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Abstract: P92 steel was irradiated with Ar ion up to 10 dpa at 200, 400, and 700 °C. The effect
of Ar ion irradiation on hardness was investigated with nanoindentation tests and microstructure
analyses. It was observed that irradiation-induced hardening occurred in the steel after Ar ion
irradiation at all three temperatures to 10 dpa. The steel exhibited significant hardening at 200 and
700 °C, and slight hardening at 400 °C under Ar ion irradiation. Difference in the magnitude of
irradiation-induced hardening at different temperature in the steel is attributed to different changes
in the microstructure of the steel that arose from the irradiation. Irradiation-induced hardening in the
P92 steel irradiated at 200 °C is attributed to the occurrence of both dislocation loops and other fine
irradiation defects during irradiation. Slight hardening in the steel irradiated at 400 °C mainly arises
from the annihilation of defect clusters at this temperature. The occurrence of fine Ar bubbles with
high number density during the Ar ion irradiation at 700 °C resulted in the significant hardening
in the steel.

Keywords: ferritic steel; irradiation; nanoindentation; hardness; transmission electron microscopy
(TEM); microstructure

1. Introduction

High chromium ferritic/martensitic (F/M) steels have been considered as candidate materials
for the structural components in Generation IV nuclear reactors—such as gas-cooled fast reactor
(GFR), lead-cooled reactor (LFR), sodium-cooled fast reactor (SFR), and super critical water-cooled
reactor (SCWR)—due to their good swelling resistance, excellent thermal properties, and low thermal
expansion [1-3]. However, these components will be subjected to extreme conditions such as
higher temperatures, higher neutron doses, and extremely corrosive environment, which are beyond
the experience of the current reactors [3]. Irradiation damage can lead to a series of changes in
microstructure, probably giving rise to a hardening of structural materials. Irradiation-induced
hardening results in the degradation of fracture properties, such as ductile-to-brittle transition
temperature (DBTT) shift, at low irradiation temperature [4-7]. Therefore, it is necessary to investigate
the influence of irradiation on the microstructure and mechanical properties of high chromium
F/M steels.

Ion irradiation technique has been recognized as a means to simulate neutron damage due to many
advantages in investigating the irradiation effects on the mechanical properties of reactor structural
materials, such as high damage rate, little or no residual radioactivity, and a lower cost. Additionally,
irradiation conditions can be easily controlled [7,8]. A large number of studies have reported the
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mechanical properties of F/M steels after irradiation with neutrons [6], Ne ions [9], Kr ions [10,11],
H ions, He ions, and electron beams [12,13]. Inert gas, especially He, created by nuclear reaction has
a significant influence on the microstructural evolution of structural materials exposed to neutrons
in nuclear reactors. Although simulations recently indicated bubble formation and loss of structural
integrity induced by Ar ion and Xe ion were much less compared to the case of He ion in bec Fe [14],
inert gas is still widely applied to ion irradiation experiments. Therefore, in the present work, the Ar
ion was selected to create similar irradiation damage as He created in reactors. Irradiation damage
depth is limited up to a few microns, so nanoindentation testing combined with ion irradiation is
usually applied to investigate the influence of irradiation conditions on irradiation-induced hardening
of structural materials for reactors [15-17].

Attributed to solution strengthening by W and Mo additions and precipitation strengthening by
V and Nb additions on the basis of P91 steel, P92 steel exhibits excellent high temperature mechanical
properties, which makes it a promising candidate material for in-core applications in sodium fast
reactor (SFR) and fusion systems [11,18]. The irradiation response of P92 steel has received much
attention in the past few years [10,11,19-22]. Most research focused on the microstructural evolution
of P92 steel irradiated with Kr ions at 200 and 400 °C [10,11]; with Ar ions at room temperature,
290, 390, and 550 °C [19,20]; and with protons at 500 °C [21]. When F/M steels are used as fuel
cladding in a fast reactor, the operating temperature is expected to approach 650-700 °C [18]. Although
microstructural evolution in P92 steel during irradiation has been investigated systematically in
their previous work, there is a lack of available data associated with the mechanical properties of
irradiated P92 steel. In addition, there appears to be few previous reports of hardening behavior in
F/M steels under ion irradiation at high temperatures (especially higher than 600 °C). In this paper,
irradiation-induced change in the hardness of P92 steel was evaluated through Ar ion irradiation at
200, 400, and 700 °C to 10 dpa in combination with nanoindentation tests and microstructure analyses.
The mechanism of irradiation-induced hardening in P92 steel under Ar ion irradiation at different
irradiation temperatures to 10 dpa was also discussed.

2. Materials and Methods

The initial material used in this study was commercial P92 steel. The chemical composition of the
P92 steel is showed in Table 1. The P92 steel was normalized at 1050 °C for 30 min then cooled by air,
and then tempered at 765 °C for 60 min followed by air cooling. The normalized and tempered plate
was cut into specimens of 20 mm X 6 mm X 1 mm with spark erosion, then ground and polished to
a mirror finish. Irradiation experiment was carried out on an implantation facility (Institute of Modern
Physics of the Chinese Academy of Sciences, Lanzhou, China) using 250 keV Ar?* jons at 200, 400, and
700 °C under high vacuum less than 1 x 10~# Pa. Polished samples were irradiated up to 10 dpa and
the dose rate of Ar ion irradiation was about 1.56 dpa/h for P92 steel samples. During irradiation
experimentation, two small pieces were taken to suppress the samples to prevent the samples from
falling from the sample plate. Correspondingly, the irradiated and unirradiated regions were acquired
due to the suppressed regions not being irradiated by Ar ions. The irradiation temperature of sample
was controlled using thermocouples with a fluctuation within 45 °C. The distribution of the damage
level and the implanted Ar ions in the irradiated samples after irradiation were simulated through
the Stopping and Range of Ions in Matter (SRIM) output vacancy file with quick Kinchin and Pease
method [23], as shown in Figure 1. Depth profile of the irradiation damage has a peak at a depth of
about 100 nm.

Table 1. Chemical composition of P92 steel (in wt %).

C Si Cr Mn W Mo Nb Ni Vv N B Fe
0.093 0.14 8.75 0.41 1.62 0.505 0.052 0.207 0.183 0.063 0.003 Bal.
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Figure 1. The depth profiles of displacement damage and Ar ions distribution in irradiated P92 steel
simulated by the Stopping and Range of Ions in Matter (SRIM).

Nanoindentation hardness was measured by a MTS Nano Indenter equipped with a Berkovich
type indentation tip (MTS Cooperation, Nano Instruments Innovation Center, TN, USA).
The calibration of the bluntness of the indentation tip is based on the Oliver—Pharr method [24].
The hardness as a function of indenter depth was acquired by the continuous stiffness measurement
(CSM) method. In order to obtain reliable results, more than six measurements were carried out for
each irradiation condition.

Thin-foil TEM (transmission electron microscope, JEOL Ltd., Tokyo, Japan) specimens with
a diameter of 3 mm were prepared from the unirradiated side of the irradiated steel samples by
grinding and thinning process, and then followed by an ion milling in Gatan-691 precision ion
polishing system. The thin-foil specimens were examined in a JEOL-2100 TEM at 200 kV.

3. Results

Figure 2 presents the average hardness of the P92 steel before and after Ar ion irradiation at
200, 400, and 700 °C to 10 dpa. For all sheet samples, the phenomenon that hardness decreases with
indent depth increasing was observed at indentation depth larger than 100 nm, which was caused
by the indentation size effect (ISE) [25]. Conversely, a reverse ISE that hardness increases with depth
increasing close to surface. It is clearly noted that irradiation-induced hardening was revealed for
all irradiated samples. The difference in magnitudes of irradiation-induced hardening at different
temperatures were shown in Figure 3, AH = Hj,, — Hyyi, where AH is defined as variable quantity
of hardness after Ar ion irradiation, Hj,. is the hardness after Ar ions irradiation and Hy; is the
corresponding original hardness at the same depth. Commonly, the hardness data near the surface is
not adapted to investigate the irradiation-induced hardening due to testing artifacts [26]. Besides, there
are some challenges for the measurement of mechanical properties of ion implanted layers, including
indentation size effect, pile-up effect, sink-in effect, and residual stresses. The pile-up and sink-in effect
can be revised by scanning electron microscope (SEM) on the residual indents [27]. Many methods
have been developed to estimate surface residual stress [28-30]. Compared with the hardness of the
unirradiated region, the hardness of regions irradiated with Ar ion irradiation at 200 and 700 °C to
10 dpa increased to about 1 and 1.5 GPa, respectively. The hardness after Ar ions irradiation at 400 °C
was slightly higher than the unirradiated region. The most severe irradiation-induced hardening was
observed at 700 °C, while slight irradiation-induced hardening behavior was found at 400 °C.
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Figure 2. Indentation depth dependence of averaged nanoindentation hardness of P92 steel before and
after Ar ion irradiation to 10 dpa at (a) 200 °C, (b) 400 °C, and (c) 700 °C.
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Figure 3. Indentation depth dependence of averaged nanoindentatiion hardness variation of P92 steel
after Ar ion irradiation to 10 dpa at 200, 400, and 700 °C.

4. Discussion

In recent years, many studies on the irradiation hardening behavior of F/M steel have been
done through tensile, Vickers hardness, or nanoindentation tests [26,31-34]. Significant hardening
was observed in HCM12A and T91 steels after irradiation with 2.0 MeV protons at 400 °C, while
both steels irradiated at 500 °C showed a slight increase in their hardness [31]. Kimura et al. [32]
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compared the yield stress increment of 9Cr-2W F/M steel before and after irradiation in Fast Flux Test
Facility (FFTF)/Materials Open Test Assembly (MOTA) and found the largest irradiation hardening
was observed at 373 °C (646 K) at 10-15 dpa, while softening was observed in the steel specimens
irradiated at temperatures above 430 °C (703 K) to doses of 40 and 59 dpa. Xin et al. [33] found that
irradiation-induced hardening was confirmed in CLAM steel irradiated with 140 keV He ions with
fluences up to 1 x 1016 /em? at 27,200, and 400 °C. Their results indicated that CLAM steel exhibited
significant hardening at 200 °C and hardening effect decreased at 400 °C, nevertheless, negligible
hardening was observed when irradiation temperature was increased up to 600 °C. However, there
are few reports of significant irradiation-induced hardening in high chromium F/M steels at a high
irradiation temperature of 700 °C. Besides, slightly irradiation-induced hardening at 400 °C observed
in this work is another concern.

Figure 4 presents the TEM micrographs of the unirradiated and irradiated P92 steel taken from
thin-foil samples. As shown in Figure 4a, clear martensite lath structure and high density of dislocations
and precipitates were observed in the unirradiated P92 steel sample. Figure 4b—e illustrates the
microstructural evolution of the P92 steel irradiated at 200, 400, and 700 °C to 10 dpa, suggesting
that the micrographs of the irradiated samples were quite different from those of the unirradiated
samples. Dislocation loops were observed in all irradiated samples, as indicated with dashed circles in
Figure 4b—d. The average diameter and the density of dislocation loops were investigated statistically
in different regions of the irradiated samples. The diameter of dislocation loops in the steel samples
irradiated to 10 dpa at 200, 400, and 700 °C were determined by measuring the diameters of 271,
226, and 187 dislocation loops respectively from more than 25 TEM images using g = {200} for each
irradiated sample. The dislocation loops density was estimated by n/V, which was used to calculate
bubbles density [35], where n is the amount of dislocation loops, and V is the volume of the selected
regions which was estimated with a thin-foil thickness of about 50 nm. For the samples irradiated at
200, 400, and 700 °C, the average dislocation loops diameter was determined to be about 7, 13, and
17 nm, and the number density of dislocation loops was calculated to be about 2.43 x 1021, 1.83 x 10?1,
and 1.15 x 10?! m~3, respectively. These results indicated that the size of dislocation loops increased,
on the contrary, the density of dislocation loops decreased with the increase of irradiation temperature
from 200 to 700 °C. In addition, fine bubbles were observed to homogeneously distribute in the sample
irradiated at 700 °C, as showed in Figure 4e. These bubbles have an average diameter of about 3 nm
and a very high number density of about 1.87 x 102> m~3 [36].

Irradiation-induced hardening is a consequence of interactions of dislocations with irradiation-
induced defects including point defects, vacancy and interstitial clusters, dislocation loops and lines,
voids and bubbles, and precipitates [37]. The theories of irradiation hardening are based on the
assumption that these irradiation defects can act as obstacles to the glide of dislocations and different
hardening models have been proposed by Azevedo [38]. Combined with TEM analysis regarding
the number density and size of dislocation loops in the CLAM steel irradiated with single-(He*) and
sequential-(He" plus H* subsequently), the magnitude of irradiation-induced hardening was well
expounded in terms of a dispersed barrier hardening model [39]. The model can be written as

Aoy =M-a-u-b(Nd)*? 1)

where Aoy is the increment in yield strength, M is the Taylor factor, « is the strength of barrier, p is the
shear modulus, b is the magnitude of the Burger’s vector for moving dislocations, N is the number density
of obstacles, and d is the obstacle diameter [14]. Therefore, the number density and size of dislocation
loops would determine the magnitude of irradiation hardening in the irradiated CLAM steel. In the
case of P92 steel, the product of density and size of dislocation loops in the P92 steel irradiated at 400 °C
was larger than that irradiated at 200 °C according to a dispersed barrier hardening model. Meanwhile,
a smaller magnitude of irradiation-induced hardening was observed in the P92 steel irradiated at 400 °C.
Therefore, point defects and other defect clusters should be taken into consideration to understand the
magnitude of irradiation-induced hardening in P92 steel irradiated at 200 and 400 °C with the exception
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of dislocation loops. It was suggested that irradiation-induced defects with a small size contributing to
irradiation hardening could not be observed due to the resolution limit of TEM [40]. It can be speculated
that irradiation hardening in P92 steel irradiated at 200 °C is attributed to the production of both
dislocation loops and other fine irradiation defects. The annihilation between vacancy and interstitial
atoms occurs during irradiation independent of irradiation temperature, while the annihilation will
become more obvious with increasing irradiation temperature [33]. Thus, it can be inferred that defect
clusters decreased in the irradiated P92 steel due to the occurrence of annihilation of vacancy and
interstitial atoms partly at 400 °C. The annihilation of irradiation defects during irradiation at 400 °C is
the main factor leading to slight hardening in the irradiated P92 steel at this temperature.

[ ]
A

200 nm 100 nm

50 nm

Figure 4. TEM micrographs of P92 steel (a) before and after Ar ion irradiation to 10 dpa at (b) 200 °C,
(c) 400 °C, and (d,e) 700 °C.
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With the increasing of irradiation temperature up to 700 °C, significant irradiation hardening
was observed in the irradiated P92 steel. At high temperatures, irradiation-induced defect clusters
will become unstable, meanwhile the absorption of point defects to dislocations makes the hardening
decrease. However, fine bubbles were observed to homogeneously distribute in the sample irradiated
at 700 °C, as shown in Figure 4e. It has been confirmed that high-density helium bubbles could act
as obstacles to dislocation motion leading to hardening [41,42]. Therefore, the irradiation-induced
hardening in the irradiated P92 steel at 700 °C can result from the formation of uniformly distributed
Ar bubbles with a high number density and fine size. These uniformly distributed Ar bubbles can
be considered as a stronger barrier to the motion of dislocation resulting in the hardening in the
irradiated P92 steel. In addition, it can be inferred that the hardness increase caused by the formation
of Ar bubbles is stronger than the hardness decrease resulting from annihilation of other irradiation
defects. The formation of cavities at a higher irradiation temperatures was also observed in other
studies. It has been reported that cavities with a high number density were observed in Fe-Cr-Mn
alloy irradiated with Ar ions at 450 °C [43]. Recently, irradiation-induced cavity was found in P92 steel
irradiated with Ar ions at 550 °C to 7 dpa, while no cavity was observed in the steel irradiated at
temperatures below 550 °C up to a high dose of 34.5 dpa [19,20]. In the present study, Ar bubbles
contributing to hardening were also merely observed in the steel irradiated at 700 °C, which might
be due to a sufficient mobility for Ar atoms to nucleate and form Ar bubbles at the high irradiation
temperature. Thus, the irradiation-induced hardening in the P92 steel occurred at 700 °C is mainly
attributed to the production of these high-density and fine Ar bubbles.

5. Conclusions

Irradiation-induced hardening of P92 steel irradiated with Ar ions has been investigated with
nanoindentation tests and microstructure analyses. Hardening behavior occurs in the steel after Ar ion
irradiation at temperatures of 200, 400, and 700 °C to 10 dpa. P92 steel exhibits significant hardening at
200 and 700 °C, and slight hardening at 400 °C. Irradiation hardening in steel is sensitive to irradiation
temperatures. Dominant irradiation-induced defects are different at different temperatures. Irradiation
hardening observed in the P92 steel irradiated at 200 °C is considered to be attributed to the production
of defects cluster and dislocation loops. Significant hardening in the P92 steel irradiated at 700 °C
is due to the generation of high-density and fine Ar bubbles. The annihilation of irradiation defects
during irradiation at 400 °C is a major factor leading to slight hardening in the irradiated steel.
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