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ABSTRACT

0

The tensile and creep-rupture properties of types 304 and 304- + 0.15$ Ti

stainless steels have been determined after irradiation at temperatures

in the range 370-800°C to maximum fast neutron fluences of 3 x 10 2 2

neutrons/cm2 (> 0.1 MsV). Changes in mechanical properties were related

to the irradiation produced defects.

When irradiated in the annealed condition in the neighborhood of 40Q°C,

type 304 stainless steel exhibited an increased yield stress, reduced strain

hardening coefficient and reduced uniform and total elongation. The

increased yield stress could be correlated vith the strengthening expected

from irradiation produced voids and dislocations. With increasing irradia-

tion temperature the concentration of these defects decreased and thus the

magnitude of the yield stress increase became less. At 500 to about 600°C

a pronounced reduction in creep-rapture ductility was observed. Fractures

vere intergranular. It is suggested that in this temperature range the

void-dislocation structure together vith the transnutation produced helium

vere responsible for the intergranular fractures and low ductilities. At

higher temperatures no void-dislocation structures vere formed. For these

conditions the ductilities vere higher than in the 500-600'C range but still

significantly below the unirradiated value.

Variation in alloy composition and preirradiation microstructure had

a strong influence on the postirradiation properties. Type 304 + 0.15$ Ti

exhibited significantly higher tensile and creep-rupture ductilities than

the. standard alloy when irradiated and tested at 450°C and above.

"Research sponsored by the U.St Atomic Energy Commission tinder contract I /
vith the Union Carbide Corporation.



Introduction

Austenitic stainless steels have been selected for use as fuel clad-

ding and structural components in Liquid Metal Fast Breeder Reactors.

This choice was based upon high temperature strength properties, resis-

tance to corrosion by liquid sodium, compatibility with uranium-plutonium

oxides and the low capture cross sections which are required for breeder

' reactors- Near term reactors will use types 304 and 316 stainless steels.

For reactor design and safety it is necessary to define the effects of

irradiation upon the physical and mechanical properties of these alloys.

To increase the life of reactor core components and thus improve the

economy, it is desirable to optimise the resistance of these alloys to the,

various forms of radiation damage.

This paper presents a summary of recent experiments in which the

effects of fast neutron irradiation on the microstructure, tensile prop-

• erties and creep rupture properties of annealed type 304 stainless steel

,were investigated. Results of initial attempts to reduce the magnitude of

the property changes in type 304 stainless steel through small adjustments

in composition or preirradiation microstructure will also be discussed.

Experimental

Mechanical property test specimens were irradiated in the reactor core

in a row 2 position of the Experimental Breeder Reactor-II (EBR-Il) to max-

imum fluences of 3.5 x 10 2 2 neutrons/cm2 ~(> 0.1 MeV). Specimens were irra-

diated at temperatures in the range 370-800°C. Irradiation temperatures

above the ambient sodium coolant temperature were obtained by means of a

gas gap between the surface of cylindrical specimen holders and the inside

... of the containment tube. Additional details of the experiment design have .

been given elsewhere.1. - . .'

' • ' Microstructures of as-irradiated and tested specimen* were character-

ised by transmission electron Microscopy. Dislocation loop,-dislocation
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line and void concentrations were determined from photomicrographs in which

the foil thickness had been determined by stereomicroscopy. Tensile tests

were conducted on Instron tensile testing machines in air at an initial

strain rate of 0.002 min"1. Creep-rupture tests were conducted in air in

lever arm creep machines located in hot cells. Specimen elongation as a

function of time was determined by a linear differential transformer which

measured the relative movement of the upper and lower specimen grips. Test

temperatures were controlled to ±3°C. Specimens were tested at or near

their respective irradiation temperatures.

Results

As Irradiated Microstructureg in Annealed Type 304 Stainless Steel

The microstructures present in annealed type 304 stainless steel after

irradiation at temperatures in the range 370-800°C to fast neutron fluences

of 1.5 to 3.5 x 10 2 2 neutrons/cm2 (>0.1 MeV)are illustrated in Figs. 1 and

2. At temperatures of 370 to 590°C the structure consisted of voids, dis-

locations and precipitates. At the lower irradiation temperatures (and for

these fluence levels) the voids were uniformly distributed throughout the

matrix and were not obviously associated with any other structural feature.

There was a denuded zone a few hundred angstroms wide adjacent to grain

boundaries within which voids were not observed. For temperatures in the

range 500 to about 600°C there was an association between voids and needle

shaped precipitate particles which were probably Fe-Cr Sigma phase.2 A

second precipitate type, having a plate morphology, was also present. At the

highest irradiation temperatures, about 820°C, cavities were present at

grain boundaries as well as in the matrix. The cavities on the boundaries

were generally larger than those in the matrix and were probably stabilized

by an equilibrium or near equilibrium pressure of transmutation produced .

helium* Void and dislocation concentrations for the specimens on which

•echanical property tests were performed are given in Table 1. Details of
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Fig. 1. Cavities Formed in Specimens Irradiated at Temperatures
Between 400 and 800°C to Fast Neutron Fluences in the Range 1.5 to

Fig. 2 * Faulted Dislocation Loops and Dislocation Ifotwork Fojaed at
Two Different Irradiation Teaperatures. (a) 535*0, 1*5 X 1032 mutrona/cm8

.(> 0.1 MeV) and (b) 590#C, 3*5 X 1022 n«utrons/c«5 C> 0.1 Wt). 50,000x.



Table 1. Results of Quantitative Electron Microscopy of Irradiated
Type 304 Stainless Steel

Irradiation Neutron Fluence Void Mean Void Dislocation
Temperature (> 0.1 MeV) Concentration Diameter Concentration

(°C) (neutrons/cm2) (voids/cm3) (A)

X 10 2 2

425-^40
500-545
550-605
750-820

1.5
1.5
3.5
3.5

1
2
5
1

.1

.3

.5
X

X 1 0 1 5

x 101*
X 10"
1O*3C

197
240
353

1
2
2

X 1 0 1 6 ( e s t ) a

X 10*
xio i o b

aFaulted dislocation loops/cm3.

Dislocation network, cm/cm3.

°Helium bubble concentration.

the variation of void concentration and size with temperature and fluence

have been discussed elsewhere.2'3 Briefly it is found that for a constant

fluence the void concentration decreases and the mean and maximum void

diameter increases with increasing irradiation temperature. For a constant

temperature there appears to be an incubation period before voids appear

after which the void concentration increases monotonically with fluence.

This behavior causes the irradiation induced volume change to go through a

maximum at a temperature of about 500°C.

At temperatures of 370 to about 550°C a dislocation structure consisting

of faulted interstitial dislocation loops was present as shown in Fig. 2(a/.

Over this range the concentration of loops decreased and the size increased

with, temperature. Above about 550°C the loops apparently unfault and a dis-

location network is observed [Fig. 2(b)J. The unfaulting temperature was

confirmed by postirradiation annealing experiments.

Tensile Properties of Annealed Type 304 Stainless Steel

The effects of irradiation on the tensile properties of annealed (l hr

c;'/^"at 1O5O°C) type 304 stainless steel are shown in Fig. 3. Specimens irra- . -

- .... diated and tested at 450°C exhibited a yield strength which was approximately

• a factor of 5 higher than the unirradlated value. With increasing tempera-

ture the yield strength.of the irradiated material decreased and approached
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Fig. 3. Effect of Fast Neutron Irradiation on the Tensile Properties
of Annealed Tjpe 304 Stainless Steel. The wuribers by each data point are
fluenees XLCT2* (> 0.1 MeV).

the unirradiated value at 700-750°C. Specimens irradiated at 590*C and

tested at 450, 550, and 650°C all exhibited similar yield strengths. The

ultimate tensile strengths -were similar for irradiated and unirradiated con-

ditions except at the lowest test teaperature (450°c) -where the irradiated

values vere somewhat higher. Ductility as measured by uniform strain, total

elongation, and reduction in area was reduced at all temperatures. The

reduction in ductility became more severe -with increasing fast neutron flu-

ence* Note for example that in Fig. 3 the uniform strain for specimens irra-

diated to 1.5 x 10 2 2 and 3.5 x 1Q22 neutrons/cm2 (> 0.1 MeV) lie at the upp«r

and lower edges of the scatter band, respectively. At 450*C the reduced uni-

form strain resulted from a reduced -work hardening coefficient and thus

plastic instability early in the deformation: ketallographic examination

indicated that the fractures were transgranular with a large amount of

deformatl^i having occurred in the immediate vicinity -at the failure. At
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750°C the stress-strain characteristics were unaffected by irradiation. At

these higher temperatures the fractures were predominately intergranular

with uniform strain and total elongation well below the unirradiated

values. In specimens which were irradiated and tested at 4-50°C the defor-

mation was confined to planar bands or "channels" within the matrix as

shown in Fig. 4(a).. A large amount of deformation had occurred within

these bands. In some instances shear strains of 2 to 3 were measured' It

did not appear that the irradiation produced defects were eliminated by the

deformation as his been observed in some metals.4 Voids which were located

within the bands were distorted in shape or sheared by the large amount of

strain. No evidence was found to indicate that deformation had occurred

between the bands. In a specimen irradiated at 550 to 605°C and tested at

650°C the deformation occurred in a more normal fashion with the formation

of dislocation tangles and cells as shown in Fig. 4(b).

Creep-Rupture Properties of Annealed Type 304 Stainless Steel

The effects of irradiation to fluences in the range 1.5 to 3.5 x lO22

neutrons/cm2 (> 0.1 MeV) or. the creep-rupture properties of annealed type

304 stainless steel are shown in Fig. 5. At 550 and 600°C no major change

Tig. 4. MLcrostructure Illustrating the Idfferent Structure in Speci-
mens, ^ a ) Irradiated at 43Q.to 500°C and tested at 450*C and (b) irradiatee
at 550 to 605*0 and tasted' «t'690*C. .. 50p000x, .
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in the rupture life was found. At these two temperatures the creep rates

of the irradiated saag>les were lower, by approximately a factor of 2, than

those exhibited by the unirradiated specimens. Note, however, that the

unirradiated material was tested at stresses above the yield stress and

thus strain occurred during application of the load. For example, at 550°C

it is estimated that 13$ strain occurred upon application of 55,000 psi

stress. In comparison the yield stress of the irradiated specimens at 550°C

vas about 54,000 psi and thus essentially no plastic strain occurred on

loading. In essence the creep rate results indicate that the void and dis-

location loop structures shown in Figs. 1 and 2 decreased the creep rate by

about the same amount as the warm work which was introduced during applica-

tion of the stress to the unirradiated specimens. Results of transmission

and scanning electron microscopy examination of a specimen which was irra-

diated at 535°C to 1.5 X 10 2 2 neutrons/cm2 and tested at 550°C and 35,000psi

stress are summarized in Fig. 6. Before test the specimen contained

2.3 X 101* voids/cm3 with a mean void diameter of 230 A and about 2 X 10 1 5

•faulted dislocation loops/cm3. The shoulder (unstressed) portion of the

tested specimen contained about 9<i X l& voids/cm3 with a mean diameter

of 190 A and a dislocation structure consisting of faulted loops, perfect

loops (presumably produced by thermally activated unfaulting), and segments

of dislocation lines which could have resulted from the climb of perfect

loops. These results indicate that the irradiation produced microstructure

is quite stable to annealing when held at or near the irradiation tempera-

ture. The void concentration in the stressed gage section of the specimen

was cf A- lQ voids /em3, and the mean void diameter was 200 A. No faulted

loops were present in the portion of the specimen which had been stressed

and the dislocation density was.slightly higher than in the unstressed

'shoulder. The faulted loops could have been removed by interaction with

. glide dislocations, as shown by Strudel and Washburn.5

. Specimens which were irradiated and tested at 550 and 600*C exhibited

Vtotal elongations in the range 0.5 to 3.0$ [Fig. S(c)]. For these irradiation
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and test conditions, the fractures were completely intergranular (Fig. 6).

•Optical metallography of tested specimens showed few if any secondary grain

boundary cracks or incipient fractures indicating that a crack, once initi-

ated, propagates rapidly to cause failure.

Specimens -which were irradiated at 800°C and tested at 704° C exhibited

. ductilities which were lower than those for the unirradiated samples but

higher than those for specimens irradiated and tested at 550-600°C. At

704°C the creep rate was higher for the irradiated specimens. The combina-

tion of increased creep rate and reduced ductility led to reductions in

rupture life of about an order of magnitude.

Some Effects of Microstructure and Composition

Structural features such as dislocations, coherent and incoherent pre-

cipitates and grain boundaries provide sinks and recombination sites for

vacancies and interstitials and traps for the precipitation of irradiation

produced gases. Changes in the metallurgical structure can thus influence

void nucleation and growth by altering the concentration of vacancies and

interstitials and the distribution of helium atoms, the latter considered

important in void nucleation. Results have been presented6 which show that

in the type 304 stainless steel discussed in the previous sections the intro-

duction of 10# cold work prior to irradiation substantially reduced swellix>;

at an. Irradiation! temperature of 450°C and a fluence of 2.5 x 10 2 2

neutrons/on2 - It was found that the void concentration was an order of

magnitude lower and the mean void diameter slightly smaller in the 10$ cold

worked specimens than in the annealed ones. Fostlrradiation tensile prop-

erties for AHSftsaled and 10$ cold worked type 304 stainless steel irradiated

*sd tested at 450°C are given in Table 2. As discussed previously, irradia-

• tion of annealed type 304 stainless steel caused a large increase in yield

strength, a email increase in ultimate tensile strength and large reductions

in uniform strain and total elongation. Cold working 10$ caused similar
• *

c&tngea i» these properties and irradiation of the cold worked material
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Sable 2. Tensile Properties of Annealed and 10$ Gold Worked Type 304
Stainless Steel Irradiated and Tested at 450°C

Condition

Annealed
unirradiated
Annealed
irradiated8

10$ cold work
unirradiated

10$ cold work
irradiated0

Yield
Stress

• (psi)

15,500

85,300

89,500

89,500

71,700

90,500

96,500

97,000

Uniform
Strain
(*)

47.3

6.5

4.5
*

5.0

Total
Elongation

(*)

51.8

11.3

9.4

6.9

Reduction
in Area

<*>

60.7

35.9

53.3

19.6

Fracture
Stress
(psi)

130,300

102,000

146,400

106,500

\.5 X 10 2 2 neutrons/cm2 (> 0.1 MeV).

^2.5 x 10 2 2 neutrons/cm2 (> 0.1 MeV).

produced only minor changes. A slightly different trend was noted for the

reduction in area and fracture stress. Hi the unirradiated specimens the

reduction in area was about the same for the annealed and 10$ cold worked

samples with the fracture stress being slightly higher for the 10$ cold

•worked steel. Irradiation caused a reduction in both of these parameters.

Previous studies7'8 have shown that the addition of about 0.2 wt $ Ti

to type 304 stainless steel markedly improves its resistance to the elevated

temperature irradiation embrittlement (at temperatures where the void dislo-

cation structure is absent) caused by transmutation produced helium. Tita-

nium reduces the tendency for grain boundary fracture and thus reduces the

effect of helium. As shown by the present and previous studies,1*9 inter-

granular fracture and low ductilities are usually observed in standard

types 304 and 315 stainless steel when these alloys are irradiated to high

fast neutron fluences at temperatures which produce a void-dislocation

structure. The low ductilities are not caused solely by helium but may . _•/

-result from, synergistic effects of the void-dislocation structure and ; .. ;

helium.1 Studies have, been initiated to investigate the effects of fast •

neutron Irradiation on the properties of the titanium-modified type 304

itainless steel. Of particular* interest are the effects of irradiation on
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the mechanical properties at conditions where the void-dislocation, struc-

tures are formed.

Specimens were annealed 1 hr at 925 and 1040°C and irradiated in the

EBR-II at temperatures in the range 450 to 800°C to fluences up to 3 x 1O22

neutrons/cm2 (> 0.1 MeV). The lower annealing temperature gives a relatively-

fine grain size (~ 30 \an average grain diameter) and a distribution of

coherent precipitates. This annealing treatment gives optimum postirradia-

tion ductility. The higher annealing temperature (l040°c) gives higher

creep strength. A strong correlation between the precipitates and the void

distribution -was found in irradiated specimens. As shown in Fig. 7 nearly

every void -was attached to a precipitate particle and areas with a high

precipitate density also had a high void density. Postirradiation tensile

properties are listed In Table 3.

The strength properties do not differ significantly from those of

standard type 304 stainless steel irradiated and tested under similar con-

ditions (see Fig. 3). Ductility, as measured by uniform strain, total

elongation, or reduction in area, is higher for irradiation and test tan-

peratures above about 450°C.

The results of creep-rupture tests after irradiation are listed in

Table 4. At 600°C, the rupture life of modified type 304 stainless steel

was about l/4 that of the standard type 304 stainless steel irradiated in

the same experiment at the same temperatures; its minimum creep rate was

about ten times higher. These differences in strength properties were a

result of the finer grain size in the titanium-modified type 304 stainless

steel (annealed 1 hr at 925° C before irradiation) as compared to that in the

standard type 304 stainless steel (annealed 1 hr at 1050° C before irradia-

tion). ' The ductility of the modified alloy after irradiation, in terms of

. elongation, at the end of second-stage creep, total elongation, or reduction

in area, was significantly higher than that of the. standard type 304 stain-

less steel. Results of metallographic examination of * specimen of the
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Fig.'7. Association of Voids and Precipitates in T^pe 304 + 0.2# Ti Stainless Steel, (a) Annealed 1 te at 925°C,
Cbj irradiated tet 590°C to 2.0 X 1022 neutrons/cm2 (> 0.1 MsV), and (c) irradiated at 590°C to 3.0 x 10 2 2 neutrons/cm2
C> 0.1 MeV). '
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Tcble 3. Postirradiation Tensile Properties of Titanium-Modified
Type 304 Stainless Steel

Temperature, °C Stress, psi Elongation, j> Reduction

(> 0.1 MeV) 'Irradiation Test Yield Ultimate Uniform Total
(neutrons/cm2)

2.0?
3.?*

450
590
590
800

±
±
±
±

30
30
30
50

450
550
650
750

68.0
39.6
35.8
15.5

77.0
53.9
40.7
17.4

6.6
19.1
8.8
10.0

11.9
24.6
30.4
44.2

28.6
37.7
34.9
47.0

aAnnealed 1 hr at 1040°C, tested at O.Ol/min.
bAnnealed 1 hr at 925°C, tested at 0.002/mln.

Table 4. Creep-Rupture Properties of Titanium-itodified
Type 304 Stainless Steel After Irradiation

ass, -> ^ %> ae> a ?
X 1 0 "

2.0 590 600 32,500 146.1 0.072 5 21.1 23
3.0 590 600 27,500 220.1 0.054 . 11 17.0 22
3.0 590 600 20,000 3046.7 0.0019 9 9.9 16
3.0 800 704 15,000 49.9 0.49 20 35.1 24.5
3.0 800 704 12,500 287.4 0.076 13 29.8 30.1

aSpecimens were annealed 1 tar at 925°C before irradiation in the Experimental
Breeder Reactor-H.

modified alloy irradiated at about 590°C to 3.0 X 1022 neutrons/cm2 and then

tested at 600°C and 27,500 psi stress are summarized in Fig. 8. Note from

the curve of strain versus time that the material underwent about ll£ strain

before going into third-stage creep as compared to zero third-stage creep

and 0.5$ strain to failure in the standard alloy. Transmission electron

microscopy of specimens removed from the stressed gage section revealed

that a dislocation cell structure had formed with the voids and precipi-

tate particles acting as pinning points. Most significant was the. obser-

. • vation by means of scanning electron microscopy that the specimen had

failed in a very ductile, predominantly transgranular mode. This can
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be compared to the fracture of standard type -304 stainless steel, which is

shown in Fig. 6. .

Discussion
• • •

. The void, dislocation, and precipitate structures which were formed

in annealed type 304 stainless steel during irradiation to neutron fleunces

of 1.5 to 3.5 x 1O2S neutrons/cm2 (> 0.1 MeV) at temperatures between 370

and 800°C have been characterized by transmission electron microscopy.

Changes in tensile properties were in qualitative agreement with these

microstructural observations. The large increase in yield stress at the

lower irradiation and test temperature was a result of the complex defect

structures formed during irradiation. The increase in yield stress became

less at higher irradiation temperatures due to the decreasing defect con-

centrations. The contributions of the various defects in producing the

observed increase in yield stress are difficult to assess. Using the cal-

culations of Foreman10 and Fleischer11 the increase in yield stress

due to loops is approximately ___.

where. N is the loop density, d is the loop diameter, G is the shear modulus,

and b the Burgers vector. For the specimen irradiated at 440°C and tested

at 450'C, the predicted increase in yield stress due to loops is approxi-

mately 21,000 psi. Using the results of Coulomb12 the hardening due to

cavities is given by £&? • 2Gb//, where i * l/fud}1'2 is the void spacing

(d is the mean void diameter and N is the void concentration). For the

above specimen .£& due to voids would be about 9000 psi. Using the

expression13

the predicted yield stress increase is 24,000 psi which is about a factor of

' 2 smaller than observed. In specimens irradiated and tested at higher.tem-

. peratures the observed increase in yield stress was in close agreement with
V
the valve calculated from <*-Woc«*lon network and precipitate hardening.
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The less good agreement at 450*C may be dus to small defects which contrib-

ute to the hardening but are invisible by transmission electron microscopy

due to the complex dislocation structure. The properties of specimens wbi.cn

vere cold worked 10# prior to irradiation at 450'C vere similar to those of

specimens which vere irradiated in the annealed condition. This is the

expected result because the dislocation structure controls the strength

whether the dislocations are Introduced by irradiation or cold work. At

higher irradiation temperatures, where recovery or recrystallization nay

occur, the behavior of annealed and cold worked material is expected to be

considerably different.

Holmes et al.13»x* have shown that in annealed type 304 stainless steel

Irradiated at about 540°C to 1.4 x 10 2 2 neutrons/cm2 (> 0.13 MeV) and tested

in the range room temperature to 871°C full recovery of the yield stress

does not occur until a test temperature of 816°C is reached. In the present

study no significant yield stress increase was found above 70O-750°C. The

importance of irradiating and testing at or near the same temperature when

investigating the effects of irradiation on mechanical properties is thus

apparent•

The most significant effect of irradiation as far as mechanical prop-

erties are concerned is the loss of ductility. Below 500°C a large reduc-

tion in uniform and total tensile elongation occurs. This effect can be

related to the reduced work hardening coefficient since necking or plastic

instability occurs when the true strain equals the work hardening coefficient.

The flow stress is initially high due to the presence of the irradiation

produced defects. Once slip is initiated it remains confined to narrow

bands. The exact; mechanism for the formation of these bands or channels is

not understood* Similar features are observed in unirradiated stainless

'' steels when the material has been strained in excess of about 10£ at room -

'. temperature. Other investigators have reported that these bands are clusters

of, stacking faults produced by slip on closely spaced slip planes,15 that they

Y are mechanical twins,16 or that: they are a hexagonal epsilon phase*17 The
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bands observed in the present study were not channels in the sense that they

were free of dislocations and voids. It is possible that the slip disloca-

. tions destroy or weaken the irradiation produced defects within these

channels, and subsequent deformation does not produce sufficient work

hardening to cause the flow stress within the channels to reach that of the

matrix. Below about 500°C the material fractures in a ductile transgranular

mode in both the irradiated and unirradiated conditions. Lower reductions

in ar^a and fracture stresses were, however, observed in the irradiated con-

dition. At low temperatures (e.g., 450°c) the fractures are probably

initiated in a manner similar to that proposed by Rogers10 and Futtick.19

Voids initially form in regions of high stresses created by inhomogeneous

deformation or at nonmetallic inclusions due to inhomogeneous strain at

the interface. As straining proceeds the voids grow, eventually linking to

form a central crack. This crack propagates as deformation is concentrated

at its tip with large numbers of voids being nucleated in the region of

heavy shear strain. In irradiated material cracks may have initiated and

propagated by the same process but at lower overall strains due to the

nigh concentration of strain in channels.

In the range 500 to 600°C the tensile properties are affected less than

at lower temperatures because of the reduced concentrations of voids and

dislocations. At these temperatures very large reductions in creep-rupture

ductility occur. It is within this temperature range that the effects of

transmutation produced helium are first observed.20 The loss of ductility

cannot, however, be attributed solely to effects of helium. First, speci-

mens containing the same amount of helium exhibited higher ductility when

Irradiated and tested at higher temperatures (750°c) where void formation

.:.. did not occur, and the effects of helium are expected to be more pronounced.

Secondly, as discussed previously, * specimens containing uniform concentra-

" tioas of injected helium do not exhibit such large reductions in ductility

as found In the irradiated specimens. Scanning electron microscopy and
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optical metallography indicated that the fractures in the standard alloy

were intergranular and that a crack, once initiated, propagated rapidly to
<

cause failure. In irradiated specimens the regions adjacent to the grain

boundaries -were denuded of the damage structure. Deformation along the

boundaries probably occurs in a similar fashion in unirradiated and irra-

diated specimens. When this deformation occurs, stresses are concentrated
*

at constraints such as grain boundary junctions. In an unirradiated speci-

men, these stresses can be reduced by deformation within the matrix. For

irradiated specimens, deformation in the matrix is impeded by the defect

structure, and cracks are thus nucleated in high-stress regions. The propa-

gation of these cracks along grain boundaries is likely to be enhanced by

the presence of helium. At the highest irradiation temperatures the obser-

vations are consistent with the helium embrittlement phenomena.
The titanium-modified type 304 stainless steel, which is significantly

more ductile at temperatures where helium embrittlement phenomena predominate,

also exhibits improved ductility under irradiation and test conditions where

•both displacement damage (i.e., voids and dislocations) and helium affect

properties. The Increased postirradiation ductility Is a result of the

• decreased tendency for grain boundary fracture.
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