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Ferritic-martensitic steel T91 was irradiated with 1.4 MeV Ar” ions to doses from 0.5 to 7 displacements per
atom (dpa) at room temperature. Microstructure characterization was performed using transmission electron
microscopy (TEM). TEM observations indicated that black dots and dislocation loops dominated the damage
microstructure after ion irradiation. The nanoindentation technique was used to find out the changes in the hardness
values with irradiation dose. Nanoindentation tests were performed at room temperature in continuous stiffness
measurement mode before and after the irradiation. Nix-Gao model was used to extract the bulk-equivalent
nanohardness of specimens. Pile-up of material around the indentation site that affects the calculated contact area
was taken into account for correct interpretation of the mechanical properties of the irradiated material. It is shown
that ion irradiation leads to hardening by 21% (AH ~ 0.7 GPa) which reaches quasi saturation at doses > 1 dpa.

INTRODUCTION

The safety is one of the most pressing issues in the
nuclear power industry. Therefore the reactors of the
3rd generation currently under construction, and the
designed reactors of the 4th generations are becoming
safer to operate, more reliable, more resource efficient,
more environmentally friendly and more economical.
Prospective nuclear applications like Generation 1V
fission and fusion reactors cause new materials
challenges from the point of view of higher neutron
exposures and operating temperatures.

Ferritic-martensitic steels are the primary candidate
materials for structural components in such high dose
nuclear applications. Compared to austenitic stainless
steels, F-M alloys exhibit high resistant to neutron
irradiation, in terms of reduced irradiation swelling. In
addition, these steels also have higher thermal
conductivity, lower thermal expansion coefficients,
good creep behavior, high strength at -elevated
temperatures, and lower cost [1].

The radiation-induced microstructural modifications
significantly change the properties of the materials. The
major damage effects under irradiation include
radiation-induced segregation, radiation-induced
precipitation, dislocation evolution, and swelling [2].
For high chromium F-M steels, the most notable
radiation effect is the degradation in mechanical
properties  through irradiation  hardening and
embrittlement at low temperatues (< 160 °C).
Significant hardening can occur as early as 0.01 dpa [3].

Understanding the microstructural evolution and its
effect on the degradation of mechanical properties are of
utmost importance. High damage neutron-irradiated
samples are difficult to come by, as it takes a long time
to irradiate samples. A typical damage rate for neutrons
is on the order of 10 dpa/s. Moreover many nuclear
facilities are now shut down (FFTF, RAPSODIE, DFR,
PFR, Superfenix, EBR-II, BR-10, BN-350 etc).

The use of heavy ion implantation for the simulation
of neutron irradiation under reactor conditions is
common practice, due to the short time scales to reach

relatively high damage levels and the absence of
induced radioactivity. Therefore, both proton and heavy
ion irradiations (10 and 10 dpa/s respectively) are
being used to emulate neutron damage in a much faster
and cost effective way.

However ion irradiation has a significant drawback —
shallow depth of damage layer that making it difficult to
investigate the mechanical properties. The solution of
problem is possible by wusing nanoindentation,
transmission electron microscopy and scanning electron
microscopy (SEM) — small scale methods which can be
used to investigate the changes of microstructure and
mechanical properties due to irradiation in small
volumes.

In the presented work, we applied these methods to
investigate the changes in the mechanical properties in
ferritic-martensitic T91 steel caused by high energy
argon ions irradiation. A limited number of previous
studies have been performed under fast reactor and low
temperature spallation environments [4-6]. Several
studies have been performed on the response of
mechanical properties of T91 to ion irradiation [7-13].
The scattered data were obtained for individual values
of damage doses, different irradiation temperatures
(from room temperature (RT) to 600 °C) and the types
and energies of the irradiating particles.

The aim of the present work is to determine the dose
dependent hardness and evolution of microstructure of
T91 steel irradiated with accelerated ions to moderate
doses (up to 7dpa) at room temperature using
nanoindentation testing over a large range of indentation
depths and pile-up correction as well as consideration of
both the indentation size effect and the substrate effect.

EXPERIMENTAL DETAILS

The experiments were carried out on T91 ferritic-
martensitic steel of composition 9Cr—1Mo with minor
alloying elements of Ni, Nb, V, and C. The material was
supplied by INDUSTELL, Belgium (melting: 504/3,
heat: 82566-4). The material was delivered as hot rolled
and heat treated plates with a thickness of 40 mm. The
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heat treatment consisted of a normalization treatment at
1040 °C for 30 min followed by air cooling and then
tempered at 730 °C for 60 min followed by air cooling
to room temperature. The chemical compaosition of the
as-received material is given in Tabl. 1. Samples of
dimensions 10x10x2 mm were cut from the material

using wire-cut electrical discharge machining. Surfaces
of the samples were mechanically polished initially with
sandpapers of varying grits and finally electrolytically
polished using 95% methanol and 5% perchloric acid
solution at a temperature of —30 C with an applied
voltage of 20 V.

Table 1
Chemical composition of T91 steel delivered by Industeel (wt.%)
Fe (bal.) Cr Mo Mn Si \Y/ Ni Nb Cu Al
' 8.76 0.862 0.597 0.317 0.186 0.099 0.073 0.054 0.021
To1 C N P S Sn B Co As -
0.088 0.003 0.019 0.0006 0.005 0.0001 0.019 0.007 -

Samples were irradiated with 1.4 MeV argon ions in
a range of doses 0.5...7 dpa. All irradiations were
carried out with accelerating-measuring system “ESU-
2” [14], which contain Van de Graaf accelerator. The
irradiation was performed at room temperature. The
depth distribution of Ar atoms concentration and
damage was calculated by SRIM 2008 [15] and shown
in Fig. 1. The damage calculations are based on the
Kinchin-Pease model, with a displacement energy of
40 eV for Fe and Cr, as recommended in ASTM E521-
96 (2009) [16].
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Fig. 1. Calculated profiles of damages and
concentrations of 1.4 MeV Ar ions implanted in T91
steel to a dose of /-10" cm™

Nanohardness was measured by Nanoindenter G200
with a Berkovich type indentation tip. A ‘continuous
stiffness measurement method” was used [17], which
produces mechanical property data as a function of
indenter depth. Tests were performed with a constant
deformation rate of 0.05 s™. Each sample was applied at
least 10 prints at a distance of 35 um from each other.
Nominal maximum displacement of 2000 nm was used
for all measurements on unirradiated and ion-irradiated
steel. The methodology of Oliver and Pharr was used to
find the hardness [18].

TEM in kinematic bright-field mode was primarily
used to characterize radiation-induced structures.
Secondary electron images produced in the SEM were
used for investigations of as-received and irradiated
specimens in regions surrounding indents.

RESULTS AND DISCUSSIONS

TEM observation of unirradiated samples (Fig. 2)
showed dual phase morphology containing ferrite and

martensite phases. The two phases could also be
identified by the difference in the dislocation density.
High dislocation density was observed in the martensite
regions, whereas ferritic regions were relatively free
from dislocations. In addition, the presence of several
precipitates in the microstructure of T91 steel was also
noticed. Elemental analysis of several large precipitates
using energy-dispersive spectroscopy (EDS) attached
with TEM showed high concentrations of Cr and Fe in
ones (Tabl. 2).

Flg 2 Mlcrostructure of the unlrradlated T91

Table 2
Elemental composition of large precipitates provided by
EDS analysis
Element Mass%
C 19.08
\% 0.12
Cr 27.01
Fe 46.16
Mo 7.63

The indexing of diffraction patterns with different
zone axes confirmed that the precipitates investigated
were (Cr, Fe),3Cs type. Majority of the precipitates were
formed at ferrite and martensite lath boundaries. In
addition, a fraction of precipitates was also found within
the grains. The typical size of these precipitates was
estimated to be <100nm, whereas the size of
precipitates at the martensite and ferrite lath boundaries
and at the grain boundaries was 100...500 nm. It can
be assumed that fine precipitates are carbides or
carbonitrides of the MX or M,X type.

Irradiated samples showed significant changes in the
microstructure as compared to the unirradiated sample.
Irradiation-induced defects of very small-sized black



dots and dislocation loops were observed in the
microstructure of the irradiated These defects
disappeared upon tilting by small degrees, which clearly
indicates that these are not precipitates.

The typical size of these dots in T91 irradiated to
0.5dpa is about 1...3nm and estimated localized
density of the dots is about 10 m2 Trends in the
literature on the ferritic-martensitic Fe-Cr alloys
indicated that these black dots are effective traps for
point defects. Therefore the dislocation loops were
observed with increasing the dose of irradiation (Fig. 3).
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Fig. 3. TEM image showing the microstructure of T91
after irradiation fluence of 1 dpa

Fig. 4 shows nanoindentation hardness (H) as a
function of indenter displacement (h) of the unirradiated
and irradiated T91 steel.

The irradiation of T91 with Ar ions at RT leads to an
increase of nanohardness.
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Fig. 4. Nanoindentation hardness vs. indentation depth
measured for the unirradiated and irradiated to a dose
of 0.5 dpa T91 steel

In all samples, the first 150 nm of displacement
shows a considerable increase in the scatter of the data
due to tip-rounding artifacts and surface preparation
effects. Therefore, for all samples the first 150 nm of
data will be ignored for the remainder of the analysis.

Generally, indentation hardness of ion irradiated
materials represents the superposition of the bulk
hardness, indentation size effect (ISE) and the
irradiation induced hardening [19, 20]. The analysis

method by nanoindentation measurement is based on
the Nix-Gao model [21] that describes the concept of
geometrically necessary dislocations required to
accommodate the indenter as well as Kasada et al.
method [22] that extended model [21] by a film-
substrate system based on so-called the soft substrate
effect. The ion irradiated materials, according to [22],
can be considered as ‘“hardened layer—substrate”
systems. The unirradiated region below the irradiated
region will be plastically deformed before the indenter
itself reaches the unirradiated region. The transition
point of one area to another represents the critical
indentation depth h,, and the bulk equivalent hardness,
Ho'", of the ion irradiated region can be obtained by the
least square fitting of the hardness data up to a critical
depth he.

By redrawing the hardness profile in terms of Nix-
Gao plot (squared hardness vs. reciprocal depth), the
bulk-equivalent hardness of the ion-irradiated region has
been evaluated as 4.1 GPa for irradiation fluence of
0.5 dpa (Fig. 5). In the case of unirradiated T91, Nix-
Gao plot represents virtually straight line due to the lack
of radiation—hardened_Ia(}/er; corresponding bulk-equiva-
lent hardness, H®"*"*®, was estimated as 3.4 GPa (see
Fig. 5). For irradiation doses of 1, 3, and 7 dpa the
values of Hy" were found to be 3.9, 4.15, and 4.2 GPa,
respectively.

In this study hardness profiles (see Fig. 4) that have
been analyzed for determining the bulk-equivalent
hardness, H,, of as-received and irradiated T91 steel
were obtained from load-displacement data using the
method of Oliver and Pharr [18]. This method is
adopted as the standard method for the analysis of
nanoindentation results. One significant limitation of
this method is that it does not account for pile-up or
sink-in of testing material around the indent.
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Fig. 5. Nix-Gao plot for unirradiated and argon
irradiated T91 steel

In the case of pile-up, the contact area is greater than
predicted by the method that can lead to an
overestimation of the indentation hardness. The pile-
up/sink-in  behaviors are dependent on the work
hardening rate and the ratio of the elastic modulus to
yield strength (E/oy) [18].

Recently different methods for pile-up corrected
hardness have been proposed. Hardie et al. [8] proposed
the approach based on the measurements of actual area



of contact by scanning electron microscopy (SEM).
Pile-up correction (PUC) can then be performed using
the ratio of the actual contact area, to the pile-up
unaffected area. Heintze et al. [12] suggested the so-
called elastic-modulus—based correction (EMC) method
to correct nanoindentation hardness data. This method
utilizes the square function of indentation modulus to
elastic modulus for correction of indentation hardness.
An advantage of the EMC method is that one does not
require any additional measurements. In [23] was
proposed a method to correct nanoindentation hardness
that uses the difference in the actual elastic modulus
between the ion-irradiated damaged layer and

unirradiated material. The disadvantage of this method
is that it requires additional transient grating laser
measurements. In the following, we will use the
concepts of PUC method [8] to evaluate the pile-up
effect on ion-irradiation hardening in T91 steel.

After indentation, the hardness impressions were
imaged using SEM to measure contact areas and
examine the extent of pile-up, in a similar method to
that proposed in [24]. Two different contact areas were
determined from the SEM images. According to Fig. 6
the pile-up unaffected corner-to-corner area, Ag,
represents the area of the triangle defined by the corners
of the hardness impression (see Fig. 6,b,e).

f

Fig. 6. SEM images showing deformed regions surrounding indents in un-irradiated (a, b, ¢) and irradiated (d, e, f)
regions. Corner-to-corner (A.) of contact area (b, e) and actual (A,¢) contact area (c, f) are shown

The second measure of the contact area was the
actual contact area, A,y Which includes the extra area
contained in the pile-up (Fig. 6,c,f). These specified
areas were determined by a digital image processing,
and their ratio, A,/Ac, provided an estimation of the
pile-up extent.

Fig. 7 shows the hardness corrected for the actual
contact area accounting for pile-up. The values of
correction factor, A,/A., Were found in the range of
1.10...1.18 and had a statistical scatter for as-received
and argon irradiated specimens. The average value of
1.14+0.04 correlates well with the EMC factor
according to Heintze's approach [12].

Irradiation hardness seems to be saturated at doses
~ 1 dpa. Visible defects that obviously cause hardening
are defects such as black dots and dislocation loops (see
Fig. 3).

In the general case, irradiation hardening was found
to be dose-dependent at lower doses and saturated at
doses higher than a critical value. The saturation dose
was also irradiation temperature-dependent, increasing

with increasing irradiation temperature up to 330 °C and
then decreasing apparently at higher irradiation
temperatures [6].
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Fig. 7. Corrected for pile-up bulk-equivalent hardness
of T91 steel vs. irradiation dose. The solid line is drawn
as guide for eyes only



Ref. [25] represents our previous results of study of
irradiation effect with 1.4 MeV argon ions within the
range of doses 0...10 dpa at room temperature on the
hardening of SS316 stainless steel. It was discovered
that the sharpest effect is observed at a dose of about
1 dpa with a gradual approach of the quasisaturation
mode at high fluencies.

It should be noted that G.S. Was et al analyzing the
data of radiation induced radiation hardening of the
same heats of proton- and neutron-irradiated 304SS and
316SS have shown that the irradiation hardening of
austenitic steels saturates at about a few dpa [26].

The same effect is observed for steel T91. However,
in this case hardening is almost two times less
indicating a lower probability of embrittlement of
ferritic-martensitic steel T91 in comparison with ferritic
and austenitic steels. _ )

Comparison of radiation hardening, Ho™ — H® Ve
=AH (values corrected for pile-up), with the results of
other authors (Fig. 8) shows some variation in data,
which is likely due primarily to the difference in
irradiation temperature. A noticeable difference in the
data is observed for materials with poles apart
microstructures. A clear difference can be seen in the
ferritic and tempered martensitic materials (data from

[13).
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of T91 steel

It appears that the fine tempered martensitic
microstructure has a significant effect in reducing
hardening in HT-9 [27]. This can be explained by the
fact that the martensitic microstructure which also
contains carbides along these boundaries has a high
density of interfaces which act as defect sinks for
radiation induced defects. This testifies that the
materials containing a number of defects or trapping
sites suffer less irradiation hardening or embrittlement.

CONCLUSIONS

Irradiation-hardening ~ behaviors  have  been
investigated for T91 stainless steel after low-
temperature (<100 °C) irradiations. The following
conclusions were drawn:

Nanoindentation results showed that irradiation
hardening in the ion-irradiated T91 steel was ~ 0.7 GPa
and approach of the quasisaturation mode at fluencies
> 1 dpa.

Visible defects that obviously cause hardening are
black dots and dislocation loops.

The hardness was corrected for the actual contact
area accounting for pile-up. The values of correction
factor, A./Ac, were found in the range of 1.10...1.18
for as-received and argon irradiated specimens. The
average value of 1.14 £ 0.04 correlates well with known
in the literature.

The data obtained in the present study indicate that a
decrease of ductility of the T91 steel will be expected at
fluencies about 1...5 dpa where the saturation of the
density of the dislocation loops is observed.
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BJIMSIHUE OBJIYYEHUSA UOHAMMU API'OHA HA YIIPOUHEHHUE
U MUKPOCTPYKTYPY ®EPPUTHO-MAPTEHCUTHOM CTAJIM T91

B.H. Boesooun, I' /1. Toncmonyyxasn, C.A. Kapnoe, M.A. Tuxonoeckuii, I.H. Toamauesa,
A.C. Kanvuenxo, P.JI. Bacunenxo, U.E. Konaney

deppuTHO-MapTEHCHTHYIO cTadb T91 06iydanu npu KOMHATHOM TeMIepaType HoHaMu Ar’ ¢ sHeprueii 1,4 MaB
B uHTepBaie o3 0,5...7 cmemenuit Ha aToM (cHa). MccrnenoBanne MUKPOCTPYKTYPBI METOAOM MPOCBEYUBAIONIEH
JIEKTPOHHOI MHUKPOCKOIHMH TOKa3ai0 00pa3oBaHKe MOCie HOHHOTO 00myueHus Ae()EeKTOB THIIA «IEPHBIX TOYEK» U
JUCIIOKAIMOHHBIX MeTeNb. V3MepeHus TBEpIOCTH CTaIM MPOBOAMIM IHPHU KOMHATHOM TemmepaTrype MeTOJOM
HAaHOMHJIEHTHPOBAHUS B PEXHMME HENPEephIBHOTO M3MEPEHMs KECTKOCTH A0 M mocie obmydeHus. M3Bieuenue
3HaUYeHUH 00BEMHO-3KBHBAJICHTHONH HAHOTBEPJOCTH OOpAa3IlOB BBHIMOJIHAJIOCH C HCIOJIB30BaHHEM Mojenu Hukca-
lao. [Ipu ompeneneHny TBEPAOCTH CTANM YYUTHIBAIN 3P HEKT «HABAJIA» MaTepHasa BOKPYI MECTa BIAaBIMBAHUS,
KOTOPBIN OKa3bIBAeT BIMSHHE HAa PACUETHYIO IUIOIA/]b KOHTaKTa. [Ioka3aHO, YTO MOHHOE OOJIydeHHE NMPHUBOIHUT K
YBEJIMYEHHUIO HaHOTBeprocTH Ha 21% (AH ~ 0,7 I'Tla) u mocturaeT KBa3sMHACHIIIEHNS TIpU J03ax > 1 cHa.

BIIJIMB OITPOMIHEHHS IOHAMM APT'OHY HA 3MIHHEHHS TA MIKPOCTPYKTYPY
®EPUTHO-MAPTEHCHUTHOI CTAJII T91

B.M. Bocsodin, I' /1. Toncmonayywvka, C.0O. Kapnoe, M.A. Tuxonoecoxuii, I M. Toamauosa,
0.C. Kanvuenxo, P.JI. Bacuneuxo, 1.€. Konaneus

depuTHO-MapTEeHCHTHY cTadb T91 onpoMiHIOBanu Npy KiMHATHII TemnepaTypi ionamu Ar’ 3 eneprieio 1,4 MeB
B iHTepBami m03 0,5...7 3cyBiB Ha aTtoM (3Ha). JlOCHiIKEHHS MIKpPOCTPYKTYpH METOJOM MPOCBIYyBaIbHOI
€JIEKTPOHHOT MIKPOCKOIIi IMOKa3aJ0 YTBOPEHHS MICIS 10HHOTO ONMPOMIHEHHS AE(EKTIB THUMY «UOPHUX TOYOK» i
JMCIIOKalliiHUX TeTeslb. BuMiploBaHHS TBepAOCTI cTaji INPOBOAWIN IpH KIMHATHIH TeMIiepaTypi METOJ0M
HAHOIHJCHTYBaHHS B PEXHMi O€3IepepBHOIO BHUMIPIOBaHHS >OPCTKOCTI JIO 1 IICHsA ONPOMIiHEHHSA. 3Ha4yeHHS
00'eMHO-EKBIBaJICHTHOI HAHOTBEPJOCTI 3pa3KiB pO3paxoByBaJMCs 3 BHKopucTaHHAM Mmoxeni Hikca-I'ao. Ilpu
BU3HA4YCHHI TBEPJOCTI CTalli BpaXOBYBaJIM e()EeKT «HABAIY» MaTepialy HaBKOJIO MiCIlsl BAABJICHHS, SIKUH BIUIMBAE Ha
PO3paxyHKOBY ILTONLY KOHTakTy. [TokazaHo, 110 i0HHE ONPOMiHEHHS NPU3BOJUTH /10 30UIBIIEHHS HAHOTBEPOCTI Ha
21% (AH ~ 0,7 T'Tla) i nocsirae KBa3iHACHYEHHS MpHU 103ax > 1 3Ha.
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