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Abstract: Two ferrite/martensitic (F/M) steels with different Si concentrations (0 and 0.4 wt.%) were
irradiated by 250 keV He?* ions with different fluences of 2 x 101¢ ions/cm? and 1 x 1017 ions/cm?.
Transmission electron microscopy and a nanoindenter were employed to investigate their microstruc-
ture evolution and irradiation hardening effects induced by high-energy He?* ions. A large number
of He bubbles formed in the Si-free and Si-containing F/M steels, which preferentially nucleated
and grew at the lath and phase boundaries. Owing to the inhibiting effect of Si addition on He
bubble growth, the He bubbles in the Si-containing sample exhibited smaller size and higher density
at the same He?" fluence. Nanoindenter measurement revealed that typical irradiation hardening
was observed in the F/M steel, and 1/2<111> and <100> type dislocation loops formed by He?*
irradiation was recognized as the dominant mechanism. The addition of Si induced an increase in the
number density of dislocation loops, leading to the exacerbation of the irradiation hardening, and
the results are basically in agreement with the theoretical analysis based on the dispersion barrier
hardening (DBH) and Friedel-Kroupa-Hirsch (FKH) models.

Keywords: ferrite/martensitic steel; He bubble; dislocation loop; irradiation hardening

1. Introduction

Ferrite /martensitic (F/M) steels are of increasing interest and have prospective appli-
cations as structural materials in the field of nuclear reactors owing to their superior thermal
conductivity, thermal expansion, and resistance to helium radiation-induced swelling and
embrittlement [1-3]. In fusion or fission reactors like lead-cooled fast reactors (LFR), struc-
tural materials will be directly exposed to more severe service environments than existing
commercial fission reactors, such as liquid lead-bismuth eutectic (LBE) corrosion, high
temperatures (about 500-550 °C), and high neutron irradiation (50-150 dpa) [4]. Therefore,
it is important for the use of F/M steels in LFR to take into account the resistance to irra-
diation embrittlement and irradiation swelling, LBE dissolution corrosion and corrosion
embrittlement, besides the excellent high-temperature mechanical properties, including
high strength and good elongation.

The corrosion of F/M steel by LBE could lead to surface modification through the for-
mation, thickening and shedding of the oxide layer [5,6], thus deteriorating its mechanical
properties. It has been reported that the addition of Si to the matrix can not only improve
the mechanical properties of F/M steel by solid solution strengthening and promoting
precipitation [7] but also enhance its corrosion resistance by forming a protective oxide film

Crystals 2023, 13, 1308. https:/ /doi.org/10.3390/ cryst13091308

https://www.mdpi.com/journal/crystals


https://doi.org/10.3390/cryst13091308
https://doi.org/10.3390/cryst13091308
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0002-0058-1664
https://orcid.org/0000-0002-4943-3443
https://orcid.org/0000-0001-6060-2976
https://doi.org/10.3390/cryst13091308
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst13091308?type=check_update&version=2

Crystals 2023, 13, 1308

2 of 14

on the surface [8]. It is necessary to point out that excess Si can easily result in an increase
in high-temperature ferrite and Laves phases, and therefore lead to an obvious decrease in
mechanical properties, especially under irradiation conditions. Dvoriashin et al. [2] inves-
tigated the degradation of mechanical properties of F/M steels with different Si contents
after irradiation, and the results showed that F/M steels with Si contents in the range
of 0.18 wt.%~1.05 wt.% could maintain good mechanical properties after irradiation at
490 °C/50 dpa, while once the Si content reached or exceeded 1.9 wt.%, significant irradia-
tion hardening and irradiation embrittlement were observed. A similar phenomenon was
also found by Porollo et al. [9]. Based on these considerations, it is very important to find
a suitable Si content range in F/M steel in order to synergistically optimize its corrosion
resistance and mechanical properties.

Besides corrosion effects, high temperatures generally deteriorate the high-temperature
creep and properties of structural materials by changing their microstructure through a
long aging process, including the coarsening of MX and M»3Cg precipitates and martensitic
laths [10-12], and the formation of brittle Laves phases [13], which easily leads to brittle
fracture of F/M steel. In addition, the displacement damage effect under the irradiation
environment [14-16] is also an important factor leading to the degradation of material
properties. It was reported that high-flux fission neutrons not only cause displacement
cascades of atoms to form vacancies, clusters, interstitial atoms, and other point defects but
also lead to the generation of a new element He because of (n, &) transmutation reactions.
Since He is almost insoluble in steel and easily migrates in F/M steel, this makes it difficult
to dissolve once it is formed [17]. Moreover, He atoms can be trapped by different kinds
of boundaries (grain/subgrain, martensite pocket/block/lath, and precipitates, etc.) [18],
dislocations and other sinks in the F/M steel to form a He cluster [19,20]. The formed He
cluster continuously absorbs external He atoms, eventually leading to the generation of a
high density of He bubbles, as observed by transmission electron microscopy (TEM) [21].
The formed He bubbles are considered to be one of the main causes of the mechanical
performance deterioration of F/M steel.

Temperature is another important factor related to the irradiation resistance of mate-
rials, especially for the formation of dislocation [22]. It was reported [23] that when pure
iron was irradiated at 400 °C or below, non-edge dislocation loops of interstitial nature
with Burgers vectors b = 1/2<111> were produced predominantly, while when the irra-
diated temperature reached 500 °C or above, only b = <100> type pure-edge dislocation
loops were formed. As is known, BCC metals generally have a high work-hardening rate,
which made it relatively easy to achieve considerable strength and hardness due to the
poor movability [23,24] of the screw dislocations below the critical temperature (340 K for
o-Fe [25,26]).

To further understand the influence of Si concentration on mechanical properties,
and irradiation resistance, series Si-containing F/M steels (0~1.0 wt.% Si) were newly
developed by the Nuclear Power Institute of China for potential application in LFR, and the
reported results showed that the developed F/M steel exhibited good corrosion resistance
and comprehensive mechanical properties in the case of 0.4 wt.% Si addition. However,
whether it can account for irradiation resistance needs to be further studied [27,28]. Yang
Chen et al. [29] reported the behavior of an Fe9Cr1.5W0.4S5i alloy irradiated with helium
ions at low energy and low dose, and Yiheng Chen et al. [10] studied the irradiation
behavior of steels with different Si content that were irradiated with iron ions at high
energy and high dose, but there are fewer studies on medium-energy and medium- or
low-dose irradiation. In addition, as discussed earlier, the effect of helium ion irradiation
on dislocation loops in these newly developed F/M steels has rarely been reported.

In this investigation, two F/M steels with different Si concentrations (0, 0.4 wt.% Si)
were irradiated by He?" ion irradiation at 400 °C and below in order to understand the
effects of He?* irradiation on dislocation loops in these newly developed F/M steels, and
the typical irradiation hardening was observed and discussed based on the microstructure
and nanoindentation analysis.
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2. Experiment

Two F/M steel samples with different silicon contents were provided by the Nuclear
Power Institute of China. They were normalized at 1020 °C for 1 h followed by water-
quenching, tempering at 700 °C for 1.5 h and air cooling. The chemical compositions of the
two samples are listed in Table 1.

Table 1. Chemical composition of two F/M steel samples (wt.%).

Sample C Cr W Mn v Ta Zr Si Fe

0Si 0.091 9.1 1.52 0.57 0.19 0.094 <0.002  0.022 Bal.
0.451 0.095 9.05 1.53 0.59 0.19 0.082 <0.002 0.37 Bal.

Before the He?" irradiation experiments, the two different Si-containing F/M steel
sheets (0Si and 0.4Si) were cut into 3 x 3 x 1 mm? squares and then ground with 2000 grit
sandpaper, followed by mechanical chemical polishing to remove the surface stress [30] of
the samples. Then the irradiation experiment was carried out at an irradiation terminal
of 320 kV high-voltage platform in the Institute of Modern Physics in Lanzhou, China.
The stress-free samples were implanted with 250 keV He?* under 7 x 107> Pa at room
temperature (RT, about 25 °C) and 400 °C, respectively. To investigate the effects of displace-
ment damage on F/M steel, two different He?* fluences of 2 x 10'® and 1 x 10" ions/cm?
were chosen.

The irradiation damage and He concentration distribution with implantation depth
of two different matrices (Fe9Cr1.5W and Fe9Cr1.5W0.45i) were simulated by the SRIM
2008 program. During the simulation process, the Detailed Calculation with full Damage
Cascades mode was chosen, in which the threshold energy for Fe, Cr, W and Si was 40, 40, 90
and 35 eV, respectively. Figure 1 shows the SRIM simulation RT. The maximum irradiation
damage of the Fe9Cr1.5W (0Si steel) induced by He?* was up to 0.82 and 4.11 dpa, which
corresponds to two different He?* fluences of 2 x 10'® and 1 x 10! ions/cm?, respectively.
As for He distribution, a relatively sharp peak extending from 600 to 1200 nm was observed,
and the He peaks in depth were both 1005 nm for the lower and higher He?* fluences,
respectively. The maximum implantation depth of He was about 1250 nm which was
independent of He fluences. In Figure 1b, the peak value of irradiation damage and
He distribution for the Fe9Cr1.5W0.4Si (0.4Si steel) sample are seen to exhibit a similar
characteristic to that in the Si-free sample.
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Figure 1. Variation of irradiation damage and He concentration with depth calculated by SRIM for
(a) Fe9Cr1.5W and (b) Fe9Cr1.5W0.45i steel.
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The microstructure of the two F/M steels with different Si concentrations before
irradiation was characterized by transmission electron microscope (TEM, Tecnai G2 F20).
For TEM observation, several ®3 mm discs were successively ground to about 50-70 pm
with 240, 800, 1500, and 2000 grit sandpaper, then electrochemically polished using a
10% ethanol perchlorate solution by a Struers Tenupol-5 twinjet electro-polisher, where
the voltage and temperature was 25 V and —20 °C, respectively. To characterize the
microstructure of the irradiated samples, TEM samples with a thickness of about 100 nm
were prepared by Helios 5’s focused ion beam (FIB). The helium bubbles and dislocation
loops were manually counted in Nanomeasurer software using images obtained by TEM.
The mechanical properties of the irradiated samples were measured by a nanoindenter
(Nano Indenter G200, Agilent Corp., Santa Clara, CA, USA), in which 16 indentations were
tested and averaged on each sample to minimize the measurement error of hardness as far
as possible. The test mode was continuous stiffness measurement (CSM) with a maximum
depth of 2000 nm.

3. Results and Discussion
3.1. Microstructure of Different Steels before Irradiation

The microstructure of the unirradiated samples characterized by high-resolution TEM
analysis is shown in Figure 2, and typical martensitic laths and high-density dislocations
(about 2.56 x 10'*/m? measured by X-ray diffraction [31,32] method) are observed in the
two F/M samples. Moreover, two types of precipitates exist at the martensitic lath boundary
and within the martensite phase, and our previous EDS results (Figure 2c) verified that the
rod-like particle is a Cr, Mn, W-riched M»3Cg phase, while the spherical particle is an MX
phase rich in Ta and V [1,33].

Figure 2. TEM images of non-irradiated (a) 0Si steel, (b) 0.4Si steel, and (c) left: HAADF image of
0.45i steel, right: EDS mappings of the left HAADF image.

3.2. Microstructure of Different Steels after Irradiation

The microstructure evolution of the two F/M steels after high-fluence (1 x 10'7 ions/cm?)
He?* irradiation at RT is shown in Figure 3. As shown in Figure 3a,b, irradiation damage
bands with different contrasts to the matrix were formed regardless of the silicon content;
this phenomenon corresponds to the vicinity of the peak in the irradiation damage region
simulated by SRIM. Many small white-circled He bubbles appeared at lath or subgrain and
precipitate boundaries, indicating that these interfaces can effectively trap He to promote
the formation of He bubbles, as reported in ref. [34]. The He bubble sizes produced by
irradiation for the two investigated samples are about 1.5 nm (Figure 3c,d), which is almost
independent of the Si level in the F/M matrix.
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Figure 3. Microstructure of (a,c) 05i, (b,d) 0.4Si steels after irradiation at RT with a fluence of
1 x 107 jons/cm?.

As is known, temperature is a key factor for He bubble growth in metal. The reason
is that the nucleated He bubble tends to absorb the surrounding He atoms and grow
gradually as the irradiation temperature increases [34]. To further understand the re-
lation of He bubble growth to irradiation temperature in different Si-containing F/M
steels, Figure 4a,c give the TEM images of the He bubbles in the 0Si and 0.45i F/M steels
after irradiation at 400 °C, respectively, and the implanted He?" fluence controlled at a
value of 1 x 10! ions/cm?. It is shown that the He bubble size obviously increased with
the increasing irradiation temperature, from about 1.5 nm (Figures 3c,d and 5a,b) at RT
to more than 4.3 nm (Figure 5c¢) and 3.9 nm (Figure 5d) at 400 °C for the Si-free and
Si-containing samples, respectively, but the helium bubble density produced by irradiation
at 400 °C decreased compared to that at RT. From the thermodynamic point of view, accord-
ing to the Arrhenius equation, the diffusion capacity (D) of the defects can be expressed as:

_Q
D= Ae T, 1)

where A, Q, kg and T are the pre-exponential factor, activation energy, Boltzmann constant,
and temperature, respectively. From Equation (1), as the temperature increases, the diffu-
sion capacity of defects such as helium atoms will also increase; thus, the helium bubble
nucleus can continuously absorb helium atoms, causing its volume to grow and density to
decrease. In Table 2, the quantitative statistics of the size and number density of helium bub-
bles at different fluences of 400 °C are presented in detail. Besides the effects of He?* fluence,
it is worth noting that, in the 0.4Si sample, the smaller helium bubble size and the larger
helium bubble density are observed in comparison with the Si-free sample under the same
irradiation temperature, which reveals that the addition of 0.4 wt.% Si has typical inhibiting
effects on the growth of the He bubble. In other words, 0.45i F/M steel has an advantage
over the Si-free sample in terms of resistance to irradiation swelling, which provides a
potential reference idea in the design of high-performance anti-irradiation materials.



Crystals 2023, 13, 1308 6 of 14

S

Boundaries

100 nm

San

Figure 4. Microstructure of (a,c) 0Si, and (b,d) 0.45i steels after irradiation at 400 °C with a fluence of
1 x 10! ions/cm?.

Figure 5. Helium bubble morphology of (a,c) 0Si and (b,d) 0.4Si steels irradiated at (a,b) room
temperature and (c,d) 400 °C with a fluence of 1 x 10! ions/cm?.
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Table 2. Mean diameter and number density of He bubbles and dislocation loops of 0Si and 0.4Si
steels when irradiated at 400 °C.

Fluence Mean Size (nm) Number Density (x10%2/m?)
Composition >
(Ions/cm?) He Bubble Loops He Bubble Loops
0Si 2 x 1016 2.9 17.6 4.0 0.08
! 1 x 10V 43 17.8 24 0.25
0.4Si 2 x 106 2.6 16.4 44 0.31
ot 1 x 1017 3.9 18.8 41 0.38

Dislocation is also another effective deficiency trap for the absorption of He atoms and
other impurities. For He?* irradiation at RT and 400 °C, the dislocation loop morphologies
of the F/M samples with different Si contents are given in Figure 3c,d and Figure 4c,d. It can
be seen that the number density of dislocation loops tends to increase in the condition of Si
addition regardless of irradiation temperature, as shown in Table 2, which is consistent with
the subsequent irradiation hardening phenomenon in different Si-containing F/M samples.

3.3. Mechanical Properties before and after Irradiation

Figure 6 displays the mechanical properties of steels with different silicon content
before and after irradiation as evaluated by nano-indentation. As shown for the two
F/M samples under different irradiation temperatures and He fluence, all the obtained
indentation depth curves with nano-hardness can be divided into three stages: the reverse
indentation size effect (RISE) stage, the indentation size effect (ISE) stage and the soft
substrate effect (SSE) stage. The RISE stage generally corresponds mainly to the depth
region less than 100 nm from the sample surface [35,36], while for the ISE stage, the value
of nano-hardness closely varies depending on the material composition and irradiation
temperature, but hardly changes with He fluence. According to the model of geometrically
necessary dislocations, the smaller the ISE stage, the greater the defects in densities and
the hardness [37]. In the ISE stage for different Si-containing F/M samples, the covered
indentation range is obviously different with increasing Si concentrations, and shrinks
from 100-372 nm (Figure 6a) and 100427 nm (Figure 6¢) in the 0Si sample to 100-348 nm
(Figure 6b) and 100-382 nm (Figure 6d) in the 0.4Si sample when irradiated at RT and
400 °C, respectively. These results indicate that the addition of silicon in F/M steels can
effectively reduce the influence of the unirradiated soft substrate on the hardness of the
irradiated zone. In other words, the irradiation hardening will increase with the increase in
Si content in F/M steel, but decrease with the increase in irradiation temperature under
the same Si composition. The region beyond the ISE stage belongs to the SSE stage, which
changes accordingly with the ISE stage.

Considering the microstructure evolution, the He?" irradiation generally forms high-
concentration He bubbles, dislocation loops and other irradiation defects in the matrix of
F/M steel, which is the key factor in irradiation hardening. To further evaluate the degree
of irradiation hardening caused by He?* irradiation in different Si-containing F/M steel,
the Nix-Gao model [38] based on the concept of geometrically necessary dislocations is
used, which is given as follows:

H? = H3 + th*%, )
where H is the hardness value at a particular indentation depth (i), and Hy is the hardness
limited to infinity (i.e., bulk-equivalent hardness) which can be applied to assess the
irradiation hardening effect in the irradiated F/M steels due to the excludability of the size
effect, and k" is a characteristic length that depends on the shape of the indenter. Based on
Equation (2) above, the original hardness depth curve can be transferred to an H? versus 1/h
curve, as shown in Figure 7. It is shown that the linear fitting results of the H> versus 1/h for

the two unirradiated steels are feasible in the depth range from 125 nm to 2000 nm, but, in
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the irradiated cases, an obvious linear deviation is observed near the dividing line between
the ISE and SSE stages, similar to the reported results in ref. [34]. This result indicates that
the ISE region plays a key role in the irradiation hardening mechanism of F/M steel. Based
on this consideration, a linear fitting only limited in the ISE stage is needed to accurately
obtain the value of Hy that reflects the hardness of the irradiated material.

(a)7f osi RT | (b)7} 0.4Si RT
| RISE: ISE - SSE | RISE: ISE + SSE
~ 6} ; ; ~ 6 | : :
) =
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Figure 6. The nano-hardness (H) versus depth (h) for (a,c) 0Si and (b,d) 0.4Si steels irradiated at RT
and 400 °C with different implantation fluences, respectively.

Based on the linear fitting results in the ISE region, the detailed values of H for 0Si
and 0.4Si steels at different irradiation temperatures and fluences are listed in Table 3.
As shown in Table 3, the Hy value of the unirradiated F/M steel slightly increases with
increasing Si content, from 3.1 GPa for 0Si steel to about 3.2 GPa for 0.4Si steel. In our
previous investigation [39], different factors affecting each strengthening mechanism in
F/M steel, including the size, number density and area fraction of the precipitates, the
width of the martensite laths and dislocation density, and the Si addition as well, have
been carefully investigated, and the main contribution was ascribed to the solid solution
strengthening induced by Si addition.

Table 3. The values of Hy for 0Si and 0.4Si steels under different irradiation conditions.

Irradiation Condition 0Si 0.4Si
Non-irradiated 3.1 3.2

2 x 10 ions/cm? 42 44

1 x 10"/ ions/cm 45 5.0

. 2 x 10'® jons/cm? 34 4.0
400°C 1 x 10" ions/cm? 4.0 43
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Figure 7. The profile of H? versus 1/h for (a,c) 0Si and (b,d) 0.4Si steels irradiated at RT and 400 °C
with different implantation fluences, respectively.

As for the hardness variation after He?* irradiation, typical irradiation hardening
phenomena are observed due to the formation of He bubbles and dislocation loops in the
matrix of the F/M steels, as shown in Figures 3 and 4. As noted from Table 3, besides the
effects of Si level, temperature and fluence are also closely related with induced hardening
of He?" irradiation, namely, the hardening value increases with He fluence but decreases
with irradiation temperature under the same Si composition. With increasing He fluence,
higher density He bubbles and dislocation loops will be formed and therefore result in
the increase in Hy. On the contrary, the enhancement of the irradiation temperature will
inevitably promote the diffusion of He atoms and the annihilation of dislocation loops, and
leads to a decrease in their density [34], accordingly resulting in a decrease in irradiation
hardening. The contribution of He bubbles to irradiation hardening can be expressed by
the Friedel-Kroupa-Hirsch (FKH) model [40] as follows:

1 2
AGpupple = gMﬂbdN 3, 3)

AH = 30y, 4)

where M = 3.06 is the Taylor factor for BCC metals, y = 71.85 GPa is the shear modulus
for F/M steel [41], b = 0.248 nm is the Burgers vector [10], d and N are the mean diameter
and number density of He bubbles, respectively. Taking the 400 °C irradiation sample
as an example, the mean diameter and number density of He bubbles were counted and
listed in Table 2, and thus the contributions of He bubbles to the yield strength were
calculated by Equation (3) to be 0.023, 0.024, 0.022 and 0.032 GPa for a low and high fluence
of 0Si and 0.45i, and the corresponding AHy,,p;, were 0.069, 0.072, 0.066 and 0.096 GPa,
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respectively, implying that silicon has little effect on the irradiation hardening caused by
He bubbles.

In the analysis of irradiation hardening, dislocation is generally recognized as one of
the important factors; different types of dislocation loops make different strengthening
contributions in F/M steels owing to the difference in mobility. To further understand the
mechanisms of dislocation loops on irradiation hardening in F/M steel, it is necessary to
characterize the types of dislocation loops based on g-vector imaging. In Figure 8 the TEM
images of 0.4Si steel irradiated at 400 °C with a fluence of 2 x 10'® ions/cm? are shown
as an example in particular. The dislocation loops in the F/M matrix were characterized
under the same zone axis of z = [001] but different g vectors of [020], [110], [200], [110].
Based on the corresponding extinction conditions listed in Table 4, the Burgers vectors of
dislocation loops are highlighted in different colors. As shown in Figure 8, there are at least
three kinds of dislocation loops with different Burgers vectors: 1/2[111] in blue, 1/ 2[111]
or 1/2[111] in red, [010] in yellow, respectively. It seems to be that irradiation at 400 °C
produced a primarily 1/2<111> type and fewer <100> type dislocation loops in Figure 8,
which is consistent with the results of Z. Yao et al. [23]. However, whether the dislocation
loop is of the edged type or mixed type needs to be further confirmed. These dislocation
loops together are one of the sources for irradiation hardening.

Figure 8. Bright-field images of dislocation loop structures in the matrix of 0.4Si steel under the same zone
axis of z = [001] but different g vector conditions: (a) g = [020], (b) g = [110], (c) [200], and (d) g = [110]. The
sample was irradiated at 400 °C with a fluence of 2 x 10'° jons/cm?. Dislocation loops with [010] and
1/2<111> Burgers vectors are highlighted using yellow, blue, and red colors, respectively.
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Table 4. Type criterion for dislocation loops near the [001] zone axis.

gb 121111 12[T11]  1/2[111]  1/2[111] [100] [010] [001]
200 \% \% \% \% \% I I
110 \% I I \% \% \% I
020 \Y% \Y% \% \% I \% I
110 I \% \% I \% \% I

I: Invisible. V: Visible.

According to the dispersed barrier hardening (DBH) model, the contribution of dislo-
cation loops to irradiation hardening is formulated as [41]:

A01p0p = aMpubVd-N, (5)

where « = 0.45 is the barrier strength, d and N are the average size and number density of
dislocation loops. To evaluate the effect of dislocation loops on irradiation hardening, the
number densities of 05i and 0.45i steels irradiated at 400 °C were counted and are listed in
Table 2. For the same composition, high-fluence (1 x 107 ions/cm?) irradiation resulted
in higher loop size and number density compared to low-fluence (2 x 10'® ions/cm?). Si
addition promoted an increase in the number density of loops, which is consistent with
other reported results, and the mechanism may be as follows: the atomic radius of Si (1.1 A)
is smaller than that of Fe (1.26 A) and thus can be solidly solved into the matrix. In addition,
it is still an under-sized atom compared to other alloying elements (Cr, W, V, Ta) and can
strongly bind with self-interstitial atoms, thus hindering the migration of self-interstitial
atoms, and as a consequence, the dislocation loops are difficult to absorb self-interstitial
atoms to grow, leading to an increase in the number density of dislocation loops [10]. By
Equation (5), the yield strength induced by dislocation loops can be calculated as 0.093 GPa
and 0.163 GPa under lower fluence and 0.175 GPa and 0.203 GPa under higher fluence
for 0Si and 0.4Si steels, respectively. The corresponding AH),,,, is determined as 0.28, 0.49,
0.52 and 0.61 GPa, respectively, which is much larger than that induced by He bubbles,
implying that dislocation loops are the main driver of He?* irradiation-induced hardening
in the F/M steel. Therefore, the simple summed calculated irradiation hardening values
for low- and high-fluence of 0Si and 0.45i are 0.35, 0.56, 0.59, and 0.71 GPa, respectively,
which are almost consistent with the experimental results.

In addition, the contributions of helium bubbles and dislocation loops to irradiation
hardening have a superposition relationship [10]:

Aol = \/Aagubb,e + Aalzwp, (6)

Combining Equations (3) and (5), the irradiation hardening value (AH) estimated by
the root sum square method can be expressed as:

AH = 3Mub\/“%uhblgd bubbleNbubble + D‘lzogpdlooleoop/ ()

where ap,pp. and a0, are the barrier strength factor of helium bubbles and dislocation
loops, dpuppie and djoop, and Ny, ppe and Ni,gp, are the mean diameter and number density of
helium bubbles and dislocation loops, respectively. Fitting the hardness values measured
by the nanoindentation with Equation (7) gives the fitted barrier strength factor (a1,
and ajy.,, Table 5) [10]; however, it seems that a),,, matches the results of the previous
study (0.2-0.5), while aypp. is lower than the results of the previous study [42]. Then
AH estimated by the root sum square method can be obtained, as shown in Table 5. The
irradiation hardening values calculated by this method are similar to those calculated by
the simple summation method, although closer to those fitted with the Nix-Gao model,
implying that the root sum square method may be able to estimate the irradiation hardening
value more accurately than the simple summation method, probably because the former
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takes into account the actual existing superposition of helium bubbles and dislocation loops.
The deviations may be caused by, on the one hand, the measurement errors in the size
and number density of dislocation loops and helium bubbles due to complex diffraction
contrast differences, and on the other hand, the difference in the zones of hardness tests
and TEM observations [40].

Table 5. Fitted barrier strength factor of bubbles and dislocation loops, and irradiation hardening
obtained by Nix-Gao model, FKH + DBH models (simple summation) and DBH model (root sum
square). The unit of AH: GPa.

AH AH (FKH + DBH AH (DBH
Conditions (Nix-Gao Models, Simple Kpubble %loop Model, Root
Model) Summation) Sum Square)
. 2 x 10' ions/cm? 0.3 0.35 0.13 0.39 0.47
0Si 1 x 10! ions/cm? 0.9 0.56 0.13 0.39 0.64
. 2x 10 jons/cm? 0.8 0.59 0.16 0.32 0.65
0481 4 jov7 ions/cm? 1.1 0.71 0.16 0.32 0.77

4. Conclusions

The effects of Si addition on microstructure and mechanical properties in F/M were
investigated by He?" irradiation with two fluences at different temperatures, and the main
conclusions are as follows:

(1) High-density He bubbles formed in the matrix of F/M steels caused by He?*
irradiation, and, as effective defect-adsorption traps, the lath boundary and phase boundary
in the F/M steel are noted to be preferential locations for nucleation and growth of He
bubbles. In comparison with the case of the Si-free sample, the He bubbles in the 0.4Si
sample had a smaller size and higher density at the same fluence owing to the inhibiting
effect of Si atoms on He bubble growth.

(2) TEM observation for 0.4Si steel irradiated at 400 °C with a fluence of 2 x 10'® ions/cm?
revealed that 1/2<111> and <100> types dislocation loops were induced by He?* irradia-
tion in the F/M steels. Compared to the slight contribution of He bubbles, these dislocation
loops were recognized as the main source of irradiation hardening. The addition of Si in the
F/M steel promoted an increase in the number density of dislocation loops that exacerbated
the irradiation hardening effects.
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