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ABSTRACT

j

The effect of fast-neutron irradiation on the fatigue-crack
propagation and fracture toughness behavior of Alloy A-286 was
characterized using fracture mechanics techniques. The
fracture toughness was found to decrease continuously with
increasing irradiation damage at both 24°C and 427°C. In the
unirradiated and low fluence conditions, specimens displayed
appreciable plasticity prior to fracture, and equivalent
Kja values were determined from Jjc fracture toughness results.
At high irradiation exposure levels, specimens exhibited a
brittle KIa fracture mode. The 427°C fracture toughness fell
from 129 MPaJin in the unirradiated condition to 35 MPaJrn at
an exposure of 16.2 dpa (total fluence of 5.2 x 102Z n/cm2).
Room temperature fracture toughness values were consistently
40 to 60 percent higher than the 427°C values. Electron
fractography revealed that the reduction in fracture resist-
ance was attributed to a fracture mechanism transition from
ductile microvoid coalescence to channel fracture.

Fatigue-crack propagation tests were conducted at 427°C on
specimens irradiated at 2.4 dpa and 16.2 dpa. Crack growth
rates at the lower exposure level were comparable to those in
unirradiated material, while those at the higher exposure were
slightly higher than in unirradiated material.
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I . INTRODUCTION

J- '

Al loy A-286 (AISI 660) is a heat-resistant Fe-Ni-O superalloy strengthened by

precipi tat ion of y' phase (N i 3 [A l ,T i ] ) . This material i s used in a few special

reactor structural appl ications, such as a bol t ing material in the FFTF upper internal

structure and an out let nozzle l iner in the CRBR reactor vessel. These part icular

components are exposed to re la t i ve ly low levels of neutron i r rad ia t ion . Knowledge

of the fracture mechanics properties ( i . e . , fracture toughness and fatigue-crack

propagation behavior) of th is material before and after i r rad ia t ion would support

such applications. Fracture toughness tests on the unirradiated material typ ica l ly

exhibi t e las t ic -p las t ic behavior, wi th J , values ranging from 75 to 133 kJ/m2. " '

Fast-neutron i r rad ia t ion at intermediate temperatures is l i ke l y to resul t in appreci-

able degradation in fracture resistance due to substantial displacement-type

i r rad ia t ion damage ( i . e . , dislocation loops and networks, voids and precip i tates) .

This type of damage frequently produces s igni f icant reductions in d u c t i l i t y , but

quanti tat ive measures of the corresponding changes in fracture resistance are typ ica l ly

not available. This study was undertaken to determine the effect of i r rad ia t ion

on the fracture toughness and fatigue-crack propagation (FCP) behavior of Alloy

A-286 using both l inear-e last ic and e las t ic -p las t ic concepts as applicable. The

fracture surface appearance was also characterized by electron fractographic exami-

nation to evaluate operative fracture mechanisms at various neutron exposure levels.
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I I . MATERIAL AND EXPERIMENTAL PROCEDURE

The test material, obtained from a hot rol led 1.27-cm str ip of Alloy A-286

Carpenter Steel heat K-58139-2 (electric-arc-melted, consumable-electrode-remelted),

was given a standard precipitation heat treatment: solution annealed at 982°C

for .30 minutes, water quenched and aged at 718°C for 16 hours. In this condition

the alloy displays an austenitic matrix that is strengthened by precipitation

of y'> Ni3(Al,Ti) . The typical microstructure, shown in Figure la , reveals

many randomly oriented carbide particles coupled with stringers aligned in the

ro l l ing direction. These inclusions were ident i f ied by wavelength dispersive

x-ray analysis as titanium-rich MC-type carbides. Higher magnification (Figure 1b)

also reveals smaller unidentified precipitates distributed uniformly throughout

the matrix.

The chemical analysis and mechanical properties for this material are l is ted

in Tables 1 and 2, respectively, and the mechanical properties are plotted in

Figure 2. The unirradiated strength levels are seen to be independent of tempera-

ture, but a 40 percent decrease in duc t i l i t y was observed at 427°C. Neutron

exposures of 2.4 and 7.8 displacements per atom (dpa), corresponding to total

fluences of 7.7 x 1021 and 2.5 x 1022 n/cm2, caused significant i rradiat ion

embrittlement; the yield strength was increased by 35 percent and the irradiated

uniform and total elongations were degraded by a factor of approximately 2.

In a previous study, ' i r radiat ion to 2.4 x 1021 n/cm2 was found to produce

no embrittlement for the same heat of material studied herein. Therefore, the

threshold level for i rradiat ion damage in Alloy A-286 is between 1 and 2.4 dpa

(total fluences of 2.4 and 7.7 x 1021 n/cm2).

In this study, irradiations were performed in the Experimental Breeder Reactor-11

(EBR-II) position 7A4, in subassemblies X-267A, X-267B and X-268. The subassemblies

contained "weeper" canisters that allowed reactor ambient sodium to circulate

around test coupons. Specimens were irradiated at temperatures ranging from

400 to 427°C to total neutron exposures of 2.4 to 16.2 dpa, as calculated using

the cross section of Doran and Graves. ' A summary of neutron irradiat ion

conditions [ total fluence, fast fluence (E > 0.1 MeV), and dpa] is given in

Table 3.
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FIGURE 1. Typical microstructure of Alloy A-286 i l lus t ra t ing:

(a) large, randomly oriented carbide particles and stringers
aligned in the ro l l ing direction, and

(b) higher magnification of a stringer.
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TABLE 1

CHEMICAL COMPOSITION OF ALLOY A-286 (PERCENT BY WEIGHT)

Mn Si P S Cr Ni Mo Cu V Ti AI B Fe

0.04 1.27 0.53 0.015 0.002 14.04 25.80 1.30 0.08 0.26 2.17 0.19 0.004 Bal

TABLE 2
CO

S SUMMARY OF TENSILE PROPERTIES FOR ALLOY A-286

Temp

24

427

427

427

Tota l
Fluence
(n/cm2)

0

0

7.7 x 102 1

2.4 x 1022

Fast Fluence,
E > 0.1 MeV

(n/cm*)

0

0

5.6 x 1021

1.3 x 1022

Neutron
Exposure

(dpa)

0

0

2.4

7.8

Yield
Strength

(MPa)

769

730

987

976

Ultimate
Strength

(MPa)

10E>8

999

1093

1073

Uniform
Elongation

19

11

4

5

Total
Elongation

22

15

8

6

Number
of Tests

1

3

2

1
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TABLE 3

IRRADIATION EFFECTS ON THE FRACTURE TOUGHNESS OF ALLOY A-286

CO
co

Temp
, °C

24

24

24

24

427

427

427

427

427

427

Total
Fluence
(n/cm2)

0

2.5 x 1 0 "

2.5 x 1 0 "

5.2 x 1 0 "

7.7 x 102 1

2.5 x 1 0 "

2.5 x 1 0 "

Fast Fluence,
E > 0.1 MeV

(n/cm2)

0

1.3 x 1 0 "

1.3 x 1 0 "

3.7 x 1 0 "

0

5.6 x 1021

1.3 x 1 0 "

1.3 x 1 0 "

5.2 x 1 0 " 3.7 x 1 0 "

5.2 x 1 0 " 3.7 x 1 0 "

Neutron
Exposure

(dpa)

0

7.8

7.8

16.2

0

2.4

7.8

7.8

16-2

16.2

J I c
(kJ/m2)

146

88

42

180

129

90

31

16

3

(MPavfn) JT (MPa>/fn)

74

77

57

45

49

34

37

\a y s
(mm)

14.4

15.4

8.7

5.4

6.3

3.0

3.6

10.3

10.3

9.6

10.5

9.8

10.5

10.5

Pmax

1.07

1.03

1.00

1.00

1.04

1.00

1.00

lc
(mm) Pmin (MParfii)

57

45

49

34

37



Fracture toughn<j$'.: tes'.s were performed at 24 and 427°C on deeply precracked r

(;j/W > 0.6) compart, specimens wUI. s width, W, of 29.3 mm and a thickness, B, !•;

of 12.7 mm. Specimens were tested on an electrohydraulic closed loop machine p?;

i n s t r o k e c o n t r o l a t a s t r o k e r a t e o f 0 .25 mm/minute. Disp lacements were measured ]'•:

along the load line by a high-temperature LVDT displacement monitoring technique.' ' jy

During each test , the load-line displacement was recorded continuously on an '(]

X-Y recorder as a function of load. '{•

In thr; u n i r r a d i a t e d and low neutron exposure (2 .4 dpa) c o n d i t i o n s , e l a s t i c - '•

p l a s t i c 0^concep ts were usec to charac te r i ze l.if? d u c t i l e f r a c t u r e toughness ^

behavior. Values of J , were (iattrinine'J by the mul t ip le-spec imen R-curve technique

i n accordance w i t h A.STl-1 S p e c i f i c a t i o n £813-81 v' ' Deeply cracked compact specimens

were loaded to var ious displacements producing d i f f e r e n t amounts o f crack ex tens ion ,

aa, and then unloaded. A f te r un loading, each specimen was heat t i n t e d t o d i s co l o r

the crack growth r s< ; im nrd subsequently broken open so t h a t the amount o f crack

extension coulct ho. r 'Srsurerl. The v?li i f i o f J l o r each specimen was determined

froii i the load versus load- ' ! 1 no ui.spi icr-rnont curve by the f o l l o w i n g equa t ion .

T - ?A M + ?) rr-
" " ESb ( r + ^ y L '

where: A = are?; uncer' loaj versus load-'ine displacement curve

b ~ unbroken "Iitjarr.enc size

a = [(2a/uj* •» 2.[i.ü/c} t z ? • w.a/b -•• i)

a = crack KTurtl*

Single-specimen unloading-compliance J ^ tosts were also performed at 427°C.

Periodically during tiiese tests, specimens were unloaded approximately 10 percent

of the maximum load to measure chances in comoliance. The analog load-displacemen'..

signal was d ig i t ized, fed into a ir.inicomputer, and stored on a magnetic tape

for future retr ieval and analysis. At each unloading, the value of J was calculated

by £ciuation [ I ] , ur.vl trie unlrjajiirj t,or.".p'fwuia: was computed from a least-squares

regression line h t ted through the lower half of the unloading curve. The instan-

taneous crack length and corresponding crack extension was then determined by

the following modification of the Saxena-Hudak equation:



„ _ . /

a/W = 0.9796 - 3.1350 U - 4.4477 U2 + 16.0749 U3 [2]

where: U =

E = elastic modulus
C = load-line compliance

Equation 2 takes into account the difference in compliance-crack length calibration
at the notch surface, where load-line displacements are frequently monitored,
and at the outside surfaces, used in high temperature displacement measurements.

(8 9}This difference is caused by the influence of the pin-loaded holes. ' ' Compliance
values at the two positions were determined as functions of a/W by f ini te element

• techniques in Reference 10. The difference in compliance values was incorporated
,. • into the Saxena-Hudak equation^ ' to establish the compliance-crack length
:'• relationship given in Equation 2. Experimental compliance results for Alloy

A-286 and other materials at 427 and 538°C were found to be in agreement with
the modified Saxena-Hudak equation.

Single- and multiple-specimen R curves were constructed by plotting values of
J as a function of Aa; J* was then taken to be the value of J where a least-

• ;. squares regression line through the crack extension data points intersected
l.'i the stretch zone line:

J = 2of(Aa) [3]

where: of = flow strength = j"i(o +

The ASTM specimen size criteria for valid J j c determination:^ '

B, b > 15 ^ - [4]

and

8 3 9



B, B > 25 'lc
[5]

were met for a l l specimens.

Values of the tearing modulus, T, ware computed from the fol lowing equation:^ ' t-
T - — — £-

~ da o^
[6]

where dJ/da i s the R-curva slope. The va l id i t y c r i t e r i on proposed by Hutchinson

and Paris^ ' for J-control led crack growth in a f u l l y yielded specimen

) • '

b dO
J dT [7]

was met.

At the high i r rad ia t ion exposures, b r i t t l e fracture occurred in the l inear -e las t ic

regime; hence» the Kv test procedures outl ined in ASTM Specification E399-8P '

were used. The c r i t i c a l load (PQ)> obtained by the 5 percent secant of fset

technique, and the average crack length., obtained from the 1/4-, 1/2- and 3/4-

thickness posit ions, were- used to compute the condit ional fracture toughness [

using the standard K--solution given in Reference 14:

KQ = f(a/W) [8]

wltere: f (a/W) « 2/U2* aWnr- ' (0.886 + 4.64 a/W - 13.32 a2/W
a/W)3/ '-

+ 14.72 a3/W3 - 5.6 a V

«40



The specimen size requirement to assure valid plane strain K, fracture toughness

determination

a, W-a, B I 2.5 (V°ys)2 [9]

was satisfied at the higher neutron exposures (7.8 and 16.2 dpa at 427°C and 16.2

dpa at 24°C -- see Table 3). The KIc specimens were precracked to an a/W ratio

greater than 0.6, which is higher than recommended ratio given in ASTM E399-81.

This difference is not expected to affect the results since the minimum specimen

dimension, W-a, generally satisfied Equation [9] and catastrophic fracture consistently

occurred prior to the 2 percent increment of effective crack extension allowed

at KQ. The one exception, the 7.8 dpa room temperature results, will be discussed

later.

'f"

FCP tests were conducted on the same size of compact specimens, except that the

width dimension was 7.62 mm. The specimens were cyclicly loaded in a servo-hydraulic

test machine operating in load control. Elevated temperatures were achieved by

use of an ait*-circulating furnace. Crack lengths on the irradiated specimens were

measured periodically by use of a special high-resolution closed-circuit television

system. An optical traveling microscope was used to measure crack lengths in the

unirradiated specimens. The "secant method -.(15) was used to calculate FCP rates ,
and the stress intensity factor range (AK) was calculated using the standard formula^ '

(identical to Equation [8] with AK and AP substituted in place of Kn and Pn, respec-

tively). In general, the test methods and data analysis procedures of ASTM E647-81v '

were followed throughout the FCP testing.

The fracture surface appearance of unirradiated specimens was characterized by

direct fractographic examination on an SEM operated at an accelerating potential

of 25 kV. To examine the fracture morphology of irradiated specimens, gold-coated

cellulose-acetate replicas were prepared and studied.

A4 1



III. RESULTS AND DISCUSSION

The unirradiated fracture toughness behavior for Alloy A-286 at 24 and 427°C i s

summarized in Figure 3. The J j c values d i f fer s l ight ly from those reported in

Reference 1 because the tension component correction in Equation [1] was not made

or ig ina l ly , and additional data have been included in the current R-curve regressions.

At 427°C, the Jr and tearing modulus (Table 3) decreased by almost a factor of

two relat ive to room temperature values. This reduction is consistent with the

loss in duc t i l i t y (Table 2) observed at the higher temperature.

Neutron i r radiat ion was found to cause a continuous degradation in fracture resist -

ance, as indicated in Figure 4. In the unirradiated condition, typical load-

displacement curves exhibited extensive plastic deformation, whereas the low

exposure (2.4 dpa) load-displacement records showed only l imited p las t ic i ty and

a lower maximum load. With higher neutron exposures, specimens fa i led in the

l inear-elast ic regime at progressively lower loads.

Comparison of the 427°C unirradiated and low fluence R curves is made in Figure 5

with multiple-specimen and single-specimen results displayed on the l e f t and r igh t ,

respectively. Both test methods y ie ld comparable fracture toughness responses.

Irradiation to 2.4 dpa was found to cause a two-fold reduction in J j c and a f i ve -

fold reduction in tearing modulus. The large degradation in tearing resistance

is due to a 70 percent reduction in the R-curve slope coupled with a 20 percent

increase in flow strength.

The irradiated Or value determined by the multiple-specimen technique (39 kJ/m2)

is not technically valid according to the ASTM test procedure because only three

data points were available to construct the R curve; ASTM recommends that a minimum

of four points be used. The unloading-compliance results met a l l ASTM c r i t e r i a ;

hence, the J j c value of 42 kJ/m2 is considered valid and is reported in Table 3.

Both test methods y ie ld the same tearing modulus, T = 3.

At the higher neutron exposures, the degradation in fracture toughness behavior

continued with K. values ranging from 45 to 49 MPav¥ at 7.8 dpa and 34 to 37 MPa*fiT

at 16.2 dpa. In Figure 6, these toughnesses are compared with equivalent plane

strain fracture toughness values (K-,A computed from the unirradiated and 2.4 dpa
\ uC/

J , values using the following equation:

,-y
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FIGURE 5. Single- and multiple-speciman R curves for the unirradiated and low neutron exposure
conditions.
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do]

where v represents Poisson's rat io. The plane strain fracture toughness is seen

to decrease continuously with increasing irradiation damage although the degrada-

tion rate fa l ls off at the highest exposures. At 16.2 dpa, the Kr value is

reduced by 70 percent relative to the unirradiated equivalent toughness.

The room temperature fracture toughness results are listed in Table 3 and plotted

in Figure 6. The material irradiated to 16.2 dpa fractured in the linear-elastic

mode and had a KIc of 57 MPavfii". Under intermediate exposure conditions (7.8 dpa),

the increase in fracture resistance invalidated the Kr results since the specimen

dimensions no longer met the size criterion given in Equation [9] . Furthermore,

the values of PQ for these two tests were equal to P5, the intersection of the

5 percent offset secant with the load-displacement record, which means that 2 percent-

effective crack extension was allowed Kg. The large i n i t i a l a/W could then result

in a sl.ight overestimation of KQ. Since subsize specimens with long i n i t i a l crack

lengths tend to cause nonconservative toughness values, the intermediate exposure

fracture toughnesses are reported as KQ rather than KT . The unirradiated equivalent

K, fracture toughness was computed using Equation [10].

The room temperature fracture toughness decreases continuously with increasing

irradiation exposure, paralleling the 427°C results. The 24°C values were approxi-

mately 40 to 60 percent higher than elevated temperature results, indicating an

overall increase in fracture resistance with decreasing temperature in both the

unirradiated and irradiated condition.

The severe degradation in fracture resistance with increasing irradiation damage

demonstrates that b r i t t le fracture would be an important design consideration for

highly irradiated Alloy A-286 ( i . e . , for exposures greater than 5 dpa). Crit ical

flaw sizes for design stresses equal to half the unirradiated yield strength are

on the order of 5 to 10 mm at 427°C and 10 to 20 mm at 24°C. For exposures less

than 2 dpa, the higher toughness levels result in an order of magnitude increase

in cr i t i ca l flaw sizes, such that b r i t t le fracture would no longer be a primary

concern.
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Examination of the unirradiated and irradiated fracture surface morphologies re-

vealed that the operative fracture mechanisms were dependent on irradiation exposure.

The unirradiated fracture appearance, detailed in Reference 1, consisted of a combi-

nation of microvoid coalescence and elongated tear ridges or troughs, as shown

in i igure 7. The tear ridges (see upper le f t corner of Figure 7) formed around

failed stringers that were aligned in the rol l ing direction. These troughs propagated

ahead of the advancing crack front, and they caused a reduction in fracture resistance

of the surrounding matrix. ' The microvoid coalescence mechanism involved a duplex

morphology with large primary dimples surrounded by many smaller ones. Early rupture

of the large carbide inclusions init iated the primary dimples, but before they

could coalesce, many smaller dimples, or void sheets,' ' ' were nucleated in

the remaining highly strained ligaments. The spacing of the small dimples indicates

that they were nucleated by the small, unidentified precipitates shown in Figure lb.

The deep, well-defined dimples and tear ridges indicate that their formation involved

extensive homogeneous plastic deformation. This is further evidenced by the inter-

woven patterns observed on the dimple and tear ridge walls. Such deformation

markings are indicative of features found on materials strained well into the plastic

regime.

In the irradiated condition, the fracture mechanisms were markedly different. The
2.4 dpa fracture surface, shown in Figure 8a, exhibited a few shallow, i l l-defined
dimples surrounded by a rather faceted morphology. With higher neutron exposures,

the fracture surface took on a highly faceted, crystallographic appearance (Figure
(19 20)8b) reminiscent of channel fracture.^ ' ' No evidence of the elongated tear

ridges was observed in any irradiated specimen, which indicates that the stringers

do not influence the postirradiation fracture behavior.

Channel fracture has been observed in neutron-irradiation Type 304 stainless steel
at 371°C^19'20^ and in unirradiated Inconel X-750 at 649 and 704°C.^21'22^ This
fracture mechanism results when al l dislocation activi ty is channeled through narrow
deformation zones. The severe dislocation channeling ultimately in i t iates localized
separation along these planar slip bands. In the Type 304 stainless steel, lead
dislocations sweep out the fine defects generated by the irradiation displacement
damage, creating defect-free channels that are substantially weaker than the surround-
ing matrix. All subsequent dislocation act ivi ty is then channeled through these
localized planar regions, and eventually shear cracks nucleate and propagate along
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FIGURE 7. -Typical fractograph for unirradiated Alloy A-286.
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FIGURE 8. Typical fractographs for irradiated Alloy A-286.

(a) 2.4 dpa

(b) 16.2 dpa
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weakened channels. In a l l l ikelihood, this heterogeneous deformation model also

results in the channel fracture observed in highly irradiated Alloy A-286. Stereo

fractography provided additional support for the proposed channel fracture mechanism

because the individual facets were found to be steeply inclined relative to the

overall crack plane, a condition that is indicative of shear fracture.

At a neutron exposure of 2.4 dpa, a fracture mechanism transition from ductile

microvoid coalescence to channel fracture occurred as evidenced by the i l l -defined

dimples and facets. The lower irradiation dose results in fewer latt ice defects

and a lower strength matrix. Straining s t i l l produces defect-free channels, but

they are only sl ightly weaker than the surrounding regions, so that limited matrix

dislocation mechanisms remain active. As a result, shallow microvoids are init iated

but their growth is stunted by the restricted homogeneous sl ip capabilities.

The severe reduction in fracture toughness with neutron irradiation is attributed

to the extensive planar sl ip and the concomitant channel fracture mechanism. As

the channel fracture becomes better defined with increasing exposure, the fracture

resistance continues to drop but at a decreasing rate. This suggests that a satura-

tion in toughness degradation occurs when crisp channel fracture dominates the

fracture surface. Irradiation embrittlement in Type 304 stainless steel was, in

fact, found to saturate at fluences above 3 x 1022 n/cm2 where the channel fracture
(19}mechanism was dominant. ' Therefore, irradiation exposures above 16 dpa are

not expected to reduce the Kjc response for Alloy A-286 below 30 to 35 MPa/frf.

Results for FCP tests conducted at 427°C are shown in Figure 9. Two specimens

were tested in the unirradiated condition, and one specimen each irradiated to

total fluences of 7.5 x 1021 n/cm2 (2.4 dpa) and 5.2 x 1022 n/cm2 (16.2 dpa). The

specimen irradiated to the lower exposure (Specimen 663) exhibits FCP rates that

are essentially equivalent to those observed in the unirradiated specimens. On

the other hand, the higher exposure specimen (Specimen 672) exhibited crack growth

rates that are somewhat higher than those observed in the unirradiated specimens.

This trend is especially apparent at the higher values of AK as the value of Kmax

approaches the fracture toughness Kj . In fact, Specimen 672 fractured abruptly

during fatigue cycling at a IT „ level of about 33 MPa^. This is in very good

agreement with the values of Kj = 34-37 MPavfif shown in Table 3.
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IV. CONCLUSIONS

The fracture properties of Alloy A-286 irradiated to 2.4, 7.8 and 16.2 dpa

(7.7 x 1021, 2.5 x 1022 and 5.2 x 1022 n/cm2, respectively) were characterized

at 24 and 427°C using fracture mechanics techniques. The results of this study

are summarized below:

1. The elevated temperature fracture resistance was found to decrease continuously

with increasing irradiat ion damage. In the unirradiated and low neutron exposure

conditions, the material fai led in an elastic-plastic mode, and the equivalent

KJc determined from the J j fracture toughness, was reduced from 129 to 90

MPavfif due to irradiat ion to 2.4 dpa. Br i t t le fracture occurred at higher

exposures, and Kjc values continued to f a l l to approximately 35 MPa#at 16.2

dpa.

2. The room temperature fracture toughness also decreased with increasing

irradiat ion, paralleling the 427°C results. However, the KJc or KIc toughness

values at 24°C were consistently 40 to 60 percent higher than the 427°C values.

3. In the unirradiated condition, the fracture surface exhibited well-defined

microvoid coalescence and elongated tear ridges. These morphologies indicate

that extensive homogeneous plastic deformation accompanied the tearing process,

accounting for the superior fracture resistance.

4. The severe toughness degradation at a neutron exposure of 16.2 dpa was associated

with a channel fracture mechanism. In the highly irradiated material, a l l

dislocation act iv i ty was localized in planar sl ip bands, and cracking eventually

in i t ia ted and propagated along these channels. The extensive planar sl ip and

accompanying channel fracture resulted in the poor fracture resistance displayed

after intense irradiat ion damage.

5. At 2.4 dpa, a fracture mechanism transit ion from ductile dimple rupture to

channel fracture occurred. Both homogeneous and heterogeneous dislocation

mechanisms were active in this regime, which accounts for the modest 30 percent

reduction in fracture toughness observed at this neutron exposure.
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6. Irradiation to 2.4 dpa produced l i t t l e or no influence upon the fatigue-crack

growth behavior of this alloy. However, irradiation to 16.2 dpa produced a

moderate increase in FCP rates relative to those in unirradiated material.

This trend was more pronounced at the higher levels of AK as the material

fracture toughness was approached.
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