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THE IN-SODIUM CREEP BEHAVIOR OF ALLOYS M-813 AND NIMONIC PE16 

ABSTRACT 

R. P. Anantatmula, E. R. Gilbert 
Hanford Engineering Development Laboratory 

Westinghouse Hanford Company 
Richland, WA 99352 

The in-sodium biaxial creep deformation of internally pressurized tube 
specimen$ of alloys M-813 and Nimonic PE16 was measured at 650°C under con
stant stress conditions after 4000 hours of sodium exposure. Each alloy had 
specimens at two different stress levels, viz., 0 and 165 MPa (24,000 psi). 
The data showed negative diameter changes at zero stress, which were attrib
uted to material densification associated with precipitation. Although mate
rial densification was also seen in-comparabl~ in-argon experiments, the in
sodium creep strains at 165 MPa and 650°C were much lower than the correspond
ing in-argon values. The higher creep strains in argon are explained on the 
basis of two parallel mechanisms involving oxygen, which is present at a low 
level in sodium (1 ppm) as compared with approximately 1000 ppm in the argon 
environment. The trends in the current data are consistent with observations 
by earlier authors. Sodium exposure of Nimonic PE16 also resulted in 4 ~m 
deep intergranular penetration, which did not have any apparent effect on its 
biaxial creep behavior. 

INTRODUCTION 

The creep properties of steels in liquid sodium can be affected by wall 
thinning due to sodium corrosion, the leaching of substitutional elements 
like nickel, chromium, and molybdenum and the transfer of interstitial ele
ments, especially carbon. These effects are more severe in flowing sodium 
than in static sodium leading to phase transformations such as the formation 
of a ferrite layer near the sodium exposed surface. 



Biaxial creep tests are being conducted on candidate cladding alloys 

by the U. S. National Cladding/Duct Materials Development Program (NCDMDP). 

These tests were mainly in-reactor tests in static sodium in the Experimental 

Breeder Reactor-II (EBR-II) although parallel thermal creep tests were also 

performed in argon on some of the cladding alloys. As part of the NCDMDP, 

the effect of flowing sodium on the biaxial creep strain of the candidate 
cladding alloYs is also being investigated. ·It is the purpose of the pres

ent paper to describe the biaxial creep data obtained from specimens of 

cladding alloys M-813 and Nimonic PE16. 

EXPERIMENTAL PROCEDURE 

The compositions and heat treatments of the alloys tested are listed 

in Tables I and 11. The biaxial creep specimens were pressurized with helium 

. 
TABLE I. ALLOY COMPOSITIONS* 

Alloy Fe Ni Cr Mo Si Mn Ti Al c B 

M-813 Bal 35.0 18.0 4.0 0.10 2.25 0.08 0.005 

Nimonic PE16 Bal 43.5 16.5 3.3 0.15 0.1 1.2 0.05 0.01 
*Compositions in weight percent 

Alloy 

t4-813 

Nimonic PEl6 

*Cold Worked 
** Air Cooled 

TARLE II. HEAT TREATMENT 

Heat Treatment 

* ** 20% CW + 1080°C/4 hr/AC + 900°C/l hr/AC + 750°C/8 hr/AC 

20% CW + 900°C/l hr/AC + 800°C/10 hr/AC 

and the sample dimensions were as shown in Figure 1. ·The desired stress 

'evels at the s~dium exposure temperature (650°C) were obtained by pres

surizing the specimens at room temperaturP. to a predetermined level. 
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FIGuRE 1. Schemati:: of the biaxial creep specimen used in Run 6, STCL-4. 
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Strain data were obtained by measuring the diameter of each tube with a laser 
interferometer. (l) The accuracy of the measurement is within± 0.01%. The 

pressurized specimens were cleaned and weighed before insertion into the sodium 
loop, Source Term Control Loop #4 (STCL-4). The schematic of the specimen 
stringer used for housing the biaxial creep specimens in STCL-4 is given in 
Figure 2. The specimen stringer is designed to provide a sodium velocity of 
~6 m·~ec-l past the.biaxial creep sepcimens. The dimensions of the spac~rs 
between the samples are such that there is minimum perturbation to the 
steady turbulent flow around the specimens. An oxygen content of 1 ~ 0.02 
ppm was maintained in sodium with the cold trap kept at· 132°C and the test 
duration was 3964 hours. Each alloy had specimens at two different hoop 
·stress levels, viz., 0 and 165 MPa (24 ksi). The stress levels for this 
run (Run 6, STCL-4) were designed to avoid failure of specimens, which 
might otherwise release helium into the cover gas system, i~creasing the 
cover gas pressure. The procedure for loop operations and data acquisition 
methods were described elsewhere. (2) In ~ddition to weighing and diametral 
measurements, the post-test analysis also included metallography and elec-
tron probe microanalysis (EPMA). 

RESULTS AND DISCUSSION 

The weight loss data from the biaxial specimens of Run 6, STCL-4 are 
given in Table III. The downstream position parameter L/D, where L is the 
distance of specimen from the heater outlet and D is the hydraulic diameter, 

was also listed in the tabl~ for each specimen. The downstream effect, 
which is a decrease in corrosion rate with an increase in the distance of 
specimen from heater outlet, is not apparent in the data from Table III. 
In all of our previous sodium compatibility tests, we had seen a definite 
downstream effect. The reason for the lack of a definite downstream effect in 
the. present experiments may be an effect of stress, which was present at 
different levels in different specimens of each alloy. The effect of stress 
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FIGURE 2. Schematic of the specimen stringer assembly used in Run 6~ STCL-4. 



. ' 

TABLE III. WEIGHT LOSS DATA OF ADVANCED CLADDING ALLOYS OF RUN 6, STCL~4 
(650°C, 1 PPM OXYGEN, 6 m/s SODIUM VELOCITY) 

Hoop Stress Weight Loss Equivalent {orrosion 
Specimen Alloy L/D (MPa) (mg/dm2 ) Rate Microns/yr 

(mils/~r} 

HJ 81 M-813 115.10 0 33.97 1.03(0.041) 
HJ 77 M-813 128.48 165 36.62 1. 11 ( 0. 044) 

~ 
HJ 79 M-813 141.86 165 31.88 0.97(0.038) 
HU 85 PE16 168.62 0 33.80 1.03(0.040) 
HU 79 PE16 182.00 165 32.10 0.98(0.028) 

FLOW HU 80 PE16 195.38 165 40.94 1.24(0.049) 

on the downstream effect seems to be apparent in Nimonic PE16, although it is 
not easily discernible from the data of r~-813. From these r·esults, we con
clude that the effect of stress is to increase the corrosion rate of the speci
mens. 

The metallography data for the biaxial specimens are presented in 
Figures 3-4. The structure of as-received Nimonic PElo contains equiaxed 
grains with annealing twins and carbide precipitates, according to the 
heat treatment given the material (Figure 3). The carbide precipitates 
are distributed throughout the matrix and also along some grain b~undaries. 
There is a continuous network of carbide precipitates along the grain· 
boundaries, in add1t1on to scattered precipitation in the matrix~ after 
sodium exposure. Intergranular attack (IGA) to a depth of approximately 
4 pm is noticeable at both stress levels. Similar IGA was also observed 
in this material in previous studies at 700°C. (3) The aging treatment 
of the as-received M-813 promoted precipitation around.the grain boundaries 
(Figure 4). Exposure to sodium at 650°C resulted in a continuous network 
of grain boundary precipitates in the control specimen. These precipitates 
are presum~d to be sigma, since the electron vacancy parameter calculations 
indicated sigma forming tendency for the material. Precipitation may also 
be seen throughout the matrix. The effect of stress seems to be an increase 
in matrix precipitation, P.sper.ially near the inside and the outside tube sur
faces. Grain boundary precipitation can be seen at high stress also, but on 

a smaller scale. 
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(a) 0 MPi hoop stress 
(b) 165 MPa hoop stress. 
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EPMA data have also been obtained to determine the variation of com
position near the surface of the cladding alloys. A definite iron enrich
ment was observed in the control specimens of both the alloys {Figure 5). 
The iron enrichment in th~ control specimens of M-813 and Nimonic PE16 is 
not strong enough to form ferrite, due to the high nickel content of the 
alloys. However, earlier data {4,S) on commercial alloys had shown that 

with increasing time of exposure all the alloys should form ferrite near 
the surface. Nimonic PE16 did not show a definite depletion of the ele
ments Ni and Cr. These samples were placed at the farthest downstream po
sitions and the sodium contacting the specimens is expected to be satu
rated in those elements resulting in lower corrosion rates and elemental 
depletion. 

The biaxial creep data of Run 6, STCL-4 are given in Table IV. The 
creep strains are calculated in terms of percent diameter change and the 

diameter measurements were corrected for wall thinning due to sodium cor
rosion. It is apparent from the data of Table IV that the diameter changes 
are negative for the control specimens of both the alloys. This is a re
sult of densification and is due to the precipitation of carbides and other 
denser phases. Material densification was also noted in thermal creep 
tests{ 6) and a comparison of densification values for in-sodium 

vs in-argon is shown in Table V. As is evident from the table, the densi
fication is more in sodium than in argon. The increase in densification 
with time of exposure is due to the continuation of the different pre
cipitation reactions. At the high hoop stress level, the diameter 
changes of the M-813 specimens are positive. However, the diameter 
changes of high stress Nimonic PE16 specimens are neqative, possibly due 
to the strong densification effect of the y' precipitates. 
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FIGURE 5. EPMA profiles of sodium-exposed M-813 at 0 MPa hoop stress. 
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TABLE IV. BIAXIAL CREEP DATA OF ADVANCED CLADDING ALLOYS (RUN 6, STCL-4) 

Specimen r~a teri a 1 Hoop Stress %t.D Creep Strain* 
MPa 0 (%t.D Corrected) 

0 

HJ81 M-813. 0 -0.046 0 
HJ77 r~1-813 165 0.014 0.060 
HJ79 ~1-813 165 0.008 0.054 
HU85 PE16 0 -0.052 0 
HU79 PE16 165 -0.047 0.005 
HU80 PE16 165 -0.037 0. 015 

*Corrected for wa 11 thinning due to sodium exposure.~nd densification. 

TABLE V. DENSIFICATION DATA OF IN-ARGON AND IN-SODIUM EXPERIMENTS 

Material Densification at 650°C ( %t.D/D) 

In-Argon In-Sodium 

3000 hrs 5000 hrs 4000 hrs 

Nimonic PE16 -0.033 -0.038 -0.052 
M-813 -0.027 -0.033 -0.046 

The creep strain at the high hoop stress for each alloy was calculated 
by correcting for wall thinning due to sodium exposure and densification. 
The biaxial creep strains from the present data are compared with those 
from the thermal creep exper~ment for the commercial alloys M-813 and 
Nimonic PE16 in Figures 6-7. It may be noted from the figures that the 

creep strain in sodium for the commercial alloys is much lower than in 
argon. 



1.00 r 
0.90 

o.ao I 

0.70 

- 0.60 i 
;::g e:::. 

~ 
0 
<l 

0.40 

0.30 

0.20 

0.10 

o.oo 
o.oo 

M813 STA . 

\JlN-ARGON 

e1 IN-SODIUM 

2,000 

165.5 MPa, 649 C 

4,000 

TIME (HOURS) 

6,000 8,000 

HEDL 7907-177.16 

FIGURE 6. Comparison of 1~-argon and in-sodium biaxial creep data for M-813. 



.,-... 
~ 0 ........ 

Q 
.......... 
Q 

<l 

0.20 

PEI6 AU 

\}'IN-ARGON 

0.1 6 0 IN-SODlUM 

0.12 

0.08 

0.04. r 
·? 

o.oo 
0.00 2,000 

649 C 165.5 MPa 

4,000 6,000 8,000 

TIME (HOURS) 
HcDL 7907-177.15 

FIGURE 7". Comparison of in-argon and in-sodium biaxial creep data for Nimonic PE16. 

... 



The data for Nimonic PE16 and M-813 indicate that after 4000 hours the 
materials are still in steady state.creep in argon environment and this re
gion perhaps exists for longer times in sodium leading to a delay in the on
set of tertiary creep stage. The phenomenon of lOWE!t' creep rate in sodium 
compared to the argon environment is also supported by the work of other 
authors(?) on Alloy 800 at 650°C. Their experiments demonstrated an in

crease in the duration of tertiary crE!eP as well as a delay in the onset 
of tertiary creep. These observations imply that crack propagation is 
slower in sodium than in argon. 

Two mechanisms are proposed here to explain the increase in creep 
strain in the thermal creep experiments compared with the in-sodium 
experiment. The proposed mechanisms are similar to those suggested by 
earlier authors. Shahinian and Achter(8) proposed that the creep properties 
of a nickel-chromium alloy are better in air at low strain rates and high 
temperature than in vacuum and the reverse is true at low temperatures and 
high strain rate~. The strengthening effect in air at low strain rates was 
attributed to internal oxidation ahead of the crack, thus preventing crack 
propagation. However, at high strain rates cracks are produced at a much 
faster rate and adsorption of gases on the surface decreases the surface 
energy facilitating crack propagation. The oxidation strengthening is a 
slow process since it depends on diffusion of oxygen. Shahinian and Achter(g) 
obtained similar results on pure nickel exposed in air and vacuum. 

As mentioned earlier, the strain rates in the present investigations 
are quite low and as such there is perhaps the presence of microcracks in 
the grain boundaries and the interior of the grains. The presence of 

oxygen (approximately 1000 ppm) in the argon environment resulted in 
the formation of a very thin surface oxide layer which was not.enough to 
cause any appreciable strengthening. Although bulk diffusion of oxyge~ in 
nickel and iron-base alloys is slow; oxygen can diffuse much faster through 
the grain boundaries. This is especially true at the low temperatures (650°C) 
of the present experiment and our calculations indicate that oxygen can ac-

.tually penetrate the thickness of our biaxial specimen through grain 
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boundary diffusion in about 100 hours. This means that oxygen is adsorbed 
on the surface of the microcracks reducing the surface energy, thereby in
creasing the microcrack propagation. Le May et al. (JO) suggested that the 

increase in creep rate of AISI 304 stainless steel in air compared with 
that in vacuum is due to oxidation. They _added that the oxidation actually 
enhances the diffusion of Fe and Cr from material to the oxygen atoms, 
leaving vacancies behind. These vacancies, in turn, aid the dislocation 
climb mechanism. The creep process in the present in-argon experiments 
is clearly in the steady-state region where Weertman's(ll) proposed dis
location climb is expected to be important. 

According to the foregoing, we have two parallel mechanisms that help 
each other to increase the creep strain in the in-argon experiments. The 
formation of vacancies and microc~acks reflects the lattice expansion due 
to internal oxidation in the in-argon experiments, which leads to lower 
densification compared to the in-sodium experiments. The microcrack for
mation within the grain boundaries is supported by metallography data on 
20% cold-worked AISI 316 tested in argon. The data clearly show grain 
boundary cavitation (figure 8) which led to the eventual failure of the 
material. 

It was originally suspected that the lower creep strains in sodium are 
perhaps a consequence of carburization of the specimens. However, the car-
bon in sodium in the present experiments was 0.13 ppm and the conditions are 
expected to be slightly decarburizing at 650°C. We had analyzed the refer
ence AISI 316 specimens from earlier sodium compatibility experiments in 
STCL-4 and the specimens showed a definite loss of carbon at approx-imately 
the same concentration of carbon in sodium as the present experiments, in 
agreement with the carburization/decarburization regimes for EBR-II sodium. (l 2) 

The present experiments indicated that the biaxial creep strain is lower 
at 650;C in sodium compared to the in-argon data and that the wall thinning 

due ·to sodium corrosion after 4000 hours of the materials is quite low com
pared to the wall thickness of the fuel cladding used in a fast breeder reactor. 
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Gl~a in bound.::ry cavitation formed during creep in a press uri zed 
AISI 316 tube specimen. 
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In addition, the fission gas pressure at steady-state is estimated to give 
rise to a hoop stress of approximately 82 MPa in a Fast Test Reactor {FTR) 
fuel pin. Therefore, in the absence of appreciable carbon migration near 
the surface, the in-sodium creep of precipitation hardened cladding alloys 
M-813 and Nimonic PE16 in a FTR is not expected to affect the fuel pin per
formance at 650°C. 

CONCLUSIONS· 

1. The in-sodium biaxial creep strains reported here are much lower than 
the corresponding in-argon data at 650°C. 

2. Densification was noted at zero stress due to precipitation. This is 
consistent with the in-argon data, but greater densification was observed 
in sodium. 

3. Two parallel mechanisms involving oxygen.may be responsible for the 
high creep strains in argon. Oxygen can penetrate the material through_ 
grain boundary diffusi.on to the microcracks reducing the surface energy 
and enhancing microcrack propagation. Oxidation also en~ances the dif
fusion of Fe and Cr atoms from the lattice to form oxide, leaving vacan
cies behind. These two mechanisms are additive, making the material 
creep more in argon. 
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