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[57] ABSTRACT 
The present invention is based on the discovery that 
radiation-induced voids which occur during fast neu-
tron irradiation can be controlled by small but effective 
additions of titanium and silicon. The void-suppressing 
effect of these metals in combination is demonstrated 
and particularly apparent in austenitic stainless steels. 

8 Claims, 3 Drawing Figures 
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400°-600° C. Operating temperatures of LMFBR clad-
AUSTENITIC STAINLESS STEEL ALLOYS ding and structural components are 350° to about 700° 

HAVING IMPROVED RESISTANCE TO FAST C. and this encompass the temperature of maximum 
NEUTRON-INDUCED SWELLING swelling of 300 series stainless steels. Reactor design 

This is a continuation of application Ser. No. 763,268, 5 engineers who have studied the economical implica-
filed Jan. 27, 1977 now abandoned, which in turn is a tions involved with the phenomenon of radiation-
division of application Ser. No. 596,546, filed July 16, induced swelling have estimated that cost savings of the 
1975 and now U.S. Pat. No. 4,011,133. order of billions of dollars could be realized if void 

„TIXT„ _ _ ixn /cxmnM swelling could be reduced only a few percent in the 300 
BACKGROUND OF THE INVENTION 10 s e r i e s s ^ n l e s s s t e e l ^ ^ contemplated for use as fuel 

The present invention relates to stainless steel alloys cladding in fast breeder reactors under design or con-
modified to withstand radiation damage attributable to templated for construction, 
fast neutrons. In a method sense, the invention to be e m m l D U ixn7cxTrrr.vT 
described provides an alloy design formula wherein SUMMARY OF THE INVENTION 
existing alloys may be modified or new alloys may be 15 It is, accordingly, a general object of this invention to 
synthesized which exhibit enhanced resistance to den- provide a process or alloy design formula for suppress-
sity and dimensional changes resulting from exposure to ing the formation of voids induced in metals and alloys 
fast neutrons at high temperature, i.e., greater than as a result of interaction with fast neutrons at elevated 
about 300° C. In still another sense, the invention resides temperatures. 
in stainless steel clad nuclear fuel elements intended for 20 A principal object of this invention is to provide a 
use in fast neutron environments wherein the stainless low-swelling alloy which can be used as a cladding in a 
steel cladding is an austenitic stainless steel containing nuclear fuel for a fast breeder reactor or as a supporting 
void suppressing concentrations of Si and Ti and the structure for the core. 
nuclear fuel is an oxide such as UO2, a nitride such as A specific object of this invention is to provide a 
UN or U2N3, a carbide of uranium (such as UC or UC2) 25 low-swelling austentitic stainless steel, 
or mixed with an oxide, nitride, or carbide of Pu or Th. Another object of this invention is to provide a for-

The core components of a thermal or fast nuclear mula or method whereby minor modifications in alloy 
reactor are known to undergo a variety of stresses dur- composition lead to a major reduction in void swelling 
ing their service life. For example, the fuel cladding will due to fast neutrons. 
experience thermal and mechanical stress due to such 30 Another specific object of this invention is to provide 
factors as fission gas pressure, fuel-cladding interac- a type 316 stainless steel that exhibits very low swelling 
tions, and differential thermal swelling due to develop- in comparison to previously known type 316 steels, 
ment of thermal gradients in the core. Nuclear transmu- Still another object of this invention is to provide a 
tations, particularly (n,a) reactions, play an important solid solution stainless steel alloy suitable for use as a 
role in radiation behavior of alloys, such as stainless 35 cladding for a fast breeder reactor fuel, 
steels. Experience with stainless steel has shown that the A further object of this invention is to provide nu-
combination of thermal and irradiation effects lead to clear fuel elements having a stainless steel cladding 
hardening and embrittlement of fuel core materials and which contains void suppressing quantities of Si and Ti. 

' T ^ S ^ S e d to the study of irradi- 40 BRIEF DESCRIPTION OF THE DRAWINGS 
ation effects in fast breeder reactors, a rew radiation These and other objects of the invention will become 
phenomenon Was discovered. In 1967, Cawthorne and apparent from the ensuing description taken in conjunc-
Fulton of Dounreay Experimental Reactor Establish- tion with the drawings in which: 
ment, UKEA, reported that stainless steel fuel cladding FIG. 1 is a graph showing the degree of swelling of 
exposed to neutrons developed extensive internal poros- 45 an improved alloy of this invention as a function of the 
ity in the form of small cavities or voids. The British number of displacements per atom (dpa), which in turn 
finding stimulated activity in the field of irradiation can be related to the neutron fluence. These data were 
damage as reported in "Radiation-Induced Voids in obtained by bombarding the alloys with nickel ions after 
Metals" dated April 1972, a publication of U.S. Atomic injecting with hellium to 10 atomic parts per million 
Energy Commission, Office of Information Services. 50 (PPM); 

Irradiation-induced swelling results from precipita- FIG. 2 displays results from a similar experiment 
tion of vacancies into voids and interstitials into disloca- except that the alloys were injected with 20 parts per 
tion loops. Creation of the vacancies and interstitials is million hellium. Ion bombardment after injection of 
the result of collision between a neutron and a lattice helium simulates the LMFBR neutron environment; 
atom. In such a collision, a portion of the neutron en- 55 and 
ergy is imparted to a lattice atom sufficient to tear away FIG. 3 is a tenary diagram of the fe-Cr-Ni system 
from its lattice site. The result of this collision is the upon which is outlined an area ABCO of austenitic 
production of vacant sites and the atoms rejected from stainless steels which may be modified with Si and Ti 
their former positions end up in interstitial sites. The and to obtain low-swelling stainless steels in accordance 
dominant features of void swelling can be described as 60 with this invention. 
a phenomenon characterized in that it occurs in a fast T W T A T T PR> N P S R P T P T ! N \ R 
neutron environment at elevated temperatures in the U H I A I L H U 
range 350 -600° C. Swelling increases approximately The inventive concept of this invention is based on 
linearly with fluence after a threshold does is exceeded. the discovery that effective concentrations of silicon, 
The swelling does not appear to saturate. As voids 65 titanium, and zirconium in certain stainless steel alloy 
form, density decreases, and hence volume increases. In formulations within prescribed silicon and titanium 
stainless steels the amount of swelling varies with tem- concentration limits of both elements result in an alloy 
perature, with most swelling occuring between having improved resistance to swelling due to voids 
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induced by fast neutrons. The void suppressive effect 
provided by additions of silicon and titanium may be 
termed synergistic since the improvements in void for-
mation observed after using silicon and titanium to-
gether within prescribed concentrations are greater 5 
than any void suppressive effect noted by the use of one 
in the absence of the other. 

We have found that small amounts of titanium and 
silicon have a profound effect in suppressing the void 
formation in austenitic stainless steels which result from 10 
prolonged exposure of such steels to a fast neutron flux 
at elevated temperatures. Because the effective amounts 
of silicon and titanium necessary to achieve void sup-
pression is small, the inventive concept permits formu-
lation of alloys whose otherwise desirable physical and 15 
mechanical properties are not thereby adversely af-
fected. In general, the benefits of this invention are 
achieved by additions of silicon in the range 0.70 to 2: 
and titanium additions in the range 0.10 to 0.5: will 
result in significant void suppression. 20 

The exact amount of Si and Ti may vary from one 
austenitic composition to another and will represent a 
compromise between maximum achievable void sup-
pression and mineral adverse metallurgical effects of Ti 
and Si or interaction of these additives with other alloy 25 
components. Thus, in 304 and 316 stainless steel, maxi-
mum void suppression and maximum strength are 
achieved at a Ti concentration in the range of 0.2 to 
0.46% and a Si concentration which should not exceed 
2%. While further void suppression may be expected at 30 
higher Ti and Si concentrations, other adverse metallur-
gical factors come into play. Futher embodiments of Ti 
lead to a reduction in strength while further increases in 
Si lead to the formation of low-melting Si-containing 
entities. 35 

The void suppression behavior of Si and Ti is most 
pronounced in the austenitic stainless steels encom-
passed within the quadrilateral area ABCD of the te-
nary Fe-Cr-Ni system shown in FIG. 3. To achieve 
maximum void suppression while maintaining austenitic 40 
stability, the Cr concentration should not exceed 22% 
nor should the minimum Ni content fall below 8%. 
Stainless (oxidation resistance) quality and strength 
dictate that minimum Cr concentration should not fall 
below 5%. It has been found that swelling decreases 45 
with increasing Ni content (greater than about 30% Ni) 
in Fe-Cr-Ni austenitic alloys. 

The extent to which Si and Ti additions decrease 
voids in such high (greater than 30%) nickel alloys may 
be academic since high Ni alloys suffer from several 50 
disadvantages for LMFBR application. The high Ni 
alloys are susceptable to corrosion by liquid sodium, are 
highly susceptible to fission product attack, and (com-
pared to the alloys within ABCD of FIG. 3) result in 
reduced neutron economy. 55 

The void suppression effect will be illustrated in the 
following representative examples in which the advan-
tages in the herein-disclosed inventive concept are uti-

lized, as a best mode, to convert a type 316 stainless steel 
and other stainless steels known to exhibit very large 
swelling into a low-swelling alloy by minor modifica-
tions in titanium and silicon. In each case, the modified 
alloy was prepared and the swelling behavior tested in 
accordance with the following procedure. 

Approximately two pounds of each alloy tested were 
prepared by melting high purity alloy constituents 
under an inert gas atmosphere. The alloys were cast into 
J inch bar and subsequently rolled into a sheet of the 
desired thickness. Small samples (about £ inch X i inch 
X 0.060 inch thickness) were cut and mounted in a 
specimen holder which allows the simultaneous irradia-
tion of several samples. In this way, a direct compari-
sion of the behavior of several alloys was obtained. 
Specimen surfaces were prepared by mounting the 
specimens in the holder and simultaneously polishing all 
specimens with successively finer abrasives. Swelling is 
inferred from measurement of the step which occurs on 
the surface of the sample when a portion of the surface 
is shielded during ion irradiation by a 0.010 inch mask. 
Hie area under the mask is protected from the ion beam 
and does not swell while the unmasked area does. The 
size of the step on the specimen at the interface between 
the masked (unbombarded) and unmasked (bombarded) 
regions is a measure of the degree of swelling. Swelling 
or volume increase was estimated using an empirical 
correlation published by Johnston et al. in J. Nuclear 
Material Vol 54, pp. 24-40. A step height of 60 A corre-
sponds to a swelling of 1% at the peak of the damage 
curve. 

Because of the higher damage rate in an ion simula-
tion experiment (vacancies and interstitials are pro-
duced about 103 times faster in an ion irradiation than in 
a neutron irradiation), the temperature at which peak 
swelling occurs is shifted upwards about 100° C. Thus, 
irradiation at about 655° C. with ions corresponds to 
irradiation at about 555° C. with neutrons. Step heights 
were measured with a Detak surface profilometer; a 
minimum of six measurements were made on each spec-
imen. After step height measurement, the mask was 
moved to another region of the specimen for the next 
dose increment. Helium pre-injection was carried out 
using Ca2 244 O3 source which emits a 5.8 MeVa-parti-
cle. The source geometry was arranged to give a flat 
helium profile over the first 4-5 fi of range. 

EXAMPLE 1 
A series of experimental alloys were prepared in 

accordance with the above-described procedure. Swell-
ing behavior of the experimental alloys LSI and LS2 
was measured and compared with commercially avail-
able austenitic types 316, TiM-315, Nimonic PE-616, 
and FV-548. The compositions of the experimental and 
several commercially available alloys are given in Table 
I. Heat treatments and resulting grain size for LSI, LS2 
and the commercial alloys are shown in Table II. 

TABLE I 
Alloy Fe* Cr Ni Mo Mn Si Ti Al Nb V Co Zr w Cu C N 
P7 17.0 16.7 2.5 0.03 0.10 0.01 0.02 0.02 0.03 0.02 0.001 
316 17.6 14.1 2.5 1.67 0.36 0.01 0.005 — 0.05 0.02 0.01 — — 0.03 0.018 
Tim 316 17.5 14.0 2.5 1.41 0.03 0.29 0.02 — 0.03 0.02 — — — 0.06 0.004 
FY 548 16.7 11.5 1.4 1.08 0.45 — — 0.73 — — — 0.10 — 0.08 
P.E. 16 —16.7 43.8 3.38 0.13 0.26 1.03 1.10 — — — — — — 0.06 
A7 (LSI) 16.3 13.4 1.9 1.9 1.0 0.10 — 0.03 0.2 0.05 0.04 0.05 0.15 0.05 0.02 
B7 (LS2) 8.7 19.4 2.3 1.9 1.0 0.27 — 0.05 0.15 0.07 0.10 0.15 0.15 0.04 
H7 10.9 15.4 1.9 1.76 1.06 0.16 — — — — 0.07 — — 0.04 0.02 
K-7 11.8 14.3 2.1 1.80 1.04 0.17 — — — — — 0.07 — 0.04 0.02 
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TABLE I-continued 
Alloy Fe" Cr Ni Mo Mn Si Ti Al Nb V Co Zr W Cu C N 
L7 
M7 
N7 

11.8 
12.2 
11.8 

15.1 
15.6 
14.4 

2.0 
2.1 
2.0 

1.84 
1.91 
1.86 

1.08 
1.06 
1.02 

0.17 — 
0.17 — 
0.17 -

— 0.07 — — 
— 0.08 0.04 

0.04 
0.04 

0.02 
0.02 
0.02 

•Balance Iron 

TABLE II 
Heat Treatments 

Average Grain 
Alloy Heat Treatment Diameter jim 
316 Annealed 1050° C. 15 min. 12 
C.W. 316 1050° C. 15 min. + 20% Cold Work 12 
Ti Modified 316 1050° C. 15 min. 15 
F.V. 548 1075° C. 3 min. + 850° C. 3 hr — 
PE 16 1050° C. 3 min. + 900 1 hr. + 750° C. 8 hr 25 
LSI 1050° C. 1 hr 45 
LS2 1050° C. 1 hr 45 

The results of swelling tests are displayed in FIG. 1 20 
where the alloy specimens were injected to 10 parts per 
million helium and in FIG. 2 where the alloy specimens 
were injected to 20 parts per million helium. As shown 
in FIGS. 1 and 2, the alloys fall into two groups, a 
high-swelling group consisting of PE 16, a virtually 25 
silicon-free stainless steel FV548; annealed 316; 20% 
cold-worked 316 and a 0.29% titanium-modified 316, all 
commercially available alloys. The low-swelling group 
consisted of PE 16, a commercially available high 
(43.87%) nickel precipitation-hardened austenitic alloy 30 
and annealed LSI and LS2 wherein LSI corresponds to 
a type 316 steel modified to contain void suppressing 
concentrations of silicon and titanium. LS2 is a low-
chromium stainless steel alloy in the iron-chromium-
nickel region that normally exhibits very large swelling, 35 
with the silicon and titanium modifications to produce 
an alloy which Aows a low degree of swelling compa-
rable to the high nickel PE 16 alloy. 

From FIG. 1 it is seen that LSI and LS2 under ex-
pected LMFBR conditions, at a fluence of 30X1022, 40 
swell less than 10% while TiM 316 swells about 30% 
and FV348 swells about 50%. The data displayed in 
FIG. 2 further emphasizes the remarkable differences 
between the LSI and LS 2 formulations and other aus-
tenitic alloys of similar composition. At an injection of 45 
20 ppm He, the TiM 316 swelling has risen beyond 
FV548 and the PE 16 swelling has increased from about 
5 to 15% while the LSI and LS2 formulations remained 
fairly stable. 

The synergistic void depressant quality of Si and Ti is 50 
seen from a comparison of type 316 stainless steel which 
contains 0.36 Si, but not an effective concentration of Ti 
and TiM 316 which contains Ti, but not an effective 
concentration of Si. Both alloys exhibit large swelling. 
This is to be compared LSI and LS2 which contain 55 
effective concentrations of both Si and Ti to produce, in 
each case, a low-swelling austenitic stainless steel. 

Comparing the compositions of the low-swelling LSI 
and LS2 alloys with the commercial 316 series stainless 
steel, it is seen that the silicon and titanium content in 60 
the commercial formulations was well below those 
prescribed by the present invention and exhibited very 
high void swelling. On the other hand, it is seen that by 
only slight variations in the minor constituents of the 
316 iron-chromium-nickel composition to comply with 65 
the concentrations prescribed by the present invention 
as represented by the LSI and LS2 formulations an 
alloy results having a markedly low swelling in iron-

chromium-nickel regions that have previously been 
regarded as inherently high swelling and not subject to 
modification in swelling behavior by minor composi-
tional variations. 

EXAMPLE II 
An additional way of identifying the role of silicon 

and titanium as well as other elements which may con-
tribute to or suppress void swelling of LSI and LS2 
may be seen by reference to alloys H-7, K-7, L-7, M-7, 
and N-7 in Table I, all of which contain chromium and 
nickel concentrations between LSI and LS2. In formu-
lating these alloys they were modified to contain nomi-
nally 1% silicon and 0.2% titanium. In addition, certain 
of the melts were made up to contain small additions of 
0.1% zirconium (H-7), tungsten (K-7) copper (L-7), and 
vanadium (M-7). These alloys were fabricated into 
strips, mounted in ion bombardment holder, together 
with specimens LSI and LS2, and a high purity 316 
alloy (P-7) containing 0.1% silicon and 0.01% titanium. 
The alloys were then polished, pre-injected with 10 
parts per million helium, followed by bombardment 
with 4 MeV nickel ions at 655° C. and 705° C, to 140 
and 210 displacements per atom (dpa). Step height mea-
surements are shown in Table III. 

TABLE III 
Wt Wt W t % Step Height, A 
% % 

Alloy Si Ti Minor Element 640° C. 705° C. 
P 7 0.10 0.01 All <0.02 4550 6700 
H 7 1.06 0.16 0.07 Zr 372 <200 
K 7 1.07 0.17 0.07 W 550 <200 
L 7 1.08 0.17 0.08 Cu 535 <200 
M 7 1.06 0.17 0.06 V 645 <200 
N 7 1.02 0.17 All <0.02 440 <200 
LSI 0.93 0.11 0.15V, 0.05W, 0.15Cu, 350 250 

0.05Zr 
LS2 1.10 0.27 0.15V, 0.15W, 0.15Cu, <200 <200 

0.1 OZr 

As a guide to the amount of induced swelling, a step 
height of 60 A corresponds to about 1% of swelling. It 
is seen that void swelling as indicated by the step height 
measurement of the N-7 alloy was lower by more than 
an order of magnitude than the P-7 alloy which contains 
only trace amounts of silicon and titanium. Alloy N-7 
which contains chromium and nickel concentrations 
midway between those of compositions LSI and LS2 
shows very little swelling when compared with an-
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nealed or cold-worked 316 stainless steel, see FIGS. 1 
and 2. The addition of zirconium produced a slight 
reduction in swelling (H-7) whereas additions of copper 
(L-7), tungsten (K-7), or vanadium (M-7) all produced 
increases in swelling relative to N-7. These data show 5 
that according to the inventive concept, silicon and 
titanium levels present in LSI and LS2 as well as in 
iron-chromium-nickel alloys having intermediate com-
position levels result in a decrease in swelling. Individ-
ual additions of tungsten, vanadium, or copper at the 10 
levels present in LSI and LS2 do not appear to have a 
significant effect on swelling. On the other hand, minor 
zirconium additions appear to aid in void suppression. 
When present together and in sufficient quantities, sili-
con and titanium are effective void suppressant combi- 15 
nation as reflected by a resultant reduction in swelling. 

In accordance with the herein-described invention 
concept, we have shown that minor compositional 
modifications of a type 316 stainless steel (in the region 
of the iron-chromium-nickel system that has previous to 20 
this invention exhibited very large swelling) has been 
modified to exhibit swelling characteristics known only 
for the high nickel-containing alloys. By recognizing 
the role of minor additions of silicon and titanium is 
suppressing void formation reactor material, engineers 25 
are now provided with options to select or formulate 
other low-swelling candidate alloys in low nickel-con-
taining (less than 25%) region of the iron-chromium-
nickel system which have desirable mechanical proper-
ties. Thus, in accordance with our invention, such low 30 
Ni-containing stainless steels as the type 304, 321, 318 
series as well as other austenitic stainless steel alloys can 
now be modified to contain void depressing amounts of 
silicon and titanium to produce low-swelling alloys, 
previously thought unattainable. 35 

Typical make-up of commercial stainless steel com-
positions which may be modified with void depressing 
concentrations of Si and Ti are as follows: 

Type 304-18-20 Cr, 8-11 Ni, up to 0.08 C. up to 2 
Mn, and the balance Fe. 40 

Type 316-16-18 Cr, 10-14 Ni, 2—3 Mo, 0.04-0.06C, 
1.5-2 Mn, up to 0.75 Si, and the balance Fe. 

Type 321-17-19 Cr, 8-11 Ni, up to 2 Mn, up to 0.08 
C, minimum Ti=5 C, and the balance Fe. 

12R72HV—14.8 Cr, 15 Ni, 1.96 Mn, 1.1 Mo. 0.48 Ti, 45 
0.33 Si, and the balance Fe. 

It should be understood that this invention contem-
plates minor modifications in Si and Ti in other austen-
itic stainless steels by adjustments of Si and Ti to void 
depressing concentrations to achieve reductions in 50 
swelling to a greater or lesser degree than that demon-
strated for LSI and LS2. Furthermore, to the extent 
that the composition of known austenitic steels contain 
void depressing concentrations of Si and Ti, the basic 
invention concept herein disclosed extends to and con- 55 
templates a process for the selection of such alloys to 
fabricate clad nuclear fuels and to resultant composi-
tions and articles as intended for use under fast neutron 
flux void-forming and hence swelling conditions. 

And finally, while we have identified a formula for 60 
developing low-swelling alloys by specific minor com-
positional variations, it is within the scope of this inven-

606 
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tion to induce structural modifications which exhibit 
swelling to an even further extent. For example, such 
structural modifications as cold working, and/or grain 
refinement in combination with the herein-described 
compositional modifications should produce an alloy 
which inhibits void swelling to an even greater extent 
than that effected by the minor compositional varia-
tions. 

As used herein "an austenitic stainless steel alloy" 
designated as "consisting essentially of " means an aus-
tenitic stainless steel containing Fe, Cr, Ni, up to 3% 
Mo, up to 2% Mn, up to 0.08% C. and a void depressing 
concentration of silicon and titanium. Any designated 
alloy may also contain unspecified incidental ingredi-
ents which we define as ingredients which may be intro-
duced in or accompany the process of alloy manufac-
ture in accordance with common steel-making pro-
cesses, and do not materially affect the basic and novel 
characteristics of the claimed alloy. Such incidental 
impurities may include, as a maximum, 0.01 N, 0.05 Al, 
0.03 As, 0.001 B, 0.05 Co, 0.05 Cb, 0.1 Cu, 0.02 P, 0.01 
S and 0.2 V. 

What is claimed is: 
1. In a nuclear reactor having a structural component 

made of austenitic stainless exposed to fast neutron flux 
swelling conditions, the improvement wherein said 
austenitic stainless steel consists essentially of Fe, Cr 
and Ni and prescribed within the area ABCD in the 
ternary diagram of FIG. 3, and a void depressing con-
centration of Si and Ti. 

2. The component of claim 1 in which said austenitic 
stainless steel consists essentially of in weight percent 
8.7-16.3 Cr, 13.4-19.4 Ni, 1.9-2.3 Mo, a void depressing 
concentration of Si and Ti and the balance Fe. 

3. The component of claim 1 or 2 in which the silicon 
concentration is in the range of 0.7-2 percent and the 
titanium concentration is in the range of 0.1 to 0.5 per-
cent. 

4. The component of claim 1 in which said austenitic 
stainless steel consists essentially of in weight percent 
18-20 Cr, 8-11 Ni, up to 0.08 C, up to 2 Mn, a void 
depressing concentration of Si and Ti and the balance 
Fe. 

5. The component of claim 1 in which said austenitic 
stainless steel consists essentially of in weight percent 
16-18 Cr, 10-14 Ni, 2-3 Mo, 0.04-0.06 C, 1.5-2 Mn, a 
void depressing concentration of Si and Ti and the 
balance Fe. 

6. The component of claim 1 in which said austenitic 
stainless steel consists essentially of in weight percent 
17-19 Cr, 8-11 Ni, up to 2 Mn, up to 0.08 C, a void 
depressing concentration of Si and Ti, minimum 
Ti=5XC and the balance Fe. 

7. The component of claim 1 in which said austenitic 
stainless steel consists essentially of in weight percent 
14.8 Cr, 15 Ni, 1.96 Mn, 1.1 Mo, a void depressing 
concentration of Si and Ti and the balance Fe. 

8. The component of claim 5 in which said austenitic 
stainless steel contains 0.2-0.46% Ti and 0.70-2% Si by 
weight. 

* * * * * 

65 


