SECTION 1
PHYSICS OF RADIATION DAMAGES AND EFFECTS IN SOLIDS

SWELLING OF FERRITIC STRUCTURAL MATERIALS AT HIGH
LEVELS OF DAMAGE DOSES AND GAS CONCENTRATIONS
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Investigation results of the swelling behavior of three ferritic steels under conditions of simultaneous irradiation
with 1.8 MeV Cr** ions and gases (helium or hydrogen) at peak swelling temperatures and doses to 50 and 200 dpa
are presented. It is shown that the behavior of swelling depends on the concentration of helium or hydrogen.
Determined that helium and hydrogen have different influence on the nucleation processes and growth of vacancy
voids. Dual irradiation with hydrogen leads to a decrease in voids formed under irradiation. Helium has a stronger
effect on voids nucleation, increasing their concentration by almost 10 times with a significant decrease of their size.

PACS: 61.72.Cc, 68.55.Ln

INTRODUCTION

Currently, heat-resistant 9...12% chromium ferritic-
martensitic steels are considered promising materials
for fusion reactor, 4-th Generation reactors due to their
low induced activity, low void swelling and creep, and
high resistance to high temperature and helium
embrittlement.

There are various international programs pointed at
developing promising 4-th  Generation reactors,
Traveling-Wave Reactors, as well as fusion reactors and
accelerator-driven spallation (ADS) systems. These
programs are based on the use of ferritic-martensitic
steels capable of operating at levels of damage doses in
excess of 200 displacements per atom (dpa). Besides it
can be used in a case of high gas levels (helium and
hydrogen) which have affect not only on the mechanical
properties, but also on the increasing of the swelling rate
[1-3]. Moreover, ferritic-martensitic steels are potential
candidate alloys as structural materials for the
Spallation Neutron Source (SNS). In this source,
materials are damaged as a result of exposure to strong
irradiation, thermal stroke, erosion and corrosion [4, 5].

Ferritic-martensitic ~ steels were chosen  for
investigation because of its excellent response to
neutron irradiation compared with austenitic steels [6].
A lot of data have been generated for this alloys
subjected to fission neutron irradiation, but none for the
SNS condition. Helium generation in irradiated metals
is known to assist void nucleation and thereby
accelerates the onset of void swelling at incubation
period [7].

The aim of this work was to study the swelling of
industrial ferritic-martensitic steels EP-450 and HT-9 —
Russian and American production, respectively, and

Japanese-made martensitic steel F82H — while
irradiating them with chromium and gas ions (helium
and hydrogen) to the doses of 200dpa and
concentrations of helium 100 appm and hydrogen
10000 appm. To study the radiation resistance of these
materials, heavy ion irradiation was used. This
simulation method is currently the only way to achieve
ultra-high doses of radiation and to obtain high
concentrations of gases.

1. MATERIALS AND EXPERIMENTAL
DETAILS

To study steels, standard disks with a diameter of
3mm and a thickness of 0.2 mm were used. The
chemical compositions and heat treatment conditions of
the three alloys are listed in Table.

Dual irradiations (Cr¥'+He™; Cr¥+H") were
performed using 1.8 MeV Cr** with 20 keV H* and
40 kaB He" up to concentration levels of 0-100 appm
helium and 0...10000 appm hydrogen at the peak
swelling temperatures as determined for each material
during earlier studies not involving gas implantation
(430...480 °C) [8].

Irradiation was carried out on the ESUVI
electrostatic heavy-ion accelerator located at Institute of
SSPMST NSC KIPT. The design and main parameters
of the facility have been presented previously [8, 9].

Fig. 1 is a damage deposition, the gas injection
profiles and accompanying damage profiles for 40 keV
He* and 20 keV H*, showing that very high but well-
defined levels of gas can be deposited in the examined
region without inducing significant amounts of
additional damage dose.

Chemical compositions of steels

Steel Chemical composition,_vvt% _ Thermomechanical
Cr C Mo \Y Mn Si Ni Nb W treatment
EP-450 11.2 | 011 | 113 | 0.20 | 0.60 | 0.60 | 0.08 0.5 — [1050°C/0.5 h+720°C/1 h
HT-9 12.1 0.2 1.04 | 028 | 057 | 0.17 | 051 — 0.45 [760°C/0.5h +33% CD
F82H 7.44 | 0.10 — 0.20 0.5 0.14 — — — [1040°C/0.5h+740°C/2 h
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Fig. 1. Profiles of dose distribution and implantation
ions fraction at depth dose (—) and injected ion
profiles (~+) for 1.8 MeV Cr*,

20 keV H ion profiles (- - -) and 40 keV He (— +-)

The calculation was made using the SRIM-2006
program. Selecting the depth of the investigated region
based on two prerequisites:

1. The investigated layer must be on sufficient depth
from irradiated surface to eliminate the surface
influence.

2. The number of implanted chromium ions must be
minimal.

Note that at these damage doses, the concentration
of injected chromium reaches ~20%, potentially
causing significant alteration in the chemical
composition of steel, and at high irradiation doses,
excess interstitial chromium atoms have a strong
suppressive effect on the void nucleation [10-13]. For
microscopy analysis, the irradiated samples were
thinned on both sides to 100...200 nm using the pulsed
electric polishing technique [14]. This depth also
minimizes the influence of the surface on the observable
effects, especially at a very high dpa rate in this region
(1-10° dpars).

2. RESULTS OF INVESTIGATIONS

2.1. INITIAL STRUCTURE OF EP-450, HT-9,
F82H STEELS

EP-450 is a ferritic-martensitic steel used as a
standard structural material for hexagonal fuel assembly
wrappers in the BN-600. The microstructure of EP-450
steel before irradiation (Fig. 2,a) was a duplex structure
of tempered martensite (referred to sorbite in Russian)

and ferrite in a ratio of ~1:1. Large globular M,3Cq
carbides were observed on ferrite-ferrite and ferrite-
tempered martensite grain boundaries, which have a
strong contrast in the bright-field image and smaller
carbides were found at the boundaries of martensite
matrix.

The initial microstructure of HT-9 steel (see
Fig. 2,b) has a pronounced deformation structure,
typical for a degree of deformation of ~ 30% CD, and is
a dislocation network with a high density of
dislocations, sometimes having a cellular structure.

The starting structure of F82H (see Fig. 2,c) is fully
martensitic. The dislocation line density is ~ 1-10™ m™.
M,3Cq carbides are observed in the matrix and on grain
boundaries, with number density and mean size of
6-10° m? and 73 nm, respectively. Only a few MC
carbides are observed in the matrix, with number
density and mean size of 1-10°m?® and 14 nm,
respectively. The mean width of the lath structure is
440 nm.

2.2. EFFECT OF CHROMIUM
IONS IRRADIATION

In this paper the primary focus is on the influence of
dual beam irradiation on swelling behavior. In an earlier
paper we examined the temperature and dose
dependencies of swelling of EP-450 and HT-9 in the
absence of helium or hydrogen injection over the range
50...300 dpa [15]. Ferrite grains were observed to begin
swelling at a much lower dose than seen in neighboring
tempered martensite grains. Voids in ferrite formed as
early as 50 dpa with peak swelling at 480 °C.

As shown in Fig. 3 the steady-state swelling rate of
the ferrite was ~ 0.2%/dpa even in the absence of gas
injection, reached at ~ 150 dpa and still evident at
300 dpa, while the swelling of the tempered martensite
phase started only after 200 dpa with the swelling rate
still increasing at 300 dpa, but not yet reaching
~ 0.2%/dpa. Irradiation of HT-9 steel to 200 and
300 dpa also led to the formation of vacancy porosity.
This dose range for HT-9 steel refers to the transient
stage of swelling, when the void system is just
beginning to form.

Fig. 2. Initial structure of EP-450 (a), HT-9 (b), and F82H (c) steels
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Fig. 3. Swelling of dual-phase EP-450 in absence
of gas injection

2.3. EFFECT OF HELIUM ON SWELLING
OF FERRITIC-MARTENSITIC STEELS
AT DUAL-ION IRRADIATION
AT THE STEADY-STATE STAGE

Irradiation of EP-450, HT-9, and F82H steels was
carried out at peak swelling temperatures: 480, 450,
430 °C, respectively.

Simultaneous irradiation of EP-450 steel with
chromium and helium ions to 50 dpa and a helium level
of 100 appm leads the swelling of ferrite grains to a
value of 0.19%. The swelling during irradiation in
absence of He injection is significantly lower (0.02%)
[15]. Under simultaneous irradiation at a dose of 50 dpa
and He concentration of 500 appm, the void density
increases from 2-10™ to 410" cm™ and the swelling
increases to 0.32% [16]. Increasing of dose to 200 dpa
and a helium level of 100 appm leads to more intense
void formation in both ferrite and tempered martensite
phases with an average size of 9 and 5 nm, respectively.
The average void concentration was 2-10™ cm™, with
the swelling value 0.37% (Fig. 4).

Fig. 4. Microstructure observed in ferrite (a) and
tempered martensite (b) phases of irradiated
EP-450 steel under simultaneous irradiation Cr*",
D =200 dpa, He — 100 appm, T, = 480 °C

Irradiation of HT-9 steel to 200dpa with a
simultaneous injection of 100 appm helium leads to an
increase in void concentration from 4-10®° to

3-10% cm. In this case, the void size decreases from 18
to 7 nm, which leads to a decrease in the swelling value
from 1.5 to 0.5% (Fig. 5)

The same tendency of swelling reduce with
simultaneous irradiation with helium is observed in
F82H martensitic steel (Fig.6). After irradiation of
Cr+He, the void concentration increases from 5-10* to
1.5-10% cm™. In this case, the void size decreases from
14 to 3 nm, which leads to a significant reduction of
swelling to 0.1%.
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Fig. 5. Microstructure (a) and void size distribution (b)
observed in HT-9 steel during simultaneous irradiation
Cr¥*, D=200 cna, T;w=450 °C, He-100 appm
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Fig. 6. Microstructure (a) and void size distribution (b)
observed in F82H steel under simultaneous irradiation

Cr¥*, D=200 cna, T;=430 °C, He — 100 appm

The results comparison of the effect of helium at the
steady state stage of swelling in EP-450, NT-9, and




F82H steels is presented in Figs.7, 8. Dual-ion
irradiation of Cr+He leads to an increase in number
density for all three materials by an order. The void size
in all materials reduces significantly with increasing
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Fig. 7. Effect of helium on number density (a),
void size (b) and swelling (c) in EP-450 (m), HT-9 (e),
and F82H (A ) steels under simultaneous irradiation
200 dpa, 0 and 100 appm He

The obtained results suggest that steels with a
martensitic structure are exposed to swelling less than
steels with a ferritic-martensitic structure.

2.4. EFFECT OF HYDROGEN ON SWELLING
OF EP-450 STEEL

Figs. 9,10 show the effect of dual-ion beam
irradiation (Cr+H) on the ferrite and sorbite phases of
EP-450 at 480 °C during 50 dpa. The co-injection of
1000 appm H leads to sharp increase of void density
both ferrite and sorbite phases. With a further increase
in hydrogen concentration to 1 at. % change in void
density less sharp (Fig. 10,a).

helium concentration. Since the main contribution to the
swelling is the void size, in spite of the increase in void
number density under the influence of helium, there is a
sharp reduction of swelling in all three materials.
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Fig. 8. Effect of helium on number density (a),
void size (b) and swelling (c) in EP-450, HT-9, and
F82H steels at 200 dpa and 0 and 100 appm He

Note that hydrogen initially increases swelling
significantly, increasing from 0.02 up to 0.93%, but then
decreases at levels above ~1 atomic percent or
5000 appm to 0.37%. Compared to irradiation with only
Cr ions, irradiation with Cr + 5000 appm H increases
the swelling by ~ 50 times, while under irradiation with
Cr + 10000 appm H the swelling growth factor is 20.
The co-injection Cr+H of 1000 appm H leads to
dramatic reduction of size from 17 to 8 nm, with a sharp
increase  of number density from 2:10cm® to
2:10" cm™. Increasing hydrogen to 10000 appm, the
swelling decreases primarily due to decrease of void
size.
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Fig. 9. Micrographs showing the effect of hydrogen co-injection to very high levels on swelling of ferrite phase
in EP-450, D = 50 dpa, T = 480 °C
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Fig. 10. Eeffect of hydrogen on number density (a),
void size (b) and swelling (c) in EP-450 steel under
simultaneous irradiation Cr**+H" at T;,, = 480 °C,
hydrogen levels of 0...10000 appm
(m — ferrite, ® — sorbite)

3. DISCUSSION

Analyzing the presented results in Figs. 3-10 and
published earlier in [16], where the authors described
the effect of co-irradiation of steel with a triple-beam
(Cr+H+He), it is arguable that helium and hydrogen
individually significantly affect the parameters of
radiation porosity. Under implantation of helium and
hydrogen, the void size is significantly reduced. The

void density in this case increases by an order. The
dependences obtained in the case of Cr+H and Cr+He
co-irradiations, having different quantitative parameters,
correspond to the general laws (of void density
increasing and void size decreasing).

In addition to general trends, there are differences in
the nature of the influence of helium and hydrogen on
the parameters of porosity and swelling. The difference
in the evolution of swelling processes with the
simultaneous injection of helium or hydrogen can be
explained by the following: helium influences in two
directions: it increases the equilibrium concentration of
vacancies and stabilizes small vacancy clusters.

Since in the presence of helium the critical void
radius is significantly reduced, helium stabilizes small
voids well. So, a complex of two vacancies plus helium
can be stable at operating temperatures of the material.
The helium atom can push its own atom of the matrix
from the equilibrium position in the lattice and take its
place in the lattice. Two interstitial helium atoms in the
lattice are push out their own atom and form a complex
of two helium — vacancy more probably.

Hydrogen has a binding energy with defects much
less than helium due to its energy characteristics.
Hydrogen does not have the ability to push its own atom
from the equilibrium position in the lattice, therefore,
creates less void nuclei. The critical radius of the void,
when stabilized by hydrogen, is smaller than during the
evolution of vacancy porosity, but much larger than in
the case of helium. Therefore, the addition of hydrogen
leads to the evolution of porosity with large void sizes,
compared with helium, but with a lower density. During
double irradiation of EP-450 steel (Cr+H, Cr+He), voids
are observed in both structural components during the
incubation period, which is not typical for irradiation
only with heavy ions.

Note that when steels are irradiated only with
chromium ions, the porosity is uniform, however, void-
free boundary zones and local zones with increased
porosity are observed [15]. After dual beam irradiation
with both Cr+H and Cr+He, the efficiency of the effect
of grain boundaries and surface on the evolution of
radiation porosity decreased. Void-free zones along
grain boundaries and the surface of the sample are
generally absent. Probably, this is due to the fact that
helium and hydrogen contribute to the homogeneous
nucleation of voids, and also that gas bubbles nucleate



and grow at grain boundaries, reducing the role of
boundaries as sinks.

The diffusion rate of both hydrogen and helium in a
defect-free lattice when H or He atoms are in the
interstitial positions of the crystal lattice is very high
even at room temperature. At elevated temperatures
(430...480 °C) this speed is huge, so the gas after birth
in nuclear reactions or implantation very quickly finds
itself in traps, which can be intrinsic lattice vacancies,
voids, dislocations, grain boundaries and other extended
defects. The output energy of helium atom from the
traps is usually higher than the output energy of
hydrogen atom, therefore, helium is stored in the bulk of
the material at higher temperatures than hydrogen. It
can be expected that the effect of helium and hydrogen
on the swelling has similar mechanisms, but manifests
itself in different temperature ranges. The temperature
limit of this effect for hydrogen is significantly lower
than for helium. It seems that at the considered
temperature of 480 °C, atomic hydrogen has little effect
on swelling.

Getting into subcritical vacancy voids, helium atoms
stabilize them, transforming them into supercritical
ones. Thus, helium reduces the critical size of vacancy
voids (as a rule, voids with a size already of several
atomic volumes are stable in the presence of a helium
atom), significantly accelerating the void nucleation.
Due to this, the incubation period of swelling in the
presence of helium is less than in absence of gas
injection. This is confirmed by experimental
observation of void density. In absence of helium, the
average sizes of the observed voids are significantly
larger than in the presence of helium.

A recently published paper [17] shows that co-
implantation of helium with iron enhances cavity
nucleation of alpha-Cr and co-implantation of hydrogen
with iron augments cavity growth. Under triple beam
irradiation, hydrogen also accelerates cavity nucleation
via stabilizing initial embryos.

Why does helium suppress swelling at a high dose of
200 dpa? The reason is the high concentration of small
voids, which reduce the rate of swelling. The swelling
rate at the steady state is proportional to the value:

dsS B/ p,

~ R o))

dK,t  @+n/p, +B/p;)
P =27p IR, 115;,) = py; @)
B=47bR,; 3)
o=(p _Pv)/Pi_ 4)

Here p, — dislocation density; R.— radius of the area of
dislocations influence; b —void density (number of
voids per unit volume); B —void density as a sink of
point defects; R, —average void radius; n — neutral
sinks density; K,t— dose in dpa [18].

Right side (1) reaches its maximum at
B=n+p,. That is, for the fastest swelling, the void

density B as sinks of point defects should be
approximately equal to the density of dislocations.

With high void density, when B/p,>>1, the
swelling rate turns out to be low:
ds —>5&, B>>p, . (5)
dK,t B
Just as, at a high dislocation density, when
B/,od <<1, swelling rate is also low:

ds —>5E,pd>>B. (6)
dK,t P
CONCLUSION

The study of swelling of ferritic — martensitic steels
EP-450, NT-9 and martensitic steel F82H after dual
irradiation with Cr** ions (1.8 MeV) and H* (20 keV),
He® (40 keV) up to doses of 200 dpa at the swelling
maximum.

It has been determined that hydrogen up to a
concentration of 5000 appm increases the swelling of
EP-450 steel, and at higher concentrations the swelling
becomes lower. The swelling growth factor is 50 for
5000 appm and, accordingly, 20 for 20000 appm.

The effect of helium under dual irradiation is similar
to the effect of hydrogen. However, He shows a
stronger effect on the void nucleation, increasing their
concentration by an order with a significant decrease in
their size.

The simultaneous injection of helium under
irradiation with heavy ions reduces the swelling of
ferritic-martersite steels EP-450, NT-9 and martensitic
steel F82H at high radiation doses (200 dpa).

At 50 dpa, hydrogen has a greater effect on the
swelling of EP-450 steel than helium.

The authors are grateful to N.P.Lazarev for
participating in the discussion of the obtained results,
and to Y.E. Kupriyanova for help in carrying out of
electron microscopic studies.
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PACIIYXAHUE KOHCTPYKIIMOHHBIX MATEPUAJIOB
®EPPUTHOI'O KJIACCA ITPU BBICOKUX YPOBHSAX MMOBPEXIAIOIIHUX /103
U KOHIEHTPAIIM I'A30B

P.JI. Bacunenxo, B.H. Boesooun, A.C. Kanvuenko, E.A. Hazapenko,
H.H. INIununenko ma., E.C. Cononuxuna

[IpesncTaBneHsl pe3ysbTaThl HWCCIENOBAaHMS IOBEICHUS paclyxaHus Tpex crajeldl (eppuTHOro kiacca B
YCIOBHAX OJHOBPEMEHHOTO OOJIydeHHsI HOHAMH crt e sHepruii 1,8 MaB u razoB (reams wiM BOAOpOnA) IPHU
TeMIepaTypax MakcuMalbHOro pacmyxaHus u fgo3ax 50 u 200 cHa. IToxasaHo, 4yTO MOBEICHHE PaTUAlMOHHOTO
pacryxaHust BO MHOTOM 3aBHUCHUT OT KOHIIGHTPALMHU TS WIH BOAOPOJAA. Y CTaHOBIIEHO, YTO T'eJIHil M BOJOPOS IO~
pa3sHOMY BIIMSIIOT Ha INPOIECCHl 3apPOKACHHA U POCTAa BAaKAaHCHOHHBIX 1op. JlyarabHoe OOIydeHHE C BOAOPOJIOM
NPUBOAMT K YMEHBIICHHIO pa3Mepa Iop, oOpasyromuxcs mnpu oOiydenuu. ['enmit mposiBisier Oosee cuibHOE
BIIMSHUE HA 3apOXKJCHHUE TOp, YBEIMUYHMBAs MX KOHLEHTPAIMIO HA TOPSAOK NPU 3HAYUTEIHLHOM YMEHBIICHHH WX
pasmepa.

PO3IYXAHHA KOHCTPYKIIHHUX MATEPIAJIIB ®EPUTHOI'O KJIACY
P BUCOKHX PIBHSX IMMOIIKOIKYIOUMX JI03 I KOHIEHTPAIIIN I'A3IB

P.JI. Bacunenxo, B.M. Boeeooin, O.C. Kanvuenxo, €.0. Hazapeuko, M.M. Ilununenxo moan., 0.C. Cononixina

IIpencraBneHo pe3ynbTaTH JOCTIHKCHHS MOBEIIHKU PO3IYXaHHS TPHOX CTajei (PEepHTHOrO Kiacy B yMOBax
OJHOYACHOTO ompoMinenHs ioHamu Cr’* 3 emepriero 1,8 MeB i rasis (remiio abo BOJHIO) NpH TeMIepaTypax
MaKCUMaJbHOTO po3myxaHHs i go3ax 50 i 200 3Ha. [Toka3aHo, o0 MOBEiHKA padialifHOTO PO3MyXaHHS 0araTo B
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YOMY 3aJICKUTH BiJl KOHIICHTpaIlii renito abo BojHI0. BcTaHOBIECHO, 1O Teliil 1 BOACHD MO-Pi3HOMY BIUIMBAlOTh Ha
TIPOIIECH 3apPOJHKCHHS 1 3pOCTaHHS BakaHCIHHUX 1mop. [ToaBiitHe onpoMiHEHHS 3 BOAHEM MPU3BOIUTH 10 3MEHIIICHHS
po3Mipy Top, IO YTBOPIOIOTHCA NPH ONMpOMiHEeHHI. ['eniif mposBise OiMbII CHIBHWI BIUIMB HA 3apODKEHHS MO,
30LTBITYIOYH iX KOHIICHTPALI0 Ha MOPSAIO0K MPY 3HAYHOMY 3MEHIICHHI IX PO3Mipy.



