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ACCELERATED CAVITATION DAMAGE OF STEELS 

AND SUPERALLOYS IN LIQUID METALS 

by Stanley G. Young and James R. Johnston 

Lewis Research Center 

SUMMARY 

An investigation was conducted to study cavitation damage in liquid metal environ- 
ments of materials under consideration for components of liquid metal power conversion 
systems. The materials investigated included AISI-316 and 31 8 stainless steels, 
Sicromo 9M, Inconel 600, A-286, Hastelloy X, L-605, Re&-41, and Stellite 6B. 
magnetostrictive apparatus was used to perform accelerated cavitation damage tests with 
liquid sodium at 800' F and mercury at 300' F. Cavitation damage determined by volume 
loss and surface roughness measurements was used to rank the various materials, and 
to compare the effects of the different fluids on the degree of damage sustained. Metallo- 
graphic studies were made to determine the nature of the early stages of cavitation 
damage. 

The materials tested in both sodium and mercury ranked in the same order of resis- 
tance to cavitation damage, but the degree of damage to all materials was consistently 
greater when tested in mercury. The most resistant material by far was Stellite 6B; the 
least resistant material was annealed Sicromo 9M. Surface roughness measurements 
were found to provide the same ranking of materials as that provided by conventional vol- 
ume loss measurements. Visual observation of sodium pump impeller blades of three 
materials operated under cavitating conditions for 250 hours indicated the same ranking 
of the materials with respect to resistance to cavitation damage that was determined 
from the accelerated cavitation tests. 

A 

INTRODUCTION 

In advanced space power conversion systems that use liquid metals for the heat- 
transfer medium, cavitation damage to both rotating and stationary components of the 
system may be expected. Damage can occur in pumps and in stationary sections of the 



system where local pressure fluctuations occur in the fluid. Components tested for rela- 
tively short times in liquid metal loops have shown damage in the form of pitting and sur-  
face erosion (refs. 1 to 3). Damage has also been observed in the turbine component of 
liquid metal systems when the vapor quality was less  than 100 percent (ref. 4). It has been 
reported that materials which resis t  cavitation attack a r e  also resistant to  liquid impinge- 
ment (ref. 5). Because proposed space power systems must function for times in excess 
of 10 000 hours, it is important to establish the resistance to cavitation damage of mate- 
rials that may be used in various components of such systems. 

cavitation damage of materials in water (refs. 6 to 15). Cavities form in moving fluids 
where local pressures fall below the vapor pressure of the fluid. When these cavities 
a r e  swept into regions of higher pressure, they collapse with high velocity. If the col- 
lapse is on a metal surface, localized high pressures that a r e  transmitted to the metal 
can cause severe damage. 
it has also been shown that corrosion can be a contributing factor (refs. 7, 11, and 15). 
Conventionally used engineering properties such as hardness, tensile and yield strengths, 
fatigue limit, and corrosion resistance have all been considered as means of ranking ma- 
terials with respect to resistance to cavitation damage. None of these properties individ- 
ually provides a satisfactory criterion for rating materials; however, recent work indi- 
cates that strain energy may correlate with the intensity of cavitation damage for a num- 
ber of materials (ref. 16). 

In order to study a great number of materials in relatively short times, various ac- 
celerated test methods for producing cavitation damage have been devised. These in- 
clude the rotating disk method (ref. 13), venturi systems (ref. 17), and magnetostrictive 
systems (ref. 15). All of these methods have been adapted for use in liquid metal envi- 
ronments (refs. 14, 18, and 19). Of these methods the magnetostrictive apparatus was 
selected for this investigation because it afforded a relatively low cost and versatile 
means of producing highly accelerated cavitation damage. With this facility various ma- 
terials currently under consideration for use in components of liquid metal space power 
conversion systems were investigated in both sodium and mercury for resistance to cavi- 
tation damage. The purposes of the investigation were as follows: to rank these mate- 
rials according to their resistance to cavitation damage, to determine the nature of the 
early stages of cavitation damage by metallographic studies, and to correlate acceler- 
ated cavitation test data with cavitation damage sustained in actual pump operation in 
liquid metal loops. 

A number of iron-, nickel-, and cobalt-base alloys were investigated in sodium at 
800' F and in mercury at 300' F under argon at 1 atmosphere. 
these two fluids were nearly equal at these temperatures. Cavitation damage was inves- 

Extensive research has been conducted to study the mechanism of cavitation and 

Although much of this damage is of a mechanical nature, 

The vapor pressures of 
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tigated by obtaining volume loss and surface roughness measurements and by metallo- 
graphic studies. 

MATERIALS, APPARATUS, AND PROCEDURE 

Materia Is 

Specimens. - The materials tested for resistance to cavitation damage were the 
iron-base alloys, Sicromo 9M, A-286, and AIS1 316 and 318 stainless steels; the nickel- 
base alloys, Inconel 600, Hastelloy X, and Ren6 41; and the cobalt-base alloys, L-605 
and Stellite 6B. The nominal chemical composition of each alloy is listed in table I. 
heat treatments employed and the densities of these alloys are listed in table II. Speci- 
men material was obtained in the form of 5/8- or 3/4-inch bar stock. 

Test fluids. - Reactor-grade sodium (99.95 percent pure) and triple-distilled mer- 
cury were used as the test  fluids. Chemical analyses indicated an initial oxygen level of 
10 to 41 parts per million for the sodium. The mercury had a 0 . 2  part per million total 
impurity content. 
and mercury was supplied in conventional polyethylene containers. 

The 

Sodium was supplied in 3-pound-capacity stainless-steel containers, 

Apparatus 

The facility used is shown in figure 1. The photograph shows the vacuum dry box 
and associated electronics and control equipment. 
paratus is shown in figure 2, and details of the transducer-specimen assembly are shown 
in figure 3. 
assembly, and separately sealed liquid metal test chamber. The dry box and test cham- 
ber were designed to be evacuated to a pressure of approximately 
were backfilled with high-purity argon containing less  than 1 part per million oxygen and 
6 parts per million water vapor. Glove ports were provided on the dry box to enable the 
operator to change specimens and to work within the argon atmosphere. 

The transducer was a commercial unit, modified for use within the vacuum dry box. 
The specimen was attached to the end of a resonant system consisting of the transducer, 
an amplifying exponential horn, and an extension-rod specimen holder. The horn served 
as a displacement amplifier and provided a convenient attachment .for a nodal flange 
vapor seal (fig. 2). A l-wavelength extension rod (approx 8 in. long) was chosen to per- 
mit location of the hot zone of the furnace at a convenient distance from the transducer 
assembly. The amplitude and frequency of vibration were detected by a magnetic pickup. 

A schematic diagram of the test ap- 

Figure 2 illustrates the dry box arrangement, magnetostrictive transducer 

torr  ( lp) and 

3 



This signal was sent to an oscilloscope and to an automatic feedback system that main- 
tained a constant amplitude of vibration irrespective of variations in resonant frequency 
induced by temperature changes. The output of the magnetic pickup was calibrated 
against optical measurements of amplitude made with a 200-power microscope equipped 
with a f i l a r  eyepiece. 

When the transducer assembly was lowered into position, the sleeve attached to  the 
nodal flange on the amplifying horn sealed the liquid metal test chamber from the dry 
box. The test chamber pressure was regulated through a separate argon line. The 
liquid metal was heated by a resistance furnace, and the bath temperature was measured 
with a stainless-steel-clad Chromel-Alumel immersion thermocouple. The liquid metal 
test chamber also was made of stainless steel. 

Test Conditions 

During this investigation an argon pressure of 1 atmosphere was maintained above 
the liquid metal. 
At these temperatures the vapor pressures of both fluids were less than 0.1 pound per 
square inch. The frequency of vibration of the test specimens was nominally 25 000 cps, 
and the peak-to-peak displacement amplitude was 0.00175 (&O. 00005) inch. Specimens 
were immersed to a depth of approximately 1/8 inch below the surface of the liquid 
metal. 

Sodium tests were run at 80Oo*1O0 F, and mercury tests at 30Oo*3O0 F. 

Test Procedure 

The type of specimen used is shown in figure 4. The test surface of each specimen 
was metallographically polished and then marked with a series of microhardness impres- 
sions to delineate specific areas for metallographic examination. 

Specimens were first cleaned with acetone and then with alcohol and subsequently 
dried in warm air. The marked areas of the specimens were photographed, and the 
specimens were weighed on an analytical balance to a precision of *O. 05 milligram. 
Specimens were subjected to cavitation damage by vibration for varying intervals. After 
each period of operation, the specimens were removed from the test facility, cleaned, 
and weighed; then photomicrographs and macrographs were taken. Weight loss measure- 
ments were divided by density to obtain volume loss. Surface roughness traces of the 
central portions of the specimens were obtained with a linear profiler having a diamond 
stylus of 0.0005-inch radius and a cone angle of 51. 5'. Maximum total test duration for 
any material was 4 hours. 
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Different cleaning procedures were required for specimens that were  removed from 
each of the two fluids. After testing in sodium, specimens were washed first in methyl 
alcohol; then, when all sodium was removed, specimens were rinsed in water and dried. 
After mercury tests, the specimens were ultrasonically vibrated above the mercury bath 
to drive off any excess mercury. Specimens were then placed under vacuum at 500' F 
for several hours to remove any mercury that might have remained on the specimen. 

CAVITATION DAMAGE RESULTS 

Volume Loss 

Cavitation damage is expressed as volume loss for nine materials in sodium and five 
materials in mercury in figures 5(a) and (b), respectively. Volume loss data for all ma- 
terials are also summarized in table III. The materials tested in sodium were ranked in 
order of increasing damage as follows: Stellite 6B, Re& 41, L-605, Hastelloy X, A-286, 
Inconel 600, AISI 318 stainless steel, AISI 316 stainless steel, and annealed Sicromo 9M. 

For example, after 
4 hours the most resistant material, Stellite 6B, exhibited approximately 15 percent of 
the damage sustained by L-605, another of the more resistant alloys, but only approxi- 
mately 1 percent of the damage sustained by annealed Sicromo 9M, the most heavily 
damaged material. 

lows: Stellite 6B, hardened Sicromo 9M, L-605, Hastelloy X, and annealed Sicromo 9M. 
Again a wide range in the degree of damage was observed. 
the most resistant material, Stellite 6B, showed approximately 16 percent of the damage 
sustained by L-605. After 1 hour, the damage to Stellite 6B was  approximately 2 percent 
that of annealed Sicromo 9M. 

Annealed Sicromo 9M, with an original Rockwell hardness of B-80, was heat treated 
to a hardness of Rockwell C-40. The hardened alloy at 1 hour showed only about 6 per- 
cent of the damage sustained by this alloy in the annealed condition. 
instance increasing the hardness, substantially increased resistance to cavitation damage. 

The materials tested in both sodium and mercury ranked in the same order of resis- 
tance to cavitation damage; however, the cavitation damage experienced by all materials 
in mercury at 300' F was two to seven times greater on the basis of total volume loss 
than the damage experienced by the same materials in sodium at 800' F. 

A wide range of damage was observed for the various materials. 

The materials tested in mercury were  ranked in order of increasing damage as fol- 

For example, after 4 hours, 

In this particular 

5 



Volume Loss Rate 

Curves of volume loss rate  for all the materials investigated are shown in figure 6. 
These curves represent the changes in the volume loss with respect to time as deter- 
mined from the volume loss curves faired through the actual data. Portions of the rate 
curves for some materials are dotted because the exact shape of the volume loss curves 
is uncertain. The rate curves generally suggest that there is an initial low damage rate, 
then a steadily increasing rate until a peak damage rate is reached, and finally a de- 
creasing rate until a steady-state condition is achieved. This has also been reported by 
other investigators (ref. 20). When the materials are compared on the basis of their 
steady-state damage rate,  they rank in the same order with respect to resistance to dam- 
age as when compared on the basis of total volume loss. 
a r e  listed in table III. 

Steady-state volume loss rates 

S u r face Rough ness Meas u re me nt s 

Because cavitation damage is usually measured quantitatively in te rms  of weight or  
volume loss, it is sometimes difficult because of limited accessibility to accurately mea- 
sure  the damage to system components such as tubing or impellers. If a correlation 
could be shown between volume loss and surface roughness measurements, it is conceiv- 
able that the latter might be used to measure quantitatively the cavitation damage to these 
components. 

Cavitation damage was measured in te rms  of surface roughness for all the materials 
tested in mercury and four of the materials tested in sodium. These measurements a r e  
also summarized in table III. Table N provides a typical example of surface roughness 
as compared with volume loss measurements for L-605 after testing in mercury at 
300' F. The surface t races  shown in the table depict the surface contour, magnified ver- 
tically 1000 times. The arithmetic average surface roughness values in microinches are 
also presented. 

function of test  time is shown after testing in sodium and in mercury in figures 7(a) 
and (b), respectively. The materials are ranked in the same order on the basis of both 
surface roughness and volume loss. Surface roughness measurements a r e  extremely 
sensitive, and a clear distinction among the materials as to relative cavitation damage 
resistance can be made by this method during the early stages of damage even though 
very little volume loss has occurred. 

A comparison of the arithmetic average surface roughness with volume loss as a 

A cross  plot between the volume loss and surface roughness measurements for given 
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times (fig. 8) indicates that, in the case of specimens damaged in sodium, the surface 
roughness tends to approach constant values with increasing volume loss. These con- 
stant values of surface roughness correspond to the steady-state volume loss rates illus- 
trated in figure 6(a). 

In the case of specimens damaged in mercury, however, the surface roughness, in 
general, tends to increase with increasing volume loss and does not appear to approach 
constant values as might be expected from the appearance of the volume loss rate curves 
for mercury (fig. 6(b)). These results suggest that the mechanism of cavitation attack by 
mercury may be quite different from that by sodium. Additional evidence to this effect 
will be shown in the next section. Briefly, damage to materials in sodium is evidenced 
by a general attrition of the surface, which is shown by the relatively fine-textured sur- 
face that erodes uniformly. Damage due to cavitation in mercury is evidenced by the 
formation and continual deepening of wide craters.  

Met a I I og ra p h y 

Macrographs were taken of all materials after various exposure times. The dam- 
aged surfaces of one of the least and one of the most cavitation-resistant materials a r e  
illustrated after different exposure times to sodium in figures 9(a) and (b), respectively. 
AISI 316 stainless steel underwent immediate cavitation damage, as indicated by the mac- 
rograph for this material taken after 5 minutes of testing. After 4 hours of testing the 
cavitation damage to this specimen was quite severe. 
specimen still retained most of its original polish after 5 minutes of testing and even 
after 4 hours showed a relatively small amount of surface damage. Macrographs of 
specimens of all the alloys tested in sodium after 4 hours a r e  shown in figure 10. The 
alloys can be arbitrarily separated into three groups, each displaying a different degree 
of cavitation damage: 

On the other hand, the Stellite 6B 

. 

(1) Severe damage - annealed Sicromo 9M 
(2) Intermediate damage - AISI 316 and 318 stainless steels, Inconel 600, A-286, 

(3) Slight damage - L-605, Re& 41, and Stellite 6B 
and Hastelloy X 

Although there are heavily damaged portions evident locally on the surfaces of the A-286 
and L-605 specimens, these alloys have actually lost a smaller volume of material than 
AISI 318 stainless steel and Inconel 600, which are more uniformly damaged. 

Again, these materials can be separated by visual observation into three groups: 
Macrographs of the materials after cavitation in mercury are shown in figure 11. 

(1) Severe damage - annealed Sicromo 9M and Hastelloy X 
(2) Intermediate damage - hardened Sicromo 9M and L-605 
(3) Slight damage - Stellite 6B 
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- . .. . . . . . . II 

Comparison of figures 10 and 11 illustrates a marked difference between damage patterns 
caused by sodium and those caused by mercury. After testing in sodium, the specimen 
surface showed a damage pattern that was fine textured in appearance. The r ims  of the 
specimens were relatively undamaged. The mercury damage pattern, on the other hand, 
indicated a very coarse, deeply cratered surface. As indicated previously, these differ- 
ences in surface appearance may be caused by different damage mechanisms, resulting 
from the widely different properties of the two fluids. 

Photomicrographs of the same area on specimens tested in sodium for different 
times are shown in figure 12. At relatively high magnifications all specimens that were 
tested in sodium showed a nonuniform damage pattern. Three specific examples are 
shown in the figure. Type AISI 316 stainless steel showed severe matrix attack after only 
5 minutes, while some grain and/or twin boundaries stood out in relief (fig. 12(a)). On 
the other hand, in L-605 both grain and twin boundaries were attacked more heavily than 
the matrix. This damage is evident after 45 minutes of testing (fig. 1203)). Stellite 6B 
showed very slight matrix attack after 5 minutes. Only a few carbide particles were dis- 
lodged in the early phases of the test (fig. 12(c)). As test time was increased, more car- 
bide particles were dislodged leaving deep pits. These pits, which widened with time, 
evidently served as sites for increased cavitation attack. It appears from these photo- 
micrographs that although some of the carbide particles were dislodged, most of them 
remained intact, and their presence evidently is a major factor in making Stellite 6B 
highly resistant to  cavitation damage. 

cept Stellite 6B appeared to be attacked preferentially. Alloy L-605 is typical of the 
materials showing a uniform damage pattern. Photomicrographs of this alloy after 1- 
minute exposure to cavitation in mercury a r e  shown in figure 13(a). The preferential at- 
tack of Stellite 6B is illustrated in figure 13(b), which shows that the carbide particles 
are particularly resistant to cavitation attack; whereas, the softer matrix shows definite 
cavitation attack. 

In mercury, no particular portion of the microstructure of any of the materials ex- 

RELATION BETWEEN ACCELERATED CAVITATION DAMAGE 

AND MATERIAL PROPERTIES 

It would obviously be useful to be able to predict which materials have superior re-  
sistance to cavitation damage from mechanical property data. Thus, a method of corre- 
lating cavitation damage with readily available material properties, even though empiri- 
cal in nature, might serve as a guide to designers and as a substitute for accelerated 
cavitation tests. 
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One of the most recent attempts to achieve a method of ranking materials with re- 
spect to cavitation damage resistance in liquid metals (refs. 16 and 20) indicates that the 
severity of cavitation damage may be inversely related to the strain energy of materials. 
Strain energy is approximately equivalent to the area beneath the stress-strain curve 
and has been used as a measure of the toughness of a material. When the stress-strain 
curves are not available, strain energy can be approximated by the following equation 
(ref. 20): 

where 

Y. S. yield strength 

T. S. tensile strength 

e elongation 

The necessary properties for calculating the strain energy of materials at 800' F are 
given in table V; figure 14 shows the relation between strain energy and the reciprocal of 
the steady-state volume loss rate of materials subjected to cavitation damage in sodium. 
The steady-state volume loss ra te  values were obtained from figure 6(a) at 4 hours. Al- 
though the volume loss rate curves indicate that Stellite 6B, and perhaps L-605, may not 
yet have reached a steady-state condition after 4 hours, the values for this test time were 
used as approximations of the steady-state rates.  

It is evident from the figure that all the data do not f a l l  close to a correlating line. 
The data point for the material that performed most favorably, Stellite 6B, is very f a r  
removed from the data of the other materials. Even if  the steady-state damage rate of 
Stellite 6B should be higher than that assumed (as it may be with longer test time), it is 
quite certain that the reciprocal of the volume loss would not be displaced by the approxi- 
mately one order of magnitude needed to make this data point fall into line. Thus, the 
use of this particular correlating parameter would have resulted in omitting from consid- 
eration one of the most favorable cavitation damage resistant materials. 

ties that affect the resistance of a material to cavitation damage. The hardness, elastic 
modulus, and the fatigue limit are other readily measurable material properties that 
might be expected to have some effect on cavitation damage resistance. In order to eval- 
uate their role adequately, extensive additional data (over a wide range of test  conditions 
and with many materials) are needed. Finally, the validity of any such parameter would 
be affected by corrosion variables that differ for different environments and that might 

It would seem that strain energy alone is not entirely representative of the proper- 
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in some cases be overriding. Thus, it is evident that additional research is needed to 
achieve a better understanding of the relations between cavitation damage and readily 
measurable material properties. 

RE LA TI ON BETWEEN ACCELERATED CAVlTATl ON DAMAGE 

AND PUMP IMPELLER TEST RESULTS 

A qualitative comparison was made between the damage experienced by three mate- 
rials, Ren; 41 and A I S  316 and 318 stainless steels, tested in the accelerated cavitation 
damage facility and that experienced by the same materials when used as pump impeller 
vanes in sodium loop tes ts  conducted at the Lewis Research Center (unpublished data 
from W. S. Cunnan, D. C. Reemsnyder, and C. Weigle). Visual observations indicated 
that the materials ranked in the same order with respect to resistance to cavitation dam- 
age after accelerated tests as after actual pump loop operation. 

Macrographs of specimens subjected to accelerated cavitation damage are shown in 
figure 10. Macrographs of the damaged surfaces of impeller blades that were operated 
for 250 hours under cavitating conditions at temperatures up to 1500' F a r e  shown in fig- 
ure  15. It is evident that the Re& 41 impeller showed virtually no cavitation damage; 
whereas, the A I S  318 and 316 stainless-steel blades had marked regions of damage. The 
degree of damage for the two stainless-steel blades was not appreciably different. When 
considered on a volume loss basis (fig. 5(a)), Re& 41 showed considerably less  damage 
than either of these steels. Both steels, however, ranked very close together with re-  
spect to volume loss. It is significant that a qualitative agreement between the results of 
accelerated cavitation tests and full-scale impeller operation was  obtained. 
traces were taken of the damaged areas  in an attempt to determine a quantitative measure 
of the cavitation damage; however, the extent of general corrosion of the blade surface 
masked the degree of localized cavitation damage. Although further verification is re -  
quired for other materials, and under other operating conditions, these results suggest 
that the magnetostrictive accelerated cavitation test can provide a useful means of select- 
ing materials suitable for longtime operation under cavitating conditions. 

Surface 

GENERAL REMARKS 

Corrosion Effects 

Previous investigations (refs. 7,  11, and 15) have indicated that corrosion can be a 



contributing factor to  cavitation damage. In pump impeller tests, blades tested for 
250 hours under cavitating conditions in sodium showed corrosion over the entire blade 
surface as well as clearly delineated cavitation damaged areas  (fig. 15). In the acceler- 
ated cavitation tests the contribution of corrosion to the total damage may be less than 
that normally found in longtime service under cavitating conditions. A possible way of 
determining the effect of corrosion in an accelerated cavitation test is to introduce hold 
times between periods of transducer excitation. This type of pulse test was used in an 
earlier investigation (ref. 11) to indicate the extent of corrosion damage associated with 
the cavitation process in aqueous solutions. Although the introduction of hold periods 
substantially lengthens the accelerated test, it may be a useful method of determining the 
additional contribution of corrosion to the total damage effect experienced by materials in 
accelerated liquid metal cavitation tests. 

Oxygen Contamination in Sodium 

Although reactor-grade sodium with very low initial oxygen content was used in this 
investigation, chemical analyses indicated that the oxygen level was near the limit of solu- 
bility after prolonged test times. In order to reduce the possibility of subjecting the indi- 
vidual materials to substantially different fluid environments, the various materials were  
tested concurrently. Each material was, in turn, subjected to cavitation damage for a 
short time, rather than conducting a complete test with one material before beginning a 
test with the next material. Also, fresh charges of sodium were introduced at several 
intervals. It was observed that the volume loss curves for individual materials did not 
show significant discontinuities when tests were resumed with the fresh charges of sodium. 

Oxygen contamination is not considered to have particularly adverse effects on mate- 
rial properties of the steels and superalloys. It is important to note, however, that other 
materials, specifically the refractory metals, are adversely affected by exposure to oxy- 
gen in sodium at high temperatures. Columbium and tantalum, for example, a r e  subject 
to severe embrittlement as a result of oxygen pickup. 
subject to accelerated corrosion attack when oxygen is present. Adequate measures 
must therefore be taken to avoid oxygen absorption when subjecting refractory metals 
to cavitation tests in sodium. 

Furthermore, these metals a r e  

Selection of Materials for Use Under Cavitating Conditions 

The materials considered in this investigation show wide differences in their resis- 
tance to cavitation damage. However, it is important to recognize that resistance to 
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cavitation damage is not the sole factor to be considered when selecting a material for 
use as a pump impeller in liquid metal systems. As in most engineering applications a 
compromise based on various material properties will probably be required. Thus, al- 
though Stellite 6B is f a r  more resistant to cavitation damage than all the other materials 
considered, this alloy is notch sensitive and has relatively low ductility. In contrast, 
L-605, which has less resistance to cavitation damage, has greater ductility. This could 
be an overriding factor to a designer in choosjng a material for pump impeller application 
in space power conversion systems. The preceding example, of course, illustrates only 
one other aspect besides resistance to cavitation damage, which must be investigated in 
making a material selection. Others, such as rupture strength, creep resistance, and 
stability on longtime exposure to elevated temperatures, must all be taken into considera- 
tion. The net result could well be that the order of resistance to cavitation damage would 
not necessarily be the order of choice of materials for pump impellers in space power 
systems. 

SUMMARY OF RESULTS 

The resistance to cavitation damage of candidate materials for components of liquid 
metal space power conversion systems was investigated in two liquid metal environments. 
A magnetostrictive apparatus was used to achieve an accelerated rate of cavitation dam- 
age. Tests were run in sodium at 800' F and in mercury at 300' F. The following re- 
sults were obtained: 

1. In all cases, the materials that were tested in both sodium and mercury ranked 
in the same order based on resistance to cavitation damage. 

2.  The severity of the cavitation damage experienced by all materials in mercury at 
300' F was consistently greater than that experienced by the same materials in sodium 
at 800' F. For example, after 4 hours, the volume loss incurred by Stellite 6B and 
L-605 in mercury was approximately four to five times that encountered in sodium. 

3. Stellite 6B was far superior to all other materials investigated. 
sodium when compared on a volume loss basis after 4 hours, the damage sustained by 
this alloy was approximately 15 percent of the volume-loss damage of L-605, one of the 
other more cavitation-resistant materials, and only 1 percent of the damage sustained by 
annealed Sicromo 9M, the most heavily damaged material. In mercury, the volume loss 
sustained by Stellite 6B was approximately 16 percent of that sustained by L-605 after 
4 hours, and after 1 hour the volume loss of Stellite 6B was 2 percent that of annealed 
Sicromo 9M. 

4. Surface roughness measurements provided a ranking of materials with respect to 
cavitation damage resistance similar to that obtained by conventional volume loss mea- 
sur  ements. 

For example, in 
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5. Metallographic examination at high magnifications 
tation damage indicated that cavitation in sodium resulted 

during the early stages of cavi- 
in a nonuniform damage to all 

materials as evidenced by the delineation of twin and grain boundaries. 
mercury on the other hand resulted in a uniformly damaged surface with no apparent pre- 
ferential attack except for Stellite 6B. In this alloy, the carbides were more resistant 
than the matrix. Examination at low magnifications after appreciable damage had oc- 
curred indicated that cavitation in sodium resulted in a fine-textured (matte) surface; 
whereas, exposure to mercury resulted in very coarse, deep craters.  

and Ren6 41 tested under cavitating conditions for  250 hours at temperatures up to 
1500' F in sodium indicated the same ranking of these materials with regard to cavitation 
damage resistance as that determined in the accelerated tests of this investigation. 

Cavitation in 

6. Visual observations of pump impeller blades of AIS1 316 and 318 stainless steels 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, December 2 1, 196 5. 
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Material 

Stellite 6B 
(ref. 21) 

Re& 41 
(AMs 57 12, 
ref. 22) 

(AMs 57 59 B, 
ref. 22) 

Hastelloy X 
(AMs 5754D, 
ref. 22) 

(AMs 5736 B, 
ref. 22) 

L-605 

A-286 

Iron 

a3 

a5 

a3 

17 to 20 

Bal. 

Inconel 600 
(AMs 566 5 G, 
ref. 22) 

Nickel Cobalt 

a3 Bal. 

Bal. 10 to 12 

9 to 11 Bal. 

Bal. 0. 5 to 2. 5 

24 to 27 --------- 

TABLE I. - NOMINAL CHEMICAL COMPOSITIONS OF TEST MATERIALS 

Composition, weight percent 

1.4 to 1.8 aO. 12 

6 to 10 Bal. 1 al 

AISI 318 stainless Bal. 13 to 15 --------- 

AISI 316 stainless Bal. 12 to 14 --------- 
steel (ref. 23) 

steel 
(AMs 5648 C, 
ref. 22) 

(ref. 24) 
Sicromo 9M Bal. _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _  

hromium 

30 

18 to 20 

19 to 2 1  

0.5 to 23 

3. 5 to 16 

14 to 11 

17 to 19 

17 to 19 

Molyb- 
denum 

a1. 5 

9 to 10.5 

-- ----- -- 

8 to 10 

1 to 1. 5 

- - - - - - - - - al 

0.8 
(min) 

~~ 

Ianganese 

az 
ao. 10 

1 to 2 

a1.0 

1 to 2 

a1.0 

az.  5 

--------- 1 0.08 1.25 to%. 0 

- 
ilicoi 

- 
az 

5( 

a1.0 

a1.0 

. 4  to 

ao. 5 

- 
Phos- 
horous 

- - - - - - - - - a0.2 0.35 to 0.65 a l . O  a0.04 

0.1 to 0. 5 
(vanadium) 

'0.015 aO. 5 (copper) 

aO. 03 aO. 50 
(copper) 



Heat treatment Density 
g/cm3 

Solution-heat treated at 1800' F; 
water quenched; aged at 1325' F 
for 16 h r  

7. 94 

Stellite 6B 

L-605 
Hastelloy X 
A-286 
Inconel 600 
AISI 318 stainless s teel  
AISI 316 stainless s teel  
Annealed Sicromo 9M 

Ren6 41 

----- 
_ -___ 
----- 
0.66 
1.40 
2.70 
2.90 
3.64 
6.40 

1 

TABLE II. - HEAT TREATMENTS AND DENSITIES 

O F  TEST MATERIALS 

Material  

Stellite 6B 

Re& 41 
rapid quenched 

L-605 Solution-heat treated at 2250' F; 
water quenched 

9.13 

Solution-heat treated at 2150' F; 
rapid air cooled 

6.23 Hastelloy X 

A-286 

Annealed I 8.43  Inconel 600 

AISI 318 stainless s tee  

AISI 316 stainless stee 

Sicromo 9M 
___ 

Annealed 

Annealed 

I Annealed; heat treated at 
1750' F for 1 hr,  then at  
1350' F for 1 hr;  air cooled 

TABLE III. - CAVITATION TEST RESULTS 

(a) Sodium a t  ~ O O O  F 

Material Steady-state 
volume 

loss ra te ,  
mm3/hr 

Surface roughness,a pin 

I Time, h r  Time, hr 

2 1 3  4 

0.04 
.20  
.22 

3. 10 
4. 70  
6.40 
7.16 
8.63 

15. 5 

0. 13 
1.12 
1.25 
5. 78 
7.67 

10.3 
11.8 
13.8 
24.7 

0.39 
2.42 
2.58 
8. 14 

10.4 
13.4 
15. 9 
18.0 
33. 9 

4 
bl. 3 
b l .  4 
2.4 
2 . 8  
3 .1  
4 .1  
4.2 
9.2 

(b) Mercury at 300' F 

100 125 
260 450 
365 525 
-__  -_- I --- --- 

1 .81  
10. 5 
11 .3  
----- 

Stellite 6B 

L-605 
Hastelloy X 2 

17.4 76 5 

aValues taken from curves faired through actual data. 
bMay not have reached steady state. 
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TABLE IV. - TYPICAL SURFACE ROUGHNESS TRACES COMPARED WITH 

VOLUME LOSS MEASUREMENTS FOR L-605 IN MERCURY AT 300' F 

Time, 
min. 

0 

1 

4 

16 

60 

Volume 
loss, 

mm 3 

0. 05 

0 . 1 5  

1.12 

Arithmetic 
average 
surface 

roughness, 
pin. 

<5 

30 

50 

110 

260 

Surface 
roughness 

trace 

0 .01  in. -. 0.0001 in.] 
I 

I 
?r I 

I I I I 1 / 1 1  I I I It, 



E 

Ultimate 
tensile 

strength, 
psi 

I I I, I I I ,  I I, I I ., I-.,I . . .. . ..._. _-.... ~ 

Yield strength 
(0.2 percent offset), 

psi 

TABLE V. - MATERIAL PROPERTIES AT 800' F AND CALCULATED 

STRAIN ENERGY PARAMETER FOR SODIUM TESTS 

70 000 

Material 

28 000 

Stellite GB (ref. 21: 
L-605 (ref. 25) 
Hastelloy X 

(ref. 25) 
A-286 (ref. 25) 
Inconel 500 

(ref. 25) 
AISI 316 stainless 

steel (ref. 25) 

138 000 
119 000 
100 000 

137 000 
88 000 

71 000 
35 000 
47 000 

92 000 
29 000 

E longat ion, 
percent 

29.0 
75.0 
50.0 

21.0 
49.0 

40.0 

strength + tensile strength 
2 

astrain energy = 

Zalculated 
strain 

a energy, 
kg/mm2 

21.3 
40.6 
25. 8 

16.9 
20.1 

13.8 

Figure 1. - Cavitation test facility. 
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Lifl mechanism fl 
Coolant outlet Coolant inlet 

- 
Figure 2 - Schematic diagram of magnetostrictive cavitation apparatus. 

Figure 3. - Components of transducer assembly and liquid metal test 
chamber. 
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5 - - 24 NF-2; 16 I , 

f -  
L 

0.50 

Figure 4 - Cavitation test specimen. 
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14 

121 r 
1°1 

I :I 
:I 
E 

0 
Time, min 

(a) Sodium at 800" F. 

80 120 l @  200 240 

(b) Mercury at 300" F. 

Figure 5. - Cavitation damage of materials i n  liquid metals. 
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L 

M' 
E 
E 
a- c mL 

T IT I 
I- - Annealed - 

Sicr 

I 7 
I 

If- 
7 
% 
% 
4 

(a) Sodium at 800" F. 

1- 

LI:, 3: 

42 
A i S I  

lnconi 
Y- 

Hastel 

A-281 

1 
a5L - -  
Rene' 1 

lite 68 

m 

I 
3.I 

0 40 80 120 160 m 
Time, min 

(b) Mercury at 300" F. 

Figure 6. - Rate of cavitation damage of materials in liquid metals. 

240 
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L-605 , i 
120 160 

Time, m i n  

(a) Sodium at 800" F. (b) Mercury  at moo" F. 

Figure 7. - Comparison of surface roughness and volume loss for alloys exposed to cavitation in  liquid metals. 
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(a) Sodium at 800" F. 

T T  
-Annealed I. 

S]cromo 9M7,  

-tksirbLtt 

0 
Surface roughness, v i n  

(b) Mercury at Moo F. 

Figure 8, - Relation between volume loss and surface roughness. 
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T 
0.1 

5 minutes M minutes 

1 hr 4 hr 
(a) AIS1 316 stainless steel. 

Figure 9. - Damaged surfaces of specimens after exposure t o  cavitation in sodium at 800" F. 
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5 minutes 20 minutes 

C-66-163 
1 hr 4 h r  

(b)  Stellite 68. 

Figure 9. - Concluded. 
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T 
0.1 
L 

Annealed Sicromo 9M AIS1 316 stainless steel AIS1 318 stainless steel 

lnconel 600 A-286 Hastellov X . . . . . . . . -. . . .. 

L-605 Rene' 41 Stellite 65 

Figure 10. - Damaged surfaces of specimens after exposure to cavitation in sodium at 800' F for 4 hours. 
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L-605 (1 hr) Hardened Sicromo 9M (1 hr) 

Annealed Sicromo 9M (1 hr) Hastelloy X (1 hr) 

Figure 11. - Damaged surfaces of specimens after exposure to cavitation in mercury at 300" F. 

L-605 (4 hr) Hardened Sicromo 9M (4 hr) Stellite 68 (4 hr) 
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. .  

0 min 

5 min 
(a) AIS1 316 stainless steel. 

Figure 12. - Photomicrographs of damaged surfaces of specimens exposed to cavitation in sodium at 
800°F. X250. 
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.. . 
0 

0 min 

5 min 

45 min 
(b) L-605. (Reduced 30 percent in  printing.) 

Figure 12. - Continued. 
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0 m i n  5 m i n  

M) m i n  
(c) Stell i te 68. (Reduced 30 percent in printing.) 

Figure 12. - Concluded. 

90 min 
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. .  . .  
. .  

., . 
. . .  

4. 

0 min 0 min 

1 min 
(a) L-605. 

Figure 13. - Photomicrographs of damaged surfaces of specimens e) 
printing. 1 

2 min 
(b) Stellite 68. 

(posed to cavitation in  mercury at 300' F. X250. (Reduced 30 percent in  
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0 
Strain energy, k g h ”  

Figure 14 - Relation of cavitation damage i n  sodium with strain energy parameter. 
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34 

AIS1 316 stainless steel AIS1 318 stainless steel 

0.1" I 
Rene' 41 

Figure 15. - Cavitation damage to pump impeller blades operated in l iquid sodium for  2W hours u p  to 1500" F. 
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