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Abstract

_21 Q _2 i g

Irradiated[~ 3 x 1 0 n cm (thermal), <3 x 10 n cm

( > 1 MeV )at 40 °C ] and the corresponding unirradiated control

tensile specimens of a 20 % Cr, 25 % Ni, Nb stabilized steel test-

ed at 650 C, 750 C and 800 C have been examined by transmis-

sion electron microscopy. The results indicate that the irradia-

tion induced embrittlement of the tensile specimens at elevated

temperatures is preceded by the formation of fine precipitates

within the grains. These precipitates may restrict the deforma-

tion within the grains such that the stresses are concentrated at

the grain boundaries thereby leading to premature failure. .It is

suggested that the main effect of the irradiation is to promote con-

ditions necessary for the formation of these precipitates, namely,

super saturation and fresh nucleation sites within the matrix through

the energetic emission of He and Li atoms from boron as an impurity.
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_]_. Introduction

The adverse effect of neutron irradiation on the hot tensile

ductility of austenitic steels is now fairly well known [ 1, 2, 3, 4].

The main features of this effect are,

a) In contrast to the room temperature loss in ductility which is

proportional to the fast neutron dose and anneals out complete-

ly at temperatures near 500 C, the high temperature embritt-

lement is a function of thermal neutron dose and the damage is

irreparable by pöst-irradiation annealing, up to temperatures

near 1200 C 2 . The fracture is invariably intargranular in

character.

b) Irradiations at ambient temperature and at temperatures above

500 C produce similar effects [4] .

c) Nb or Ti stabilized steels are less susceptible to this type of

embrittlement than the plain austenitic steels [1 ] .

d) Unlike room temperature changes in ductility the loss in ducti-

lity at elevated temperatures is achieved without any appreciab-

le increase in tensile or yield strengths [4],

Hitherto, almost all investigations in this field have been limited to

compiling hot tensile data on the irradiated materials. The mecha-

nism of the phenomenon has, however, not been extensively studied

and is not fully understood. The purpose of this investigation is to

make an attempt to study the mechanism of the thermal neutron indu-

ced hot tensile embrittlement by using transmission electron micro-

scopy under conditions not previously attempted, namely, irradia-

tion of the specimens at ambient temperature followed by hot tensile

testing.

2 „ Experimental technique

2. 1 The material used in this investigation was a 20/25 Nb steel

whose composition is given in table 1 . The material was received

in the form of a tube with 0. 35 mm wall thickness from which 0.2 mm

thick sheets were prepared by cold rolling with an intermediate anneal

at 900 C for 3 hours in a high vacuum. These sheets were cut into

the shape of tensile specimens with a gauge area of 20 x 8 mm and

annealed at 1050 C for 45 minutes in vacmr.n and subsequently allow-

ed to cool in air. The resultant structure is shown in fig. 1 a, b.
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2.2 Finally the specimens were sealed in an argon-filled alumi-

nium container and irradiated at 40 C to a total neutron dose of

3.3 x 10 nvt, of which less than a tenth was due to fast neutrons

( > 1 MeV). Tensile tests were carried out at 650 C, 750 C and

800 C in a purified argon atmosphere at a constant strain rate of
-4

1 .5 x 10 per sec. Some of the specimens were given a post-

irradiation anneal at 1050 C for 30 minutes before straining.

Electron microscope films were prepared by electrothinning in

a 60:40 mixture of orthophosphoric and sulphuric acids at 30 °C .

3_. Results

3.! ^pjecimens J:eftedat650 C

a) The dislocation arrangements in the gauge lengths of the con-

trol and irradiated specimens are shown in fig. 2 a, b. Dis-

location tangles are observed in both cases, but the tangling
•ss-

is more pronounced in the latter. Precipitation has already

commenced at 650 C in irradiated specimens and some of the

precipitates are clearly resolved whereas the control specimen

is characterized by the lack of it. No sign of recovery is appar-

ent in the control or irradiated specimens.

b) Films prepared from the ends of the irradiated specimens did

not show precipitation as' in films from the gauge lengths indi-

cating that strain is necessary for the onset of precipitation

fig. 5 a. This observation is, however, at variance with a pre-

vious study by Arkell and Pfeil where the irradiation was carried

out at elevated temperatures [3],

c) Continuous grain boundary precipitates were found in the irradia-

ted specimens, fig. 7 a. Control specimens showed a somewhat

smaller amount of precipitation at the grain boundaries. This

:er

800 °C (figs. 7 and 8).

pattern was maintained in all the subsequent tests at 750 C and

'The precipitates are presumed to be carbides and/or nitrides of Nb.
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3.2S-Qpcimens Jtestedat750_ C

The gauge length of the irradiated specimen showed a large

amount of precipitation within the grains with some preference for

dislocations, fig. 3 a. Similar precipitates were not observed in

the relatively unstrained specimen ends, fig. 5 a, and in the gauge

lengths of the control specimen, fig. 3 b. Little or no recovery was

observed in the irradiated specimen but the control specimen show-

ed marked recovery (see fig. 3 a, b.)

The gauge length of the irradiated specimen showed coarser

precipitates within the grains with a marked preference for disloca-

tions although a dispersion of non-dislocation precipitates was also

present, fig. 4 a. The reduced dislocation density within the grains

indicates hardening of the sources and/or supervention of recovery.

Such precipitates were not observed in the control or the ends of the

irradiated specimens, (figs. 4 b and 5 a). Fig. 4 b also indicates

that recovery in the control specimen is almost complete.

4. Effect of annealing treatments

4. 1 An attempt was made to determine whether the observed pre-

cipitation in the irradiated specimens was due to irradiation induced

super saturation of carbon and nitrogen or due to nucleation and growth

processes. A control specimen was solution treated at 1120 C for

45 minutes and rapidly cooled in air. On subsequent testing at 750 C,

precipitation occurred copiously, fig. 5 b. The precipitates were seen

to lie almost exclusively on the dislocations. The lack of similar pre-

cipitation in untreated control specimens under similar conditions of

testing suggests that the matrix in the control specimens is not super-

saturated. Thus, it appears that the enhanced precipitation in the irra -

diated samples (compare figs. 5 b and 3 a), can be attributed to the

simultaneous creation of super saturation and favourable nucleation

and growth conditions by irradiation.

4.2 A few irradiated specimens were annealed at 1050 C for 30

minutes before testing in an attempt to study the effect of post-irra-

diation annealing on the recovery processes. It is seen from fig. 9

that the annealed irradiated material fails at a much smaller stress
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in comparison to a similarly annealed unirradiated specimen accom-

panied by a further loss in ductility at 750 C but by a slight increase

at 800 C. The electron microscope examination of the specimens re-

veals that considerable recovery of dislocations has occurred both at

750 C and 850 C, fig, 6 a, b. Dislocation precipitates have almost

disappeared and the residual precipitates within the grains are very

few indeed. Recovery at 800 C seems to be well advanced as shown

by subgrain formation, fig. 6 b. This observation suggests that the

effect of the post-irradiation annealing at 1050 C/30 min. is such

that the process of recovery is accompanied by a simultaneous

weakening of the grain boundaries resulting in a premature failure

of the specimen. Fig. 8 b shows the grain boundary in an annealed

irradiated specimen tested at 800 C. The extent and the globular

nature of the precipitates are to be contrasted with those shown in

figs. 7 a, b and 8 a.

5. Discussion

5.1 It is indicated from the results that precipitation during high

temperature tensile testing of the irradiated 20/25 Nb steel at 40 C

is achieved through the irradiation induced supersaturation of the

austenitic matrix plus the creation of nucleation sites. It has been

shown [53 that a small amount of boron (~ 5 ppm) in the steel is

capable of producing a very large number of displacement spikes

through the energetic emission of He and Li atoms under thermal

neutron irradiation. These spikes can bring about a partial disso-

lution of the carbide particles present in the matrix. The above-

mentioned supersaturation perhaps arises in this manner. The re-

sultant He and Li atoms may migrate by strain enhanced thermal

diffusion to form small clusters and become the sites for the nu-

cleation of the precipitates which are assumed to be Nb, and Ti

carbides and nitrides or both. It is clear that the strain fields of

dislocations will be preferred sites as observed. Furthermore,

owing to the association of He atoms with the carbide nuclei, for-

mation of He bubbles is restricted and it is probably due to this

association that bubbles are not observed.
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5.2- The irradiated specimens showed little or no tendency to re-

cover under conditions where extensive recovery occurred in the

control specimens. The relative absence of recovery in the irradi-

ated specimens could be a consequence of the irradiation induced

precipitates which inhibit deslocation climb. If the climb is difficult

and the dislocation sources are hardened the deformation in the grains

will be limited, leaving the grain boundaries subject to high stresses.

This could account for the intergranular fracture in the irradiated

specimens and their low ductility values.

5.3 The above mechanism, of intergranular fracture is similar to

that found in quenched and aged Nb-stabilized austenitic steels [6, 1\

However, there is a fundamental difference, namely, unlike the quen-

ched and aged specimens, the irradiated specimens do not recover com-

pletely on post-irradiation annealing at 1050 C. Even worse, the an-

nealing treatment results in weakening of the grain boundaries. It is

suggested that during the annealing treatment at 1050 C, He and Li

atoms are able to find their way to grain boundary or even subgrain

boundary areas at an accelerated rate (owing to high thermal diffu-

sivity at this temperature) and to form clusters. These clusters in

turn may nucleate globular carbide precipitates locally at test tempe-

ratures. The reduced grain boundary strength in post-irradiation an-

nealed specimens perhaps arises in this manner.

5.4 If the irradiation is carried out at higher temperatures the pre-

cipitation occurs without the assistance of strain [31. This may be

due to the increased mobility of the He, Li and Nb atoms at elevated

temperatures together with the considerably longer time (~ 10 days)

which the specimen spent at such temperatures during irradiation in

the reactor. The average time spent at high temperatures by the spe-

cimens used in this investigation was only 30 minutes.

éuConc lus ion

a) Thermal neutron induced loss in high temperature tensile duc-

tility in Nb-stabilized austenitic steel appears to be a direct

consequence of enhanced precipitation within the grains.

b) Onset of precipitation in samples irradiated at ambient tempe-

ratures is strain assisted. This has to be constrasted with high

temperature irradiation where strain is not necessary for the

precipitation process.
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c) The precipitates interfere with the recovery processes by-

preventing dislocation climb and this, coupled with dislo-

cation hardening, limits the deformation within the grains.

As a consequence, stresses are concentrated at the grain

boundaries leading to premature failure.

d) Conditions necessary for the enhanced precipitation in irra-

diated specimens are achieved through the irradiation induc-

ed super saturation and production of fresh nucleation sites

within the matrix. It is envisaged that the fission products

from boron impurities are responsible for attaining these

conditions. If this were true, loss in hot tensile ductility

of the steel should be a function of B content and this is

found to be so [4] .

e) It is suggested that the absence of He bubble formation and

weakening of the grain boundaries in annealed irradiated spec-

imen may arise due to the migration of He atoms to the grain

boundary areas and their subsequent clustering in association

with the precipitate nuclei at certain preferred sites as im-

posed by the testing conditions. The same can be true for Li

atom s.
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TABLE 1

Element

• wt %

C

0.03

Si

0.55

Mn

1.7

P

0.007

S

0.017

C r

19

Ni

26

Mo

0.05

Nb

0.34

N

0,03

Ti

0.05

Co

50 ppm

B

5 ppm

I
00
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(a) As-annealed structure. Note the carbide precipitates in the grains.
Average size of the precipitates A^150 Å.

(b) Subgrains in the as-annealed material.
x80000
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Fig. 2 (a) Dislocation arrangements in control specimens tested at 650 C.
Note intense tangling and absence of recovery.

(b) Dislocation arrangements in the corresponding irradiated specimen.

Precipitation seems to have occurred; some precipitates are clearly-

resolved. x80000





Fig. 3 (a) Dislocation arrangements and reprecipitation in irradiated specimen
tested at 750 C. Precipitation has occurred copiously. Many of the
precipitates lie on the dislocations.

(b) Structure of the corresponding control specimen. Note the as-annealed
character of the structure.

x80000

p \ •

Fig. 4 (a) Decorated dislocations in irradiated specimen tested at 800°C. Precipi-
tates are larger in size. Perhaps partial recovery has occurred as
shown by the decrease in dislocation density.

Almost recovered structure of the corresponding control specimen.

x80000
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Fig. 5 (a) Structure in the end of an irradiated specimen tested at 75O°C.
Similar structures were observed for the specimen heads tested at
650 C and 800 C. Note the lack of precipitates similar to those
seen in the gauge lengths of the corresponding specimens.

(b) Precipitation and dislocation arrangements in an unirradiated
specimen solution treated at 112O°CA5 min and tested at 75O°C.
Note the precipitates lying predominantly on dislocations.
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Fig. 6 (a) Structure of an irradiated specimen annealed at 1O5O°C/3O min
prior to testing at 75O°C. Note the decrease in the number of
dislocations and the precipitate particles.

(b) Corresponding structure in a specimen tested at 800°C. Note the
subgrain structure. Recovery is more advanced in this case than
in (a).
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Fig. 7 (a) Grain boundary precipitate in an irradiated specimen tested at 65O°C.
The corresponding micrograph for the unirradiated specimen is not
provided., which exhibited somewhat less precipitation at the grain
boundaries.

(b) Grain boundary precipitates in a corresponding specimen tested at 750°C.
The precipitates are coarser.

xSOOOO

Fig. 8 (a) Grain boundary precipitate in an irradiated specimen tested at 800°C.

(b) Globular nature of precipitates in an annealed irradiated specimen
tested at 800 C. Note the extent and nature of the precipitates. These
precipitates were seen only on certain preferred grain boundary areas.

x80000
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