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S ta tes ,  n o r  the Commission, n o r  any person a c t i n g  on b e h a l f  o f  t h e  Commission: I 
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accuracy, completeness, o r  u s e f u l n e s s  o f  t h e  i n f o r m a t i o n  c o n t a i n e d  i n  t h i s  r e p o r t ,  o r  ' t h a t  
t h e  use o f  any i n f o r m a t i o n ,  apparatus ,  method, o r  process d i s c l o s e d  i n  t h i s  r e p o r t  may n o t  
i n f r i n g e  p r i v a t e l y  owned r l g h t s :  o r  

8. Assumes any 1 1 8 b l i  itlf3 w l t h  r e s p e c t  t o  t l ~ u  ust: u l ,  UI ~ U I -  Ja1~16ges r c r t ~ l t i n g  from 
t h e  use o f  any i n fo rma t i on ,  apparatus, method, or  process d i sc losed  i n  t h i s  r epo r t .  

' 

As used i n  t h e  above, "person a c t i n g  on beha l ' f  o f  t he  Commissionn i nc ludes  ony employe 
o r  c o n t r a c t o r  o f  t h e  Commiss ion,  o r  employe o f  such c o n t r a c t o r ,  t o  t h e  e x t e n t  t h a t  such 
employe o r  C q h t r a c t o r  o f  t h e  Commls,sio~!., o r  eslpluy,e, u l  such c o n t r a c t o r  p repa rb * ,  d  l6aemi.- 
na tes ,  o r  p r o v i d e s  access t o ,  any i n f o r m a t i o n  pu rsuan t  t o  h i s  employment o r  c o n t r a c t  w i t h  
t h e  Commission, o r  h i s  employment .w i t h  such c o n t r a c t o r .  
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Weight -change vs t i m e  curves  express  ing t h e  c o r r o s  ion b e h a v i o r  
o f  z i r c o n i u m  a l l o y s  c o n t a i n i n g  a d d i t i o n s  o f  10  th rough  6 0  w/o 
u r a n i u m  t e s t e d  i n  6 0 0  and 6 8 0 ° F  w a t e r  and i n  7 5 0 ° F  s team a t  
1500 ps i  a r e  p r e s e n t e d .  The e f f e c t s  o f  v a r i o u s  h e a t  t r e a t m e n t s  
on the  subsequent corros ion p r o p e r t i e s  a r e  a  / s o  inc luded. 

HIGH-TEMPERATURE WATER AND STEAM-CORROSION 
BEHAVIOR O F  ZIRCONIUM-URANIUM ALLOYS 

Stanley Kass  

This  r epor t  is a s u m m a r y  of a l l  relevant available data descr ib ing the corros ion of z i rconium 

al loys  containing 10 to  60 w / o  uranium in  high-temperature water  and s t e a m ,  a s  well  a s  the effects  

of heat t rea tment  on the corros ion res is tance.  

TABLE I ,  

ZIRCONIUM ALLOYS INCLUDED 
IN THE PROGRAM 

Ingot No. w / o Uranium 

0 1 4  10.3 a* 

054 15.8 a 

028 19.8 a 

5-777 20 b** 

056 35.0 a 

* actual 
**nominal  . 

Comprehensive s tudies  t o  e'valuate the c o r r o -  

s ion behavior of zirconium-uranium alloys in p r e s -  

su r i zed ,  high-temperature water  and s t e a m  were  

conducted a t  the Bett is  Atomic Power Division and 

other  installat ions because these  a l loys  r ep resen t  

potential fuel  m a t e r i a l s  f o r  water-cooled and mod-  

e r a t e d  nuclear r eac to r s .  Repor ts  summar iz ing  the 

re su l t s  of the s tudies  have been issued (Refs 1 , 2 ,  

and'3);  however, the detailed data descr ib ing the  

effects of heat - t rea tment  and uranium content have 

not been included in these previous repor t s .  

EXPERIMENTAL PROCEDURES 

ingot Fabrication 

Fifteen-,  twenty-, and fifty-lb ingots were  . 

prepared f r o m  sponge zirconium and de rby  uranium,  

using conventional double - a r c  melting procedures  

in an argon a tmosphere .  The ingots were  then 

forged a t  1850°F  and rol led  a t  1 ' 4 5 0 " ~  tq 0, 150-in. 

s t r ip .  Table I l i s t s  the, nominal and actual  compo- ' 

sit ions of the alloys studied. 



Heat Treatment 

Heat treatments, summarized in Table 11, were performed in sealed, evacuated Vycor bulbs. 

The bulbs fo r  the high-temperature treatments were evacuated to less  than 0 . 0 3  micron, .then, 

helium a t  25 cm Hg pressure was added. 

TABLE I1 

LIST O F  HEAT TREATMENTS STUDIED 

Heat 
Treatment 

No. 

4 h r  a t  800 "C,  a i r  cooled, then 4 h r  a t  620°C,  furnace cooled 

4 hr  a t  850°C,  water quenched 

4 h r  at 900°C,  water quenched 

4 h r  a t  1000°C, water quenched 

4 h r  a t  850°C,  furnace cooled 

4 hr al; 650nC,  water quenched 

24 h r  a t  575"C, furnace cooled 

4 hr  a t  575"C,  water quenched 

4 hr a t  850°C,  water quenched, then 1 11r a t  575"C, furnace cooled 

4 h r  a t  850°C,  water quenched, then, 10 h r  a t  575"C, furnace cooled 

4 h r  at 850°C,  water quenched, then 36 h r  a t  575 " C ,  furnace cooled 

4 hr a t  850°C,  water quenched, then 100 hr  a t  575"C, furnace cooled , 

4 hr  a t  850°C,  water quenched, then 1 week a t  360°C, furnace cooled 

4 h r  a t  850°C, water quenched, then 3 weeks a t  360°C, furnace cooled 

4 h r  a t  850°C,  water quenched, then 5 weeks a t  360°C, furnace cooled 

4 hr at 850°C, water quenched, then 1 weak at 40O0c, furnace cooled 

4 1118 rrL 850"C, wal;ull quwllul~ed, Lhell 3 weuks a1 400nC, fu~ilaue uooled 

4 h r  a t  850°C.  water quenched, then 5 weeks a t  400°C,  furnace cooled 

Sample Preparation 

Specimens 1 -in. x 0. 5-in. x 0 . 1  -in. were machined to a 63 pin. r m s  finish from the 0.150-in. 

thick heat treated hot-rolled strip. Before testing, the specimens were lightly abraded to remove 

any surface,contamination brought about by the heat treatment, washed in Alconox, rinsed thirty 

minutes in tap water,  rinsed in ethyl alcohol, and dried. 

Test  Conditions 

Four specimens representing each heat treatment were exposed under static conditions to 

316°C ( 6 0 0 ° F )  o r  360°C (680°F)  water a t  saturation pressure,  ,or  in 400°C (750°F)  steam a t  1500 psi 

in externally heated, 1800-ml  capacity, AISI Type 347 stainless s teel  autoclaves. Temperature con- 

t rol  was maintained a t  &S°F.  The test water was passed through a mixed bed demineralizer to give 

- -- a specific resistivity of greater  than 500,000 ohm-cm. The autoclaves were filled with sifficient 

water to give a 20% vapor space a t  temperature. The number of specimens tested in the autoclave 

was adjusted to insure complete immersion. The water in the 316 and 360°C tests  was degassed by 

venting the autoclaves for shbrt periods a t  a temperature between 100 and 150°C. The autoclaves 



used for the 400°C steam tests  were initially vented to maintain 1500 psi. The specimens were 

supported on stainless steel wire-mesh trays and did not r e s t  upon one another, nor were they elec-  

trically insulated from each other or  the autoclave. After each test period, the specimens were 

scrubbed with a soft brush to remove all  loose oxide and were weighed to the nearest 0 .2  mg. 

EXPERIMENTAL RESULTS 

The corrosion behavior is presented in t e rms  of weight change per unit area* during corrosion 

testing a s  a function of time in test for each alloy at each test temperature. The several  heat t reat-  

ments for each given alloy a r e  compared. It should be noted that the weight change for these alloys 

i s  generally a weight loss ,  and the experimental points can best be fitted by straight lines. Thus, 

equations of the form w = kt can be written to represent the relationship between weight loss and 

time. Rate constants were calculated from the graphically determined slopes and were plotted a s  a 

function of uranium content for a given temperature. The effect of temperature on the rate constants 

was determined by plotting the logarithm of the rate constant a s  a function of the reciprocal of the 

absolute temperature. 

Zirconium + 10 w/o Uranium Alloys 

The 360°C  (680°F) water corrosion behavior of the zirconium + 10 w/o uranium alloys is shown 

in Figs. 1, 2, 3, and 4,** where the weight change is plotted a s  a function of time for each of the 

various heat treatments studied. 

The effect of quenching temperature on the resultant 360°C water corrosion of the 10 w/o 

uranium alloys is evident in Fig. 1. Specimens quenched from 850, 900, and 100O0C exhibited the 

optimum corrosion resistance. The oxide films produced were thin and adherent throughout the test. 

In contrast, the specimens quenched from 575 and 650°C initially produced adherent oxide films; 

however, film breakdown occurred within 7 days of exposure, followed by general spalling. It should 

be noted in Fig. 1 that the specimens quenched from 575°C exhibited lower corrosion-loss ra tes  and % 

weight changes than those quenched from 650" C. 

. . 
The effects of annealing temperature.are shown in Fig. 2. The as-fabricated specimens, and 

specimens annealed a t  575°C and slow cooled, exhibited s imilar  corrosion behavior; the films were 

initially adherent, then slowly spalled. Specimens furnace-cooled from 850°C revealed lower cor -  .. . . . 
-rosion resistance, while those air-cooled from 800°C, reannealed,at 620°C, and furnace cooled, 

exhibited the least resistance. A comparison of the curves in Figs. 1 and 2 shows that the corrosion 

resistance of the specimens which were heated at 575OC is independent of cooling rate. 

Figure 3, which depicts the 360°C water corrosion resistance of specimens quenched from 

850°C and subsequently aged for 1, 10, 30, and 100 hr a t  575°C and slow cooled, shows that a 

marked decrease in the corrosion resistance is brought about by aging at 575°C. The aged speci- 

mens exhibited spalling after 7 days of exposure, and the corrosion rate  increased with increasing 

annealing time. It should be noted that the specimens quenched from the beta region and aged a t  

575°C for 30 and 100 hr  (Fig. 3) corroded more rapidly than the samples annealed a t  575°C for 4 h r  

and quenched (Fig. 1 ) or  for 24 hr and furnace -cooled (Fig. 2). 

Aging the 850°C  quenched specimens a t  360°C (680°F) (the corrosion test temperature) resulted 

in a very slight increase in the corrosion rate; however, no further decrease in corrosion resistance 

was observed when the aging time was increased from one to five weeks (Fig. 4). The oxide f i lms 

produced were adherent throughout the test (approximately 180 days). The significant feature is that 

the samples were stil l  gaining weight. 

* Changes in a rea  a s  a result  of metal loss from corrosion were not factored into the calculations. 

** All figures a r e  found at the end of this report. 



The effect of 

slow cooled from 

a t  316°C to -0.02 

test  temperature on the corrosion behavior of the 10 w/o uranium alloy samples, 

575" C, is shown in Fig. 5. The corrosion rates  vary from -0.017 mg/cm2-hr 

5 mg/cm2-hr a t  360°C and 0.046 mg/cm2-hr at  400°C. 

Zirconium + 15 w/u Uranium Alloys 

In general, the behavior of the 15 w/o uranium alloys in water was very similar to the behavior 

of the 10 w/o alloys. 

Quenching from the high temperature phase (850 to 1000" C) resulted in maximum corrosion 

resistance and adherent oxide films. Quenching from 575 and 650°C resulted in weight losses (non- 

adherent oxides) and decreased corrosion resistance (Fig. 6). 

The corrosion resistance of material,  slow cooled from the heat treating temperature (Fig. 71, 

decreased a s  the annealing temperature increased. Furthermore, the behavior of the specimens 

heat treated at  575°C was not influenced by cooling rate  from the heat treating temperature (Figs. 

6 and 7). 

Aging the high temperature (850" C) quenched specimens at 575"C, and cooling slowly, produced 

deleterious effects upon the corrosioii resrstance (Fig.. 8). Wlllle llle as-wenched specheno ohowod 

adherent oxides throughout the test,  specimens aged at  575°C and furnace cooled exhibited early 

spalling. The specimens held at  575" C for  10, 30, and 100 h r  corroded more rapidly than tho,se 
:, . i' 

aged for  1 hour. 

The effect of aging at  the corrosion test  temperature (360°C) on the corrosion behavior of 850°C 

quenched specimens is illustrated id Fig. 9. Slightly lower weight gains were obtained from the 

aged specimens throughout this test (210 days); however,. i t  is difficult to state whether the lower 

weight gains reflected slight spalling, variations in weight change measurement, o r  improved resis t-  

ance enhanced by the treatment. 

Figure 10 shows the effect of temperature on the corrosion behavior of specimens slowly cooled 

from 575°C. The water tested specimens exhibited weight losses throughout the test; however, the 

specimens tested in 400°C steam exhibited weight gains after 7 days of exposure, then spalled. The 

corrosion rate  increased from -0.022 to -0.048 to -0. 982 mg/cm2-hr a s  the temperature increased 

from 316 to 360 to 400°C. respectively. 

Zircnnium 1 20 w/o Uranium Alloys 

The effect of quenching temperature on the water corrosion behavior of the zirconium + 20 w/o 

uranium alloys is illustrated in Fig. 11. Quenching from the high temperature (850 to 1000 "C) 

resulted in  adherent oxide films and weigh1 gains, while quenching from 575 and 650°C resulted in 

spalling oxides and weight losses. Fo r  the gamma quenched material,  increasir~g the quenching 

temperature from 850 to 1000°C decreased the corrosion resistance. 

Slow cooling after heat treating resulted in non-corrosion resistant forms of the alloys (Fig. 12). 

All specimens spalled within very short exposure times. Gamma (850°C) quenched specimens, sub- 

sequently aged for  1, 10, 30, and 100 hr  at  575°C and slow cooled, resulted in impaired corrosion 

resistance (Fig. 13). All aged specimens exhibited spalling, oxide films, and weight losses. The 

specimens aged for 10, 30, and 100 h r  revealed higher weight losses than those specimens aged for 

1 hour. 

The corrosion behavior of samples, gamma quenched and subsequently annealed for 1, 3, and 5 

weeks a t  360°C 1680°F). is shown in Fig. 14 and illustrates that adherent films were obtained. Spe- 

cimens aged for 3 and 5 weeks show lower weight gain values than the specimens aged for 1 week. 

Specimens furnace cooled from 575°C and subsequently tested in 400°C (750°F) steam exhibited 

weight gains at  the onset of corrosion, then spalled rapidly, resulting in high weight losses (Fig. 15). 



The corrosion rate also increased f rom -0.029 to -0.066 to -0.162 mg/cm2-hr a s  the test tempera- 

ture was increased from 316 to 360 to 400°C. 

Zirconium + 35 w/o Uranium Alloys 

Alloys containing 35 w/o or  greater uranium exhibited markedly different behavior in water than 

was observed for the lower uranium alloys. The corrosion of the 35 w/o  alloy was relatively insen- 

sitive to prior thermal history (although some differences were observed) and exhibited an ear ly  

breakdown of the oxide film, resulting in general spalling. Specimens quenched from 575 and 850°C 

exhibited s imilar  corrosion properties, while those quenched from 650 and 900°C exhibited slightly 

higher weight losses (Fig. 16). No difference in the corrosion behavior was noted for  specimens 

slow cooled from the high or low temperatures (Fig. 17). It should be further noted that the slow- 

cooled material corroded in a manner s imilar  to the 650 and 900°C quenched material. Aging the 

as-quenched specimens a t  575°C resulted in slightly lower corrosion resistance (Fig. 18); while 

aging at 360°C brought about very slight changes in the weight losses (Fig. 19). 

The effect of corrosion test temperature (illustrated in Fig. 20) shows the increase in corrosion 

rate  from -0.050 to -0.150 to -0.264 mg/cm2-hr a s  the test temperature was increased from 316 to 

360 to 400°C. 

Zirconium + 50 w/o Uranium Allovs 

The corrosion behavior of the 50 w/o uranium alloy is  summarized in Figs. 21, 22, 23, and 24, 

showing that .the corrosion rate was relatively insensitive to thermal treatment and cooling rate. 

Furthermore, the corrosioil resis ta~lce ol the material quenched from 850°C was not altered by 

aging a t  360, 400, o r  575°C. . ., 

The corrosion rates  of the alloys increased with increasing test temperature (Fig. 25). The , - 
rate increased from -0.083 to -0. 25 to -0.80 mg/cm2-hr a s  the temperature increased from 31 h 

to 360 to 400°C. 

Zirconium + 60 w/o Uranium Allovs 
f %; 

The corrosion resistance of the zirconium alloys containing approximately 60 w/o  o r  more 
J 'y '  

uranium differed from that of 35 and 50 w/o alloys. The corrosion was markedly affected by heat 
I 

treatment. After appropriate heat treatments, the corrosion process was characterized by slow 

general corrosion followed by very rapid, accelerated corrosion and disintegration. Other heat 

treatments resulted in higher general corrosion and spalling without disintegration. 

Figure 26 depicts the water corrosion behavior of specimens quenched from 575, 650, 8 50, 900, 

and 1000°C. Specimens quenched from 850°C or  higher disintegrated within 9 days of exposure. 

The corrosion life (time for complete disintegration) increased a s  the quenching temperature was 

decreased from 800 to 650 to 575°C. Furthermore, the corrosion rate  of the 650°C quenched spec-  

imens prior to disintegration was approximately 40% of that obtained when the specimens were 

quenched from 575°C. 

Slow cooling af ter  heating in the temperature range from 575 to 1000 "C (Fig. 27) resulted in 

lower corrosion rates  and longer lives than whan the material  was rapidly coaled. 

Aging the 850°C quenched specimens a t  575°C dramatically increased the corrosion life. The 

corrosion resistance, however, decreased with increasing aging time. Specimens aged 1,  10, 30, 

and 100 hr exhibited corrosion lives of 93, 93, 93, and 65 days respectively, in comparison to 3 

days for  unaged specimens. It was also observed that maximum corrosion resistance was obtained 

when 1 -hr ,  575°C aging was employed (see Fig. 28). 

Aging at 360 and 400°C also markedly affected the corrosion behavior of the quenched samples 

(Figs. 29 and 30). Specimens aged for  1 week a t  360°C had lives of 58 days, while those aged for  



3 and 5 weeks had 100-day lives. A .one- o r  three-week age at 400°C produced specimens which did 

not exhibit disintegration within 100 days of exposure; however, specimens aged for 5 weeks a t  400°C 

disintegrated within 60 days of test. 

The ~ o r r o s i o n  rate  vs  test. temperature relationship for 60 w/o uranium alloys, slow cooled 

f rom 575"C, is shown in Fig. 31. It should be noted that the specimens tested in 400°F steam were 

completely corroded within 15 days of test. 

SUMMARY 

Figures 1-31 demonstrate that the corrosion behavior of the alloys can be characterized empir-  

ically by equations of the fo rm w = kt for  each heat treatment and test temperature. The graphically 

determined rate  constants fo r  the alloys in 360°C water a r e  shown in Table 111 and graphically pre-  

sented in Fig. 32. Figure 32 shows that: 

1) F o r  gamma quenched material,  the corrosion rate  increases slowly a s  the uranium content 

of the alloy is increased from 10 to 50 w/o. 

2) Similar behavior is noted for other heat treatments except for the 850°C furnace cooled 

mater&i .  

3) The specimens furnace cooled f rom 85O0C show a linear relationship between corrosion rate  

and uranium content over the entire range of the alloys studied. 

TABLE I11 

3 16 "'C (680" F) CORROSION RATES OF ZIRCONIUM -URANIUM ALLOYS 

Corrooion Rate 
(mg/cm2-hr) 

Heat Treatment 10 w/o U 15 w/o U 

800°C AC*, 620°C FC** -0.05 -0.07 

850°C, Quenched + O .  001 +O. 007  

900°C, Quenched +O.OOl +0.006 

1000°C, Quenched +0.001 +0.005 

850°C; F C  -0 04 -0.06 

575"C, FC  -0.03 -0.05 

575OC; Quenched -0.03 -0.05 

850°C, Quenched, + 1 hr  -0.02 -0.06 
a t  575°C; FC  

+10 h r  a t  575"C, FC  -0.03 -0.06 

+Yo 111. a1 575"C, PC 0.04 -9.06 

+1 week a t  3b0°C, FC +O. 002 +O. 006 

93 weeks at 36UwC, 11'C +O. 002 $ 0 .  OOG 

+5 weeks a t  360°C, FC +O. 002 +O. 006 

t1 week a t  400°C, FC -- - - 
+3 weeks at 400°C, FC - - - - 
+5 weelca a t  100°C, FC - - - - 

-0.07 

-n. n7 

-0.07 

90.01 

to! n i  
t o .  01 

- - 
- - 
- - 

-0.07 

*Air cooled 
**Furnace cooled 

t ~ a i l e d  by cracking within 9 days of test. 



A graphic presentation of the effect of test temperature on the corrosion properties is included 

in ~ i ~ .  33. When the logarithm of the corrosion rate is plotted against the reciprocal of absolute 

temperature (Fig. 34), the straight line relationship predicted by the Arrhenius equation is obeyed 

by the 50 and .60 w/o ailoys but not by the 10 to 35 w/o  alloys. 

DISCUSSION OF CORROSION BEHAVIOR 

The corrosion behavior of the zirconium-uranium alloys has been thoroughly discussed and shown 

to be directly related to the phases present in the alloys (Refs 1. 3, 4, and 5). It will be discussed 

briefly here for purposes of review. The phase diagram a s  reported by Saller and Rough is  shown 

in Fig. 35, and typical microstructures a r e  shown in Figs. 36, 37, and 38. 

Zirconium + 10 to 35 w/o Uranium Alloys 

Quenching from the high temperature (850 'to 1000°C) range results in a mixture of transformed 

beta zirconium and epsilon. As the uranium content increases, precipitation of the transformed beta 

phase is decreased and formation of the epsilon phase is accelerated. Thus, with increasing uranium 

content, increasing amounts of the epsilon phase a r e  formed. Furthermore, a s  epsilon corrodes 

more rapidly than transformed beta zirconium, the corrosion resistance of the alloys should decrease 

with increasing uranium content. 

The equilibrium structure,  epsilon plus alpha zirconium, is obtained when the alloys a r e  slowly 

cooled from all  temperatures. However, the amount of the epsilon phase formed also increases 

with increasing uranium content; thus, the corrosion ra tes  increase with increasing alloy uranium 

content. Differences between the quenched and slow-cooled specimens a r e  attributed to the greater  

amounts of the epsilon phase which precipitate during slow cooling. Slight variations in the corro-  

sion properties exhibited by individual alloys a r e  to be expected because if the formation of alpha a s  

well a s  differences in the distribution of the epsilon phase in the alpha zirconium matrix. 

The alpha precipitate coalesces and coarsens when the alloys a r e  held isothermally for extended 

periods of time in the temperature range around 600°C, which resul ts  in a continuous heavy network 

of epsilon. It has been postulated that the deleterious effects caused by aging a t  575°C a r e  caused 

by this heavy network of epsilon (Ref 1).  Increasing corrosion ra tes  should be obtained with 

increasing uranium content or  increasing time a t  575°C a s  the network becomes more continuous. 

Isothermal-treatments a t  360°C appear to have little or  no effect upon the martensitic alpha 

(transformed beta) phase formed during direct quenching from the high temperature region; thus, 

thc treatment produces no effacl upon corrosion of individual alloys. 

Zirconium + 50 w/o  Uranium Alloys 
-.-- . ..,.,- 

. Zirconium alloys containing approximately 45 to 55 w/o  uranium a r e  essentially single phase 

epsilon, since transformation s ta r t s  very rapidly, even a t  temperatures a s  low a s  260°C (Ref 5). 

Thus, the corrosion behavior i s  insensitive to heat treatment. 

Zirconium + 60 w/o  Uranium Alloys 

Zirconium alloys containing more than 55 w/o  uranium exhibit either the body-centered cubic 

gamma phase after quenching from high temperature, o r  epsilon plus alpha uranium phase after 

slow cooling from the high temperature or  heating in the low temperature ( less  than 600" C) range. 

The high corrosion ra tes ,  mechanisms, and associated disintegration (discontinuous failure) of 

the gamma phase alloys have been attributed to the oxidation of a metastable hydride of uranium 

which is precipitated during corrosion (Ref 7). 

The corrosion of the aged and slow-cooled specimens is believed to be controlled by variations 

in the dictribution of the alpha uranium 1re1wur.k i r ~  the epsilon matrix resulting from time and 

temperature treatments. 
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