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Abstract: Stainless steels with Si and without Si were first irradiated as bulk to 0.8dpa at 290°C to create dense and tiny black

30H-01

dots. In the specimen with Si, Ni-Si clusters were also created. Then, the irradiated specimens were subsequently in-situ
irradiated at 400°C to study the effects of Ni-Si clusters on the growth and stability of black dots.
Kevword: Combined irradiation, in-situ TEM, stainless steel, annihilation rate

1. Introduction

Dislocation loops and Ni-Si clusters are the radiation defects formed in irradiated stainless steels. To understand the
ageing phenomena of irradiation embrittlement and irradiation-assisted stress corrosion cracking (IASCC), it is necessary to
understand the formation and growth of the two radiation defects. It is speculated that the existence of Ni-Si clusters will
influence the formation and growth of dislocation loops. Especially, the stability and growth rate of dislocation loops may be
changed when loops are decorated by Ni-Si clusters. However, it is difficult to study such defect interactions by traditional bulk
irradiation.

The idea of combined irradiation could lead to a step forward in this field. In our previous work, two model alloys of
316L stainless steels has been irradiated as bulk by 3MeV Ni%* ion at 290°C to 0.8dpa, which is the average dose value from
bulk surface to damage peak depth. In one model alloy with 0.95 wt.% Si (labeled as HS), the formation of tiny Ni-Si clusters
was discovered by atom probe tomography (APT); in the other model alloy without Si (labeled as LS), Ni-Si clusters could not
be formed. Dense and small black dots was confirmed in both alloys, with similar level of number density between the two
alloys. By literature, the majority of the black dots at this temperature are tiny Frank loops. By subsequent in-situ irradiation on
these irradiated alloys at 400°C, the influence of Ni-Si clusters on loop growth and loop stability can be discussed.

2. Experimental

Transmission electron microscopy (TEM) specimens for subsequent in-situ irradiation were fabricated by focused ion
beam (FIB), and followed by electro-chemical polishing to remove FIB damage. Since APT specimens were extracted from
approximately 200-300nm depth of the irradiated bulk specimen, the in-situ TEM specimen was not extracted from damage
peak depth but from ~500nm depth of the irradiated bulk specimen. It is difficult to extract TEM specimens exactly at
200-300nm depth, because the appropriate thickness of the TEM specimens after electro-chemical polishing shall be prioritized.
In our case, the thickness of the TEM specimens was ~140nm in observation area for both LS and HS specimen, which was

good for comparison.

b) 0.003dpa c) 0.006dpa

Fig.1 The annihilation (dash line) and growth (solid line) of black dots in the subsequent irradiation of LS specimen.



The subsequent in-situ irradiation was performed at 400°C by 1MeV Fe?*. Irradiation flux was 4.2x10%m?xs?,
corresponding to the dose rate of ~5 x 10-°dpa/s. The g vector for TEM observation was <111>.
3. Results

The microstructure of the specimens was confirmed by TEM right before the starting of subsequent irradiation. Dense
and tiny black dots were observed. The number density of black dots was 2.9x10%2m for LS specimen and 2.6x10%2m for HS
specimen. As expected, the number density and size of pre-existing black dots before in-situ irradiation was similar between LS

and HS specimens. 6

During in-situ irradiation, the annihilation and growth of

(@]
T

black dots were successfully observed. One example is shown in
Fig. 1. The black dots in dashed line disappeared after 0.006dpa of

I
T

subsequent irradiation, while the black dot in solid line increased

its size slowly from 0 to 0.006dpa. The annihilation rate of black

N
T

dots was be quantitatively analyzed and plotted in Fig. 2 as a

Annihilation rate (102'm-3/min)

Annihilation rate of
pre-existing defects

=
T

function of increasing irradiation dose. The blue cross in Fig. 2

shows the annihilation rate of the black dots formed before 0.000 0.005 0.010 0.015 0.020
subsequent in-situ irradiation. In the case of HS specimen, these Dose of subsequent in-situ irradiation
pre-existing black dots may be decorated by Ni-Si clusters. The Fig.2 The annihilation rates of black dots in the

yellow solid circle represents the annihilation rate of all the black subsequent irradiation of LS specimen. Pre-existing

dots in the observation area. Since the initial number density of defocts refers to defects formed in bulk irradiation.
black dots in LS specimen was 2.9x10%2m3, the annihilation rate
of the pre-existing black dots was high from 0.003dpa to 0.009dpa. More detailed analysis on the relationship between
annihilation rates with the size of annihilated black dots will be performed.
4_Conclusions

Combined irradiation technique was utilized to study the effects of Ni-Si clusters on the growth rate and stability of black
dots. 316L stainless steels with Si (HS) and without Si (LS) were first irradiated as bulk to 0.8dpa at 290°C to create dense and
tiny black dots. In the specimen with Si, Ni-Si clusters were also created. Then, TEM specimens were prepared out of the
irradiated bulk for subsequent in-situ irradiation at 400°C. The growth and annihilation of black dots was confirmed, and the
annihilation rate of pre-existing black dots was found to be quite high in LS specimen. With this method, the stability of black
dots can be quantitatively evaluated and compared between LS and HS specimens.
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1. Introduction
Irradiation induced embrittlement, normally accompanied by strengthening and hardening as well, is considered as one of

degradation behaviors in the materials for nuclear reactor core applications. Zr-based nuclear fuel cladding tubes are considered
as one of the most important core components in light water reactors. They are closely contact to nuclear fuels and are suffered
from intense neutron irradiation, which results in a significant hardening and ductility loss due to the formation of high density
of irradiation loops.

From the manufacture processes consisting of cold and hot rolling, extruding, and pilgering, such Zr-based cladding tubes
exhibit strong basal texture in microstructure. For example, the c-axes (hcp-structured lattice) are preferential to align along the
radial direction and tilted about 20-40° in the transverse direction-radial direction (TD-RD) plane. Such texture in microstructure
results in the anisotropic mechanical properties. Zircaloy-2 fuel cladding shows a yield strength of 465+17 MPa when tensioned
along radial direction, which is greater than tensioned along axial direction (331+19 MPa). Therefore, the anisotropy in the degree
of environmental degradations is also to be anticipated. In fact, it has been known that the distributions of hydrides and radiation
damage are anisotropic in these Zr-based fuel claddings.

In this study, a novel method was developed to probe the orientation dependence of irradiation-induced hardening in
polycrystalline Zr-based alloys, by the combination of techniques such as ion-accelerator irradiation, nano-indentation test and
orientation imaging microscopy. The crystal orientation dependent irradiation-induced hardening was then evaluated, which
provides complementary understanding on the environmental degradation behaviors in textured materials.
2._Experimental methods

Zr-0.2Nb (wt.%) alloy prepared by arc-melting technique was used as experimental specimens in this study. This
material exhibits a fully-recrystallized microstructure composing of the equiaxed grains with grain size of ~10 um.
Additionally, the material exhibits strong texture in microstructure, because the <0001> orientations are more likely to be
perpendicular to the rolling direction-transverse direction plane. Disc specimens with 3-mm diameter were prepared for
ion-irradiation. 3 MeV Zr?* irradiation was performed at 300 °C using 1.7 MV Tandem ion accelerator at the High Fluence
Irradiation Facility, The University of Tokyo. The specimens with ~0.1 and 0.2 dpa were prepared. A Shimadsu DUH-
211S nano-hardness tester was employed to evaluate the irradiation-induced hardening after irradiation. The indentation
depth was set as 150 nm. Followed by nano-indentation tests, electron backscatter diffraction analysis was made on the
nano-hardness tested region using scanning electron microscope equipped with OIM software. By coupling the image

quality map and IPF map, the crystallographic information of each indenter could be recorded.
3. _Results and discussion
Coupling of nano-indentation measurements and EBSD analysis allows connecting the hardness linked with the

corresponding crystal orientation. Fig. 1 shows IPF based color-coded nano-hardness of the experimental specimens. Due to the

basal texture in this material, much of the data are located near (0001) pole and less are present near the (1010) and (2110) poles.



It is noted that the hardness with the orientation close to [0001] axis is greater than that close to the [1010] zone axis corner.

Thus, an obvious trend between the hardness and crystal orientation could be discerned, i.e. the hardness gradually decreases as

the orientation deviates from [0001] axis to [1010] and [2110] axes corner. The hardness is the highest near the [0001] axis

corner with the values of ~2.9 GPa, then it decreases to ~1.6 GPa towards the [1010] and [2110] orientations. After irradiation,

increment in hardness compared with un-irradiated specimen is observed in other specimens, as shown in Fig. 1-b and c, revealing

the obvious hardening induced by 3 MeV Zr?* ion irradiation in this study. It is worth noting that the hardness increased drastically

to 0.1-dpa specimen and the hardness of 0.2-dpa specimen was
slightly greater than 0.1-dpa. This trend is consistent well with
the previous studies.

To reveal the effect of irradiation on the orientation
dependent hardness, the hardness is plotted as a function of
rotation angle to [0001] axis. The rotation angle is calculated
using the Euler angles of each indenter obtained directly from
EBSD analysis. It is seen that in all the specimens the hardness
decreased as the crystal orientation deviates away from [0001]
orientation. It is found that the differences between the irradiated
and un-irradiated specimens are not constant, but influenced by
the orientation. To evaluate the orientation dependent irradiation-
induced hardening, the values of the hardness increment between
the rotation angle of 0-10, 10-20, 20-30, 30-40, 40-55, 55-70, and
70-90 were summarized. Results show that the hardening effect
is firstly intensified from the rotation angle of 0 to 55 degree and
then slightly weakened in the range of 55-90 degree. However,
the weakening effect in the range of 55-90 degree needs further
confirmation because of the limited data from this textured

specimen.

4. Summary and future work
The dependence of crystal orientation on nano-hardness

was deduced: the hardness near (0001) pole was the highest

1010

(a) Un-irradiated

0001 2110

(b) 0.1dpa

(c¢) 0.2dpa

]
L e

0001 2110

Fig. 1 Inverse pole figure (IPF) based color-coded
nano-hardness distribution map in (a) un-irradiated, (b)

0.1-dpa and (c) 0.2-dpa specimens.

and gradually decreased as the orientation deviated to [1010] and [2110] poles. After irradiation, hardening effect is

confirmed, and it exhibits dependence on orientation. The weakest hardening occurred in [0001] oriented grains, then the

hardening effect was intensified toward [1010] and [2110] orientations. Further studies will be conducted to evaluate the

irradiation effects in [1010] and [2110] corners by using the less-textured specimens, and mechanism for the orientation

dependent irradiation hardening will be revealed as well.
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1. Introduction

The structural materials during the application in the advanced nuclear fusion blanket system will face very challenging
service conditions, such as high temperature and strong neutron irradiation. Advanced next generation higher performance
steels offer the opportunity for improvements in operational lifetime and reliability, superior neutron radiation damage
resistance. They include advanced reduced activation martensitic steels (RAFMSs) and oxide dispersion strengthened steels
(ODS).

In China, An advanced RAFMs named as SIMP steel has been developing in Institute for Materials Research Chinese
Academy of Sciences (IMR-CAS) in recent years. By negotiating the effects of the contents of important elements such as C,
Cr and Si in the ferritic/martensitic heat-resistant steels on heat resistance, radiation resistance, and corrosion resistance, an
optimized chemical composition of SIMP steel was obtained and thus a good balance of properties was reached. The test
results conducted on several SIMP steels in 5-ton grade showed excellent potential as a candidate structural material. However,
maximum operation temperature of SIMP steel is still assumed to be about 873 K. In order to increase the thermal efficiency of
nuclear energy, the RAFM-ODS steels was proposed and also under developing in IMR-CAS, which has the promising creep
strength at higher temperature and higher potential for irradiation resistance.

Before the application, the irradiation behavior of these steels are necessary to be clarified and evaluated. In this study, the
effects of ion irradiation on these two steels were primarily investigated to clarify the different irradiation hardening behavior
and underlying mechanisms.

2. Experimental methods
Two materials were used for studied. SIMP steel was melted in 5-ton vacuum induction furnace and followed by

hot-forging and hot-rolling into the plates. While RAFM-ODS steel was fabricated by powder metallurgical method with a
series of procedures include mechanical alloying, hot isostatic pressing, hot forging and hot rolling. Their chemical
compositions are and heat treatments are shown in Table 1 and 2, respectively.

Table 1 Chemical compositions of SIMP and RAFM-ODS steels (wt%)

Steels C Cr W Mn Si Ta \V S P Ti Y,0; Fe
SIMP 0.20 1054 1.26 0.45 1.22 0.15 0.20 0.003 0.003 - - Bal.
RAFM-ODS 0.14 8.91 1.40 0.41 - 0.05 0.19 - - 0.26 0.35 Bal.

Table 1 Heat treatments of SIMP and RAFM-ODS steels

Steels Normalization Tempering
SIMP 1313K/30min /air cooing 1033K/90min/ air cooing
RAFM-0ODS 1323K/60min /air cooing 1033K/90min/ air cooing

The plate specimens of 1.5 mm (width) X 10 mm (length) X 0.2 mm (thickness) were irradiated by 2.8 MeV Fe?* ion at
room temperature (RT) and 573 K at High-Fluence Irradiation Facility (HIT), the University of Tokyo. The irradiation dose
was from 0.3 to about 9 dpa with an damage rate of about 9.0 X 10 and a flux of 8.0 X 10% ions/cm?/s.

After irradiation, the hardening behavior were measured by a nanoindenter. Each sample was measured by 300 points and
then the average value was obtained. The samples were prepared by FIB and followed by gentle milling to remove the extra
damage layer in the surface induced by FIB. The microstructural evolution were examined using a transmission electron
microscope (TEM, JEOL-2010) .

3. Results and discussion
SRIM simulation was used to calculate damage depth profiles, and the results are shown in Figure 1. The calculated
damage peak appeared at about 800 nm in depth. The total damage depth was less than about 1.5 um.
Generally, the SIMP steel shows the martensitic structure decorated with MasCs carbides with a size of 100-300 nm
around grain and sub-grain boundaries. On the contrary, with the addition of Y203 and Ti into the matrix, the RAFM-ODS steel



exhibited finer grain size of about 1-2 um and dispersed oxide particles of Y-Ti-O with the size of 1-10 nm. Correspondingly,
the RAFM-ODS steel showed high strength and hardness. After ion irradiation at RT and 573 K, two steels exhibited
irradiation hardening by nano-indentation measure. Fig. 2 shows the results at RT. When irradiated at the dose of only about 0.3
dpa, two steels showed suddenly increase in hardness. With the increase in irradiation dose to above about 1 dpa, the hardening
seemed to be saturated. This phenomenon is similar to those observed in other steels 31, The hardening is mostly derived from
the irradiation-induced defects such as dislocation loops 221, Compared with these two steels, the irradiation hardening in ODS
steel was relatively smaller than that in SIMP steel, which is also agreed with the results by other researcherst®l, The slight
better resistance of ODS steel is probably due to the high density nano-particles which as the trap sinks for the irradiation
defects>3,

4. Summary
lon irradiation experiments on an advanced martensitic steel named SIMP steel and an ODS steel were successfully

preformed with high reliability using the HIT facility. The nano-indentations were measured and microstructural evolutions
were examined. Two steels showed hardening after irradiation to about 9 dpa at RT. The smaller hardening of RAFM-ODS
steel is probably attributed to the fine oxide particles with high density. The further investigation of the ion irradiation effects
on microstructural evolution are in progress. The effects of higher irradiation dose are also under the plan in the next year .
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Fig. 2 The dependence of hardness change on irradiation dose for SIMP and RAFM-ODS steels irradiated at RT
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Abstract:
In-situ TEM tool was utilized to study the interactions between defect clusters at 400°C. The growth of black dots into
dislocation loops was observed. Some defect clusters were found to absorb neighboring clusters along <110> crystallographic

direction, which could be the result of fast interstitial diffusion.
Kevword: Defect cluster interaction, Interstitial diffusion, lon irradiation, in-situ TEM.

L Introduction
To understand the microstructure evolution process under irradiation, the interactions between growing defect clusters
need to be quantitatively analyzed. Such analysis would be practical if we

utilize the powerful tool of in-situ transmission electron microscopy

@
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(TEM) to observe during ion irradiation. In-situ TEM observation can a2 a4
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extract the location and size information of defect clusters as a function of f .
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irradiation time, which could also be inspiring for future modeling works. ) %”‘”ﬂ
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Austenite stainless steels, the fcc (face-centered cubic) material, was

taken as an example to study the interactions between defect clusters. In 0 : 0 ' 2 : 20

,b)

austenite stainless steels, the fast diffusion of interstitials along <110>

crystallographic direction has been reported in previous literature. b2 g
i = b5

However, the effects of such one-dimensional diffusion on the interactions b1

between defect clusters was not clear. In this study, in-situ irradiation is

Cluster diameter (nm)

preformed at 400°C to allow the growth of defect clusters. The

interactions between growing or shrinking defect clusters was 5

quantitatively analyzed. The crystallographic orientation of the specimen

iy
N

was carefully controlled for the inspection of <110> interstitial diffusion.

Cluster diameter (nm)
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2. Experimental LR
The alloy used in this study is the high purity model alloy of 316L 0 O"' 510 " " ”
stainless  steel.  The  composiion of the alloy is Fluence (10%m%)
Fe-16.9Cr-13.0Ni-2.29Mo0-1.00Mn in weight percentage. To study the Fig. 1 The diameter change of
<110> interstitial diffusion, the crystallographic orientation was analyzed neighboring defect clusters

by electron back-scattered diffraction (EBSD) before focused ion beam (FIB) fabrication.
Hitachi FB-2100 was used as the FIB machine to pick up TEM specimen from the grains which were close to {111}
directions. The TEM specimen was thinned by FIB to approximately ~200nm. After that, electro-chemical polishing was

applied to the specimen to finalize the thickness to the range of 100-160nm, which will be good for TEM observation. The



electrolyte solution for polishing consisted of 5% perchloric acid and 95% ethanol, and the polishing time was on the scale of
1-10ms. The crystallographic orientation of the TEM specimens were confirmed under TEM. Only the specimens with the
normal vector close to <110> zone axis were selected for in-situ experiment. 2 MeV Fe?* ion was used for ion irradiation. Total

irradiation fluence was 3 x10% m?, corresponding to a total dose of 0.2 dpa. Irradiation temperature was 400°C.

ED))
o g=111
3. Results _ 50 o ‘¢ 11;\&200
Due to the high temperature of 400°C, a

fraction of the defect clusters could grow large

with diameter exceeding 6nm. The loop-shape

of these large defects was clearly observed,
indicating they are Frank loops in nature.

distance to each other, they tend to have i .'

When two defect clusters are close in

interactions which could be reflected by the Fig. 2 The absorption of neighboring clusters along <110>

size of the clusters. In our observation area, @ crystallographic direction. <110> projection is indicated by the yellow line.
total of eight large clusters were present whose

diameters had exceeded 6 nm over their lifetime but which finally disappeared. Among these eight clusters, five clusters
showed interactions to neighboring clusters during shrinkage. The typical clusters are shown in Fig. 1 and Fig. 2. As shown in
Fig. 1, the shrinkage of one cluster is accompanied by the sudden growth of the neighboring cluster. And in Fig. 2, it could be
seen that the interacting defect clusters were aligned close to the projection of <110> direction. It indicated the absorbing was a

result of the interstitial diffusion along <110> crystallographic direction.

4. Conclusions

Austenite stainless steel was taken as an example to study the interactions between defect clusters under irradiation.
Through in-situ TEM technique, the interactions between neighboring defect clusters were reflected by the size change of
clusters as a function of irradiation fluence. It was found that large clusters approximately 6-11 nm in size could be absorbed by

neighboring clusters via interstitial crowdion diffusion along <110> direction.
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