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ABSTFACT 

During the course of an en-going evaluation 

of austenitic alloys for potential liquid metal 

fast breeder reactor (LMFBR) fuel pin cladding 

application, a series of commercial alloys was 

selected for study. This paper describes how the 

data obtained led to the recognition of an 

underlying pattern of behavior and enabled the 

prediction of surface chemistry changes. 

· The changes in surface topographical 

development from alloy to alloy are shown and 

the important role played by the element 

molybdenum in this development is indicated. 

The presentation also illustrates how a 

total d~mage equation was evolved to encompass 

all aspects of weight Joss and metal/sodium 

interaetions: wall thinning ferrite layer 

formation end · intergrarmlar attack. The total 

damage equation represents a significant 

depe.rture from· the classical description of 

sodium corro~ion in which weight loss is simply 

translated into wall thinning. 

INTRODUCTION 

In 1973 the U.S. LMFBR . materials 

community, at the direction : of the U.S. 

Department ·or Energy, · embarked upon an 

ambitious national program to find or develop an 

improved fuel cladding and duct alloy. An alloy 

was needed which would perform better than the 

reference 20% cold worked Type 316 stainless 

steel. While most of the emphasis was on 

improved swelling performance, a comprehensive 

sodium compatibility screening program was also 

initiated. The program, coordinated by the 

Westinghouse Hanford Engineering Development 

Laboratory (HEDL), involved effort at the 

Westinghouse Advanced Reactors Division 

(WARD), Westinghouse Research Laboratories 

(\\'RL) and Westinghouse Hanford (HEDL). 

In the course of the program, a large body 

of information was obtained on the corrosion 

behavior of a wide range of austenitic alloys. 

Certain relationships betY.(een weight loss, 

·surface morphology, alloy type and composition 

became apparent. It is the intent of this paper . 
to present thl'se observations and the contention 

that the corrosion behavior of an austenitic 

l .. e-cr-Nt alloy can be .Predicted ·from its 

co:iiposition and metallurgical character. 
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Extensive information on program 

·philosophy, facility design, experimental 

techniques and data interpretation is available in 

Refer~nces .1 and 2 and will not be covered in 

this paper. 

MATERIALS SELECTION 

The work covered in this paper is restricted 

to seven austenitic/f.c.c. commercial alloys plus 

the 20% cold-worked Type 316 stainless steels 

reference material. Chemical compositions are 

!!iven In Table 1. The alloys are lis~etl in order of 

nickel content, which varies from 13.8% in Type 

316 stainless steel to 52.8% in the Inconel 718. 

The three austenitic stainless steels, Type 316,. 

Typ~ 310 and the alloy 330 are solute-hardened 

materials and were all tested in the 20% 

cold-worked condition. The remaining· alloys are 

precipitation-hardened alloys each requiring a 

multi-step heat treatment to optimize 

mechanical and/or swelling properties. The 

Inconel 706, which is normally given a triple 

aging heat treatment, was, however, tested in 

the solution annealed condition. All materials 

were supplied by HEDL as 10 mm long, 5.84 mm 

OD· X 5.33 mm ID tubing samples. Alloy 

selection was based on potential swelling 

resistance. The 20% cold-\'!orked stainless steel 

was included as a reference. Alloys with nickel 

contents above 53% were excluded because of 

the recognized poor corrosion performance of 

high nicker alloys. 

TEST CONDITIONS AND SA:VIPLE EVALUATION 

The reported results were mainly for 

samples exposed at 7000C at sodium velocities of 

between 4.8 and 6.0 m.s-1 which gave Reynolds 

numbers between 40,280 and 42.800. Data are in 

the main derived from tests performed under 

high heat input conditions (high dT/dL). Oxygen 

levels were nominally 1.0 ppm as measured by 

the vanadium wire equilibration technique. 

Exposure times were up to 10,000 h. 

Sample evaluation comprised two main 

parts; weight change data, which was converted 

to a surface :·egression value simply by using the 

density value for the particular material; and 

structural evaluation, which included 

metallography, scanning· electron microscopy 

(SE!\1) coupled with ener!n' dispersive analysis by 

x-ray (EDAX). 

WEIGHT CHANGE DATA 

Weight loss was determined as a function 

of time between 500 and 10,000 h. Not all alloys 

were exposed at the longer time periods. The 

bar chart in Figure 1 gives a comparison of the 

calculated surface regr.ession expr~ssed in 

microns after 8,000 h. of exposure. The alloys 

are ranked in order of nickel content. Some 

extrapolation was necessary in certain cases. All 

values apply to the point of maximum corrosion 

i.e., at the zero downstream position in the test 

section. 
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Figure 1. Calculated Surface Regression After 

SOOOh at 700°C, Presented in Order 

of Increasing Nickel Content. 



Two important points should be observed. 

First, corrosion rates are not a simple function 

of nickel content and second, the alloys appear 

to fall into two distinct groups, namely, the solid 

solution alloys and the precipitation hardened 

materialS. 

A comparison of the solid solution alloys 

Type 316 stainless steel, Type :no stainless steel 

and Alloy 330 shows a strong, almost linear 

dependency on nid:el content. The precipitation 

hardened alloys do not obey this dependency, 

however, and for a specific nickel content show 

superior performance to the solid solution alloys •. 

The properties of precipitation-hardened 

alloys depend on the formation of several nickel 

- rich compounds. These include: y' Ni3(Al, TiNb) 

; Y'' (Nixl'.'b); o' (Ni3Nb); n (Ni3 Ti) •. The specific 

phases formed depend on the alloy composition 

and the heat treatement given to the material. 

Precipitation of these intermetallics 

removes substantial quantities of nickel from the 

austenitic matrix thus reducing the nickel 

activity in the alloy and the driving force for 

diffusion to ·the surface during the corrosion 

process. The precipitation-hardened alloys will 

therefore corrode at rates much lower than 

would be precicted from . their nickel contents 

alone, - if these compounds are present in the 

TP.at:-ix. 

Interestingly, a reverse effect might be 

occurring in the case of Type 3l ~; stainless steel. 

The alloy tested is actually the low carbon form 

of Type 310 stainless steel, which undergoes a 

massive austenitic transformation to sigma phase 

at '700°t:. Sigma rerr.oves iron and chromium 

form the matrix leavir.g the remaining austenite 

nickel rich. This could conceivably increase the 

corrosion rate. The "normal" grade of Type 310 

stainless steel, with a larger carbon content, is 

not prone to such widespread sigma phase 

formation and on this basis should show a marked 

improvement in its sodium corrosion resistance. 

Figure 2 ranks the alloys in order of 

corrosion rate as determined by weight change 

data. Type 316 stainless steel and Alloy A286 

show the best behavior; Alloy M813 and Nimonic 

PElS are acceptable at about 21 \Jm/y, while 

lnconel 718, lnconel 706 and Alloy 330 are 

probably unacceptable high. 
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Figure 2. Calculated Surface Regression After 

SOOOii at 700°C, Presented in Order 

of Increasing Surface Regression. 

·STRt.'f."'TURAL STUDIES 

The. sodium exposed samples were 

examined for chemical and structural changes by 

combining SEi\1/EDAX and cross sectional 

metallo~aphy. The three techniques, when used 

together, afforded a complete evaluation of the 

surface and subsurface structural changes which 

occured during sodium exposure. 



ENEFGY DISPERSIVE ANALYSIS BY X-R AY The three types of structures as 

The EDAX tec nnique was used in - exemplified hy · Type 316 s tainless steel, Nimoni·c 

conjunction with the SE:\1 to follow the changes PE16 and lnconel 706 are shown in Figure 3. 

in surface chemistr~- with time. In all cases a 

continuing loss of nickel and chromium was 

observed. ·Even the high nickel m-:oonel 718 alloy 

lost sufficient nickel in less than 5 00 h. to 

develop a ferritic surface. At 8,000 h., iron 

concentrations reached as h.igh as 95% for most 

alloys with .essentially zero nickel and a few 

percent chromium. Extrapolation of the Inconel 

718 surface density from 2,000 h. (maximum 

exposurP. tim~ for this material) to 8,000 h. 

suggests an iron content of about 7 5 to 80%. 

Table II gives the 8,000 h. surface chemistry 

compositions for the exposure conditions 

discussed in this paper. Extrapolation was 

required in some cases. The justification for the 

extrapolations is given in Reference 2. 

SCAN NING ELECTRON ivHCROSCOPY 

SEM studies of the corroded surfaces 

revealed three basic surface structures: 

o General a ttrition icentified by a smooth 
surface with some grain boundary 
grooving. Little . or no porosity in 
evidence. This structure is typical of 
Type 316 stainless steel. 

o A ''coral" like structure consist ing of 
ridges of molybdenum rich nodes with 
general, sometimes deep, attack 
between the ridges. Nimonic PE16, 
Alloy i\-!813 and Jnconel 718 fall in this 
cateRory. 

o General porosity which developed into a 
skeletal or web-like structure. The 
porosity inc~eased with increasing 
ni<.>kel content. Fer Inconel 706, Alloy 
A286 and Alloy 330, the porosity was 
wideso~ead an~ aooeHred deep. Type 
310 stainless steel. ~hewed t he beginning 
of oorositv. It should be noted, 
howe-ver, that the exposure condi tions 
experienced 0y the 1;-me 310 stainless 
steel were much less 5evere thHn the 
others in t ha t it wRs only e:qosed under 
low dT/ciL conciitions. 

Figure 3. 

A. INCONEL 706, 0% Mo 

C. NIMONIC PE 16, 3.2% Mo 
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Exam ples of the Influence of Mo on 

Surfnce Feature~ (8000h/Na/ 

700°C/High dT/dL). 



There appears to be a correlation between 

corrosion morphology and molybdenum content. 

Alloys with low molybdenum contents, that is 

less than about 2%, develop porositY anrl never 

develop molybdenum rich nodes on the surface. 

Alloys with intermediate molybdenum contents, 

between 2 and 3%, corro.de by general surface 

regression, show no porosity and end up with a 

generally smooth, featureless surface, free of 

molybdenum-rich nodes. (These nodes may form 

at shorter .time intervals and/or under less 

aggressive corrosion conditions). 

Those alloys with molybdenum contents 

greater than 3% develop and retain the coral like 

structure. This would indicate that the 

molybdenum concentration of an alloy used for 

high temperature cladding is very critical from 

the point of view of corrosion resistance. The 

presence of extensive porosity highlights a 

problem with using weight change data alone to 

evaluate corrosion behavior. Ma terial has been 

removed from below the surface. The surface 

cannot , therefore, have regressed as fnr ao;; the 

weight change c.ata would indicate. 

METALLOGRAPPY 

Conventional metallography was used to 

determine the depth of sodium induced structural 

changes. Three forms of subsurface 

modifications were identified and nre shown in 

Figure 4. 

The first was a uniform, dense ferrite layer 

seen typically on Type 316 stainless steel (Figure 

;ta). Comparison cf sodium exposed and 

as-received cross sections showed that the actual 

loss in wall thickness is very close to the value 

cl!lculate<:' from m('!';'; lo<;<; rlPtP.rrninRtions. The 

ferrite layer thic!-:"ness, at about 12\lffi was 

<'ornp (J rab!e to the trickncss loss. 

The porosit · iden tified by SEM was verified 

metallographically. Extreme porosity is shown 

by Inconel 706 (Figure 4b). 1l1e depth of attack 

is significant at about 40pm. Wall thinning in 

A. 20% CW T316SS/1% CHROMIC ACID. 

B. INCONEL 705/GL YCEROL/HCI/HN03. 

C. NIMONIC PE 16N. LIGHT GL YCEROLIHCI/HN03. 

Figure 4. 
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J;xampl~~ of Subsurface 

Modification in Austenitic Alloys 

Observed After Sodium Exposure 

(8000h/ Na/700°C/High dT/dL). 



this case was negligible. Virtually all of the 

weight loss was from below the original surface. 

Selective subsurface attack was also 

observed to occur in alloys which developed the 

molybdenum rich nodes. The attac!< apparently 

pr:-ogressed between the molybdenum rich ridges 

which protect the underlying metal. 

Severe intergranular attack occurs in some 

alloys. This type of attack was observed in 

Nimonic PElS (.Figure 4c) and Inconel 718. 

However, attack did not .occur in lnconel 706 or 

Alloy 330. It is hypothesized that this type of 

localized sodium corrosion in alloys with a high 

Ni content is due to leaching of a Ni-rich zone at 

the grain boundary surfaces. Such Ni enrichment 

is enhanced in Nimonic P£16 and Inconel 718 

through carbide formation at the boundaries and 

is abetted by a large grain size. Enrichment does 

not occur in Inconel 706 since the grain boundary 

precipitate, delta, is itself a Ni-bearing 

compound and not a carbide. It also did not 

occur in Alloy 330 since the prior thermal history 

in this case caused the carbides to precipitate 

intragTanularly and thus did not induce grain 

boundary segregation. 

C'UO\!ULATIVE DAi\JAGE CO'f~RELATION 

The metallographic observations clearly 

indicate th!'lt alloys cannot be ranked by rate of 

mass loss alone. Account has to be taken of the 

subsurface changes. A cumulative damage 

correlation is therefore required of the form. 

Total Dllmll&"P. ( nil =Wall thinning 

+ Degraded Zone 

+ Intergranular Attack 

· Each term in the equation will be a 

separate function of time, temperature and 

sodium exposure conditions. A comparison can 

be made, however, for the alloys in question for 

a specific set of conditions i.e., 7oooc, 1 ppm 

oxygen, high ·aT/dL and 8,000 h. exposure. The 

cumulative damage values are given in Table III 

and are shown in bar chart form in Figure 5. 

Comparing Figure 5 with the ranking based on 

weight change data (Figure 2) it can be seen that 

the rankings and suitability of the alloys for 

cladding applications have been affected by 

consideration of the subsurface damage. The 

alloy most seriously affected is Nimonic PE16 

which, because of extensive intergranular attack, 

ended up with the worst overall rating. 
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Figure 5. Calculated ·Total Damage After 

8000h at 70.0°C, Presented in Order 

of Increasing Damage. 



.... 

DISrUSSION AND· CO~CL'L'SIO~S 

Several observations have been made which 

relate alloy type and composition to corrosion 

behavior. The observations are consistent 

enough within the group of alloys investigated to 

suggest that a reasonable asses.;;ment of the 

corrosion behavior of an austenitic alloy can be 

rr.ade if its composition and metallurgical nature 

are k'llown. 

The key observations are as follows: 

o Corrosion rate Is nol H siutple function 
of nickel content. Nickel loss is known 
to be a prime contributor to the 
corrosion rate of austenitic alloys and a 
cependency of corrosion rate on nickel 
content might be expected. In the 
precipitation-hardened alloys, however, 
the nickel is stabilized bv the formation 
of nickel-rich intermetallics. The 
driving force for nickel loss is, 
therefore,- reduced. 

o The surface expos·ed to liquid metal will 
become ferritic. Within 10,000 h. under 
high dT/dL conditions, the surface 
composition of any aHoy will be 9Q-9590 
Fe. 

o The development of Fe-Mo corrosion 
resistant nodes is · a function of the 
concentration of :\1o in the alloy. At 
about 1% Mo, the nodes do not form at 
all; at 2.5% they form, but are 
eventually removed by liquid melttl 
attack. The nodes appear as a stable 
feature in alloys with >2.5% Mo, and 

· give rise to characteristic coral-like 
topography. 

o Alloys not containing 11-lo develop 
surface porosity with severity generally 
increasing with increasing Ni content. 
In addition, metal removal occurs 
largely below the original surface, with 
onlv a small fraction of lhe corrosion 
resulting in wall thinning. 

o Severe intergronulor attack occurs in 
some alloys. It is hypothesize<! that this 
type of localized sodium corrosion, in 
alloys willt !l. l•igh Ni content is due to 
leaching of a Ni-rich zone at lhe g;rain 
boundary surfaces. Such ~i enrichment 
is enhanced through carbide formation 
et the t-oundaries and is abetted by a 
la~ge grain size. 
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TASLE l CHEIIICAL CO!IPOSIT!O:I OF COIIMERC!AL CAIIO!OATE AL~OYS 

Alloy :a Fe Cr . :b lin Ti Al !lb 

Type 316 SS 13.8 64.3 17.4 2. 3 1.6 < 01 <.01 '·m 
Ty~~~: 310 SS 19.3 52.9 25.0 0.3 l.fi 

Alloy A-286 24.6 55.6 14.2 1.2 1.2 2.2 0.2 0.3 

Alloy M-813 . 34.5 38.6 18.6 4.2 2.5 1.4 3.0 

Alloy 33' 36.0 42.0 18.9 1.5 

lncone1 705 41.5 37 0 7 16.0 0.1 1.4 0.1 3.0 

lllr.ontc PE 16 43.3 34.4 16.5 3.2 T 1.3 1.2 

lnconcl 718 52.8 18.2 18.5 2.8 0.1 ~-9 0.5 5.4 

TABLE II SURFACE COMPOSITIONS OF·AUSTENITIC 
ALLOYS AFTER lO,OOOh EXPOSURE AT 700°C 

Alloy . %Fe· %Cr %Ni 

T316SS 95 2 < 1 
A286 

~5 3 0 M813 
Alloy 330 95 2 0 
I706 96 2 0 
PE16 95 2 < 1 
I718 77 7 15 

TABLE III 
lli.Qy 

T316SS 
A286 
I706 
330SS 
1·1813 
PE16 

TOTAL DAI1AGE AFTER 8000h AT 700°C 
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