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INFLUENCE OF SILICON ON SWELLING AND MICROSTRUCTURE IN RUSSIAN AUSTENITIC
STAINLESS STEELS IRRADIATED TO HIGH NEUTRON DOSES—S. I. Porollo, S. V. Shulepin, Yu.
V. Konobeev (State Scientific Center of Russian Federation, Institute of Physics and Power
Engineering), and F. A. Garner (Pacific Northwest National Laboratory)

OBJECTIVE

The object of this effort is to ascertain if the parametric sensitivities of void swelling observed in well-
defined, single-variable experiments conducted on simple model alloys can be confidently and
generally applied to commercially produced alloys operating under complex, multivariable and time-
dependent conditions. In this report the influence of silicon level on swelling of austenitic steels is
examined.

SUMMARY

Void swelling and microstructural development of EI-847 austenitic stainless steel were investigated
by destructive examination of fuel pin cladding irradiated in three fast reactors located in either Russia
or Kazakhstan. The tendency of void swelling to be progressively reduced by increasing silicon
concentration appears to be a very general phenomenon, whether observed in simple single-variable
experiments on well-defined materials or observed in multivariable, time-dependent irradiations
conducted on commercially-produced steels over a wide range of irradiation temperatures, neutron
spectra and dpa rates. The role of silicon on microstructural development is expressed both in the
solid solution and via its influence on formation of radiation-induced phases that in turn alter the
matrix composition.

PROGRESS AND STATUS
Introduction

In a review by Garner, many experiments have shown silicon is a very effective elemental addition to
delay the onset of void swelling during neutron or charged particle irradiation of austenitic stainless
steels [1]. The majority of the available data to support this conclusion were developed from single
variable studies conducted on well-characterized experimental specimens, however, and not from
actual reactor components produced by commercial vendors and which have been irradiated in time-
dependent, multivariable reactor environments. To test the universal applicability of conclusions
concerning the role of silicon under a wide range of both production practices and reactor-relevant
environmental conditions, it was decided to examine commercially-produced fuel pin claddings
irradiated in fast reactors located in Russia and Kazakhstan.

In this report results are presented of investigations on the effect of silicon concentration on void
swelling and microstructure of commercial heats of austenitic stainless steel EI-847 (0.06C-16Cr-
15Ni-3Mo-Nb) irradiated as fuel pin cladding of both regular and experimental fuel assembilies in three
fast reactors to neutron doses up to 49 dpa.

Materials and Methods

The study of the silicon effect on void swelling in the steel EI-847 was carried out on pin claddings of
regular and experimental fuel assemblies of the BOR-60, BN-350 and BN-600 fast reactors.
Irradiation conditions experienced in the three fast reactors are shown in Table.1. Note that there are
significant differences in neutron flux-spectra between the three fast reactors, reflecting different fuel
types and different neutron flux levels.

Fuel pin claddings of 6.9 mmx0.4 mm size were made of the steel EI-847 in the austenized condition
(1050°C for 5 min). The chemical composition of all cladding specimens examined corresponded, in
general, to the specification requirements for this steel: C(0.04-0.06); Mn(0.4-0.8); Si<0.4; S<0.010;
P<0.015; Cr(15.0-16.0); Ni(15.0-16.0); Mo(2.7- 3.2); Nb=<0.9; N<0.025; B=<0.001; Co0=0.02; Cu<0.05;
Bi<0.01; Pb=0.001; Ti<0.05, all in wt. %. Note that for all “impurity” elements (such as Si, P, N, S) only an
upper limit of concentration is specified, thereby allowing some significant variations in composition in
heats produced by different vendors.
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Table 1. Irradiation conditions for assemblies investigated

Maximum .

bum-up Maximum 2nzeutror; fluence, Maximurm dose
# Assembly Reactor o heav;} 10°° n/cm”, dpa ’

E>0.1 MeV
atoms

1 P-34 BN-600 6.21 10.7 35
2 OP-4 BN-350 11.8 10.8 49
3 OP-3 BN-350 9.84 10.5 48
4 CC-15T BN-350 6.0 10.0 46
5 ZAR-2 BOR-60 10.46 7.29 42
6 ZAR-8 BOR-60 11.7 7.34 42
7 BN-6 BOR-60 10.9 6.4 37

After irradiation, segments of 15 mm in length and 4 mm in width were cut from fuel pin cladding at
various heights along the pin, from which disks of 3 mm diameter were then punched. From these
disks TEM-specimens were prepared using the two-jet “TENUPOL” polishing technique. The
microstructure of the irradiated steel was investigated using a JEM-100CX electron microscope
equipped with a lateral goniometer. A Kamebax x-ray micro-analyzer was used to measure the
composition of the irradiated steels, unless certificates were available that certified the measured
composition.

Experimental Results

Claddings of BN-600 Reactor Fuel Pins

Thin-wall tubes of 6.9 mm x0.4 mm size fabricated by two western firms from the austenitic stainless
steel EI-847 in the solution treated condition were used for fuel pin claddings of the first BN-600 core
loading. The first post-irradiation examination of these fuel pins began with subassembly P-34 which
was irradiated in the low-enrichment zone of the BN-600 core. This subassembly had reached a burn-
up of 6.2 % heavy atoms. The first visualization of the fuel pin bundle in the hot cell after removal of
the hexagonal wrapper revealed that the increase of fuel pin length was not uniform, with the pins
appearing to exhibit two different ranges of length (Fig. 1). Measurements of length and diameter
confirmed that there were two groups of fuel pins with essentially different changes in dimensions.
The location of fuel pins with different length changes appeared to be random across the pin bundle,
with no obvious relationship to the orientation of the subassembly in the neutron field or to the
temperature regime of fuel pin operation.

Therefore it was assumed that different length changes of each set of fuel pins was caused by
variations of the chemical composition of EI-847 steel made by different firms. Indeed, an analysis of
certificate data for cladding tubes showed that the chemical composition of the steel made by different
firms was within the specifications and were essentially identical, but their silicon and nitrogen
contents varied by a factor of about two, with the largest changes of length and diameter occurring in
the steel with the lower silicon content. Nitrogen content has been shown to influence the swelling of
austenitic stainless steels [2-4] but to a much lesser extent than silicon so it was assumed that the
silicon content was probably the dominant variable influencing swelling in these experiments.

Two fuel pins of subassembly P-34 with larger (#18) and smaller (#122) length changes were
selected for further investigation. Using a Kamebax x-ray micro-analyzer the silicon content in these
fuel pins was found to be 0.10 £0.015 wt. % for pin #18 and 0.18 +0.011 wt. % for pin #122.
Certificate specifications for these steels were 0.09 and 0.20% silicon, indicating rather good
agreement between the current measurements and certificate data. Nitrogen was experimentally
measured at 0.011 and 0.033 wt. %, respectively.
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Fig. 1. View of the top end of the fuel pin bundle of the P-34 subassembly [4].

The microstructure of both EI-847 lots was similar before irradiation (Figs. 2 and 3) and consisted of a
dislocation network with (6-10) x 10" m? density and Nb(CN) precipitates with sizes of 50 to 500 nm
and concentrations of (0.7-2.2)x10"® m™. The volume fraction of Nb(C, N) precipitates was equal to ~
0.5 %.

by

Ak
- ‘¥
® ' 1
- 330nm

Fig. 2. Microstructure of cladding of the fuel pin #18 of subassembly P-34 before irradiation.
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Fig. 3. Microstructure of cladding of fuel pin #122 of subassembly P-34 before irradiation.

Microscopy of claddings of pins #18 and 122 has shown, that after irradiation, voids, dislocation loops,
linear dislocations and various types of precipitates are observed with characteristics depending on
the irradiation conditions. In Figs. 4 and 5 are shown the void and precipitate microstructures
observed at the core center plane. The axial profile of swelling in fuel pins #18 and 122 is shown in
Fig. 6, with swelling peaking near the core center.

From Fig. 4, it can be seen that the maximum swelling value for fuel pin #18 cladding is more than
three times larger than that of fuel pin #122. This difference in swelling arises primarily from the
difference in void size (see Figs. 4, 5, and 7) since the void concentrations are similar in both steel
lots.

Fig. 4. Voids and G-phase precipitates observed at the core center plane cross section of fuel pin #18
cladding.
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Fig. 6. Axial profile of the void volume fraction in the cladding of fuel pins #18 and #122.

The dislocation structure of the irradiated steel EI-847 consists of dislocation loops and dislocation
network. At irradiation temperatures higher than 500°C the dislocation density was similar in both
steel lots at ~2 x 10'%cm™. The mean diameter of Frank loops in the cladding of fuel pin #18 was
approximately twice larger than in fuel pin #122. In pin #18 the mean loop diameter increased from 42
to 110 nm with increasing irradiation temperature, but in pin #122, it increased from 26 nm to 61 nm.

Several types of the precipitates were observed in the irradiated steel, namely, fine dispersed
precipitates of niobium carbonitrides in the bulk of grains, G-phase precipitates, many of which were
adjacent to or attached to voids, Laves phase precipitates were observed in top sections of the fuel
pins, and type MxCs precipitates on grain boundaries. Nb(C,N) precipitates were observed in all fuel
pin cross sections investigated. Their size increased slightly with increasing temperature and reached
the value of ~10 nm in top sections of the fuel pins. The concentration of these precipitates in fuel
pins #18 and #122 changed differently along the axial direction as shown in Fig. 8. In fuel pin #122,
the maximum concentration of Nb(C, N) precipitates was observed at the core center plane at
2.7x10% m®. On the contrary, however, in fuel pin #18, the concentration of these precipitates was
minimal at the central plane location and did not exceed ~10%° m™.
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The most significant precipitation of G-phase was observed in the fuel pin cross sections near the
core midplane where the swelling of the cladding was highest. In this case the volume fraction of G-
phase in pin #18 was 0.7 % (35 nm diameter at1.3x10®° m®) and was 0.2 % (25 nm diameter
at1.3x10% m™) in pin #122.
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Fig. 7. Axial profiles of mean void diameter and void concentration in claddings of fuel pins #18 and #122.

The microstructure of the fuel pins #18 and #122 cladding was also investigated at the bottom of the
pins at a distance of 700 mm from the core midplane where the temperature and dose were 380°C
and 2.8 dpa, respectively. The microstructural characteristics are shown in Table 2 and Figs. 9-11.

From these data it can be seen that the higher silicon level not only delays the onset of void
nucleation but also is involved in the evolution of the loop and dislocation microstructure. In the low
silicon pin #18 there are small voids and a higher concentration of Frank loops at 2.8 dpa with no line
dislocations. In the steel with higher silicon content there were no voids and the Frank loop
concentration was significantly lower than in the low silicon steel but line dislocations were present.
From these micrographs alone we can not be certain whether the observed line dislocations were
remnants of the original population or resulted from unfaulting of some of the Frank loops.
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Fig. 8. Axial profiles of the concentration of Nb(C,N) precipitates in cladding from pins #18 and #122
of subassembly P-34.

Note also in the higher magnification micrograph of Fig. 11, however, that the dislocation loops are
clustered closely to both the network dislocations and the precipitates. This implies that the line
dislocations are remnants of the original population and that such dislocations participate in loop
nucleation. Since both loops and precipitates are known to segregate nickel and many impurities in
their vicinity, the presence of such segregation might be influencing loop nucleation.

Table 2. Microstructural characteristics of cladding of pins #18 and #122 at the bottom of the pins

Fuel pin 6 Voids Loops 2
# Tir, °C dpa dy, Nm Ny, m> AVN,%  d,nm N, m”® Pg: M

18 380 2.8 8.3 1.9x10°  0.01 32 13x10 -

122 380 2.8 - - - 30 6x10%° 6.1x10™

Fuel Pin Claddings of the BN-350 Reactor

Both regular and experimental subassemblies were irradiated in the BN-350 reactor with fuel pin
claddings made from annealed EI-847 steel with various silicon contents. Two subassemblies
designated OP-3 and CC-15T are discussed in this report that were irradiated to approximately the
same dose but had fuel pin cladding with certificate-specified silicon levels to be 0.04 and 0.47 wt. %,
respectively. In Fig. 6 the axial profiles of fuel pin diameter after irradiation in BN-350 to maximum
doses of 47.5 and 46 dpa, respectively, are shown.
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Fig. 9. Microstructure of the cladding of pin #18 at the bottom of the pin (380°C/2.8 dpa). Note the
crenulated nature of the Frank loops at this lower silicon level.

Fig. 10. Microstructure of the cladding of pin #122 at the bottom of the pin (380°C/2.8 dpa). Note that
the loops are not as irregular at the higher silicon level.

As seen in Fig. 12, the maximum deformation of irradiated fuel pins corresponds to heights in the
range 100 to 150 mm above the core midplane (Ti,. = ~ 500°C). The increase in diameter in
subassembly OP-3 is almost four times larger than in subassembly CC-15T. Since swelling is the
main contribution to the cladding diameter increase and irradiation creep is only a minor contributor
for most fuel pins, the maximum swelling of fuel pin cladding in and CC-15T and OP-3 might
approach 4.3% and 16.9%, respectively. Based on microscopy the maximum swelling appears to be
3.6 and 12.0%, respectively, in relatively good agreement considering the limitations of microscopy on
heterogeneously swelling alloys. In Figs. 13 and 14 the mean void diameter and void concentration
along the pin length are shown.
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Fig. 11. Microstructure of pin #122 at the bottom (380°C/2.8 dpa), showing clustering of Frank loops
near precipitates and line dislocations.
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Fig. 12. Axial profiles of fuel pin diameter in the subassemblies OP-3 and CC-15T containing 0.04 and
0.47 wt. % silicon, respectively.

From Figs. 13 and 14 it follows that up to the irradiation temperature of 550°C the void size is larger in
the steel with lower silicon content. At higher irradiation temperatures the situation is reversed. Void
concentrations in the steel with higher silicon content is less tan those of the low silicon steel the
temperature range investigated.
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Fig. 13. Axial profile of mean void diameter observed in pins from OP-3 and CC-15T subassemblies
irradiated in the BN-350 reactor.
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Fig. 14. Axial profile of void concentration observed in fuel pins from OP-3 and CC-15T
subassemblies irradiated in the BN-350 reactor.

Fuel Pin Claddings of the BOR-60 Reactor

A series of experimental subassemblies (ZAR, BN) with fuel pin cladding made in Russia and various
Western firms were irradiated in the BOR-60 reactor. In particular, in the subassemblies ZAR-8 and
BN-6 the fuel pin cladding constructed from annealed EI-847 steel with certificate-specified silicon
contents of 0.1 and 0.4 wt. %, respectively, were irradiated under almost identical conditions. The

variation of swelling measured by electron microscopy along fuel pin length for these subassemblies
is shown in Fig. 15.
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Fig. 15. Axial swelling profile measured by microscopy in fuel pin cladding of the subassemblies
ZAR-8 and BN-6 irradiated in the BOR-60 reactor.

From Fig. 15, it is seen that the swelling of low silicon EI-847 steel is significantly higher, and the
maximum of swelling of both pins is located just below the core center plane at approximately the
same temperature.

In Figs. 16 and 17 are shown the variations of mean void diameter and void concentration along the
axial length of fuel pins from subassemblies ZAR-8 and BN-6 irradiated in BOR-60. In general it
appears that the relationship between void size and concentration is a little more complex than
observed in the other two data sets presented previously.
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Fig. 16. Axial swelling profiles of the mean void diameter of fuel pins from subassemblies ZAR-8
and BN-6 irradiated in the BOR-60 reactor.
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Fig. 17. Axial swelling profiles of the void number density of fuel pins from subassemblies ZAR-8
and BN-6 irradiated in the BOR-60 reactor.

Discussion

The results presented above provide evidence of a significant influence of silicon on void swelling in
fuel pin claddings fabricated from stainless steel EI-847 regardless of vendor production technology
or reactor irradiation conditions. Since the three sets of fuel pins investigated were irradiated to
different doses and at different dose rates it is difficult to make a direct comparison between the three
data sets. Therefore in Fig. 18 the average swelling rate is plotted to show the dependence of
swelling on silicon concentration near the swelling peak over the dose range of 35-49 dpa at
temperatures of 485-550°C. As shown in Fig. 18 the average swelling rate decreases continuously
over the range investigated, regardless of the neutron spectrum or dpa rate.
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Fig. 18. Dependence of average swelling rate in solution treated EI-847 on silicon content. These
data are plotted vs. certificate-specified silicon levels and include not only the six pins presented in
this report but also from four other pins with slightly different silicon levels, with all pins taken from the
assemblies listed in Table 1.

The general features of silicon’s influence on swelling of austenitic stainless steels are known from
experiments on neutron and charged particle irradiation [1, 3-21]. In the majority of studies it
appeared that swelling decreased monotonically with increasing silicon, but other studies showed
more complicated swelling behavior. At very low silicon levels the swelling actually increases
somewhat before decreasing at higher concentrations. The data in Fig. 18 at <0.05% Si may actually
reflect such behavior but unfortunately there is no datum at 0.0% Si for comparison.

It has also been shown that at very high silicon levels the austenite matrix becomes unstable as
precipitation of nickel-silicide phases remove sufficient nickel from the matrix to produce lower
swelling ferrite, leading to first an increase and then a reduction of swelling with increasing
concentration [4, 15, and 20]. Such behavior was not observed in the concentration range explored by
these irradiation experiments.

The influence of silicon on swelling can occur by many, often interconnected mechanisms.

First, by interacting with point defects formed under irradiation, silicon atoms in the solid solution
change the mobility of both interstitials and vacancies thereby change the fluxes of point defects to
sinks. The first increase of swelling at low silicon levels has been ascribed to silicon-interstitial
binding, leading to enhanced formation of Frank interstitial loops [22, 23] similar to the behavior
observed for small additions of phosphorus [24]. The subsequent decrease of swelling at higher
concentrations has been ascribed to silicon-enhanced diffusivity of vacancies, leading to lower
vacancy supersaturation and void nucleation, as was also seen with higher phosphorus additions.

Although it has not been treated theoretically, the known radiation-induced segregation of silicon at
defect sinks (grain boundaries, voids, dislocations etc.), probably changes the absorption ability of
these sinks. And finally, in steels with different Si content the process of solid solution decay and the
formation of second phase precipitates occur differently. These phases usually remove not only
silicon but also nickel from the matrix, with both elements known to influence the onset of void
swelling. The identity, composition and volume of these phases vary with irradiation temperature, dpa
rate and concentration of other solutes.

Two types of silicon influence on the swelling of EI-847 steel are presented in this paper. The first
type is illustrated by the low temperature, low dose rate case in BN-600. At low irradiation
temperatures no new phase precipitates formed. So, the influence of silicon on void formation must
arise primarily from the interaction of Si atoms with point defects, leading to changes in mobility and
annihilation of preexisting dislocations, and changes in the density and morphology of Frank loops.
Under low temperature irradiation the preexisting dislocations have almost disappeared at 2.8 dpa in
the steel with the low silicon content, concurrent with formation of voids and high concentrations of
Frank loops. In the higher silicon steel both annihilation of initial dislocations and loop nucleation
appear to have been slowed, resulting in an increase in the incubation period of void formation.

The second type is illustrated by the higher-flux, higher-temperature irradiations conducted in BN-600.
At 500°C the influence of silicon leads to decreasing void sizes and insignificant change of void
concentration, i.e. silicon appears to suppress the growth of voids rather than void nucleation,
although significant differences in phase stability appear to be involved. In the low silicon steel only G-
phase precipitates were present, with a volume fraction of 0.7 %. In the steel with higher Si content
the volume fraction of G-phase was only 0.2 %, but a high concentration of small Nb (C, N)
precipitates was observed

In this work the chemical composition of G-phase precipitates was not determined. Williams and
coworkers showed that the composition of G-phase in neutron irradiated steel FV-548 (a close
analogue of steel EI-847) was determined to be NbgNi;sSiz [25]. If we postulate that silicon reduces the
swelling only when it is in the solid solution, the precipitation of silicon-rich G-phase is certainly an
undesirable process, leading to a lowering of both silicon and nickel from the matrix. In addition, G-
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phase also depletes the solid solution of niobium, making it more difficult to form NbC precipitates
which are known to improve the resistance to swelling [25, 26].

Conclusions

The investigation of neutron-induced void swelling and microstructure of the annealed EI-847 steel
with different silicon contents after neutron irradiation to doses in the range of 35-49 dpa at the
temperatures from 280 to 650°C it is possible to make the following conclusions.

1. The tendency of void swelling to be progressively reduced by increasing silicon concentration
appears to be a very general phenomenon, whether observed in simple single-variable
experiments on well-defined materials or in multi-variable, time-dependent irradiations conducted
on commercially-produced steels over a wide range of irradiation temperatures, neutron spectra
and dpa rates.

2. The swelling of the steel at irradiation temperatures 485-550°C is markedly reduced with
increasing silicon content. The most appreciable reduction is observed at Si contents in the range
from 0.05 to 0.20 wt. % with further increases in Si content influencing swelling less strongly.

3. Under low dose and dose rate conditions at 380°C the influence of silicon on the microstructure
evolution in the steel EI-847 reveals itself by slowing down the processes of annihilation of
preexisting dislocations and Frank loop formation.

4. At temperatures in the 485-550°C range and at high doses and dose the swelling is affected by
silicon not only by its action in the solid solution but by its influence on the formation of
precipitates enriched in both silicon and nickel.
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