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ABSTRACT 

The effect of grain-boundary attack by cesium oxides 

on the mechanical properties of 20% cold-worked Type 316 

austenitic stainless steel has been determined by tensile 

and biaxial stress-to-failure tests. The measurements were 

performed over a temperature range from 540 to 760°C on 

specimens exposed to cesium oxides out-of-pile. Tensile 

tests were performed under vacuum and helium was used as the 

pressurizing agent in the biaxial stress-to-failure tests. 

Reduction in strength and ductility were observed at all 

temperatures for an increase in grain-boundary penetration 

depth. 

Penetration depths of the stainless steel specimens, 

from 0 to 250 microns, resulted from exposure to cesium 

oxides for varying lengths of time at 660°C. Tensile and 

biaxial stress-to-failure tests were performed at selected 

temperatures and the results were related to the grain-

boundary penetration depth. 

The tensile strength of the exposed material was 

directly proportional to the remaining unpenetrated area, 

so a thinning criterion was developed to predict the load-

bearing capacity of the specimen after a given grain-boundary 

penetration depth is achieved. The temperature-dependent 

vii 
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ductility of the material as measured by total elongation 

and reduction in area decreased rapidly with penetration 

depth, and was at a minimum at 593°C. Uniform elongation 

was not strongly affected, above 650°C, until about 40% of 

the cross-sectional area of the specimen was penetrated. 

In biaxial stress-to-failure tests the reduction in 

strength resulting from grain-boundary corrosion can be 

explained by assuming that the effect of grain-boundary 

penetration is equivalent to the reduction in the tube-wall 

thickness of the specimen. Within the limits of experimental 

scatter, it is found that the "tube-wall thinning criterion" 

is a reasonable approximation, since the failure time for 

the exposed specimens can be predicted from the unexposed 

specimen data within a factor of three. Ductility, as 

measured by average diametral strain was most affected by 

grain boundary attack at 704°C. At all temperatures a 

decrease in the average diametral strain rate caused a 

change in failure mode from rupture to pinhole failure. 



CHAPTER 1 

INTRODUCTION 

Postirradiation examination of austenitic stainless 

steel clad mixed-oxide fuel elements irradiated in a fast 

neutron energy nuclear reactor EBR-II (1-5) and out-of-

reactor fission product penetration tests (6-8) have estab

lished that extensive chemical attack of the cladding by the 

fission products (mainly cesium, tellurium, and molybdenum) 

can occur. Such fission product-cladding reaction, if exten

sive, may contribute to the failure of the cladding. Post

irradiation tensile, creep, and crack propagation tests have 

been part of a continuing program (9-21) but those tests 

generally include a combination of several effects, e.g., 

sodium attack, cladding swelling, fission products attack, 

etc., and do not allow the designer to isolate and quantify 

the effects associated with the fission products alone. 

However, this information is necessary to develop a rational 

failure criterion for the cladding. 

The kinetics of cladding attack as well as the effect 

of the fission products-cladding reaction on the mechanical 

properties of austenitic stainless steel must be known to 

design fuel elements for achieving high burnup. The effect 

of the attack under controlled conditions, by simulated 



fission products was determined by the tensile and biaxial 

creep-to-failure properties of austenitic stainless steel. 



CHAPTER 2 

REVIEW OF LITERATURE 

The changes in mechanical properties of austenitic 

stainless steel in the reactor environment are important in 

nuclear reactor design and operation. The combination of 

mechanical strain (loading) and reactor environment will 

cause degradation of the properties of the cladding and lead 

to different possible failure mechanisms (25). Strain con

trolled deformation caused by fuel swelling is one of the 

important mechanisms to be considered in that part of the 

cladding length occupied by the fuel (10,11,18,20). How

ever in the plenum above the fuel, gas pressure loading is 

the dominant mechanism leading to failure. Under abnormal 

operating conditions, e.g.,during a sudden power excursion 

or with local overheating, gas-pressure loading could pre

dominate over the entire length of the fuel element. In 

addition to the complex loading system, the cladding is also 

exposed to a hostile environment which includes nuclear 

radiation and chemical attack. 

Several investigators (1,4,21-24) have found that 

the mechanical properties of the cladding materials are 

seriously affected by exposure to the reactor environment. 

It is observed that a loss in ductility and strength occurs 

which generally increases with an increase in fluence. 
3 
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Tensile tests (1, 21-24) of irradiated AISI Types 304 and 

316 stainless steel at between 370 and 616°C have shown 

increased hardening of the material with temperature and 

fluence to 2 x 1022 n/cm2 and to 616°C. At higher fluences 

the hardening effect is decreased by increasing the tempera

ture. The loss in ductility is observed at all temperatures. 

Lovell (in 4) found a factor of thirty loss in rupture life of 

Types 304 and 316 stainless steel due to irradiation compared 

to that of unirradiated specimens at 538°C after fluences of 

1.6 x 1022 n/cm2. Murphy and Strohm (14) found that the 

burst strength of the cladding tubes is dependent on the 

temperature at which irradiation was performed, up to 7 04°C. 

Above that temperature the strength is independent of the 

temperature at which irradiation is performed but below 704°C 

irradiated specimens were stronger than unirradiated. 

The effect of defects on the mechanical properties of 

cladding material have also been studied (26-28). Mechanical

ly produced defects have been introduced in the material and 

the defective cladding has been tested under various condi

tions. King, Cook, and Reimann (27) reported that defects 

as shallow as 10% of the wall thickness of the cladding will 

reduce its strength by as much as 25%; however, the work of 

Lauritzen (28) shows that defects as deep as 20% of the wall 

thickness will not significantly decrease the strength of 

Type 316 stainless steel in the annealed and cold-worked 

conditions although a significant reduction in ductility 
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was observed. Yaggee and Wang (26) found that defect as 

shallow as 5% of the wall thickness could initiate failure 

in Type 304 stainless steel tubular specimens at 649°C, that 

internal defects were more damaging than external ones, and 

that the orientation of the defect was an important factor 

in determining its effect on the mechanical properties of the 

cladding. Defects parallel to the longitudinal axis of the 

cladding (i.e.,perpendicular to the maximum stress) were 

the most detrimental. 

The use of cold-worked versus annealed material has 

also been extensively studied (1,29,30-32). Lauritzen and 

Busboom (29) and Blackburn (in 1) found that little benefit 

would be obtained from utilizing cold-worked rather than 

annealed Types 304 or 316 stainless steel for long-term use 

as cladding. They found that for long-range application, 

the strength and the ductility of the annealed material were 

superior to those of the cold-worked material. The work of 

Ray and Murray (32) confirms the above results, but also 

shows that cold work increases the tendency of Type 316 

stainless steel to fail by a pinhole failure, a condition 

that is very desirable in the cladding if failure occurs. 

They further observed that ductility and strength in cold-

worked material were reduced with an increase in grain size. 

Steichen's (30,31) results show that cold work does not 

alter the strain rate dependency of Types 304 and 316 
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stainless. Strain rate controls the deformation behavior 

of those two materials. 

Compatibility studies (2,4) of Types 304, 316 and 

347 stainless steel with (UjP^O^ fuels have shown that 

below 500°C, there is essentially no fuel cladding reaction. 

Above 500 C the presence of cesium and other fission prod

ucts have been observed in the cladding. Johnson and 

coworkers (5) observed iodine in the cladding and concluded 

that iodine was responsible for the corrosion of the cladding. 

Microprobe examination (3) of irradiated cladding material 

has shown that there is no intergranular attack of Type 316 

stainless steel by fission products in hypostoichiometric 

fuels. The presence of cesium and cesium and tellurium in 

the attacked grain boundaries was observed for nonhypostoi-

chiometric fuels. Fish, Holmes, and Leggett (12) and 

Carlander (in 1) found that the upper portion of irradiated 

fuel pins irradiated between 425 and 510°C, had less strength 

and ductility than the rest of the pin because of inter

granular attack of the cladding by fission products, acti

vated by the applied stress. 

The presence of M23Cg precipitates along the grain 

boundaries was observed by Rubin, Aitken and Evans (3) with 

the electron microscope. The precipitation of carbides along 

the grain boundaries increases the intergranular attack in 

stainless steel (33-36). Burst tests (1) have shown that 

intergranular penetration reduces the strength and ductility 
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of irradiated fuel cladding. Biss, Sponseller, and 

Semchyshen (33) found that carbide precipitation along 

grain boundaries occurs at temperatures above 593°C, and 

that as a result of matrix strengthening, the precipitation 

of carbides at the grain boundaries increases the creep 

rupture resistance of the cladding. They also found that 

boundary migration was stress induced. The work of Ring, 

Challenger, and Busboom (13) shows that the burst strength 

of stainless-steel tubes is not drastically reduced by 

localized grain boundary attack as deep as 35% of the wall 

thickness, but that the ductility was considerably reduced. 

They also found that intergranular fracture began at grain 

boundaries that were weakened by the reaction phase; 

however, the fracture rapidly became transgranular as a 

result of high strain rate. 

The temperature dependence of simulated-fission-

product penetration of unirradiated stainless steel has 

been investigated by Maiya and Busch (6,7) over the tempera

ture range 100 to 700°C. They found that the depth of 

grain boundary penetration of Type 304 stainless steel by 

cesium oxides is linear with time, similar to that found 

in irradiated stainless steel cladding, and that the 

penetration is also insensitive to carbide precipitation 

and to precipitate composition and morphology. The reaction 

rate was found to increase with increasing temperature and 



8 

was decreased by the lowering of the initial oxygen-to-

metal ratio. 

Creep-rupture studies (3) of internally pressurized 

Type 316 stainless steel during exposure to small quantities 

of different cesium compounds at 650°C have shown that 

significant mechanical degradation of the material occurs 

as a result of corrosion. Similar results have been 

obtained (37) for uniaxial creep-rupture behavior of 

20 wt % Cr-25 % Ni stainless steel (Nb-stabilized) during 

exposure to tellurium or iodine vapors at 750°C. However, 

no detailed study has been made that permits quantification 

of the effect of corrosion on the mechanical properties. 

This work separates the effect of grain boundary attack from 

other effects found in the reactor environment, e.g., 

coolant effect, nuclear radiation effects, etc; to allow a 

better understanding of the processes occurring in the 

reactor and to allow the development of a rational cladding 

wastage criterion for use in fuel element design. 



CHAPTER 3 

MATERIALS AND EQUIPMENT 
i 

Sample Preparation 

The cladding material for this investigation was 20% 

cold-worked Type 316 stainless steel in the form of sheet and 

tubes. The material was obtained from Hanford Engineering 

Development Laboratory and is from heat V87210. The chemical 

analysis is listed in Table 1. 

The specimens used in the biaxial stress rupture 

tests were cut directly from the cladding tube. Those speci

mens were 15.3 cm long, with 0.58 cm outside diameter, and 

0,038 cm wall thickness. The average grain size was approxi

mately 25 microns (ASTM No. = 8.6). The samples were cleaned 

in a soap solution, then electropolished in a 15 ml sulfuric 

acid-63 ml phosphoric acid solution at 3 amps for about two 

minutes to remove any fine scratches from the inner and outer 

surfaces of the specimen. 

Tensile specimens in sheet form were prepared from 

3,50-cm-diameter rod. The rod was cold rolled and heat 

treated at Argonne National Laboratory until sheet 0.076 cm 

in thickness and 20% cold worked was obtained. Tensile 

specimens with a gage section of 0.211 cm wide and 1.27 cm 

long were prepared from the sheet. The specimens' average 



Table 1. Chemical analysis of 20% cold-worked Type 316 
stainless steel.— Heat V87210.* 

Element Analysxs 
(wt %) 

C 0.051 

Mn 1.51 

Si 0.46 

P 0.013 

S 0.006 

Cr 16.48 

Ni 13.19 

Mo 2.40 

N 0.007 

B 0.001 

Cu 0.05 

Co 0.04 

Fe Balance 

ftThe chemical analysis was done at Hanford Engineering 
Development Laboratory. 



11 

grain size was approximately 86 microns (ASTM No. = 4.5). 

The specimens were also cleaned and electropolished to 

eliminate scratches and imperfections that could act as 

stress concentration points. 

Biaxial Creep Tester - Mark II 

Biaxial stress rupture tests were conducted in a 

biaxial creep test machine. This apparatus consists of a 

high pressure gas system, a heated vacuum furnace chamber, 

associated vacuum pumping equipment, and electronic devices 

for pressure, temperature and vacuum control. Specimen 

pressure and temperature, furnace temperature and vacuum, 

and duration of the test are continuously monitored to 

failure on recording and digital indicating instrumentation. 

Tests can be conducted automatically or manually in either 

vacuum or inert atmosphere. In the automatic operating 

mode, the electronic controls for pressure, temperature, 

and vacuum interact in a prescribed sequence following a 

specimen failure. A general view of the apparatus is shown 

in Fig. 1. A more detailed description of the machine and 

its operation can be found in the literature (38). 

Tensile Equipment 

All tensile tests were performed on an Instron 

Universal Tester Model TT-C (Instron Corp.). Load values 

for each test were obtained from a conventional strain-gage-

type load cell with the results recorded on a strip chart. 
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Fig. 1. Biaxial creep tube-burst apparatus -- 1. Explosion
proof cabinet; 2. Adjustable pressure switches; 
3. Electric timers; 4. Precision high-pressure 
gauge; 5. Multipoint millivolt recorder; 6. Three
zone-furnace; 7. Precision millivolt recorder 
(AZAR); 8. Thermocouple reference junctions; 
9. Twelve-position pushb~tton switch; 10. Foreline 
vacuum relay switch; 11. Hold-line vacuum relay 
switch; 12. Cold-cathode vacuum gauge; 13. Main 
furnace power switches; and 14. Digital-type 
proportional temperature controllers. 



The specimen extension was obtained from the crosshead 

displacement of the Instron and recorded on the strip chart. 

Temperature measurement and control were obtained with 

calibrated Type K Chromel-Alumel thermocouples obtained 

from Omega Engineering, Inc. 



CHAPTER 4 

EXPERIMENTAL PROCEDURE 

Biaxial Stress-to-Failure Tests 

After cleaning and electropolishing, the tubular 

specimens were sealed at one end. The other end was sealed 

following introduction of a small amount of cesium oxides. 

The cesium oxides used in the present work contain predomi

nantly a mixture of CS2O and CSO2 and were prepared by 

allowing high purity cesium to react with a known amount of 

oxygen. The cesium was obtained from Cerac/Pure Chemicals, 

Inc. Since cesium oxides react with air, all specimen load

ing and welding operations were performed in a dry glovebox 

filled with an inert atmosphere. The specimens were next 

encapsulated in a partially evacuated quartz tube and the 

assembly was placed in a rocking furnace held at a predeter

mined temperature for a predetermined length of time to 

obtain the desired grain boundary penetration depths. This 

procedure permits the desired penetration depths to be 

achieved across the entire length of the tube. An example 

of grain boundary penetration depth of stainless steel 

due to exposure to cesium oxides is shown in Fig. 2 , 

Following the exposure treatment, the capsule was cut open 

and the remaining cesium oxides were removed. Part of the 

14 



Fig. 2. 
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Typical intergranular attack of stainless 
steel by cesium oxides. 

15 
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specimen volume was displaced with a solid rod of stainless 

steel to reduce the volume of high pressure gas within the 

specimen. The smaller volume minimizes the tearing of the 

specimen after failure. The biaxial stress rupture proper

ties of the specimens internally pressurized with helium 

were then investigated using the machine described in 

Chapter 3. 

Tensile Tests 

After cleaning and electropolishing in a bath of 

sulphuric and phosphoric acids, the specimens were intro

duced into a stainless steel capsule (large enough to 

accommodate the required number of specimens) sealed at one 

end. The other end of the capsule was sealed following the 

introduction of a small quantity of cesium oxides. The 

capsules closed at both ends were placed in a rocking fur

nace held at 660°C for different lengths of time up to 100 

hrs to produce various grain-boundary penetration depths. 

The rocking arrangement permitted uniform penetration 

depths to be achieved in all the specimens contained in a 

capsule. Following the exposure treatment, the assembly 

was cut open and the test specimens were washed with methyl 

alcohol to remove the remaining cesium oxides. The tensile 

properties of the specimens were determined in vacuum, 

using an Instron Machine, at temperatures between 538 and 

760°C. The test temperature for each specimen was obtained 
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within thirty minutes heat up time and maintained for 

fifteen minutes prior to initiating the test. The unexposed 

specimens were heat treated at 66 0°C for 100 hrs prior to 

mechanical testing and thus provided an approximate basis 

for comparing the tensile properties of the exposed and 

unexposed stainless steel specimens. 

Metallographic Examination 

As soon as the biaxial creep specimens were removed 

from the rocking furnace, one end of the tube, approximately 

3.8 cm. long, was cut in several pieces and mounted in 

bakelite for metallographic examination. A metallurgical 

polish was given to the exposed surface using a lapping-

polishing machine (Syntron Corp.). The maximum penetration 

depth was measured, before and after testing, using an 

enlarged image with a calibrated eyepiece attached to a 

microscope. It was observed that the penetration depth 

along the length of the specimen varied less than six 

percent. After test, metallographic samples were examined 

optically to see if there was any further penetration of 

the grain boundaries by the remaining cesium oxides and/or 

corrosion products and also to determine how intergranular 

penetration affects the amount and distribution of cracks 

in the tested specimens. 

The metallographic samples were cut from the un

stressed part of the specimen after the tensile test was 



18 

finished and the average penetration depth in the specimen 

was measured. Penetration depth measurements varied 

approximately five percent. 

The fractured surfaces of biaxial creep rupture 

and tensile specimens were also examined with the scanning 

electron microscope to determine the mode of failure. 



CHAPTER 5 

RESULTS AND DISCUSSION 

Biaxial Stress-to-failure Tests 

Stresses in the fuel-element cladding develop chiefly 

from internal pressures. Differential thermal expansion of 

the cladding occurs during power transients, but those ther

mal stresses relax rapidly during steady-state operation. 

Swelling of the fuel from fission products results in one of 

the most significant sources of cladding stress. Released 

fission gas also results in high plenum pressures. The 

resulting stress system is biaxial although not necessarily 

2:1 in the fueled region of the element. The choice of 

biaxial stress-to-failure tests for evaluating strength and 

ductility of cladding material was based on reasonably simu

lating the in-reactor biaxial stress system. 

In this work, prototypic cladding material was tested 

after out-of-pile exposure to cesium oxides attack. Unexposed 

specimens were also tested to serve as controls. The 

results of the control (unexposed) specimen tests are in good 

agreement with the results of similar tests on the same type 

of material performed by other investigators (39). The 

biaxial stress-to-failure properties of 20% cold-worked Type 

316 stainless steel as affected by prior intergranular 

19 
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penetration by cesium oxides are summarized in Tables 2-5. 

A log-log plot of effective stress versus time-to-failure 

for penetrated and unpenetrated specimens is shown in Fig. 3 

The time to failure is taken as the total test time to the 

point of loss in specimen internal pressure. The effective 

stress is calculated according to the general equation (40) 

°eff = [(<V°Z)2+ «V °r)2 + <0r -°e)2j 1/2 <5-1) 

where 

a0= P(b2 + a2) (5t2) 
, 2  2  b - a 

a = Pa2 (5.3) 
2 b< - a< 

and 
V -P; (5.4) 

a0' az}' anc* °r are "transversal» longitudinal, and radial 

stresses in the internally pressurized tube, P is the inter

nal pressure, and b and a are the outer and inner diameter 

of the tube. 

The time to failure is seen to decrease signifi

cantly with an increase in intergranular penetration depth. 

The reduction in strength resulting from grain-boundary attack 

can be quantitatively explained by assuming that the effect 

of grain boundary penetration is equivalent to the reduction 



Table 2. Effect of grain-boundary penetration by cesium oxides on the biaxial stress-
to-failure properties of stainless steel at 593°C. 

Specimen 
Designation 

Average 
Penetration 

Depth, 
microns 

Effective 
Stress, 
MN/m2 

Corrected 
Effective 
Stress, 
MN/m2 

Time to 
Rupture 
hrs 

Average 
Diametral 
Strain, 

% 

Average 
Diametral 
Strain Rate, 

hr~l 

Type 
of 

Failure 

17 0.00 293.85 293.85 531.8 1.61 3.03 x 10~5 Rupture 

18 0.00 318.33 318.33 169.9 0.83 4.89 x 10~5 Rupture 

19 0.00 342.81 342.81 107.9 1.91 1.77 x 10_H Rupture 

75 0.00 421.13 421.13 9.9 1.07 1.09 x 10~3 Rupture 

E-33 41.66 375.83 422.07 17.2 0.95 5.52 x 10"4 ». Rupture 

E-32 43.18 352.60 394.52 13.1 0.60 4.62 x 10 
r 

Rupture 

E-34 53.59 293.85 338.33 220.2 0.83 3.77 c 10~° Rupture 

E-35 55.37 318.33 369.25 115.1 1.39 1.21 x 10~4 
r 

Rupture 

E-30 57.15 304.82 339.91 113.3 0.80 7.08 x 10"° 
i. 

Rupture 

E-21 58.67 318.33 371.97 53.3 0.83 1.55 x 10 
h 
.Pinhole 

E-31 62.99 326.88 369.70 7.1 0.23 3.10 x 10 Pinhole 

E-36 69.09 342.81 412.86 14.8 0,74 4.93 x 10~4 
o 

Rupture 

E-37 70.87 367.28 445.78 4.7 0.61 1.30 x 10'^ Rupture 

E-72 165.86 205.67 335.29 398.9 0.77 1.91 x 10~5 Pinhole 

E-70 169.16 171.40 298.68 506.2 0.55 1.09 x 10~5 
r 

Pinhole 

E-71 179.58 183.68 335.50 255.5 0.38 1.49 x 10_* Rupture 

ro 
H 



Table. 3. Effect of grain-boundary penetration by cesium oxides on the biaxial stress-
to-failure properties of stainless steel at 649°C. 

Average Corrected Average Average 
Penetration Effective Effective Time to Diametral Diametral Type 

Specimen Depth, Stress, Stress, Rupture, Strain, Strain Rate, of 
Designation microns MN/m* MN/m hrs % hr~^ Failure 

1 0.00 220.36 220.36 384.4 1.91 4.96 X 10~5 Pinhole 
2 0.00 244.83 244.83 82.6 1.31 1.59 X io"4 Rupture 
3 0.00 269.38 269.38 43.8 1.95 4.45 X 10~4 Rupture 
4 0.00 293.85 293.85 23.2 2.82 1.21 X 10'3 Rupture 
E-25 37.34 293.85 323.09 23.6 2.09 7.75 X 10-4 Rupture 
E-22 38.10 235.04 259.38 473.8 2.64 5.57 X 10"5 Pinhole 
E-23 38.61 254.62 280.96 329.9 2.65 8.03 c 10""5 Pinhole 
E-24 42.93 274.27 306.89 111.2 2.38 2.14 X 10~4 Rupture 
E-17 52.58 220.36 252.83 101.7 2.37 2.32 X 10-4 Rupture 

w
 i H-*
 

CO
 

54.61 195.88 223.94 177.6 1.81 1.02 X 10~4 Pinhole 
E-19 55.37 244.83 284.06 80.8 2.57 3.18 X 10~4 Rupture 
E-39 58.67 235.04 274.69 55.5 1.67 3.10 X 10"4 Rupture 
E-57 64.01 244.83 290.48 20.2 1.02 5.07 X 10"4 Rupture 
E-66 148.59 171.40 273.52 222.2 1.00 4.50 X 10~5 Rupture 
E-67 159.00 146.93 244.76 701.7 1.04 1.48 X IO"5 Pinhole 
E-68 181.36 122.45 226.42 804.7 0.53 6.59 X 10"6 Pinhole 

ro 
ro 



Table 4. Effect of grain-boundary penetration by cesium oxides on the biaxial stress 
to-failure properties of stainless steel at 704°C. 

Average Corrected Average Average 

Specimen 
Penetration 

Penetration 
Depth, 
microns 

Effective 
Stress, 
MN/m2 

Effective 
Stress, 
MN/m2 

Time to 
Rupture, 
hrs 

Diametral Diametral 
Strain, Strain Rate, 
% hr"1 

Type 
of 

Failure 

9 0.00 186.09 186.09 131.5 5.35 4.07 X 10~4 Rupture 

10 0.00 205.67 205.67 62.9 4.52 7.19 X 10'4 Rupture 

11 0.00 225.25 225.25 33.1 5.95 1.80 X IO-3 Rupture 

12 0.00 244.83 244.83 18.7 6.70 3.58 X IO-3 Rupture 

HT-2 0.00 186.09 186.09 128.5 7.31 5.69 X io-4 Rupture 

E-41 34.29 146.93 160.44 618.2 7.49 1.21 X 10"4 Pinhole 

E-10 38.10 220.36 243.18 7.1 0.61 8.60 X 10~4 Rupture 

E-49 42.93 127.35 142.45 315.9 2.04 6.47 X 10~5 Pinhole 

E-8 50.80 171.40 195.95 22.4 0.61 2.70 X io-4 Pinhole 

E-9 51.82 195.88 224.77 11.3 0.61 5.40 X 10-4 Pinhole 

E-38 52.58 166.51 191.05 185.6 4.76 2.57 X IO"4 Pinhole 

E-12 69.09 244.83 294.89 3.0 0.69 2.30 X 10-3 Rupture 

E-63 98.81 166.51 220.98 24.1 1.49 6.20 X io-4 Rupture 

E-64 105.66 137.14 185.95 55.9 0.84 1.50 X IO-4 Pinhole 

E-62 107.19 195.88 266.83 3.0 0.94 3.12 X 10~3 Rupture 

E-65 108.46 117.56 160.85 101.4 0.84 8.25 X 10~5 Pinhole 

E-61 113.28 132.24 184.16 48.8 0.92 1.88 X 10~4 Pinhole 

E-58 114.81 205.67 287.79 4.6 0.71 1.55 X IO-3 Rupture 

E-60 151.89 156.72 254.07 32.2 0.88 2.72 X IO-4 Pinhole 



Table 5. Effect of grain-boundary penetration by cesium oxides on the biaxial stress-
to-failure properties of stainless steel at 760°C. 

Specimen 
Designation 

Average 
Penetration 

Depth, 
microns 

Effective 
Stress, 
MN/m2 

Corrected 
Effective 
Stress, 
MN/m2 

Time to 
Rupture, 
hrs 

Average 
Diametral 
Strain, 

% 

Average 
Diametral 
Strain Rate, 

hr~l 

Type 
of 

Failure 

21 0.00 83.22 83.22 638.5 12.62 1.98 x 10-4 Pinhole 

22 0.00 106.87 106.87 169.7 5.39 3.18 x 10-4 Pinhole 

24 0.00 168.92 168.92 26.1 7.22 2.77 x 10"3 Pinhole 

25 0.00 193.95 193.95 2.4 2.52 1.05 x 10"2 Rupture 

HT-1 0.00 168.92 168.92 11.8 7.42 6.29 x 10~3 Rupture 

E-28 28.70 137.14 151.27 68.4 5.97 8.72 x 10~4 Pinhole 

E-48 30.99 171.40 185 .88 7.9 2.04 2.58 x 10~3 Pinhole 

E-45 31.75 146.93 159.34 13.5 1.28 9.48 x 10"^ iRupture 

E-44 38.10 122.45 135.07 83.3 2.95 3.54 x 10*4 Pinhole 

E-46 38.10 137.14 151.27 52.8 6.27 1.19 x 10"3 Pinhole 

•• E-27 39.62 102.87 113.87 149.3 5.89 3.93 x 10~4 Rupture 

E-29 40.64 171.40 190.43 9.6 6.29 6.55 x 10~3 Rupture 

E-47 47.75 137.14 155.61 18.5 1.79 9.68 x 10"4 Pinhole 

E-26 50.04 88.18 100.39 170.4 5.93 3.47 x 10-4 Pinhole 

E-14 62.23 117.56 138.93 97.3 5.10 5.24 x 10-4 Pinhole 

E-76 138.18 53.87 82.53 530.2 3.06 5.76 x 10~5 Pinhole 

E-73 162.31 68.56 116.11 226.2 5.05 2.23 x 10~4 Pinhole 

E-81 292.10 36.73 149.41 148.6 4;88 3.28 x 10-4 Pinhole 
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in the tube wall thickness of the specimen. For the exposed 

specimens, the least-squares fit of the data corrected for 

grain-boundary corrosion yields the dashed lines shown in 

Fig. 3. The solid lines are least-squares fits of the data 

for unexposed specimens. At 593 and 760°C the dashed and 

solid lines coincide. Within the statistical limits of 

experimental data, the "tube wall thinning criterion" is a 

reasonable approximation inasmuch as failure times for the 

exposed specimen can be predicted from the unexposed speci

men data to within a factor of three in the temperature 

range of this investigation. 

The outside diameters of the tubes were measured 

with a micrometer, before and after the tests. The post-

test measurements were taken at intervals of 1.25 cm and 

away from the failure points. Those measurements were used 

to calculate the average diametral strain, AD/DQ (where D0 

is the original tube diameter and AD is the change in 

diameter) and the average diametral strain rate (e) of the 

material for the given test conditions. Figure 1 is a log-

log plot of effective stress versus average diametral 

strain rate. It is obvious from an inspection of Fig. H 

that pinhole failures predominate at the lower strain rates, 

at all temperatures, while failure by violent rupture 

predominates at the higher strain rates. The slope of the 

log versus log e curve increases, above 704°C, with 

a decrease in strain rate. At a constant temperature an 
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increase in grain boundary sliding is associated with a 

decrease in strain rate and will contribute to an increase 

in the slope of the curve log versus log e. 

The two failure modes most commonly observed in 

biaxial stress-to-failure tests are violent rupture and 

pinhole failure. Typical specimen profiles for failure by 

violent rupture and pinhole leak, are shown in Fig. 5. 

Measurements taken in the tested specimens show that the 

localized plastic strain is much lower for pinhole failure 

than for violent rupture. The amount of localized plastic 

strain increases with an increase in strain rate and changes 

in failure mode. 

Metallographic examination of the failed specimens 

indicates that pinhole failure occurs by cavity formation 

and interconnection. Violent rupture occurs by transgranular 

fracture. No visible increase in grain-boundary penetration 

during the test was observed. Comparison of unexposed and 

exposed metallographic samples after the test show many 

cracks in the outer surface of unexposed and lightly exposed 

specimens while only very small cracks can be observed in 

the inner surface. In the exposed tubes with penetration 

greater than 50 microns many cracks are observed in the 

inner surface but only a few can be seen in the outer sur

face. In tubes with deep penetrations only a few cracks 

form in the inside of the tube and they grow rapidly until 

failure occurs. Figure 6 shows the distribution and size 



Cal (b) 

(C) 

Fig. 5. Failure modes of stainless steel tube 
specimens biaxially creep tested at 704°C 
after exposure to cesium oxides -- (a) 
Rupture, s = 2.3 x lo-3 hr-1; average 
penetration depth, 69.1 ~ m, (b) Rupture, 
E = 6.2 x lo-4 hr-1; average penetration 
depth, 98.8 ~m· and (c) Pinhole, £ = 
1.9 x lo-4 hr-i; average penetration depth, 
113.3~m. 

zg 



(a) 

(b) 

Fig. 6. Crack distribution in biaxially creep tested 
specimens -- (a) Unexposed, (b) Average 
penetration depth, 151.9 11m. 
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of the cracks in exposed specimens after failure. The 

difference in behavior between exposed and unexposed speci

mens can be explained in terms of the weakening of the grain 

boundaries by the cesium oxides attack. 

The ductility of the exposed specimens is reduced 

substantially by exposure to cesium oxides, above 704°C. 

Below 704°C the ductility is approximately the same for both 

exposed and unexposed specimens. The reduction in ductility 

is believed to be caused by strengthening of the matrix by 

carbide precipitation and weakening of the grain boundaries 

because of cesium-oxides attack. At the lower temperatures, 

precipitation of carbides is slower, so even when the grain 

boundaries are weaker because of cesium-oxides attack, the 

matrix is still able to deform before failure occurs. This 

can explain the behavior of the cladding under the different 

conditions. 

Following the concepts proposed by Hart (41-43), 

Yaggee and Li (44) demonstrated that tube-specimen failure by 

pinhole leak is caused by grain boundary sliding, while 

failure by violent rupture is caused by mechanical instabil

ity. At elevated temperatures and high strain rates, plastic 

deformation of polycrystalline metals is probably the result 

of grain matrix deformation (41). Under this condition the 

contribution of grain boundary sliding to the total deforma

tion is insignificant. However, the contribution by grain 

boundary sliding can become significant at high strain 
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rates if the temperature is increased, making possible a 

change in failure mode from rupture to pinhole. 

Tensile Tests 

The effect of grain-boundary attack by cesium oxides 

on the tensile properties of 20% cold-worked Type 316 stain

less steel was investigated between 538 and 760°C under vac

uum conditions. The yield strength (0.2% offset), ultimate 

tensile strength, uniform and total elongation, and reduc

tion in area were measured for strain rates between 0.1 and 

0.004 min"-*-. 

The general effects of prior corrosion by cesium 

oxides on the tensile properties at 649°C are illustrated by 

the engineering stress-strain curves shown in Fig. 7. The 

Tensile property data generated at different temperatures 

and at different strain rates are listed in Tables 6-10. 

The data for the unexposed specimens represent an average of 

at least four tests. The scatter in the data is within ten 

percent and the data compare reasonably well with the avail

able data (31). The variation in the measured grain-boundary 

penetration depth in an exposed specimen was within six per

cent and the penetration depth as observed with an optical 

microscope did not increase during testing. The results 

obtained at 649°C and at a strain rate of 0.04 min-̂  are 

plotted as a function of unpenetrated cross sectional area in 

Fig. 8. The fraction of the unpenetrated area is defined as 

Aup_ (w-2x) (t-2x) 
Sq wt 
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Fig. 7. Stress-strain curves of stainless steel pene
trated by cesium oxides tested at 649°C--X 
represents the average grain-boundary pene
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Table 6. Tensile properties of 20% cold-worked Type 316 stainless steel at 538°C. 

Average Ultimate Re
strain Penetration 0.2% Yield Tensile Uniform Total duction 

Specimen 
esignation 

Rate, 
min"l 

' Depth, 
microns 

Stress, 
MN/m2 

Stress, 
MN/m2 

Elongation, 
% 

Elongation, 
% 

in Area 
% 

1 0.4 0..0 342.8 445.0 14.7 15.4 52.3 
2 0.04 0.0 355.6 466.6 15.2 18.3 47.1 
3 0.004 0.0 359.9 462.8 16.1 17.2 44.9 

ET-155 0.04 2.5 348.1 451.1 12.6 14.9 43.1 
ET-47 0.4 6.6 345.4 440.0 12.7 15.3 44.4 
ET-46 0.4 7.1 343.1 444.3 10.8 14.3 44.8 
ET-42 0.004 7.4 361.6 451.9 11.3 14.6 37.0 
ET-43 0.004 7.6 358.9 455.5 11.7 14.8 38.9 
ET-97 0.04 7.6 344.7 451.4 12.2 14.7 42.9 
ET-45 0.04 8.9 359.2 451.7 13.0 15.4 39.6 
ET-44 0.04 10.2 337.3 457.2 12.0 14.7 40.5 
ET-98 0.04 10.4 351.5 449.5 13.4 14.9 37.7 
ET-143 0.04 18.4 345.5 455.3 12.7 14.6 37.1 
ET-142 0.04 35.8 353.2 450.8 10.8 13.9 33.0 
ET-135 0.04 40.1 359.4 436.4 9.5 13.3 26.2 
ET-120 0.04 63.5 320.7 380.5 6.8 8.5 20.0 
ET-121 0.04 72.4 306.3 384.2 6.8 8.3 20.6 
ET-126 0.04 90.9 301.3 329.0 6.0 7.4 12.3 
ET-125 0.04 91.4 292.5 350.5 5.4 7.2 10.6 
ET-124 0.04 100.1 295.7 326.7 6.1 7.3 10.5 
ET-93 0.4 116 *8 244.4 284.1 4.5 5.5 10.5 
ET-94 0.4 133.9 240.6 267.7 3.7 5.3 9.0 
ET-92 0.04 135.4 233.7 262.2 3.4 4.7 7.8 
ET-91 0.04 141.7 237.3 273.5 3.0 4.4 7.8 
ET-90 0.004 144.8 224.0 268.8 3.9 4.9 6.5 
ET-89 0.004 152.7 200.7 231.8 3.8 5.0 . 8.5 
ET-149 0.04 252.7 173.0 181.0 0.6 1.9 0.0 

to  
•F 



Table 7. Tensile properties of 20% cold-worked Type 316 stainless steel at 593°C. 

Average Ultimate Re
strain Penetration 0.2% Yield Tensile Uniform Total duction 

Specimen Rate, 
Designation min~l 

Depth, 
microns 

Stress, 
MN/m2 

Stress, 
MN/m2 

Elongation, 
% 

Elongation, 
% 

in Area, 
% 

4 0.4 0.0 346.0 434.3 10.1 14.2 47.8 
5 0.04 0.0 346.2 436.9 12.7 15.9 47.3 
6 0.004 0.0 357.7 439.5 10.3 16.7 43.8 

ET-15 0.04 2.8 352.3 437.6 11.0 14.5 42.7 
ET-19 0.004 2.8 355.6 415.8 9.1 15.6 39.4 
ET-13 0.4 3.1 335.0 425.5 9.8 12.9 41.9 
ET-17 0.004 3.6 350.6 410.9 9.5 15.9 38.6 
ET-14 0.4 4.1 346.4 425.5 9.3 12.4 40.7 
ET-11 0.4 . 4.6 345.5 431.2 10.0 13.2 41.2 
ET-16 0.04 4.6 349.2 428.2 9.6 13.3 41.4 
ET-20 0.004 4.6 346.0 402.0 9.6 16.3 39.1 
ET-18 0.004 7.6 353.2 418.4 8.9 '16.3 40.4 
ET-12 0.4 8.6 337.5 422.6 9.1 12.4 41.6 
ET-144 0.04 17.3 338.6 437.2 10.3 14.1 35.3 
ET-136 0.04 39.4 338.6 406.3 8.7 11.0 30.8 
ET-117 0.04 70.4 280.8 355.0 6.3 8.2 19.4 
ET-118 0.04 79.S 288.6 355.2 5.9 7.8 18.7 
ET-119 0.04 80.3 283.9 355.5 6.9 8.5 13.2 
ET-87 0.004 88.9 261.5 315,1 3.4 7.6 14.1 
ET-127 0.04 100.8 273.9 310.2 6.6 7.8 11.5 
ET-128 0.04 101.6 257.4 304.0 5.9 7.4 9.6 
ET-8 5 0.004 107.7 254.6 283.0 2.9 5.9 7.0 
ET-129 0.04 111.0 273.2 300.6 3.8 5.4 10.0 
ET-86 0.004 111.3 235.0 283.8 3.5 5.2 7.2 
ET-84 0.04 117.9 223.0 268.2 3.0 4.5 8.4 
ET-82 0.04 122.9 248.1 292.3 2 1 2  3.6 9.1 
ET-83 0.04 127.8 225.0 250.1 2.3 3.3 8.6 
ET-81 0.4 130.3 227.0 268 .6 3.5 4.8 9.2 
ET-88 0.004 133.1. 213.3 250.7 3.8 5.3 7.6 
ET-80 0.4 151.4 217.1 244.8 3.4 4.1 4.3 
ET-79 0.4 159.0 204.1 235.3 3.2 4.4 4.3 
ET-15.0. 0.04 229.1 154.9 156.8 0.3 1.6 0.0 



Table 8. Tensile properties of 20% cold-worked Type 316 stainless steel at 649°C. 

Average Ultimate Re
Strain Penetration 0.2% Yield Tensile Uniform Total duction 

Specimen Rate. Depth, Stress , Stress, Elongation, Elongation, in Area 
Designation min~-£ microns MN/m2 MN/m2 % % % 

7 0.4 0.0 342.8 407.7 10.5 12.8 48.7 
8 0.04 0.0 339.5 400.9 8.2 18.1 46.1 
9 0.004 0.0 323.3 368 „5 4.3 23.8 49.5 

ET-5 0.4 5.3 321.4 406.6 10.1 13.1 42.9 
ET-8 0.004 6.9 329.5 356.7 4.8 22.8 46.4 
ET-7 0.004 7.1 310.0 363.0 4.6 21.0 50.0 
ET-3 0.4 7.4 326.7 399.3 10.2 12.6 46.7 
ET-4 0.4 7.4 320.5 391.1 9.8 13.0 47.9 
ET-1 0.04 7.4 327.1 391.6 8.6 18.3 45.7 
ET-2 0.04 7.6 331.2 396.9 8.4 18.4 42.8 
ET-122 0.04 8.6 345.6 400.4 8.0 19.4 45.2 
ET-6 0.4 8.6 328.5 401.8 9.6 12.6 48.3 
ET-9 0.004 9.4 318.1 354.1 4.5 21.2 48.5 
ET-10 0.004 9.4 314.8 348.3 4.6 21.8 47.9 
ET-145 0.04 9.9 346.3 401.3 8.4 18.8 43.9 
ET-146 0.04 12.3 338.7 395.1 8.4 19.8 40.0 
ET-133 0.04 20.8 349.1 400.5 8.0 20.2 36.4 
ET-131 0.04 22.9 358.7 400.5 7.8 17.6 37.1 
ET-138 0.04 22.9 337.6 390.3 8.2 18.9 34.7 
ET-137 0.04 45.2 326.7 361.4 7.9 17.8 25.2 
ET-108 0.04 77.2 259.5 316.3 6.7 13.9 15.6 
ET-110 0.04 78.0 275.2 330.3 7.3 14.2 16.3 
ET-132 0.04 96.0 255.2 279.1 7.0 12.7 12.7 
ET-123 0.04 97.0 251.6 279.2 7.2 12.9 14.6 
ET-109 0.04 107.4 252.6 280.1 5.2 8.3 10.5 
ET-13 0 0.04 112.0 251.0 270.6 4.8 9.1 12.0 
ET-7 8 0.4 118.6 243.9 282.3 4.9 6.9 7.5 
ET-106 0.004 120.1 208.8 224.2 2.7 10.3 7.8 
ET-107 0.004 124.0 208.8 233.2 2.7 11.0 9.2 



Table 8. (Continued) 

Average 
Strain Penetration 0.2% Yield 

Specimen Rate. ' Depth, Stress, 
Designation min"* microns MN/m? 

ET-69 0.004 126.0 214.2 
ET-105 0.004 126.2 214.5 
ET-99 0.04 128.0 215.0 
ET-100 0.04 130.6 215.0 
ET-101 0.04 132.6 223.4 
ET-102 0.4 133.1 221.3 
ET-70 0.004 142.2 218.4 
ET-103 0.4 143.3 216.6 
ET-76 0.4 145.8 204.6 
ET-77 0.4 147.1 216.4 
ET-104 0.4 147.8 213.0 
ET-75 0.4 149.6 2D0.4 
ET-71 0.004 151.9 198.0 
ET-74 0.04 153.2 205.1 
ET-72 0.04 159.5 211.6 
ET-73 0.04 165.1 208.0 
ET-152 0.04 207.5 _ 151.8 
ET-151 0.04 263.1 128.5 

Ultimate Re-
Tensile Uniform Total duction 
Stress, Elongation, Elongation in Area, 
MN/m2 % • % % 

236.50 2.53 9.6 6.2 
232.60 2.62 9.3 9.7 
237.70 4.82 8.6 6.1 
230.0 5.22 8.1 8.0 
228 .6 5.00 7.9 9.1 
238 .9 5.15 6.6 9.0 
229.5 2.15 6.1 7.4 
236.2 5.13 5.6 8.3 
229.9 3.16 4.0 5.1 
235.7 2.65 4.5 5.8 
222.5 2.40 4.3 7.7 
233.8 2.64 4.2 4.6 
220.4 1.89 3.8 5.0 
205.2 2.15 3.9 4.8 
197.8 2.44 3.8 4.8 
195.0 2.27 3.6 2.0 
152.9 0.29 1.9 0.5 
129.90 0.09 1.1 0.0 



Table 9. Tensile properties of 20% cold-worked Type 316 stainless steel at 704°C. 

Average Ultimate Re
strain Penetration 0.2% Yield Tensile Uniform Total duction 

Specimen Rate. Depth, Stress, Stress, Elongation, Elongation in Area, 
Designation min"* microns MN/mz MN/iri2 % % % 

10 0.4 0.0 319.5 375.9 10.7 19.9 54.8 
11 0.04 0.0 298.6 343.9 5.1 28.0 63.6 
12 0.004 0.0 263.9 290.9 3.4 28.6 63.1 

ET-25 0.04 3.8 300.6 339.2 5.0 24.6 58.0 
ET-22 0.004 4.1 232.2 271.3 3.2 24.4 59.3 
ET-30 0.4 4.1 291.4 368.4 9.4 18.7 51.5 
ET-21 0.004 4.6 253.5 277 .0 2.9 28.3 60.5 
ET-27 0.4 5.8 301.7 357.4 8.2 15.8 53.3 
ET-24 0.004 7.6 267.7 292.8 2.6 29.0 58.8 
ET-29 0.4 7.6 309.8 367.3 8.4 15.5 52.2 
ET-26 0.04 8.4 288.2 331.7 4.8 23.4 58.4 
ET-28 0.4 8.4 307.6 358 .0 7.8 14.3 49.3 
ET-23 0.004 8.6 263.9 291.0 2.4 27.1 60.4 
ET-147 0.04 9.4 303.6 334.8 4.9 22.9 57.3 
ET-139 0.04 35.6 304.1 328 .8 3.5 20.0 40.3 
ET-141 0.04 39.6 309.2 328 .4 3.2 19.6 41 „ 6 
ET-113 0.04 67.3 269.9 2*80.6 3.4 14.3 23.0 
ET-111 0.04 83.8 258 .0 288 .3 3.2 9.6 18.6 
ET-134 0.04 85.1 246.7 263.5 2.9 11.7 14.2 
ET-112 0.04 89.7 250.0 275.0 3.0 10.1 13.9 
ET-63 0.04 111.8 222.4 245.7 2.2 5.4 11.1 
ET-66 0.004 113.0 189.9 198.3 0.9 6.5 9.0 
ET-62 0.04 114.1 205.8 227.3 2.7 4.8 4.5 
ET-68 0.004 128.5 192.5 205.3 1.1 5.9 5.6 
ET-67 0.004 13 0.8 . 181.6 190.0 0.9 5.6 4.2 
ET-64 0.04 133.6 195.0 208.1 2.0 5.6 3.6 
ET-60 0.4 134.6 181.5 218.4 3.2 5.1 2.7 
ET-65 0.04 143.0 181.3 195.6 1.8 4.5 4.8 
ET-61 0.4 153.5 184.2 209.3 3.0 5.0 3.0 
ET-153 0.04 258.3 117.1 117.1 0.1 1.4 0.0 



Table 10. Tensile properties of 20% cold-worked Type 316 stainless steeel at 760°C. 

Average Ultimate Re-
Strain Penetration 0.2% Yield Tensile Uniform Total ductioi 

Specimen Rate. 
min~* 

Depth, Stress, Stress, Elongation Elongation in Are* 
Designation 

Rate. 
min~* microns MN/m2 MN/m2 % % % 

13 0.4 0.0 301.6 337.0 5.9 36.8 68.1 
14 0.04 0.0 270.4 292.2 3.5 35.8 67.8 
15 0.004 0.0 214.2 231.2 2.5 35.7 68.6 

ET-41 0.004 3.8 195.0 217.3 2.6 24.5 58.8 
ET-31 0.4 4.1 287.0 323.2 6.1 28 .7 57.4 
ET-40 0.004 .4.1 227.4 235.7 2.7 26.7 58.6 
ET-34 0.4 4.6 290.7 323.0 5.6 28.1 58.2 
ET-33 0.4 5.8 281.1 324.3 5.3 27.9 58.1 
ET-36 0.04 5.8 262.4 290.1 2.7 31.3 57.0 
ET-39 0.004 6.4 193.3 217.8 2.8 22.0 57.0 
ET-37 0.04 7.8 244.6 272.1 3.6 28.4 58.5 
ET-38 0.004 8.1 200.6 217.4 2.6 13.7 58.3 
ET-35 0.04 8.4 265.7 279.6 3.4 25.8 55.3 
ET-32 0.4 9.1 290.6 323.7 5.9 26.5 57 .2 
ET-148 0.04 11.7 263.9 277.7 2.6 25.8 52.7 
ET-140 0.04 33.3 265.1 275.0 2.6 22.7 43.5 
ET-116 0.04 60.2 239.5 256.1 1.8 16.7 26.5 
ET-114 0.04 76.2 224.8 233.0 1.4 10.1 22.0 
ET-115 0.04 86.6 217.7 234.6 1.3 12.0 21.4 
ET-51 0.04 104.9 204.0 213.6 1.1 6.9 13.6 
ET-54 0.004 114.8 158.7 170.2 0.9 8.4 9.1 
ET-57 0.4 127.8 185.8 202.7 1.8 4.8 7.2 
ET-58 C. 4 130.8 197.2 215.3 1.1 6.6 8.0 
ET-49 0.04 132.1 164.8 173.2 1.2 5.2 5.6 
ET-53 0.004 133.1 142.7 147.1 0.8 6.2 5.8 
ET-55 0.4 133.1 18 9.0 205.7 1.2 5.4 6.4 
ET-52 0.004 140.7 170.8 176.4 0.6 6.9 7.8 
ET-56 0.4 142.8 177.1 191.4 1.1 6.2 5.9 
ET-50 0.04 161.0 147.7 154.8 0.9 4.5 4.7 
ET-154 0.04 249.7 123.5 108.5 0.4 1.6 0.0 
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Fig. 8. Effect of grain-boundary penetration on the strength and ductility 
of stainless steel at 649°C. 
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where w and t are the width and thickness of the tensile 

test specimen, respectively; x is the average grain-boundary 

penetration depth measured in the direction perpendicular 

to the specimen surface, and A and A are the unpenetrated up o 

and original cross sectional areas, respectively. 

The results plotted in Figs. 7 and 8 and the data 

listed 1n Tables 6-10 show clearly that the grain-boundary 

corrosion reduces the load-carrying capacity of the material, 

and the ductility as measured by elongation and reduction in 

area. It should be noted that the reduction in area cannot 

be measured as accurately as change in length in specimens 

exposed to cesium oxides. It is also interesting to observe 

that reduction in ductility, as measured by percent uniform 

elongation, with increase in grain-boundary penetration depth 

is more pronounced at temperatures below 649°C than that 

observed at higher temperatures. Also, there appears to be 

a marked change in ductility for grain-boundary penetration 

depths equivalent to reduction in cross-sectional area 

greater than forty percent (see Fig. 8). 

The reduction in strength properties at different 

temperatures resulting from grain boundary-corrosion is 

clear from Fig. 9. The degradation in properties resulting 

from corrosion can be quantitatively explained in a straight-

forward manner and is based on the assumption that the 

mechanical strength of the penetrated layer in the exposed 

specimen is far weaker than the other parts of the specimens. 
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Therefore, if the penetration of the specimens by cesium 

oxides is equivalent to reduction in cross-sectional area, 

the reduction in load-carrying capacity of the material and 

the condition for the decrease in cross-sectional area are 

represented by 

LP _ (w-2x) (t-2x) (5.6) 

L0 wt 

where Lp and LQ are the loads for the penetrated and unpene-

trated specimens, respectively. For the case of maximum 

load, the Equation (5.6) can be expressed as 

L /A ® (P) 
Vflo _ uts _ (w-2x) (t-2x) (5.7) 

Lo/Ao " WV " w t  

where crui;s (p) and CTuts (Up) are the ultimate tensile 

strength for the exposed and unexposed specimens, respec

tively. The validity of Equation (5.7) is demonstrated by 

a plot of auts(p)/0uts(UP) versus unpenetrated cross-

sectional area, both expressed in percent, shown in Fig. 10. 

The solid line in Fig. 10 is generated from the unexposed 

specimen data by assuming that the effect of grain-boundary 

penetration is to reduce the cross-sectional area supporting 

the load. The actual experimental points are shown by 

symbols. The dashed lines represented in Fig. 10 show that 

the strength properties of the exposed specimens with known 

grain-boundary penetration depths can be predicted from the 
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unexposed specimen data within ten percent and the predic

tion is conservative. The prediction is conservative at 

all temperatures because it has been assumed that the 

penetrated region carries zero load which is not completely 

correct. 

The grain-boundary penetration also reduces the 

ductility of the material. For a fine grained material, 

under plane-strain conditions, no change in ductility is 

expected. In the present work the observed decrease in 

ductility with increase in grain-boundary penetration depth 

can result from the fact that an increase in corrosion 

depth decreases the number of grains and the number of slip 

systems oriented favorably to the stress axis and conse

quently reduces the ductility. It is a3so possible that the 

grain boundary composition ahead of the penetrated region 

can change in an unknown manner so as to cause an apparent 

reduction in ductility. 

The fracture mode of the exposed and unexposed 

specimens has been examined by scanning electron microscopy. 

As shown in Fig. 11, the fracture mode is intergranular in 

the penetrated region of the exposed specimens and it is 

transgranular in the central unpenetrated region. The 

fracture mode of the central unpenetrated region of the 

exposed specimens is similar to that observed in the un

exposed specimens. The optical microscopic examination 

of the fractured specimens at low magnification also indicated 
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Fig. 11. Scanning electron micrographs of the fractured 
surface of a tensile specimen tested at 649°C-
Average penetration depth, 153.2 ~m. (a) Pene
trated region. (b) Unpenetrated region. 
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the development of numerous cracks along the penetrated 

grain boundaries normal to the tensile axis and the cracks 

did not extend into the unpenetrated region. 



CHAPTER 6 

GENERAL DISCUSSION AND COMPARISON 

OF THE RESULTS WITH OTHER INVESTIGATIONS 

Failure criteria are needed for both the design of a 

reactor fuel element and the safe operation of the reactor. 

The criteria should include considerations of failure mode 

and failure conditions so the consequences of fuel-element 

failure can be evaluated from the viewpoint of reactor safety. 

Special attention should be given to abnormal or transient 

operating conditions. 

Existing fuel-element failure criteria are generally 

based on arbitrary limits placed on cladding strain, strain 

ratios (uniform versus total strain), and fraction of remain

ing usable element life. The experimental results of Yaggee 

and Li (44) indicate that those quantities are affected in 

various ways by service conditions (temperature, stress, 

environment, etc.) and material parameters (grain size, compo

sition, etc.). In this section the effect of fission-product 

attack will be related to failure criteria, and comments on 

the effect of radiation damage and sodium environment will be 

made. 

The effect of fission-product attack on the cladding 

is a matter of concern in the design of fuel elements. The 
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attack can occur as localized grain-boundary penetration 

and/or can be uniform over the length of the fuel cladding. 

The rate of this chemical attack has been studied out of 

reactor by Maiya and Busch (6,7), using cesium oxide 

compounds, and they found results similar to those found in 

irradiated fuel cladding. The following discussion will be 

concerned only with the effect of chemical attack on the 

mechanical properties of the cladding material. 

An evaluation of the effect of intergranular attack 

on fuel-pin burst properties by Ring et al. (13) revealed 

that the fractures had initiated in an intergranular manner 

at the grain boundaries that were weakened by the reaction 

phase. The absence of a sharp reduction in rupture strength 

demonstrated that the strength of the material was not 

strongly affected by intergranular attack, but a serious 

reduction in ductility due to intergranular attack was 

indicated. Tensile tests on the irradiated specimens pre

dicted strength properties equivalent to, or slightly higher 

than the control values. The reduction in ductility 

observed in the experiments was attributed to the notch 

effect resulting from intergranular attack. The conclusions 

drawn from that investigation are not directly comparable 

to the results of this work, because it included not only 

fission product effect on the mechanical properties of the 

cladding but also included the effect of coolant, neutron 

irradiation, and helium embrittlement. 
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Other biaxial stress-rupture experiments performed 

on cladding material during exposure to simulated fission 

products (45), show that the time of failure of the cladding 

material is severely decreased by cesium oxides and cesium 

hydroxide, but no quantitative results are available to the 

knowledge of this author. Uniaxial stress-rupture tests 

have been performed, to determine the effect of iodine and 

tellurium on the mechanical properties of 20Cr/25Ni/Nb steel 

(37). Both iodine and tellurium vapors promoted intergran-

ular cracking which reduced significantly the specimen 

rupture life and strain at fracture as compared with tests 

in vacuum. Significant depletion of chromium from the metal 

was observed. 

Under internal gas-pressure loading alone, cladding 

deformation stops when failure of the tube occurs. In 

contrast, cladding deformation can continue after failure 

by pinhole leak if the cladding is strained by fuel swelling 

which leads to progressive crack growth in the reactor. In 

the latter case a complicated coolant-fuel interaction could 

occur and its consequences on crack propagation in the clad

ding are unknown at present. At high strain rates, where 

mechanical instability is the controlling failure mechanism, 

cladding loading due to swelling will provide sufficient 

constraint to suppress or delay mechanical instability. 

Under such conditions, it is possible to realize higher 

failure strains than can be obtained in uniaxial tension or 
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biaxial creep-rupture tests under gas loading. This 

possibility is supported by observations on postirradiation 

tensile test results of irradiated material (46). 

The embrittlement of materials caused by radiation 

damage is well documented in the literature, based on post-

irradiation tensile and stress-to-failure tests obtained 

under uniaxial and biaxial stress conditions. The radiation 

damage from neutrons with energies above 0.1 MeV is of 

interest to designers of liquid metal fast breeder reactors ' 

because of the cladding-swelling phenomenon. Voids and 

interstitial loops are the main features of the microstruc-

ture.of irradiated material. Cold working the material 

suppresses the formation of voids, but as the temperature 

is increased recovery of the material is evident. When 

recrystallization takes place an increase in swelling 

caused by void formation in the recrystallized region is 

observed. Void and dislocation-loop formation produce a 

loss in ductility in the material. 

Above about 500°C the microstructural damage anneals 

out and helium production becomes important. The helium 

produced in the stainless steel tends to concentrate at 

grain boundaries, and this tendency causes loss of ductility 

in stainless steel. Loss in creep-rupture life because of 

the presence of helium has been observed in solution-

annealed as well as in cold-worked stainless steel specimens 

(47). The harmful effect of helium was smallest in both 



52 

creep and tensile tests, for 10% cold-worked specimens, and 

was larger in creep tests than in tensile for the same test 

temperature. 

The mechanical properties of the cladding materials 

will depend on different combination of factors at different 

temperatures. Below 550°C an increase in strength and loss 

of ductility of the cladding material will result from 

radiation hardening. Fission-product attack is not observed 

at this temperature. Between 5.50 and 650°C, ductility 

losses are due mainly to helium embrittlement. In this 

range of temperature the hardening produced by displacement 

damage caused by irradiation is offset by the annealing 

caused by the temperature. In this range of temperature 

the contribution of grain-boundary attack to the loss in 

ductility and strength increases with an increase in the 

grain-boundary penetration depth. Above 650°C the loss in 

ductility is dominated by helium embrittlement and grain-

boundary penetration depth. Those two factors also 

influence the decrease of strength of the material. 



CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

The results of this investigation indicate that 20% 

cold-worked Type 316 stainless steel subjected to grain 

boundary attack by cesium oxides, suffers a reduction in 

strength that is directly proportional to the penetration, 

in the temperature range from 540 to 760°C. Ductility as 

measured by reduction in area, elongation, and average dia

metral strain, also decreases with an increase in the grain-

boundary-penetration depth. 

In biaxial tests, a change in failure mode from 

violent rupture to pinhole failure is observed at all temper

atures with a decrease in the average diametral strain rate. 

In the case of violent rupture, the fracture is intergranular 

in the attacked region and transgranular in the unpenetrated 
i 

region. In the case of pinhole failure the fracture is com

pletely intergranular and starts at the attacked grain 

boundaries. In the unexposed specimens, crack initiation takes 

place preferentially at the inner surface of the tube, but 

under certain conditions failure occurs due to propagation of 

the cracks that formed at the outer surface. This type of 

behavior is not observed in tubes that fail by violent 

rupture. 
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In tensile tests, the failure mode of the specimen 

is changed by grain-boundary attack from transgranular frac

ture to a mixed mode where the penetrated grain-boundary 

region fails by intergranular fracture and the rest of the 

specimen fails by transgranular fracture. 

It is suggested'that the effect of grain-boundary 

attack on the mechanical properties of cladding material be 

further studied for lower strain rates, because the results 

of this investigation are only applicable for abnormal oper

ation conditions where the strain rates are greater than 

10""5 hr-"*". Similar experiments can be performed where speci

mens can be exposed to cesium oxides in a high-temperature 

sodium bath so that the effect of the sodium on the cladding 

microstructure, grain-boundary attack by cesium oxides, etc., 

can be taken into consideration and the interrelation 

between the two phenomena be clarified. An investigation 

of irradiated material exposed to cesium-oxides attack can 

also be used to obtain a better understanding of the inte

grated effect of those processes on the mechanical behavior 

of the cladding material at high temperatures. 

Mechanical simulation of uniform grain-boundary 

attack can be performed by reducing the overall cross-

sectional area of the specimens. This kind of test can be 

used to check the present results, and also to see if a 

reduction in the specimen cross-sectional area or wall 
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thickness is enough to account for the decrease in ductility 

observed in the cesium oxides exposed material. 
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