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Abstract

Austenitic (16Cr±15Ni±3Mo±1Ti, 16Cr±15Ni±3Mo) stainless steels have been exposed to Kr� irradiation (E� 1.5

MeV, Tirr� 500±700°C, dose ± up to 200 dpa) to compare with fast neutron irradiation (E > 0.1 MeV, Tirr� 480±

500°C, dose ± up to 60 dpa). Structural evolution, concentration changes and void formation were investigated. It was

found that structural transformations in these steels are in qualitative agreement under Kr� and fast neutron irra-

diation. High resistance to swelling of aging stainless steel with 1% Ti is explained by the presence of both indirect

point-defect sinks (c0 precipitates) and thermally stable direct dislocation sinks pinned by dispersed particles under

irradiation. Ó 1999 Published by Elsevier Science B.V. All rights reserved.

1. Introduction

Sophistication of fast-neutron reactors and develop-

ment of fusion reactors requires creation of alloys with a

high resistance to radiation void-formation at tempera-

tures of 400±700°C. A low radiation resistance of steel in

fuel elements does not allow considerable burn up of

nuclear fuel in fast neutron reactors. FCC austenitic

steels are more prone to radiation void formation as

compared to bcc ferritic steels. The latter are less resis-

tant to corrosion, creep and embrittlement.

In the early 1970s, soon after radiation swelling was

found [1], the main reasons for this phenomenon were

explained and principal methods of swelling retardation

were established [2±7]. Later studies greatly extended

our understanding of the void formation and the

structure evolution in various alloys subject to irradia-

tion with high-energy particles [8±20].

Various approaches have been proposed to preclude

vacancy swelling of austenitic steels:

1. Doping of stainless steels with small amounts (up to

0.5 mass%) of Ti or Si impurity to form vacancy-

impurity complexes and to enhance recombination

of point defects [8];

2. Preliminary cold deformation of alloys (up to �30%)

in order to greatly increase the number of point de-

fect sinks (as edge dislocations) and to delay the onset

of vacancy-void formation [7];

3. Radiation-induced precipitation of dispersed phases

(intermetallics of Ni3Ti(Al) type) [6] to change the

character of migration of point defects and to en-

hance their recombination. This phenomenon was

observed for the ®rst time in a high-nickel alloy ± ni-

monic PE-16 [6];

4. Precipitation of plate phosphides under irradiation of

stainless steels purposefully doped with phosphorus

[9,10]. The in¯uence of phosphide aging may be at-

tributed to formation of small helium bubbles near

the phosphides, the bubbles serving as neutral sinks

of point defects;

5. A complete solution of the problem of swelling con-

sists in replacement of fcc steels by bcc stainless steels,

admitting impairment of corrosion and mechanical

properties.

Today the goal of research is to bring the swelling

resistance of fcc austenitic alloys to the value observed

in bcc ferritic and ferritic±martensitic steels, while

preserving the advantages of austenite. The austenitic
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materials that are most resistant to swelling are high-

nickel precipitation-hardening fcc alloys [6,14]. However

the alloys become highly brittle owing to the radiation-

induced precipitation of a large amount of intermetallic

phases, speci®cally Ni3Ti(Al) [14]. The recent investiga-

tions showed [18±20] that there is no need to add more

than 40% nickel and 2±3% titanium or aluminum in the

alloys. It is su�cient to introduce to high-purity (6 0.02

mass% C) stainless steels of the 16Cr±15Ni±3Mo type

such an amount of titanium (�1 mass%) that would

permit transforming a typical reactor steel to a pre-

cipitation-hardening steel subject to irradiation at

450±600°C.

The ®rst experiments [18±20] performed on 16Cr±

15Ni±3Mo±1Ti aging austenitic steel showed that its

swelling is almost an order of magnitude lower (�0.6%)

than swelling of an analogous steel containing 0.3% Ti

when both steels were irradiated with fast neutrons at

the energy E > 0.1 MeV and the most hazardous tem-

perature of 480°C (dose of 60 dpa) in a commercial BN-

600 reactor (Russian Federation). Dose and temperature

dependencies of the radiation void formation were not

measured for this steel. Therefore the ®rst major task of

this present research was to analyze the structural

changes and to measure the temperature dependence of

the vacancy void formation for the 16Cr±15Ni±3Mo±

1Ti steel (in comparison to the titanium-less steel) under

a high-dose (up to 200 dpa) ion irradiation. Ion irradi-

ation of thin foils in situ a high-voltage electron micro-

scope were performed to simulate neutron irradiations.

2. Materials, thermal treatment and methods

Steels of the following composition were produced in

a vacuum induction furnace (mass%):

1. 16Cr±15Ni±3Mo±1Ti (15.9Cr; 15.0Ni; 2.5Mo; 1.02Ti;

0.03C as measured by chemical method);

2. 16Cr±15Ni±3Mo.

The steels were quenched from 1050°C and were

found in a single-phase austenitic state. Neutron irra-

diation carried out at 480±500°C led to precipitation of

up to 3% coherent ordered c0 phase of Ni3Ti only in the

steel with 1% titanium [18±20]. This was seen from ap-

pearance of superstructure re¯ections in neutron dif-

fraction patterns [20].

Thin foils of proposed stainless steel containing 1%

titanium and titanium-less steel of a similar composition

were irradiated with Kr� ions directly in an electron

microscope [21] or in an accelerator (followed by ex-

amination of the irradiated foils under a JEM-100CX

microscope). A maximum irradiation dose of 200 dpa

was su�cient to produce vacancy-voids in steels.

The 16Cr±15Ni±3Mo±1Ti austenitic steel was subject

to ion irradiation after three di�erent treatments: (a)

after quenching from 1050°C; (b) after aging 8000 h at

650°C, which leads to coarsening of the precipitating

phases and simulates long-time holding (up to �300

days, 60 dpa) in a neutron reactor (a high-dose (up to

200 dpa) irradiation with 1.5 MeV krypton ions requires

less than 3 h); (c) after cold deformation with a reduc-

tion of �20%.

For swelling analysis the foil thickness was deter-

mined in a TEM from the extinction bands [22] under

dynamical di�raction condition, or the inclined boun-

dary of the grain in the (2 0 0)c re¯ection. In most cases

the foil thickness was �200 nm. A Philips CM-30 elec-

tron microscope with EDAX-9900 nano-probe was used

to determine the concentration of elements in the foil

(minimum size of the probe is 30 nm).

3. Choice of ion irradiation

To simulate fast neutron irradiation by ion irradia-

tion a number of di�erent ions and energies were in-

vestigated using an amended version of TRIM [23],

which calculates the integral fractions of primary recoils

and damage energy as a function of primary recoil en-

ergy. These recoil spectra could then be compared with

the same spectra for irradiations by fast neutron spec-

trum. Whereas, in a very thin Fe TEM sample a rea-

sonably good simulation recoil spectra for fast neutron

irradiation would be with 400 keV Fe ions, to get suf-

®cient dose (200 dpa) in a few hours required larger

mass. The larger mass required higher ion energy to get

su�cient transmission through a typical TEM sample

thickness of 100 nm and thus fairly uniform damage

through this thickness. Combining these with factor of

accelerator reliability, the choice of irradiation was

1.5 MeV Kr ions. Fig. 1 shows a comparison of this ion

irradiation in Fe±16%Cr±15%Ni±3%Mo with that of a

fast neutron irradiation in Cu. Notice that the medians

in the damage energy distributions are similar (60±70

keV recoil energy). However the ion irradiation has

more damage energy in recoils at higher energies and a

higher fraction of low recoil energy events. These spec-

tral di�erences are not expected to make a signi®cant

di�erence in the development of irradiation produced

microstructure at the rather high doses in this study.

Using a Kinchin±Pease model in a TRIM calculation

yields a dose of 1 dpa for 4 ´ 1014 ions/cm2. A damage

level of 200 dpa could be reached by an irradiation time

2±3 h.

However, other di�erences between this ion irradia-

tion condition and a fast neutron irradiation must be

considered. Recoil events from ion irradiation will be

more correlated in space along each incident ion path,

and the thin sample (100 nm) might provide a dominant

sink structure (nearby surfaces) to distort the results. We

feel neither is important at the high doses, and resultant

high density of irradiation produced sink structures,
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used in this study. Two other di�erences which are un-

doubtedly more important are the greatly enhanced dose

rate and the deposited Kr atoms. The latter amounts to

about 1% of the ion dose in a 100 nm sample thickness.

The dose rate is about 4 orders of magnitude higher for

this ion irradiation than of a typical fast neutron irra-

diation in core. It is unknown at this time if the depos-

ited Kr near the back surface of the foil has a signi®cant

e�ect on void nucleation and growth. However, the en-

hanced dose rate may be compensated by a shift in the

peak temperature for swelling. Thus, results may be in-

terpreted to apply to bulk neutron irradiations at lower

temperatures.

4. Experimental results

4.1. Temperature dependence of swelling of 16Cr±15Ni±

3Mo steels with and without titanium

Vacancy voids are formed during Kr� irradiation in

the investigated steels. Fig. 2(a) shows size distribution

of the voids in the steels depending on the temperature

of irradiation with 1.5 MeV Kr� ions. Fig. 2(b) depicts

the temperature dependence of vacancy swelling of the

test stainless steels depending on their composition and

thermal treatment. As is seen, the quenched steels with

1% Ti swell much less than the titanium-less steels

(0.12% and 2.25%, respectively, irradiation tempera-

ture� 650°C). Subject to irradiation at 650°C

(dose� 200 dpa), an average size of the voids is larger

too, in the 16Cr±15Ni±3Mo steel (�14 nm) than in the

same steel containing 1% Ti (3±4 nm). Very often the

vacancy voids in Kr�-irradiated steels were so small that

we had to detect them additionally by the change of the

light contrast to the dark one during underfocusing and

overfocusing in accordance with the technique described

in [24]. Fig. 3(a) and (b) shows voids formed in the

16Cr±15Ni±3Mo steel after irradiation (200 dpa) at

650°C under conditions of underfocusing (a) and over-

focusing (b). The void distribution is bimodal. There are

large and small voids in titanium-less steels. Fig. 3(c)

illustrates the small void size in austenitic steels with 1%

Fig. 1. Recoil (1,3) and damage (2,4) fraction under irradiation

of steel 16Cr±15Ni±3Mo with K� ions (1,2) and under fast

neutron irradiation of Cu (3,4).

Fig. 2. Average size of voids (a) and vacancy swelling DV/V ; (b)

in stainless steels depending on the temperature of irradiation

with Kr� ions (dose� 200 dpa). (1) 16Cr±15Ni±3Mo steel

quenched from 1050°C (j); (2) 16Cr±15Ni±3Mo±1Ti steel

quenched from 1050°C (h); (3) 16Cr±15Ni±3Mo±1Ti steel

quenched from 1050°C and aged at 650°C for 8000 h ( ); (4)

steel quenched and cold-deformation to 20% (X).
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titanium. The size di�erence becomes most pronounced

under ion irradiation at 650°C.

Note speci®c features of the structural pattern of

swelling arising under irradiation with fast neutrons

(E > 0.1 MeV) and krypton ions with an energy of

1.5 MeV:

(1) When the 16Cr±15Ni±3Mo steel is irradiated

with fast neutrons and Kr� ions, the temperature de-

pendence of the vacancy swelling is shaped like a dome.

In the case of ion irradiation the maximum on the

DV =V � f �T � curve is shifted, as in [7,14], towards

higher temperatures (from 500°C with fast neutron to

650°C for Kr ions).

(2) Generally vacancy voids formed under ion irra-

diation are much smaller than those produced under

neutron irradiation. For example, voids with an average

size of �80±100 nm are formed in the 16Cr±15Ni±3Mo

and 16Cr±15Ni±3Mo±1Ti steels [18±20] (see Fig. 4)

when these are subject to neutron irradiation in the BN-

600 reactor up to a dose of 60 dpa at 480°C. Irradiation

of the same steels with Kr� ions even to higher doses

(200 dpa) at the maximum swelling temperature of

650°C causes appearance of voids having an average size

of 3±14 nm.

(3) A greater swelling of the steels with and without

Ti under ion (Kr�) irradiation is determined mainly by

Fig. 4. Vacancy voids in the 16Cr±15Ni±3Mo±0.3Ti (a) and 16Cr±15Ni±3Mo±1Ti (b) steels after irradiation in the BN-600 reactor with

fast neutrons at 500°C (dose� 60 dpa) [20].

Fig. 3. Vacancy voids in the 16Cr±15Ni±3Mo (a,b) and 16Cr±15Ni±3Mo±1Ti (c) after irradiation with 1.5 MeV Kr� ions at 650°C

(dose� 200 dpa); (a) underfocused; (b) overfocused.
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an increase in the void size (cf. Figs. 2 and 3). Under

neutron irradiation a rise in DV/V for di�erent steels is

determined by an increase in the density of voids, with

their size being approximately equal: lowering of swell-

ing DV/V of the Cr16Ni15Mo3 steel containing 1% Ti

from 4.4%±0.6% is due to a decrease in the density of

voids from 1.7 ´ 1020±0.25 ´ 1020 mÿ3, while an average

size of the voids is approximately the same and equals 80

and 78 nm [20]. In other words, it was found that ad-

dition of 1% Ti to steels of the 16Cr±15Ni±3Mo type

lowers the void nucleation rate under neutron irradia-

tion (500°C) and decreases the void growth rate under

ion irradiation (650°C, Kr� ions).

(4) Simulation irradiation with high-energy Kr� ions

con®rmed the fact that radiation void formation is

largely retarded over the precipitation hardening range

in quenched austenitic steels of the 16Cr±15Ni±3Mo

type doped with 1% Ti. It is shown that the positive

e�ect of 1% Ti persists over a rather broad temperature

interval (500±700°C) up to high doses (200 dpa). Note

that addition of 0.3±0.5% titanium, as is a common

practice, is insu�cient to suppress radiation swelling

[18±20].

4.2. Structural evolution of the steels with an increase in

the Kr� ¯uence

We did not pose ourselves the task to trace structural

changes that occur in steels at early stages of irradiation

(the onset of formation of Frank loops, their transfor-

mation, etc.). The main research was done after accu-

mulation of large ¯uences (dose P 10 dpa), which bring

the Fe±Cr±Ni system closer to formation of radiation-

induced voids. Fig. 5(a)±(c) shows the structure of the

titanium-less 16Cr±15Ni±3Mo steel in the initial state (a)

and after irradiation at 600°C up to 80 dpa (b) and

Fig. 5. Structure of the 16Cr±15Ni±3Mo steel in the initial state (a) and after irradiation with 1.5 MeV Kr� ions up to a dose (dpa) of

80 (b), 200 (c) at 600°C, (d) electron di�raction pattern at 200 dpa.
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200 dpa (c). Even irradiation with krypton ions up to the

dose of 10 dpa caused rearrangement of Frank loops to

usual dislocations, which are largely transformed into

subgrains at 600°C. The structure of the former grain

comprises ®ne subgrains measuring 20±100 nm in size. A

regular network of re¯ections from one grain after ir-

radiation up to 10 dpa remains practically unchanged in

the electron di�raction pattern. But part of re¯ections is

smeared azimuthally and new point re¯ections appear

near the initial re¯ections. This suggests formation of

subgrains rotated to several degrees within the former

austenite grain. As the irradiation dose is raised to 80±

200 dpa, the subgrains grow a little. The subgrains

formed under the dose of 200 dpa (600°C) are well seen

at large magni®cation in Fig. 5(c). Electron di�raction

pattern with zone axis [1 1 0] (Fig. 5(d)) show more

azimuthal smearing of re¯ections (rotation of subgrains)

and appearing of new re¯ections (formation of new

grains). Some subgrains and small grains reach 100±150

nm in size, but there are ®ne entities measuring 20±40

nm. In addition to the developed subgrain structure,

re¯ections from other phases are present. Probably,

these are separate carbides, the Laves phase, r, v or G

phases [14,16,17,25].

An increase in the irradiation temperature to 650°C

leads to appearance of recrystallized grains, which ab-

sorb the c-matrix with a dispersed substructure. Fine

vacancy voids become more pronounced in the recrys-

tallized grains. No marked changes in the concentration

of the main alloying elements (Cr, Ni, Mo and Fe) were

revealed when the concentration was measured using a

EDS probe about 30 nm in size.

Fig. 6. Structural evolution of the 16Cr±15Ni±3Mo±1Ti steel irradiated with Kr� ions (E� 1.5 MeV) from 0 dpa (a) to 10 dpa (b), 30

dpa (c), and 200 dpa (d) at 550°C.
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A di�erent situation is observed in the steel con-

taining 1% titanium. Figs. 6 and 7 illustrate the struc-

tural evolution of the 16Cr±15Ni±3Mo±1Ti steel during

irradiation with Kr� ions (E� 1.5 MeV) to the dose of

200 dpa at 550°C. The principal distinction of the steel

containing 1% Ti from the titanium-less steel is that the

dislocation structure of the former o�ers a higher ther-

mal and dose resistance. Even heating to 650°C (dose of

200 dpa) did not cause a breakdown of the c grain into

small subgrain constituents (Fig. 8).

Frank loops appear in regions free of dislocations

(see the area near the spherical particle in Fig. 6(b),

Fig. 7(b) and are preserved at the irradiation dose of

10 dpa (550°C). Note that some dislocations, which

existed before irradiation, are preserved after irradiation

to 10 dpa (see Figs. 6 and 7). Three dislocations changed

somewhat their positions but dispersed particles (most

probably, c0 phase) precipitated on dislocations in the

aging steel. Particles about 10 nm in size are seen in

Fig. 6(b) and the corresponding scheme in Fig. 7. If the

irradiation dose is increased to 30 dpa (Fig. 6(c)), the

structure starts to separate into alternating dark and

light c-constituents spaced 200±250 nm from one an-

other and forming a mosaic pattern. Numerous dis-

persed particles and dislocations are observed inside this

`coarse separation'. Such a picture is preserved up to

100 dpa. The dark and light areas have the same ori-

entation (as distinct from the subgrains in the titanium-

less steel) and illuminate in the matrix re¯ection. An

analogous contrast was found in irradiated Fe±35Ni and

Fe±Cr±35Ni alloys [15] and attributed to a redistribu-

tion of the alloying elements (nickel, iron and chromi-

um)or `spinodal-like decomposition' under a high-

temperature (400±800°C) irradiation. The authors [15]

observed oscillations of the composition with a period of

�200 nm and explained alternation of the dark and light

contrasts by di�erent etching of the c regions containing

di�erent amounts of nickel. In our case the change of the

contrast is not associated with di�erent etching of foil

portions (prior to irradiation the foil was homoge-

neous). Most probably, it is due to a di�erent chemical

composition of the precipitated regions and, possibly,

to a di�erent stress state of these regions. We ob-

served [26,27] appearance of an analogous contrast in

austenitic foils of the Fe±32 mass% Ni with local nickel

redistribution.

As the irradiation dose is raised to 130 and 200 dpa

(Fig. 6(d)), regions with more clearly de®ned boundaries

of subgrains and particles appear inside the smeared

dark-gray contrast. In the light-contrast regions ®ne

particles and dislocations are observed also. According

to [14,16,20,25], special carbides, c0 and g phases, Laves

phases, v, G and r phases can be formed in stainless

Fig. 7. Schematic sketch of three dislocations (encircled) in the 16Cr±15Ni±3Mo±1Ti steel before (a) and after (b) irradiation with 1.5

MeV Kr� ions up to a dose of 10 dpa at 550°C. Dislocation pinning particles are seen.

Fig. 8. Structure of the 16Cr±15Ni±3Mo±1Ti steel irradiated

with 1.5 MeV Kr� ions up to a dose 200 dpa at 650°C. On

arrow ± way of EDS nano-probe.
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steels of a similar composition after a high-dose irradi-

ation at elevated temperatures.

An increase in the irradiation temperature of the

16Cr±15Ni±3Mo±1Ti steel to 650°C incurs little quali-

tative changes in intragrain transformations. As the dose

of irradiation with Kr� ions is raised the appearance of

®ne particles and dislocations is accompanied by for-

mation of rather large dark regions up to 300 nm in size

(Fig. 8). No recrystallization or polygonization is de-

tected. An attempt was made to measure changes in the

concentration of the alloying elements when the EDS

probe (30 nm in diameter) passed from one particle to

another. The probe movement diagram is given in Fig. 8.

From the analysis it follows (Fig. 9) that the region ac-

commodating an extended particle at the boundary with

a twin contains seven times as high the amount of tita-

nium as in the c matrix (Fig. 9(a)). Changes with respect

to the other elements in this region are insigni®cant.

Note that owing to a little thickness of the particles the

region in question is not limited to the particle and the

probability of the probe getting to the matrix is high. For

this reason the data on compositional changes should be

treated only qualitatively. Considering that the amount

of nickel in the region of this particle is not high, the

particle has the composition of the TiC carbide rather

than the Ni3Ti intermetallic.

One more `smeared' dark region located at a distance

of about 300±400 nm from the ®rst particle contains a

high amount of chromium (�on 5 wt%) ± see Fig. 9(b).

Changes in the concentration of the other alloying ele-

ments (Fe, Si, Mo, Ni) in this chromium-enriched mic-

roregion represents an area of radiation-induced

redistribution of elements or a zone of the initial for-

mation of high-chromium phases (r, d ferrite). A de-

tailed identi®cation of these transformations calls for

further investigations.

4.3. The e�ect of preliminary long-time aging

A signi®cant point in ion and neutron irradiation is

di�erent time needed to accumulate the required dose.

For example, irradiation of steel in the BN-600

fast-neutron reactor (Russian Federation) to 60 dpa

requires about a year, while irradiation with 1.5 MeV

Kr� ions at ANL (USA) to the same dose takes less than

an hour. This di�erence in holding time at elevated

temperatures can bring about absolutely di�erent

structural and phase transformations in the steels under

study and, as a consequence, changes in the kinetics of

void formation. To increase the time during which the

16Cr±15Ni±3Mo±1Ti aging austenitic steel is held at

high temperatures, the steel was subject to a thermal

aging at a temperature of 650°C for 8000 h outside the

reactor. Under these conditions the processes of pre-

cipitation hardening proceed most intensively. Fig. 10(a)

shows the structure of the aged 16Cr±15Ni±3Mo±1Ti

steel, which was not irradiated. One can see precipitates

of the ordered FCC c0 phase, which give superstructural

re¯ections in electron di�raction patterns. An average

size of the c0 particles on dark-®eld pattern is �30 nm.

Irradiation with Kr� ions up to a dose of 30 dpa has

little if any in¯uence on the shape and location of more

coarse phases. The contrast from elastic distortions

weakens (``arcs'' disappear) near dispersed c0 particles, a

fact which is probably connected with lowering of elastic

distortions and partial loss of coherence between c0

phases and the c matrix. The onset of precipitation of

the alloying elements from the solid solution, which is

determined by appearance of the alternating dark and

white contrasts (as in the case of irradiation of the

quenched steel), is observed after the irradiation dose of

30 dpa. Such mosaic dark±white contrast is most clearly

seen after the doses of 80±160 dpa (Fig. 10(b)). At a

large magni®cation (Fig. 10(b)) one can clearly see dis-

persed c0-particles 20±30 nm in size located in light

regions between coarse (200±500 nm in diameter) dark

entities. So, during a high-dose irradiation the structural

evolution of the preliminary aged 16Cr±15Ni±3Mo±1Ti

steel di�ers little from the structural changes that take

place in the quenched.

The void size (3±4 nm) and radiation-induced in-

crease in the volume DV =V (0.1±0.2%) of the aged steel

are also close to those of the quenched steel (see

Fig. 2).

Fig. 9. Change in the concentration of Ti (a) and Cr (b) as the

test probe moves from particle 1 to particle 2 (see the diagram

in Fig. 8).
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4.4. The e�ect of cold deformation

During reactor tests of steel of the 16Cr±15Ni±3Mo±

1Ti type we failed to elucidate the simultaneous e�ect of

high density of dislocations and numerous c0 precipitates

on radiation swelling. As is known, a high density of

point-defect sinks in the form of dislocations (q � 1011

cmÿ2) produced as a result of a 20±30% cold deforma-

tion considerably delays the onset of radiation swelling

[7±14]. Therefore of great interest was the research

concerned with ion irradiation of the cold-deformed

aging 16Cr±15Ni±3Mo±1Ti steel. Fig. 11 shows changes

in the structure of the 16Cr±15Ni±3Mo±1Ti steel after

cold deformation by rolling to 20% and irradiation with

Kr� ions at 700°C (dose of 200 dpa). After irradiation

under the given conditions the steel retains a high den-

sity of dislocations (they are probably pinned by the c0

phase particles).

An examination of the foils revealed no vacancy

voids of the radiation origin (after the dose of 200 dpa).

The dislocation structure and deformation twins are

preserved up to 700°C (Fig. 11(a)) despite a high irra-

diation dose (200 dpa). It is only in some portions of the

foil that formation of ®ne recrystallized grains starts at

700°C (Fig. 11(b)). Particles of the c0 phase are clearly

seen in these areas. This fact supports the supposition as

to the increase in the vacancy swelling resistance under a

simultaneous e�ect of c0 particles and high density of

dislocations.

5. Discussion

5.1. On probable reasons for di�erent e�ect of neutrons

and Kr� ions

Let us consider probable reasons responsible for dif-

ferent e�ect that fast neutrons (E > 0.1 MeV) and Kr�

ions with an energy �1.5 MeV exert on void formation.

First, recoil energy spectra of neutron and ion irradia-

tions are di�erent. The second reason may be di�erent

(104 times) rate of creating of dpa in fast neutron reactor

or ion acceleration. It is known that the swelling peak of

steels is shifted to high temperature region with increas-

ing the damaging dose rate (e.g., neutrons) [14], because

recombination conditions of point defects are altered.

The maximum density of voids in the steel under neutron

or ion (Ni) irradiation is reached at 480°C and 610°C,

respectively [30]. In our case the austenitic steel is dam-

aged by high-energy Kr� ions �104 times faster than

under neutron irradiation to the dose of 60 dpa. As a

result, the swelling peak is shifted from 500±650°C

(Fig. 2). The third probable reason is alloying of the foil

with krypton atoms. Calculations made using the TRIM

program showed that �1% krypton atoms with an en-

ergy of 1.5 MeV may be retained in the foil 100 nm thick.

If it is assumed that the total number of atoms in

thetarget is 3 ´ 1016 (foil 100 nm thick and 2 mm in

diameter), 2 ´ 1015 krypton ions hit the target (¯uence of

6.8 ´ 1016 cmÿ2) and 1% krypton atoms is left in the

Fig. 10. Changes in the structure of the preliminary aged (650°C, 8000 h) 16Cr±15Ni±3Mo±1Ti steel irradiated with Kr� ions (E� 1.5

MeV, 650°C). Irradiation dose (dpa): a ± 0; b ± 160.
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target, then the share of krypton atoms can be as high as

~0.07 at.%. This amount of Kr atoms can a�ect void

formation. As is known [28], when 0.01 at.% argon ± a

substitutional element ± is added, swelling of the 321 steel

lowers from 3±4% to zero subject to bombardment with

Ni6� ions with an energy of 46.5 MeV up to a dose of 40

dpa at 600°C. On the contrary, addition of helium ± an

interstitial element ± enhances swelling of the 316 steel

[7]. Mobility of vacancies can also be a�ected by for-

mation of `vacancy-impurity atom' complexes [31] (Kr�

in our case). This will in¯uence the void formation.

However high-dose irradiation of 16Cr±15Ni±3Mo±1Ti

steel by 0.8 Mev iron ions at 773 K also does not result in

the swelling, in spite of absence of the `vacancy-atom Kr'

complexes. Probably the change of point defects gener-

ation rate is the general factor of temperature shift of

swelling peak.

5.2. On some reasons for delay in radiation swelling of

16Cr±15Ni±3Mo±1Ti steels

The main distinction of the steel with 1% Ti from

steels of a similar class without titanium or with 0.3±

0.5% Ti is tendency of the former to precipitation

hardening (with precipitation of c0 phase of Ni3Ti) under

irradiation at 450±700°C [18±20].

The main cause of delay in swelling is considered to

be [20] the participation of point defects in di�usive ¯ow

of substitutional elements (Ni, Ti, Fe) during a universal

and uniform precipitation of dispersed particles of

Ni3Ti. Since the particles precipitate uniformly at a

rather close distance to one another (every 8±15 nm),

radiation vacancies, which add to di�usion of the ele-

ments, move to these small distances. All this promotes

recombination of point defects and retards swelling.

Since the c0 phase particles are small (5±10 nm) and

grow slowly in a weakly aging steel containing 1% Ti,

they may dissolve partially in displacement cascades

[29]. Then the cascade irradiation (with neutrons and

ions) facilitates both precipitation and dissolution of c0

particles. This prevents completion of the processes of

aging and resumption of swelling. Taking into account

that during di�usion of the substitutional elements by

the vacancy mechanism point defects are capable of

moving towards the nucleus of the Ni3Ti phase (toward

iron and chromium atoms forced from this region),

particles of the c0-phase may be called indirect sinks of

point defects. The number and density of these c0 par-

ticles, as well as the number and distribution of edge

dislocations determine resistance of the steel to radiation

swelling. Calculations and experiments show [20] that a

considerable delay in swelling can be provided if about

2±3 vol.% c0 phase of Ni3Ti measuring 50±100 nm is

formed in stainless steel 16±15 containing 1% titanium.

A larger concentration of titanium may lead to heavy

embrittlement of the steel subject to irradiation.

Fig. 11. Structure of the 16Cr±15Ni±3Mo±1Ti steel after cold deformation by rolling (20%) and irradiation with Kr� ions to a dose of

200 dpa at 700°C (a,b).
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The investigations performed suggest one more rea-

sonable cause why Ti has a positive e�ect on swelling.

The structure of steels, where a su�cient amount of c0-
particles of Ni3Ti precipitate under irradiation, is more

stable than that of stainless steels without titanium or

with a small amount (0.3%) of titanium. Ni3Ti particles

facilitate pinning of dislocations and are responsible for

preservation of a high density of point-defect sinks even

at high irradiation doses up to 200 dpa. In titanium-less

steels (16Cr±15Ni±3Mo) dislocations readily move and

rearrange themselves under irradiation, forming bound-

aries of rather coarse subgrains free of dislocations.

Voids that nucleate in the bulk of the subgrains become

capable of growing and lead to radiation swelling.

Strong concentration redistribution of alloying ele-

ments during high temperature irradiations are also

reason for change of di�usion kinetic of point defects

and void formations [13].

6. Conclusion

(1) It is shown that structural and phase transfor-

mations in stainless steels are in qualitative agreement

when the steels undergo irradiation with Kr� ions (1.5

MeV) and fast neutrons (>0.1 MeV). The temperature

dependence of radiation swelling of stainless steels of the

16Cr±15Ni±3Mo type subject to irradiation with Kr�

ions (dose� 200 dpa) is dome-shaped, as in the case of

neutron irradiation. However, under ion irradiation, the

radiation swelling maximum �DV =V � 2:25%� is shifted

towards higher temperatures (650°C) and vacancy-voids

have a smaller size (6±14 nm at 600±750°C) and a

smaller total volume. A certain di�erence in neutron and

ion e�ects on void formation is explained by di�erent

dpa rates of the irradiating particles.

(2) High-dose irradiation of stainless steels contain-

ing 1% Ti causes formation of a `dark±white' mosaic

contrast, which is explained by `redistribution' of the

alloying elements (in particular, chromium) of the c
solid solution. Other phases of di�erent ®neness pre-

cipitate simultaneously.

(3) It is shown that 16Cr±15Ni±3Mo austenitic

stainless steels with 1% titanium and forming the inter-

metallic c0 phase during irradiation possess a high re-

sistance to radiation void formation �DV =V 6 0:2%�
over a wide temperature interval (500±700°C) and a

broad range of Kr� irradiation doses (up to 200 dpa). A

preliminary long-time intermetallic aging impairs little,

if at all, resistance of the austenitic steel with 1% Ti to

swelling. Preliminary cold rolling enhances resistance of

the said aging steel to void formation.

A proposition is made that high resistance of aging

stainless steels with 1% Ti to radiation swelling is due

both to the presence of indirect point-defect sinks in the

form of numerous c0 particles precipitating under irra-

diation and to thermally stable direct dislocation sinks

pinned by the said dispersed particles.
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