. . 
'V 

W 

.' Zn 
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steam and has been determined for exposure times up to 280 days. The 

four-pound quantity of iodide zirconium (crystal  bar),  also obtained from 

Westinghouse, has an arc-melted hardness of 76 VHN. ,No chemical analysis 

i s  presently available, but the lower hardness indicates a higher purity level 

than that of the sponge melting stock. 

Alloys of 100 grams were prepared by accurately weighing 

components on an analytical balance followed by nonconsumable a r c  melting. 

An 800-amp-,welding generator powers the arc-melting furnace which employs 

a .water -cooled tungsten electrode and a wates-cuuled copper hearth. An 

argon atmosphere (positive pressure)  i s  provided by evacuating and back- 

. . . . fil'ling twice before melt.ing. To insur.e homogeneity, all  specimens were 

turned over and r emelted-fiv.e times. A1loy.s containing ,tungsten,. mo1ybde.:- 

num, or .tantalum were  prepared .by 'f:ir.s t making a::'Zr.- 50X master  alloy. 

The furnace atmosphere was tested by remelting s u l l  ingots 

of titanium; the uniform hardness of these coritrol melts assured the absence 

of contamination. Loss of constituents by.volatilization, or  contamination 

by ,electrode or crucible material  was checked by ,weighing the ingots after 

melting. 
- - 

Following the melting operation, the ingots were sealed in a 

low-carbon, "killed" steel jacket to avoid contamination by air during sub- 

sequent fabrication. A photograph of this procedure i s  shown in Figure I. 

.The "can" i s  sealed by heliarc-welding the edges. 

The procedure used in rolling ingots attempts to produce sheet 

essentially f ree  of edge cracking and atmospheric contamination. Further - 
more, attaining a constant .or similar microstructure for all compositions 

shoud render corrosion data and comparisdns more meaningful. With these 

fabrication objectives in mind, the fol10,wing rolling and annealing procedure 

was devised: 

I. Anneal 15 canned ingots approximately 0.45 inch 
thick at  1550" F for I hour. 

2. Roll to -0.. 29.5 .inch thick at  ..i'55D0 F, ,using a . I0 
per cent reduction per pass. 
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Neg. No. 20385 

Figure I 

Canning procedure for prevention of air contamination during fabrication. Rolled 
ingot is shown at right. 



3. Anneal at 1550°F for 1 hour. 

4. Roll to 0. I57 .inch .thick,at 1550.O'F using a . . i O  per 
cent r.eduction per pass. Total t ime at  1:550°'F. i s  
.about :4. hour s .  

* 5. Anneal and work. below transformation temperatures. 
For .all .alloys, except .Zr -Nb, anneal 1 hour :at 1.35O0.F, 
roll  .at 'this temperature to 0. 1 10 thick, using 10 per '  
cent r.eduction p.er pass.  Anneal 1 hour .at  '.1'3-500 F, 
and air cool. .For :.Zr.-.Nb alloys, use 1'090" F instead 
of 1350°.F. 

Since corrosion resist-ance i s  used a s  the initial cr i ter ion of 

acceptance, corrosion coupons (approximately 518 x 1 x 0.043 inch) a r e  

prepared f rom as-rolled sheet. The steel  jacket i s  stripped off (Figure I ) ,  

and slightly oversize corrosion specimens a r e  cut f rom the center of the sheets. 

(The material  remaining can be used for another corrosion specimen, a tensile 

specimen, and metallographic specimens. ) The surfaces and edges a r e  milled 

to remove any iron contamination (thickness of specimen i s  approximately 

0.050 inch), and lapping provides extremely smooth surfaces. Edges a r e  

hand polished on No. 000 emer-y paper. Coupons a r e  then degreased in 

petroleum ether and ethyl alcohol, and a hole i s  drilled for suspending the 

coupon on the stainless s teel  test  rack. 

-C. Corrosion Testing 

The techniques employed in preparing specimens for autoclave 

testing a s  well a s  actual testing procedures have closely followed specifications 

outlined by Kas s. (6s 7, The cleaned and identified coupons a r e  rinsed in hot 

tap water and etched in a solution of 5HF-45HN03-50~20  a t  90 -100 '~~ .  

Rinsing follows in a ser ies  of flowing tap water- high purity water baths, and 

drying i s  accomplished by immersing in ethyl alcohol followed by a warm ai r  

blast. A cursory check of thickness is made to insure removal of at  least 

0.006 inch of metal. This technique produces a bright, m e t a l l ~ g r a p h i ~  t,ype 

. surface f ree  of stains or imperfections. Specimens a r e  stored in clean, 

capped bottles, and immediately prior  to corrosion testing, coupons a r e  very  

accurately measured and weighed. 

Before the fir,st .autoclave teet, standardized procedure (6, 7Iwas 

followed in .cleaning parts .  The cleaning involv.ed passivation of the test  rack 

A R M O U R  R E S E A R C H  F O U N D A T I ' O N  O F  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  

- .9 - A R F  2198-13 



D .and numerous ,deter.gent scrubbings ,and water r inses .of the inner chamber. 

..The autoc.lave .was checked by .exposing fiv.e .specimens of 1Ziral.o~-2 to 680° F 

'water .for 'seven days. . Standardized procedure wa.s used in. filling .and stabi- 
t lizing the autoclave; temperature was controlled within - 2O"F,.. and. the test. 

water was double distilled-demineralized having a pH of 7 and a resistivity 

.in the r,ange .of 1-2 million .ohm-.centimeter s.  . The weight gain8 . . .of .these fiv.e 

specimens were consistent with corrosion data supplied by Westinghouse on 

this particular heat of Zircaloy-2. 

For .testing in steam, :a.stat ic a t m ~ s p h e r e  i s  maintained by 
. . . . 

means of two inter connected ,autoclaves .as schem,atic.ally . shown .in. Figur.e 2.. 

One autoclave acts a s  a steam generator and reservoir,  and the other serves 

. . .as the testing chamber. A 7,tday trial. run on five .specimens of 'Zircaloy,-.2 
was carr i .ed  out .at 750' F and 1500 psi pressur.e. The weight gains agr.eed 

.with those prev.iously .determined.at Bettis. 

0IV. RESULTS 

A. Fabrication and Microstructure 

The. fabrication .techniques us.ed .in producing sheet 'from .the a r c  - 
melted ingots were generally satisfactory for al l  compositions. There were, 

nevertheless, a few notable exceptions, especially in alloys containing high 

solute concentrations. .Fo r  example, compositions containing 20 to 50 per 

cent niobium exhibited edge cracking which increased in severity a t  the higher 

niobium concentrations. Binary alloys containing up t o  12 per cent tin were 

. rolled without difficulty; however, the 20 per cent tin composition "fishtailed" 

into two pieces. No difficulties were encountered with vanadium alloys, but 

Zr - 1 OSb was severely edge cracked. Similarily, the ternary compositions, 

Zr -3Fe, and..Zr -:3Si showed. various .degr.ees .of edge c.racking. ,..After ex- 

p,osur e t o  .680°F water for .  :1'68 hours .the Zr.-3.Te alloy .exhibited - a r  eas of 

, 8.ever.e - attack which could have been due to .fine cracks. in .the. :specimen. 

. .With the .exception of :Zr:- 20'Sn,. .a c.or.rosion, ,spe.cimen could be cut fr..om .each 

.. sheet, 

The rolling procedure was, within limits of phase equilibria, 

successful in producing a "constant" microstructure for al l  specimens. 

-Most of the .equi.libr.ium diag3,ams :are the beta-eute.c.toid .type having e,ssentially 

f '  
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FIGURE 2 - SCH~E-MATIC DIAGRAM OF AUTOCLAVE'SYSTEM FOR TESTING IN 
SUPERHEATED STEAM. --. 



no solid solubility ,in zirconium and an intermetallic compound a s  the equi- 

librium phase with unalloyed zirconium. For these systems Figures -3, 4, 

and 5 represent the typical as -rolled microstructure. While these structures 

initially look different, the type of phases present a r e  identical. The oc- 

currence of the intermediate phase and the -alpha-zirconium account for the 

differences in appearance. For example, in Figure 3 (Zr-3Fe)  the inter - 

metallic compound Zr,Fe occurs a s  globules in an alpha- zir conium matrix. 2 
In Zr-3Ag (Figure 4), alpha occurs a s  a coarse Widmanstatten structure with 

the intermediate phase ZrAg concentrated between alpha platelets. Figure 5 

(Zr-3Mo) is essentially the same a s  Figure 4, except that the .structure i s  

much finer. 

Figure 6 is representative of systems having alpha-stabilized 

type equilibrium diagrams where the alloy composition i s  within the solid 

solution alpha-zirconium with possibly a very small amount of Zr Sn pre-  4 
cipitate due to air  cooling from 1350°F. Of course, con-ipositions beyond 

the limit of solid solubility would show greater amounts of intermetallic 

compound. 

Work on the metallography and phase equilibrium of the 

zirconium-niobium system is  noteworthy due to the large number of con- 

flicting results obtained by other investigators. The original phase diagram 

for this sys tem was determined by Rogers and Atkins, (8) who found the 

solubility .limit of niobium in zirconium to be 6. 5 weight per cent. Figure 7, 

however, shows a Zr-5Nb alloy which was rolled and annealed at  1090°F 

(588' C) and i s  clearly two-phase. Dornagala and ~ c ~ h e r  son(9) f i rs t  pointed 

out this discrepancy while working with a similar composition. More recent- 

ly, Lundin and have redetermined the complete diagram and found the 

solubility limit,to be 0. 6 weight per cent. This diagram appears to be more 

reliable. In addition, there is disagreement on the eutectoid (monotectoid) 

temperature. Very recently ~ n d e r k o '  has determined this temperature 

to be 590' C. Others (8, 10) have reported the eutectoid a t  610' C. No investi- 

gation of phase equilibria has been carr ied  out in the present program. 

B. Corrosion Behavior 

Since corrosion resistance i s  being used a s  a criterion for 

acceptance of experimental alloys, the major effort in this program has 
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Neg. No. 20760 Mag. X500 
Figure  3 

Z r  - 3Fe, as -rolled. Globular particles 
of Z r F e 2  i n  an alpha zirconium matrix. 

Etchant: I HF, 1 HN03, 3 glycerin 

Neg. No. 20761 Mag. X500 
Figure 4 

Z r  -3Ag, as-rolled. F ine  par t ic les  of 
ZrAg between Widmanstatten alpha- 
zirconium, 

Etchant: 1 HF, I HN03, 3 glycerin 

Neg. No. 20762 Mag. X500 
Figure  5 

Z r  - 3Mo, as-rolled.  Extremely fine 
Widrnanstatten alpha-zirconium platelets 
with partial ly decomposed beta and 
ZrMo2. 

Etchant: I HF, I HN03, 3 glycerin 
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Neg. No. 20764 Mag. X250 

Figure 7 
Zr -5Nb, as -rolled (annealed at 
588t C). Two-phase structure 
showing grain boundary and 
Widmanstatten alpha and equilibri- 
um, niobium rich beta-prime or 
possibly partially decomposed beta. 

Etchant: 1 HI?, 1 HN03, 3 glycerin. 
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concentr,sted on corrosion testing. To date, all compositions or5ginally 

planned- -with the exception of indium and yttrium alloys - -have been cor - 
rosion tested in 680" F water for ,168 hours. These conditions were used for 

initial sc r~en ing  of materials. 

From the standpoint of corrosion resistance, zirconium alloys 

a re  evaluated by weight gain and appearance of the oxide coating. (Hydrogen 

pickup during corrosion has heen used in other investigations as a screening 

tept; however, .in thisl program it will be w e d  in final evaluation of prsmileing 

compositionla, ) ,In general, corrosion specimens having a low weight gain will 

also have the deeirable black, lustrous, adherent oxide coating. In a relatively 

short time tes t ,  however, the fo rmt ion  of a white oxide coating will indicste 

a poor specimen regardless of the initial, weight gain, The -appearance of the , 

oxide coatings formed on eirconiurn gtlloyp during water corr~ision is r epr e- 

8enCed in Figure 8. Specimens l and Z represent extr ernely poor resistance 

fo  680P'F water having both high weight gains and heavy, ,whit& oxiae coatings. 

Specimen 3 shows the f i rs t  .signs of forsrr,ation of the white oxide coating, and 

specimen 4 has a gray, tenaeioue coating and a high weight gain. P ~ s s i b l y  

with the ex~eption of specimen 4, the appearance of the oxide alone would be 

suftloient evidence .for rejection of these compositions. Specimen *5 has a 

.lustrous, heavy;, %lack oxide coatins [not brought out well .in photograph) and 

1s rejected simply for the high weight gain. ,Specimen 6 represents the de- 

sired .specimen ,appearance - -a lustrous, thin, black, tenasious coating. 

Table XI presents weight gain data on alloys considered to be 

promising. Initially, gll cornpositions were exposed to  68D°F water for  168 

hours; rather +has list every weight %?in, only the data for alloys initially 

considered acceptable a r e  presented. The remaining compositions, .after 

168 hours, showed either e*r&ely high weight gains, whitening of the oxide 

coating, . andkor spdling and disintegration. These specimens were elimi- 

nated from further testing, and the alloys listed were further exposed to 355 

hour-8. At this point* c~mposlltions marked with an asterisk in Table 11 

showed relatively high weight gains and whitening ~f .the oxide coating. They 

were no longer considered promising alloys in the as -rolled condition, and 

were not further tersted. 
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Neg. No. 20727 Actual Size 

Figure 8 

Oxide appearance on zirconium alloy corrosion specimens (680.F water). 

1. Zr - 3Ta: heavy, white, spalling coating- - extr emely poor corrosion 
resistance. 

2. Zr -3Ge: white, adherent coating--very poor corrosion resistance. 

3. Zr-5Nb: limited stage of white oxide formation--poor corrosion resistance. 

4. Za -3Ni: gray, adherent coating- -high weight gain, poor corrosion resistance. 

5. Zr -3Bi: heavy, black, lustrous, coating- -high weight gain, poor corrosion 
resistance. 

6. Zir caloy: thin, black, lustrous, adherent coating - -low weight gain, good 
corrosion resistance. 

ARF 2198-13 



CORROSION BEHAVIOR O F  INITIALLY .'PRDMLSING 

EXPERIMENTAL ALLOYSzIN 6 8 0 ° F  WATER 

- 
Weight Gain (mg / dm2) 

Composi t ion  168 Hours  355 Hours  

.Z irca loy -  2 15.  17 2 1 . 0 0  

. 'Zr : 3Sn 
. . . . .  , . . . 

. . Zr.- 5511' 

.- 1.7 . -  A R F  219.8-.i.3 



T A B L E  I1 (continued) 

Weight Gain (mg !dm2) 
Composition 168 Hours 355 Hours 

Z r - 0 .  25Cu 20.87 24. 17 

. . Z r  - i A s  .1,9.1.4 . .  .21. 8.7 

. Z r - 0 .  25Te ,1,3..15 : 
. . 

. '17:53 
. . 

' 'Zr  - 1.Te .25.:03 : . , 30. 4.7 

A R H O U R  R E S E A R C H  F O U N D A T I O N  O F  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 I1 (continued) 

Weight Gain (mg /dm2) 
168 Hours Composition 355 Hours 

Zr-0. 25Ge 17. 21 21.18 

?k 
. Zr,- 25Nb;.I:V:' .* 
.' Zr -  25Nb--.lPd 

* After -355 hours, compositions no longer appeared promising in a s -  

rolled condition .and were removed from test. 

A R F  2198-1'3 



The remaining compositions of Table 11 were returned to 680" F 

water for additional testing. Table I11 presents the results after a total ex- 

posure of 1043 hours. Once again, at  this juncture a number of compositions 

were judged a s  having unacceptable corrosion resistance and would offer little 

hope of further development into successful alloys. These alloys a r e  desig- 

nated with an asterisk. The remaining compositions have been replaced in 

680" F water for determination of long- time corrosion properties. 

Based on preliminary results of corrosion behavior in 680" F 

water, a number of compositions were exposed to 750°F steam (pressure  = 

1500 psi)  for 329 huuru. The results of this test a r e  summarized in Table IV. 

In general, corrosion in 750°F steam was much more severe than in 680" F 

water; however, there a r e  exceptions. Interesting and possibly encouraging 

trends in corrosion behavior of the ZrySn and Zr-V systems a r e  noted; further 

.mention .of data.,and comparisons of .results will be made under-:Section V, 

. DIS.CU,SSION. Compositions in Table.IV which .are not designated with an 
. ' 

ast.er.isk have be,en replaced in 750z0'F steam for obtaining longer-time tor.- 

rosion data. .. Sinc.e..one objective of this progr,am i s  .development of improved 

alloys in high-temperature steam, a group of compositions a r e  being tested 

in 900" F steam. Alloys which exhibited promising corrosion resistance to 

750" F steam were among those selected for the higher -temperature tests.  

Although data a r e  not yet available, the compositions presently being tested 

a r e  summarized in Table V. It i s  anticipated that a few alloys which did not 

possess exceptional corrosion behavior at  lower temperatures may exhibit 

superior corrosion resistance at 900° F. 

C. Heat Treatment 

The initial study of the effect of heat treatment on corrosion 

resistance will involve testing of an alloy in the retained beta condition. The 

zirconium-niobium system-is presently being considered for this investigation; 

previous work has shown that, above certain niobium contents, beta can be 

retained a t  room temperature by quenching. Unfortunately, no beta- isomorphous 

systems a r e  known to exist in zirconium binary alloys. Therefore, before car  - 
rosion testing can proceed, two behavior characteristics must be established: 

(a)  the a s  -quenched specimen must be fully retained beta; (b) during exposure 

A R M O U R  R E S E A R C H  F O U N D A T I O N  O F  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  



O F  IMTIA.LLY PR'OMISING ALLOYS 

IN 68O0.F:'WAT.ER- 

1043--Hour .:We.i ht  Gain 
Comp,osition ( . ~ g / : d m -  5 ) 
Zirca loy  - 2 . 2 5 . 4 2  

- ,  

A R M O U Q  R E S E A R C H  F O U N D A T I O N  O F  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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104.3.-Hour - Wei h t  Gain 
Composition (mg./.dm 5 ) 
Zr  -0..25Si I. 3 . 3  39 

Zr-0.  25W 14. .. 34 * 
*.'Z r - I W 256.  82  

:Zr.- I P t  

Zr.-0..25.Pd 

Zr  - I P d  

.Zr-0. .25Rh 

Z r  -.lRh 

'Zr-.lAg 

.Zr-0..25As 

. 'Zr --I As 

.Zr,.-0. .,25.Te 

'Zr .-,i'Te 

Zr  -0.. 25Ge 

* .After 1043. hours ,  spehimen was removed f r o m  
fur ther  .testing. 
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INITIAL CORROSION-TEST 

IN 750" F STEAM 

,,/' 

,329 -Hour Weight Gain 
. . , . . ,  . ,  . < .. . . .  

Comp.o,sition '. (mg ddm2 .!. . . R e ma.r k.,s , . 

:Spalling, Disintegration 

,Spalling,, Disjntegration . . 

Spalling 

Spalling 

.Spalling, , Disintegration 

:Spalling 

- . 2.3 .- ARF 2198-13 



TABLE IV (continued) 

3.29-Hour .Weight Gain 
: (mgl 'dm2)  Remark-s  - 

.... Composi t ion 

Z r  - . iFe  27.79 

. 'Zr - 3.Fe 38.. 6.5 * 
: .Zr-0. 25Si 56.96 Spa-lling 

:* 
:Zr.-0. 25W. 67 1.. 19 Spalling, DisintegraTlon *' ..:z r. - 1 w .:652,. 00 ~Spa l l ing  

: Zr,-,O. 2.5Mo 17; 04  

Z r . -  1Mo ,20.08 

.35. 31 Zr -0 .  25Ta * 
Zr,-0.  25Bi ,1481. 27 Spalling 

' Z r - 1 A s  L o s s  

:: Spall ing 

.* 
Z r  -3Ni 103. 25 

P - 

* Spec imens  showed va r i ous  d e g r e e s  of whitening ,and/or  spal l ing and 
% 

dis integrat ion;  and  w e r e  r emoved  f r o m  fu r t he r  tes t ing.  
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ALLOYS BEING TESTED . 

I N  9 0 0 ° F  STEAM ' 

E r - ( 0 .  5, 2, 5 , .  30)Nb 

: Zr.-,(7,. 10, 12:)Sn 

.:Zr.-(0. 25, 1 , .  3, 5, :  9!)V 

Zr-(0. 25, 1, 2. 5, 4, 6JSb 

:Zr.-.O. 25Cu 

:.Zr.-(0. 25 , .  1, 3 )each  . F e y  'MO, Co, 

Pd, . Ni 

A R M O U R  R E S E A R C H  F O U N D A T I O N  O F  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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to 680°F water, beta must not t ransform to omega or the equilibrium beta 

plus beta prime microstructure. 

Quenching studies were carried out on a ser ies  of zirconium 

alloys containing 0. 5 - 50 w/o Nb. The compositions of 2570 Nb and below 

contain unidentified "markings" a s  shown in Figure -9. These platelets have 

been observed in past investigations and have never been satisfactorily ex- 

, plained. - The recent investigation of Lundin and ~ o x ( ~ O ) s t a t e s  that the platelet 

phase i s  thought to ,be a metastable transitional phase formed a t  the mono- 

tectoid temperature. At any rate, the 3070 Nb alloy did not show these 

markings after quenching and had a clean, fully-retained beta microstructure 

a s  depicted in Figure 10. Since the as-quenched Zr-5ONb alloy was also two- 

phase (retained beta + beta-prime), the 30Nb alloy appears best suited for 

this study. 

It remains then to determine the, stability of r.etained .beta..& ' ' 

680" F. . The .as -quenclied:Zr -30Nb alloy was tempered ,:at 680' F, and .the 

.hardness .was deterrqined ,at va.rious time intervals.  Figure 11 shows. th.e 

results .of this .s.tudy. Apparently, tran.s'formation begins. after -approximately 

60 hours at. temperature - -hardly;sufficient. time for determining long-time 

c.or rosion r e.sistance of an ..all beta .alloy. For short - t ime .preliminary eva1u.- 

ation, 60 hours .wou.ld be-,sufficient. (The .transformation causing ,the; large 

increase. in .hardness i s  prob,ably due to .presence.of the .transition phase ' 

omega. The completed .reaction i s  P 4 w -+ P + P + . P I ,  and ..the .ap:- 

pearance of omega could be detected .by. X-ray diffraction. ) 

M. L. Picklesimer at  Oak Ridge National Laboratory. has done 

extensive work .on .delaying the .transformation of beta 'by use .:of alloy, addi - 

tions. He found that the,  addition. of molybdenum to zirconium-niobium alloys 

.was most effective :.is delaying transformation. . Thus, an alloy Zr-  30Nb-5Mo 

has :been prepared.,,and is presently.:being .investigated .for use. in .this study. 

- Chromium-niobium combinations show go0.d .steam corrosion properties, (5) 

,, and .the use of chromium for delaying transformation is being,,conside.red. 

Further, the shape .of the time-,temperature -transformation diagram is such 

that. higher.:ternperature .testing would actually prolong retention of beta. (12) 

. The .possibility exists, therefore, that cor r  qsion testing .of a- r etained-beta 
.. . 

.,,.t::l!q.:~:.. e .A. , . , ) 
:. , .*.  
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Neg. No. 20591 Mag. X250 

Figure 9 
Zr - 25Nb beta-quenched from 1000° C 
showing a high density of "markingsll 
in a retained-beta matrix. Markings 
are possibly transformation products 
(incomplete). 

Etchant: 1 HF, 1 HNQ3, 3 glycerin. 

Neg. No. 20590 Mag. X250 

Figure 10 
Zr -30Nb beta-quenched from 1000' C. 
Microstructure i s  fully r etained-beta 
free of llrnarkings". 

Etchant: 1 HF, 1 

I 
- - - 8 -."' e- 
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alloy would employ a zirconium-niobium-chromium composition in a high- 

temperature steam atmosphere. 

D. Zirconium Puritv 

A small quantity of high-purity iodide zirconium (received from 

Bettirs) was arc-melted, and the microstructure of this materialsappears in 

Figure 12, Of particular importance for investigation of the effect of zir- 

conium purity on corrosion resistance i s  the "pepper -like" precipitate which 

appears to be generally distributed throughout the microstructure. In an 

investigation by Levinson, (3) five specimens of iodide zirconium were electron- 

beam m l t e d j  four specimens had.a micro~tructure similar to  that shown in 

Figure 42; however, one had exceptionally clean grains and a complete lack 

of the pepper-like precipitate. The hardness of this specimen was 69 VHN 

(approximately 20 points lower than the others), but chemical analysis did 

not reveal any significant impurity differences. Most important, however, 

this clean, low-hardnes s, precipitate-free spscimen showed enhanced COT - 
rosion resistance in a preliminary test, 

At the time this electron-beam refining vvae carried out, the 

furnace l e a  rate and atmosphere was not as gmd, in general,,as can present- 

ly be obtained. (13) Furnaces a r e  now available which have an exceedingly 

low leak r atei apparently, the -leak rate is a strong factor in the resulting 

purity and microstructure. Thus, in an attempt to produce extremely clean 

zirconium, five specimens (1 00 grams each; four of iodide, one of sponge) 

,have been shipped to Alloyd Research Corporation, .Cambridge, Massachusetts, 

for electron-beam refining in a furnace having an extremely low leak rate. , 

The a s  -r efined material will be examined metallographically, and selected 

compaaitions prepared from this refined material will be corrosion tested. 

Y. DISCUSSION 

Although corrosion results a re  incomplete, a number of general 

statements can be made concerning results to date. Zirconium-niobium alloys 

containing relatively small percentages of niobium show attractive corrosion 

behavior in 68QQ F water; in 750' F steam, only the Zr.-O.5NT3 alloy offers 

promise for further development into a success~ul  alloy. A minimum: in the 

corrosion rate appears to occur (680' F water.) a t  30 per cent niobium; however, 

A R M O U R  R E S E A R C H  F O U N D A T I O N  O F  I L L I N O I S  I N S T I T U f  E O F  T E C H N O L O G Y  
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Neg. No. 20588 Mag. X5W 

Figure 12 
Arc -melted iodide zirconium showing 
gener a1 "pepper -likew precipitate in 
alpha-prime matrix. Unidentified, 
black, needle -like markings appear 
to be mechanical twins. Subgrains 
ar e apparent . 
Etchant: I HF, I HN03, 3 glycerin. 
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' the weight gain i s  sti l l  comparatively high. Since the nuclear properties of 

zirconium-niobium alloys a r e  attractive, further work should be done on 

these compositions for improving corrosion resistance. 

Some interesting behavior was noted in the corrosion data for 

zirconium-tin alloys. In 680" F water, a s  the amount of tin i s  increased, 

corrosion resis tance becomes progressively worse. In 750" F steam, hsw- 

ever, the trend seems to be reversed.  That is,  above 3 per cent tin cor -  

rosion resis tance appears to improve; a t  compositions of f 0 per  cent t in 

and higher, corrosion behavior in 750" F steam may be promising. A 

number of past investigations('49 f 5 )  have pointed out that the presence of 

tin in alloys exposed--to s team has little or  no effect on corrosion resistance. 

Moreover, a t  higher temperatures,  tin seriously reduces corrosion r e  - 

sistance. In these past investigations, however, a maximum of only 1. 5 per  

cent tin was investigated; f rom the present data, large percentages of tin 

appear to improve corrosion r esistanee a t  high temperatures rather  than 

adversely affect resistance. In addition, an alloy containing a relatively 

high percentage of tin would be expected to possess improved high-temperature 

Vanadium ,and antimony alloys also ..showed inter.est.ing corrosion 

behavior.. Compositions containing-0. 25 and 1 per cent vanadium..initially 

appeared acceptable in .68.0." F water:; however, with higher vanadium content-s, 

corrosion resis tance was extremely poor. In steam, a surprisingly low 

corrosion-r-ate minimum occurs a t  1 per cent vanadium which indicates the 

pos-sibility for further .development to ,a ste.am .corrosi.on re-sistant alloy. . 
Powers  and hive  pointed out similaritie,; t o t h e  pre jent  behavior; 

.they observed a binary vanadium, alloy to per.form .well i n  s team but not, in 

water., .Binary compos~itions~c.ontaining . . .  up to 4 per  cent ,antimony exhibited 

good initial water .corrosion resistance; .however, :higher percentage alloys 

were  unacceptable, P o w e r s  a n d  - ~ i b b ( ' ~ )  have observed ?imil.ar behavior. 

..In .75:0°F steam,.: Zr-Op. 25Sb wa:s e.xtreme.1~ poor, ,but .Zr,- 1Sb was, comparable 

-to:Zi.rcalby1.2. .As the ,antimony content increased, .weight gain .was pro) 

gressively higher. Since antimony i s  an alpha-stabilizer, it has considerable 

attractiveness for development of improved strength, corrosion-resis tant  

~zirconium.alloys. As previously mentioned,. other initial promising compo- 

. sitions. a r e  summ.ar.i.zed in Tables..II, 111, .EV, and. V. f .. 
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Reduction of impurity content in zirconium and heat treatment 

a r e  possible means of improving corrosion resistance. In addition to 

~ e v i n s o n ' s ' ~ )  cursory corrosion investigation of electron-beam-melted z i r -  

conium, further evidence is  available that reduction of impurity content will 

improve corrosion properties. Dalgaard, ( I7 )  working with a Zr -2.5Nb 

composition quenched from 1000" C, observed improved corrosion resistance 

in an alloy made from crystal  bar zirconium as  compared to an alloy made 

from sponge. Furthermore, the time to transition was increased by a factor 

of 2 to 4. These results a r e  very encouraging; since furnaces a r e  now avail- 

able for large-scale electron-beam melting, use of highly refined zirconium 

might be economically feasible. 

Heat treatment for  the purpose of improv'ing corrosion resistance 

is  certainly economically feasible; however, data on this effect ,are scattered 

and not conclusive. By various annealing and quenching cycle-s, both im-  

provement and impairment of corrosion resistance have been reported. 

However, no investigation of the corrosion behavior of a fully retained beta 

alloy has been made-. In general, single-phase solid solution alloys exhibit 

better corrosion resistance than two-phase compositions. It i s  possible, 

therefore, that a retained beta alloy would have better corrosion properties -- - 
than the same composition in the two-phase equilibrium condition. Efforts 

under the current program a re  being devoted to studies of ,heat treatment 

a s  well a s  impurity effects in order to evaluate the magnitude of these factors 

on corrosion re.slst.ance. 

,Vl. .'-FUTURE WORK 
'I 

of :.the,-six topics listed under :"Scop~ of Investigation" ('Section.11) 

the.fir.st::four .can be class-ified a s  developmental, whereas the latter .two 
I 

,(hydrog;en pickup during,corrosion and mech.anic,al properties) . a r e  .consider.ed " 

, accept-ability tests  during the curr.ent year. -By the .structure .of this program, 

corrosion r.esistanc.e i.s 'being .used .as the initial criter.ion .for :,acceptance, :and 

w0r.k. i.s .ini.tially ,concentrated on .the,. f i rs t  four topics . .After data ar.e accumu,- 

lated which indicate good alloys, acceptablility tests  a r e  initiated. Corrosion 

hydrogen pickup and mechanical property determinations a r e  recognized a s  

important topics for development of improved alloys. Considerable effort 

will be devoted to these studies, a s  development cri teria,  in future work. 
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Base.d on this program: s.tructure, .work for ...t he r em,aining period 

.under t he  cwrr.ent contr.act, :as .we:U as. .suggested future work.b,aS&d on these 

r.e.s~lts,  c,an -b.e planned. Tests. in 680°.F water ..will continue. for .the puspos*e 

of accurately establishing the effect of binary additions on corrosion r e -  

sistance. Further corrosion data will be obtained for exposure to 750' F 9 

steam, ,and tes ts  a t  900°F will be initiated. Work will continue on the effect 

of zirconium purity and heat treatments- on corrosion resistance. As results  

of longer-time corrosion tests  become available and indicate compositions 

for further alloy developments, mechanical property tes ts  and corrosion- 

hydrogen pickup determinations will be initiated. 

With corrosion data for binary alloys completed, a logical con- 

tinuation of current  studies should concentrate on ternary and~higher order 

1 alloys. Specifically, six or  seven ternary bases would be chosen to which a 
I third element, kno,wn to improve corrosion resistance, strength, or ,hydrogen 

pickup, would be added. Although data a r e  incomplete, some -systems that 

I might b~ considered for further development could be Zr-Nb, Zr--Sn, Zr -Sb, 

I Zr;V, Zr-Cr, Zr-Ni, and Zr-Mo. The choice of base compositions and 

~ ternary  additions will also consider such properties a s  fabricability and 

1 neatro.n..absorpti.on c ross  section. . 1nv.estigation ,and ,s.creening of . ternary 

compo.si.tion.s s.hould :dir.e:ctly :lead to success-ful alloys_. 

VJJ. CON%LUSIO;NS 
, 

. 
Experimental. work .on .a program .for ,dev.elopment .of . impr oved .. . . 

I . zirconium,.,alloys has been summarized for .the p.eriod..April ' 5 ,  : 1860, ':to 

Janu-ary ,3.l, .1.9,61. Corr.os.ion. screening tes ts  ..are ..being marri.ed out on a 

':.lar.ge.:number of binary comp.o,sitions, . and the results obtained. ar .e  :b.eing 

use.d.fo.r :de.s-ign ,,of .ternar.y and .higher .order al10,ys. . Due to the.1arg.e number 

,ob alloys under:inve,stigation, . the wide w0r.k. sc0p.e of 'this pr,ogr-am, , and the 

fact .that .experimental. work. i s  .still .in . .pr,ogr . e.s s, no final conclu.sions clan b.e 

.pr.esented ,at .this. time. .Results to  date, ho,wever, . indic-ate that some or.ig1- 

n.al conc.epts used. in planning: thi s.-pr,ogr am,  a r e  ma.nif e sted,'by experimental 
.. . 

data.. . In p,articu.lar, .the .encourag,ing trend in corr.osion behavior of rela-  

tively .high-percentage ,tin .a.llo,ys .:in 7508°F steam. offers ..support .for .;investi- 

gation of wide r:anges of bin.ary:sy~stems .as well . . ,as  a .study of minor..addition.s 

'to promising, t e rnary  and , q~a t e rna~y . a l l oys .  By this metho.d, a major 
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..improvement over ,currently available materials :[ Zircaloy) @.an :be developed. 

. The .behavior ;of. particular. binar.y ,allo.ys of a'ntimony. and .va.ndium in hig:h- 

Efforts to improve corrosion re,sistance by alloy development 

are-being augmented by studies of the effects of heat tre,atment, hydrogen 

pickup, and impurity contents. In addition, the possibility of improved cor-  

rosion properties of a retained-beta alloy a r e  under investigation. Although 

data for-these topics a r e  not complete, current studies indicate that these 

factors should contribute to the development of superior materials.  At-the 

completion of corrosion screening tests,  choice of compositions for further 

development will be indicated by accumulated experimental data. Con- 

.currently, . the .effects of ,heat treatment, . impwr:ity aonte-nt, ,hydrogen pickup, 

and micr~ostructur~e -sho,u.ld aid ,in. alloy s'election. .,As .alloy ..development 

efforts :include many...compo,s.itions .c.onta.ining r.elitiv-ely:;larg:e additions, 

mechanical pr:ope.rtie.s may .be e,xp.ected. .to show impr.o.vements -0ve.r current 

m,,at.er.ials.. 

., VIII:, . .. yLOGBOOKS' AND CONTRIBUTING PERS-ONNEL, 

The .data pr  es.ented.:in. this r ep.0r.t ar:e -r-e.corded in..ARF Logbooks 
. . 

Nos. C-9748, C-9749, C-9750, C- i0612, C- 10882, and D- 1452. 

Personnel .contributing .:to -this wor:k ,ar  e.:th.e ..follo,wing: 

: W. L. ,Ro.s.s - Project -Technician 
F. C. Holtz - Gr.oup .Leader 

:.R. J,. Van :,Thyne - - -.Sup.er.vi sor(  early par t  .of p r  ogramj 
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