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SWELLING AND MICROSTRUCTURE OF PURE Fe AND Fe-Cr ALLOYS AFTER NEUTRON
IRRADIATION TO ~26 DPA AT 400°C—Yu V. Konobeev, A. M. Dvoriashin, S. |. Porollo (The
Institute of Physics and Power Engineering, Russia), F. A. Garner (Pacific Northwest National
Laboratory)

OBJECTIVE

The object of this effort is to expand our understanding of the factors that determine the response of
ferritic alloys to radiation.

SUMMARY

The microstructures of pure Fe and various Fe-Cr binary alloys in both the annealed and heavily cold
worked conditions were investigated after irradiation to 25.8 dpa at 4x107 dpa/s in the BR-10 fast
reactor. Microscopy has shown that the largest swelling of 4.5% was observed in the cold worked
pure iron while that of annealed Fe is only 1.7%. Additions of 2% chromium resulted in a decrease of
swelling, but the swelling of cold worked Fe-2Cr alloy was still higher than that of the annealed
condition. Independent of the initial starting condition, swelling in the Fe-6Cr alloy was completely
suppressed. In alloys with higher chromium content swelling of 0.04—0.05% was observed only in
samples irradiated in the annealed condition. There were also significant changes in dislocation and
precipitate microstructure following irradiation.

PROGRESS AND STATUS
Introduction

Metals and alloys possessing a b.c.c. lattice have traditionally been considered as materials with high
resistance to swelling, especially when compared to that of f.c.c. metals and alloys. Experimental data
provided by Gelles on model iron-base alloys showed low swelling levels after irradiation to doses as
high as 200 dpa when irradiated at relatively high displacement rates in the Fast Flux Test Facility
(FFTF) [1]. There has been a general perception that the low swelling rate of b.c.c. materials is an
intrinsic property of bcc crystal lattice [2]. However, recent data have cast doubt on the general
validity of such a perception. The first contrary data showed that V-5%Fe swelled ~100% after
neutron irradiation to 52 dpa at an average swelling rate of ~2%/dpa [3] while the steady state
swelling rate in iron-base alloys with fcc lattice does not exceed 1%/dpa [4].

In one of our earlier reports, pure Fe and Fe-Cr alloys in the lightly cold-worked (5—-15%) condition
were irradiated near the top of the BR-10 fast reactor to 6 dpa at ~1x10” dpa/s, which is a relatively
low displacement rate for a fast reactor. Microstructural examination showed that the swelling of pure
iron reaches 3%, implying an average swelling rate of ~0.5%/dpa, although the same study showed
that additions of Cr resulted in partial but strong suppression of swelling [5]. At that time it was
suggested that the high average swelling rate of ~0.5%/dpa in pure Fe might be related to the
combined effects of cold work as well as to the relatively low dose rate of ~1x10™ dpals.

Garner and co-workers later showed that cold working often accelerates the onset of void swelling in
metals and alloys, both f.c.c. and b.c.c., when irradiated under conditions where void nucleation was
otherwise rather protracted [6,7]. Garner also showed that the swelling of both Fe-Cr-Ni and Fe-Cr
alloys was a transient-dominated process, with the transient duration decreasing very strongly as the
atomic displacement rate decreased [7-10]. More importantly, it was shown that the steady state
swelling rate of Fe-Cr alloys was at least 0.2%/dpa, significantly larger than previously reported by
Gelles after irradiation at higher displacement rates.

Fortunately, the alloys of immediate interest were irradiated in several positions in BR-10 at different
dpa rates. In order to check the possibility that cold-working and lower dpa rates could increase
swelling, another set of the same Fe and Fe-Cr alloys were irradiated in-core to 25.8 dpa at 4x10”7
dpa/s. While this dpa rate is higher by a factor of four compared to that of our previous study, it is still
lower by an order of magnitude compared to studies conducted in FFTF by Gelles [1]. To study the
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effect of thermal-mechanical treatment, these Fe and Fe-Cr alloys were irradiated in both solution
treated and heavily cold-worked conditions

Experimental Procedure

Strips of pure iron with < 0.015 C, < 0.005 P, < 0.05 S, 0.012 Si, 0.001 Al, 0.0015 Cr, 0.0015 Cu,
0.007-0.03 Ni, <0.0015 Mg, 0.001 Mo, 0.18 O, 0.002 - 0.004 N (wt%), and four Fe-Cr alloys (2; 6; 12,
18 at % Cr) with similar low levels of impurities (> 99.9% Cr) were used to prepare the specimens.
These strips were originally 0.5 mm in thickness and were rolled in one pass to 0.12 to 0.15 mm
thickness. The average level of cold work in these foils was ~250%. Half of these foils were then
annealed at 1100°C for 5 min and then quenched in water. Plates of 6x15 mm were prepared from
both cold-worked and annealed material. A package containing both types of plates was loosely
bound with Nichrome wire and placed vertically in a perforated capsule at 140-155 mm above the
core midplane of the BR-10 fast reactor. The irradiation was performed in flowing sodium at 400°C,
reaching 25.8 dpa at 4x10” dpa /s.

After irradiation, disks of 3 mm diameter were punched from these plates and thinned for electron
microscopy using a STRUERS jet device. Unirradiated archive specimens were similarly prepared.
The specimens were investigated using a JEM-100CX electron microscope equipped with a side-
entry goniometer stage. The first details describing the microstructure of the pure Fe specimens
irradiated to 25.8 dpa were reported earlier [11]. This report covers the final phase of the experiment
where all Fe-Cr alloys were examined.

Results

In the unirradiated condition (both annealed and cold-worked) Fe and Fe-18Cr were found to have
ferritic structure, Fe-6Cr was completely martensitic, and the Fe-2Cr and Fe-12Cr alloys had two-
phase structure with 70-80% of ferrite and 20-30% martensite. The ferrite and martensite phase
fractions were determined by measuring the grain sizes on micrographs at a low magnification. In the
heavily cold-worked materials, ferritic grains were observed to have undergone fragmentation and
formation of clearly expressed sub-grain structure. Data on the initial dislocation density in both cold-
worked and annealed materials are shown in Tables 1 and 2. The grain size in cold-worked materials
was 20-50 microns. The grain size in annealed materials was larger at 50—-100 microns.

Neutron irradiation resulted in significant structural changes, namely, formation of voids, dislocation
loops and precipitates, and redistribution of dislocations. Data on microstructural characteristics of the
irradiated materials are also shown in Tables 1 and 2.

Table 1. Characteristics of the microstructure in Fe-Cr alloys (250% C.W.) irradiated in BR-10 at

400°C to 25.8 dpa

Chromium content, at % 0 2 6 12 18
Structure F F+M M F+M F
Dislocation density p;™", 10"*m™ F_|10-20 | 1020 |- 10-20 | 10

M |- 10-20 10-20 | 10-20 | -
Dislocation density py", 10"m? F_ 104 0.5 - 10 10

M |- 10 10 10 -
Mean void diameter <d,>, nm 120 44 - - -
Void number density N,, 10° m™ 0.32 1.2 - - -
AVIV, % 4.5 1.1 - - -
Mean loop diameter <d>, nm 85 36 - - -
Loop number density N;, 10° m™ 0.9 10 - - -
Mean diameter of o’-precipitates <d,>, nm - - - n.m. 10
Number density of a’-precipitates N,, 10* m™ - - - n.m. 2

n.m. = not measured; F = ferrite, M = martensite
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Table 2. Characteristics of the microstructure of Fe-Cr alloys (1100°C/5 min. + quenched) irradiated in
BR-10 at 400°C to 25.8 dpa

Chromium content, at % 0 2 6 12 18
Structure F F+M | M F+M F
Dislocation density pgni", 10"m™ F <0.1 | 1 - 2 0.1

M - 5-10 [ 10 |10 -
Dislocation density p}", 10"m? F 103 |05 |- [0510 |05

M - 5 5 5 -
Mean void diameter <d,>, nm 55 16 - 8 5/30-100
Void number density N,, 10° m™ 12 |5 - 5 ~1.7/0.1
AVIV, % 1.7 0.3 - 0.04 0.05
Mean loop diameter <d;>, nm 117 | 40 - 25 12
Loop number density N;, 10° m™ 075 | 6 - 5 20
Mean diameter of o’-precipitates <d,>, nm - - - 14 14
Number density of o’-precipitates Np, 10% m™ - - - 0.7 2

Voids

As seen from data shown in Tables 1 and 2, pure iron exhibits the highest swelling, with cold-worked
iron at 4.5%, but annealed iron is only 1.7% (Figs. 1a, b). Adding 2% chromium results in a decrease
of swelling for both conditions, but the swelling of cold-worked Fe-2Cr is still higher than that of the
annealed alloy, however. Voids and dislocation loops formed only in ferritic grains in Fe-2Cr. The
swelling of Fe-6Cr was suppressed completely, independent of the initial thermal-mechanical
treatment. The relative swelling behavior of the two starting conditions was reversed at higher
chromium contents, with swelling of 0.04—0.05 % observed in the annealed condition and none in the
cold-worked condition.

O R e o 8

Fig. 1. Microstructure of pure Fe after irradiation in BR-10 at 400°C to 25.8 dpa. a) Specimen in ~250
% cold deformed condition; b) annealed condition.

Dislocation structure

After irradiation the dislocation evolution was different in martensite and ferrite grains. The character
of dislocation structure changes in martensite grains was similar in both cold-worked and annealed
conditions, and was expressed in an approximately two-fold decrease of the initial dislocation density
and also in the formation of clusters of small dislocation loops (Fig. 2a).

The dislocation structure of ferrite grains irradiated in the annealed condition consisted of quite
uniformly distributed dislocation lines, segments and loops with the total length per unit volume in the
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range of 3 to 7x10" m™ (without counting of loops) (Fig. 2a). The largest loops were formed in pure
iron with a mean loop diameter of 117 nm. With increasing chromium content the loop size decreases
monotonically to 12 nm. The lowest loop concentration was observed in pure iron. Alloying of iron with
chromium has resulted in a substantial increase of loop concentration.

In pure Fe and Fe-2Cr irradiated in the cold-worked condition the initial cellular dislocation structure of
(10-20)x10™ m™ in density has transformed to a uniform dislocation network with density of (4—
5)><1013 m. Meanwhile, the dislocation structure of ferrite grains in Fe-12Cr and Fe-18Cr alloys in the
cold-worked condition has demonstrated a high resistance to irradiation, having kept the initial
dislocation density after the irradiation. In all cases, the habit planes and Burgers vectors of loops in
ferrite grains were identified as {100} planes and a <100> Burgers vectors. From observations
conducted in martensite grains one can conclude that some dislocation loops lay also on planes of
{100} type.

Fig. 2. Dislocation structure of Fe-Cr alloys after irradiation in BR-10 at 400°C to 25.8 dpa. a) Fe-6Cr
alloy, ~250% cold deformed, martensite, b) Fe-12Cr alloy, annealed condition, ferrite.

Precipitates

After irradiation finely dispersed precipitates of a’-phase formed the Fe-12Cr and Fe-18 alloys in the
bulk of grains in both cold-worked and annealed specimens (Fig. 3a). Precipitate-free zones of <150
nm in width were observed along grain boundaries. In annealed samples the mean precipitate
diameter was approximately identical at ~14 nm. In cold-worked alloys the o’-phase precipitates have
a slightly smaller size, ~10 nm. Along with the o’-phase precipitates, a low concentration of rod-like or
plate-like precipitates of 100—500 nm in length and 10-40 nm in thickness was observed at grain
boundaries and in the matrix of annealed Fe-12Cr and Fe-18Cr alloys. In many cases these
precipitates were attached to largest voids (Fig. 3a). An analysis of micro-diffraction patterns has
shown that these precipitates are M;C; carbides. The chemical composition of both the o’-phase
precipitates and M,C; precipitates was not determined in the present work. The structures of these
precipitates were determined using micro-diffraction methods.

Discussion

Having reached 3% swelling in pure, lightly cold-worked iron at 6 dpa and 1x10”7 dpa/s, one might
expect to reach more than 4.5% swelling in heavily cold-worked pure iron at 25.8 dpa and 4x107 dpa
/s. However, such an expectation is not necessarily warranted, when one considers not only that the
cold-work level is very different, but also there is a significant difference in dpa rate. Garner and
coworkers have shown that relatively small increases in dpa rate can strongly extend the transient
regime of both f.c.c. and b.c.c. iron-base alloys and thereby lower the swelling [7—10].
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The most significant observation is that in pure Fe and Fe-2Cr irradiated side-by-side, cold-working
strongly increased swelling, consistent with the earlier observations of Garner [6,7]. At higher
chromium levels no swelling or very small levels of swelling were observed. In the high-chromium
specimens containing radiation-induced o’-phase, voids were observed only in the annealed
specimens and not in the cold-worked specimens. Unlike the observations at 0-2% Cr, this behavior
is in agreement with the general perception that cold working suppresses swelling.

Fig. 3. Precipitation of a’-phase a) and M;C; b) in annealed Fe-18Cr after irradiation in BR-10 at
400°C to 25.8 dpa.

The other significant observation of these studies was the radiation-induced decrease in dislocation
density. In order to describe the radiation-induced recovery of dislocation structure in cold-worked
materials one can write the following equation for the rate of change in the total length of dislocations
and dislocation loops per unit volume L(t):

dL(t)

o = O-RMEQ), (1)

where I(t) is the dislocation source which is determined by the rates of loop nucleation and growth, V
is the dislocation climb velocity (assumed be equal to the loop growth rate), R, is the effective radius
of annihilation. The velocity V can be expressed in terms of the voidage rate as follows:

diAV—V =bvL(t), (2)

where b is the Burgers vector length.

Inserting the Eq. (2) in Eq. (1) and integrating, one obtains the following solution satisfying the initial
condition:

L(t) = L(0) eXp(—— ~ (t)) + I I(t") eXID(—d [— t)-—- (t)])OIt 3)

Because of the lack of information on both I(t) and dose dependence of voidage in the Fe-2Cr alloy
(250% C.W.), the expression (3) can be used for determining the ratio Ry/b only for iron in the cold-
worked condition. In the cold-worked iron a relatively low dislocation loop length per unit volume of
0.23 x10™ m™ has formed after irradiation to 25.8 dpa, so that only the first term in the right side of
Eq. (3) is of significance. Taking for iron in the 250% cold-worked condition L(0) = (10 — 20) x10™ m™
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L(t) = 0.4 x 10" m™ and AVIV = 4.5% one obtains Ry/b=61-76, which is a relatively large number
compared to the original dislocation spacing in this heavily cold-worked material, thereby providing a
strong driving force for reduction in dislocation density, as was observed in this study.

Results

The results of the present work confirm our perceptions that relatively high neutron-induced swelling
levels can be reached in pure iron compared with Fe-Cr alloys, and that cold-working leads to an
enhancement of swelling in iron and low-chromium alloys. It also appears that unexpectedly high
levels of swelling can be reached when the irradiation is conducted at displacement rates that are
significantly lower than those of many earlier studies.

Acknowledgements

The Civilian Research and Development Foundation under Grant RE2-2224 sponsored the Russian
portion of this work. The Office of Fusion, U.S. Department of Energy provided support for the U.S.
portion of this research under contract DE-AC06-76RLO 1830 with Battelle Memorial Institute.

References

[1]1 D. S. Gelles, J. Nucl. Mater. 225 (1995) 163-174.

[2] E. A. Little and D. A. Stow, Proceedings of the International Conference on Irradiation Behavior of
Metallic Materials for Fast Reactor Core Components, Ajaccio, Corsica, France, June 4-8, 1979, pp.
17-24.

[3] H. Matsui, D. S Gelles, and Y. Kondo, Proceedings of Effect of Radiation on Materials: 15th
International Symposium, ASTM STP 1125, R. E. Stoller, A. S. Kumar, and D. S. Gelles (eds.),
American Society for Testing and Materials, Philadelphia, 1992, pp. 928-941.

[4] F.A. Garner, J. Nucl. Mater. 122—-123 (1984) 459-471.

[5] S. I. Porollo, A. M. Dvoriashin, A. N. Vorobyev, and Yu. V. Konobeev, J. Nucl. Mater. 256 (1998)
247-253.

[6] F.A. Garner, C. A. Black, and D. J. Edwards, J. Nucl. Mater. 245 (1997) 124-130.

[71 F.A. Garner, M. B. Toloczko, and B. H. Sencer, J. Nucl. Mater. 276 (2000) 123-142.

[8] T. Okita, N. Sekimura, F. A. Garner, L. R. Greenwood, W. G. Wolfer, and Y. Isobe, Proceedings
of the 10th International Conference on Environmental Degradation of Materials in Nuclear Power
Systems--Water Reactors, 2001, CD format.

[9] F. A. Garner, N. |. Budylkin, Yu. V. Konobeev, S. |. Porollo, V. S. Neustroev, V. K. Shamardin, and
A. V. Kozlov, The Influence of DPA Rate on Void Swelling of Russian Austenitic Stainless Steels, 11th
International Conference on Environmental Degradation of Materials in Nuclear Power Systems--
Water Reactors, 2003, pp. 647-656.

[10]T. Okita, N. Sekimura, T. Sato, F. A. Garner, and L. R. Greenwood, J. Nucl. Mater. 307-311
(2002) 322-326.

[11]A. M. Dvoriashin, S. I. Porollo, Yu. V. Konobeev, and F. A. Garner, J. Nucl. Mater. 283-287
(2000) 157-160.



