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ABSTRACT

Irradiationusing Fe ion at 300 �Cup to 100dpawas carried out on three variants of

Grade 91 (G91) steel samples with different grain size ranges: fine-grained (FG,

with blocky grains of a few micrometers long and a few hundred nanometers

wide), ultrafine-grained (UFG, grain size of * 400 nm) and nanocrystalline (NC,

lath grains of * 200 nm long and * 80 nm wide). Electron microscopy investi-

gations indicate that NC G91 exhibit higher resistance to irradiation-induced

defect formation than FG and UFG G91. In addition, nano-indentation studies

reveal that irradiation-induced hardening is significantly lower in NC G91 than

that in FG and UFGG91. Effective mitigation of irradiation damage was achieved

in NC G91 steel in the current irradiation condition.
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GRAPHICAL ABSTRACT
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Introduction

Ferritic–martensitic (FM) steels such as Grade 91

(G91) are excellent candidates for fuel cladding and

structural materials for advanced fast reactors due to

their good thermo-mechanical properties at

400–550 �C and reduced void swelling compared to

austenitic stainless steels [1–5]. G91 steel has also

been suggested as potential structural material for

light water reactor (LWR) core internals. Structural

materials and fuel cladding in advanced fast reactors

will be subject to high irradiation doses. Life exten-

sion of LWRs and development of advanced fast

reactors requires steels with enhanced irradiation

tolerance and higher mechanical strength [4, 6].

However, FM steels suffer profusely from pro-

nounced hardening and embrittlement when they are

irradiated at low temperatures [1, 7]. Konstantinović

MJc, et al. [7] reported the mechanical properties of

T91 subjected to 0.8–3.9 displacements per atom

(dpa) at 250–350 �C, and they found significant irra-

diation hardening and decrease of elongation in the

materials. At higher temperatures, softening was

found in a T91 steel at doses above 0.5 dpa, due to the

fast coalescence of dislocation loops [8]. To achieve

enhanced irradiation tolerance and higher strength,

currently used/considered steels may be processed

by advanced manufacturing techniques to improve

their performance through microstructural engineer-

ing at relatively low cost. Equal-channel angular

pressing (ECAP) and high-pressure torsion (HPT)

produce UFG and NC, respectively, metals and alloys

through application of severe plastic deformation.

The applications of ECAP and HPT to G91 steel for

grain refinement have been reported [9–11]. Nanos-

tructured (UFG and NC) steels possess dramatically

higher strength than their conventional FG (grain

diameter[ 1 lm) counterparts, owing to significant

grain boundary (GB) strengthening. Meanwhile, GBs

can also significantly enhance irradiation tolerance of
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the materials by serving as sinks or recombination

centers for radiation-induced defects [12–14].

In-situ ion irradiation experiments provided the

direct evidence of GBs absorbing individual loops

and dislocation segments in nanocrystalline Ni when

the material was irradiated by Kr ions of 1 MeV at

room temperature [14]. In addition, molecular

dynamic (MD) simulations were used to determine

the mechanism of the interactions between the

defects and GBs at the atomic level. The MD simu-

lations of body-centered cubic Fe by Chen, et al. [15]

suggested that irradiation-induced defects can either

migrate via the bulk chain of defects from matrix to

GBs or via GB chain of defects until they are anni-

hilated. F/M T91 steel processed by ECAP was irra-

diated by Fe ions at 450 �C up to * 150 dpa, and the

UFG sample showed a lower defect density and

smaller swelling rate than the coarse-grained coun-

terpart [16].

Although the defect-GB interactions have been

well studied, only very limited investigations exist on

irradiation of nanostructured steels, and their per-

formance under irradiation at relevant reactor oper-

ating temperatures remains unclear. Notably,

previous reports on irradiation study of NC steels

have been rare. This work studied the irradiation

performance of G91 steel with different grain size

ranges down to the nanometer regime and enhanced

our understanding of irradiation effects in these

materials. The establishment of irradiation perfor-

mance of nanostructured F/M steels with appealing

properties will impact the life extension of current

reactors and the development of advanced reactors.

Experimental

A hot rolled G91 steel of the composition Fe–8.38Cr–

0.9Mo–0.2 V–0.06Nb–0.17Ni-0.43Mn-0.1C–0.03 N (in

wt.%) was normalized at 1050 �C for one hour and

then quenched in oil, followed by tempering at

800 �C for one hour and subsequent air cooling. After

tempering the G91steel samples were processed by

ECAP and HPT, respectively. The processing details

of ECAP and HPT and the resultant microstructures

were documented in our previous studies [9–11]. The

G91 after tempering consists of blocky grains of a few

micrometers long and a few hundred nanometers

wide. Grains were successfully refined to sub-mi-

crometer and nanometer range after ECAP and HPT,

respectively. Therefore, the as-tempered, as-ECAP,

and as-HPT G91 samples are designated as FG, UFG

and NC G91, respectively.

Samples of 5 9 5 9 1 mm were cut from as tem-

pered, as-ECAP and as-HPT G91, respectively. Prior

to irradiation, samples were mechanically polished

with 0.02 lm colloidal silica in the final stage. Sam-

ples were irradiated by 3.7 MeV Fe2þ ions using a

NEC 1.7 MV tandem accelerator with a rastered beam

at the University of Wisconsin Ion Beam Laboratory.

Rastered beam was applied for irradiating a rela-

tively large area over multiple samples. Rastered

beam has been reported to suppress cavity swelling.

For ferritic and ferritic-martensitic steels peak void

swelling temperature of 450–480 �C was reported

under ion irradiations [17–19].

The ion energy was chosen for two reasons: (1).

implantation depth: the flat region of damage profile

(half of the dpa peak depth) is about 0.5 lm in depth.

Studies have indicated that the surface effect on

defects can extend to a depth of 0.2–0.3 lm [20, 21].

The damage flat region is outside of the expected

surface effect depth. 2). The accelerating capability:

although the maximum accelerating voltage for Fe2þ

is 3 9 1.7 = 5.1 MV, 1.23 MV was operated for

achieving a stable ion beam current. An irradiation

temperature of 300 �C was selected considering that

the temperature regime important for LWR operation

is between 280 and 320 �C and that FM as nuclear

material could suffer from irradiation-induced

embrittlement and hardening at low temperatures.

However, at this temperature, swelling is not expec-

ted to be significant. Ion fluence was 9.73 9 1016

ion=cm2, and the dose rate was 5:2� 1012 ion/cm2/s.

Temperature was monitored continuously through-

out irradiation from two thermocouples attached to

the opposite corners of the sample irradiation stage.

The average temperature was measured as

300 ± 5 �C. Local dose and implanted Fe ion con-

centration in the samples were calculated using the

Kinchin-Pease model with full cascade in the Stop-

ping and Range of Ions in Matter (SRIM) software

[22–24], Fig. 1. A displacement threshold energy of

40 eV and a density of 8:47� 1022 atoms/cm3 for G91

was used in the calculation. The middle range dose

rate was about 2� 10�3 dpa/s. Studies have recom-

mended Kinchin-Pease model for comparison of ion

and neutron irradiation data while full cascade

J Mater Sci (2022) 57:13767–13778 13769



calculation is recommended with multicomponent

target materials [23].

Cross-sectional TEM samples were prepared by

focused ion beam (FIB) using a dual-beam FEI Helios

Nanolab. The voltage of the ion beam for early thin-

ning was 30 keV, and it was reduced to 5 keV as the

foil became thinner. For final thinning at thickness of

100–150 nm, a voltage of 5–2 keV was used, so that

the damage from FIB could be minimized. Three

regions in each sample were examined, as marked in

the damage & implantation-depth profile in Fig. 1,

i.e. low, middle and high displacement per atom

(dpa) regions. The TEM sample thicknesses were

measured by electron energy loss spectroscopy

(EELS) using a Gatan Quantum image filter on a FEI

Tecnai G2 FEG TEM operated with a 300 keV elec-

tron beam. Measurements were carried out in the

regions of interest. The log-ratio method was used to

calculate the thickness of the sample relative to the

inelastic mean free path (IMFP), and the measure-

ment errors were assumed ± 20% [25, 26]. The TEM

samples are wedge-shaped. The thickness variations

from the low to high dpa for the FG, UFG, and NC

G91 TEM samples are 104–135 nm, 128–159 nm and

140–155 nm, respectively. Scanning transmission

electron microscopy (STEM) observations were per-

formed in annular bright field mode under [110] or

[111] zone to capture the total loop and line disloca-

tion density. The semi-convergence angle was 24.5

mrad. The collection angle was 6–13 mrad. All

g vectors contributed to the images. The defects were

manually measured with ImageJ and only the black

spots[ 1 nm were considered. Under-focus obser-

vations were carried out in each specimen to analyze

the voids produced by ion irradiation. Carbon con-

tamination was not measured in this study.

Nano hardness was measured with a Hysitron TI-

950 triboindenter and a cube corner probe in the

displacement control mode. Ten indents were carried

out in the un-irradiated (unexposed to ion beam)

regions and in the irradiated regions, respectively, of

each sample at displacements of 100, 150 and 200 nm.

Results

Microstructure

The microstructures of FG, UFG and NC G91 steels

are presented in Fig. 2, with a dash line separating

the irradiated and un-irradiated regions in each

image. The microstructure of the FG G91 consists of

typical tempered martensitic blocky grains. Carbides

are observed along the lath boundaries. For the UFG

G91, the microstructure is characterized by equiaxed

grains with an average size of * 400 nm. The NC

G91 exhibits lath grains elongated along the shear

direction. The average width and length of those lath

grains are 80 nm and 200 nm, respectively. In each of

the G91 steel samples, the grains in the irradiated and

un-irradiated regions have comparable sizes, indi-

cating that the current irradiation condition did not

lead to grain coarsening. However, grains in NC G91

(both in the irradiated and un-irradiated regions)

coarsened slightly during the irradiation experiment

due to the thermal effect [11]. FG and UFG G91 show

abundant irradiation-induced features, such as dis-

location loops and dislocation lines, in the irradiated

regions. For the NC G91, it is difficult to observe the

Figure 1 SRIM calculated damage and implanted ion

concentration profile in G91 steel. The depth for evaluation is

highlighted.
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Figure 2 Cross-section STEM micrographs showing the

microstructure of FG (a), UFG (b) and NC (c) G91 steel

samples subjected to Fe ion irradiation up to 100 dpa at 300 �C.
The irradiation affected zone is highlighted in each graph (from

surface to the end line).
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irradiation-induced defects at the magnification in

Fig. 2c.

Figure 3 displays bright-field micrographs from

regions with different dpa in the FG, UFG and NC

G91 after irradiation at 300 �C. Images of the un-ir-

radiated regions are also provided in Fig. 3. The

corresponding dislocation loop size & density and

dislocation line density at these locations in each

sample are given in Fig. 4. For the FG G91, small

dislocation loops (black dots), as well as dislocation

lines, can be observed in the low dpa region near the

irradiation surface. The loop and line density are

4.10 9 1022 m�3 and 1.34 9 1014 m�2, respectively,

and the average size of the dislocation loop is 4.3 nm.

In the middle dpa region, a higher density of dislo-

cation loops and lines are observed; some large loops

up to 10 nm in size coexist with small loops, indi-

cating that loop nucleation and growth occurred

simultaneously. It is interesting to note that disloca-

tion lines are often decorated by loops. Dislocation

loop density and line density further increased to

8.29 9 1022 m�3 and 1.78 9 1014 m�2, respectively, in

the high dpa regions. Further increases in dislocation

loop density, dislocation line density and dislocation

loop size are observed in the regions with the highest

ion concentration. Note that arrays of dislocations

appear beyond the damage regions, which could

result from ion implantation. The dislocations were

(a1) (a2) (a3)

FG

Low dpa Middle dpa High dpa 

<110> <110> <110>

Un-irradiated

(a4)

(c1) (c2) (c3)

NC

<110> <111> <111>

(b1) (b2) (b3)

UFG

<110> <110> <110>

(b4)

(c4)

Figure 3 Cross-section bright

field STEM micrographs of

FG (a1-4), UFG (b1-4) and

NC (c1-4) G91 from low dpa,

middle dap, high dpa, and un-

irradiated regions. Scale bar,

20 nm. All g vectors

contributed to the image of the

irradiated regions; the zone

axis is indicated.

(a) (b) (c)

FG UFG NC FG UFG NC FG UFG NC
Low dpa Middle dpa High dpa

0

2

4

6

8

D
is

lo
ca

tio
n 

lo
op

 s
iz

e 
(n

m
)

FG UFG NC FG UFG NC FG UFG NC
Low dpa Middle dpa High dpa

0

2

4

6

8

10

12

D
is

lo
ca

tio
n 

lo
op

 d
en

si
ty

 (×
10

22
m

-3
)

FG UFG NC FG UFG NC FG UFG NC FG UFG NC
Low dpa Middle dpa High dpa Un-irradiated

0

1

2

3

D
is

lo
ca

tio
n 

lin
e 

de
ns

ity
 (×

10
14

m
-2

)

Figure 4 Measurements of the a dislocation loop size, b dislocation loop density and c dislocation line density in the FG, UFG and NC

G91 steel samples from the low, middle and high dpa regions.
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formed to accommodate the surface stresses induced

by high doses of the implanted Fe [27]. For the UFG

G91, the density of loops and dislocation lines near

the surface is 4.50 9 1022 m�3 and 1:46� 1014 m�2,

respectively. As the damage level increases, the loop

number density and line density increase. Our mea-

surements indicate comparable increase in irradia-

tion-induced defects in UFG and FG G91 when the

dpa increases. For example, as the dpa increases from

30 (low dpa) to 100 (high dpa), the dislocation loop

density and line density increase by 1.87 and 1.29

times, respectively, in UFG G91; in FG 91, the

increases in loop and line density are 2.02 and 1.33

times, respectively. NC G91 exhibits a smaller dislo-

cation loop density, i.e. 3.93 9 1022 m�3, and a higher

dislocation line density, i.e. 2.28 � 1014 m�2 in the low

dpa regions near the surface, as compared to the FG

and UFG G91. Note that the UFG G91 appears to

contain a larger number of defects compared to FG

G91 in those scanning TEM (STEM) images; this is

because the TEM lamella of UFG G91 is thicker, as

confirmed by the EELS measurements. The higher

dislocation line density found in the low dpa regions

in NC G91 could be attributed to the higher strain

introduced during HPT processing. The increase in

irradiation damage in NC G91 was lower than those

in FG and UFG G91 as dpa increases. The dislocation

loop and line density only slightly increase to

4.23 9 1022 m�3 and 2.45 � 1014 m�2, respectively, in

the high dpa regions. In addition, defects appear in

the unirradiated regions of the UFG and NC G91

specimens. We would like to emphasize the chal-

lenges of making FIB specimens, especially for the

HPT NC G91, due to the high residual strain.

Therefore, FIB contamination and damages were

more likely to be introduced to the NC G91 FIB

specimens. Meanwhile, severe plastic deformation

could also introduce defects before irradiation. Thus,

the defects observed in NC G91 are not necessarily

irradiation-induced. However, the NC G91 indeed

shows much less difference in defect density across

the depth than FG and UFG G91.

Void search was performed on the three variants of

irradiated G91 steel samples in under-focus bright

field. Some local voids with an average size of *
2.5 nm were found in larger grains of the FG G91 at a

depth of 0.45–0.75 um, as shown in Fig. 5. It is rea-

sonable that the voids only appear in the middle dpa

regions, as the high number of injected ions in the

high dpa regions and the high density of point defect

sinks near the surface could suppress the void for-

mation [28, 29]. In contrast, no voids were identified

in UFG and NC G91.

Nano-indentation

Nano-indentations were carried out to monitor the

changes in mechanical property in the irradiated

regions. Figure 6 shows the nano-hardness (average

and standard deviation in GPa) of the three variants

of G91 steel samples irradiated at 300 �C. Nano-

hardness of the un-irradiated counterparts (masked

during irradiation experiment) is also provided in

Fig. 6 for comparison. For all the samples, the

apparent hardness decreases with the indent dis-

placement, which is the well-known indentation size

effect (ISE). Results indicate that irradiated FG and

UFG G91 exhibit notably higher hardness when

compared to their un-irradiated counterparts. The

irradiation-induced hardening, i.e. the hardness dif-

ference between the irradiated and un-irradiated

condition, in the FG G91 is 1.7 GPa, 1.6 GPa and 1.4

GPa at 100 nm, 150 nm and 200 nm indent dis-

placements, respectively. UFG G91 shows compara-

ble irradiation hardening to FG G91. In contrast, the

NC G91 exhibits negligible hardening after irradia-

tion, with only 0.2 GPa and 0.4 GPa increases mea-

sured when indent displacements were 150 nm and

200 nm, respectively.

Figure 5 Bright field TEM image (defocus -3 lm) of FG G91,

showing irradiation-induced voids in one grain.

13772 J Mater Sci (2022) 57:13767–13778



Discussion

The irradiation experiments using Fe ion at 300 �C
introduced damage up to 100 dpa to the three G91

steel variants of different grain size ranges. The

comparisons in the irradiation damage among the

three G91 steel variants were made, and the key

findings are as follows:

1. Overall, NC G91 shows lower densities of irradi-

ation-induced dislocation loops and lines when

compared to FG and UFG G91.

2. The irradiation defect density vs. dose relation-

ship is much less strong in NC G91 than in FG

and UFG G91.

3. FG and UFG G91 showed measurable irradiation-

induced hardening, whereas it was negligible in

NC G91. This is attributed to the lower irradiation

defect density in NC G91.

4. Voids were only identified in one grain in FG

G91, whereas no voids were found in UFG and

NC G91.

The results demonstrate that in current irradiation

condition, NC G91 exhibits higher irradiation resis-

tance than FG and UFG G91, which is discussed in

more detail as follows.

Irradiation resistance

During ion irradiation, high-energy ions travel

through the crystal and collide with lattice atoms,

which are displaced as interstitials, leaving vacancies

behind. The interstitials can travel and create more

collisions, causing cascades. The interstitials and

vacancies form various kinds of defect, e.g., disloca-

tion loops, dislocation lines and voids, etc. GBs can

help to mitigate the damage via promoting defect

recombination. GBs can act as neutral sinks that

remove the defects by absorbing them and recom-

bining interstitials-vacancies, and thus the irradiation

damage is mitigated. In-situ irradiation experiments

have provided the evidence for the efficacy of GBs

absorbing the defects in various metals [15, 30, 31].

The sink strength of the GBs is estimated as

k2gb ¼ 60=d2, where d is the diameter of the grains and

kgb is the inverse of the average distance that a mobile

defect can move before being absorbed by a GB. The

effects of GBs on irradiation resistance have been

studied in different alloys subjected to various irra-

diation conditions. In the current case, the k2gb for NC

(d =142 nm, the average area-equivalent circular

diameter) and FG G91 (d =610 nm) is 3:0� 1015m�2

and 1:6� 1014m�2 respectively, indicating that the

sink strength of NC G91 is 19 times greater than that

of FG 91.

Dislocations were introduced during the severe

plastic deformation processing (ECAP or HPT) of the

G91 steel, which can also serve as defect sinks with a

strength of k2dis ¼ zdqd, where qd is the dislocation

density and zd *2–10 is the number of the atomic

sites on each of the crystallographic planes inter-

sected by the dislocation line [6, 16]. Dislocation sink

strength was estimated for FG and NC with zd = 6.

The dislocation densities in NC and FG G91 are

measured as 1.96 9 1014 m�2 and 0.867 9 1014 m�2;

respectively (data from the un-irradiated regions,

Fig. 4c. The calculations indicate dislocation sink

strength is 6.6 9 1014 m�2 higher in NC than in FG

G91, while GB sink strength is 28.4 9 1014 m�2 higher

in NC than in FG G91. It is concluded that the higher

GB density in NC is the dominant reason for higher

Figure 6 Comparison in hardness between the irradiated and un-irradiated regions at various indent displacements: a FG; b UFU; and

c NC G91 irradiated with 3.7 MeV Fe ion at 300 �C.

J Mater Sci (2022) 57:13767–13778 13773



irradiation resistance, although dislocations could

add additional irradiation resistance to the NC G91.

Note that dislocations are biased sinks with slight

preference for interstitials over vacancies; however,

when dislocation density is high enough, they can

also provide many sink sites for vacancies, and thus

the void nucleation and growth rate would also be

suppressed [6].

It is noteworthy that FG and UFG G91 TEM

lamellas exhibit similar density of defects, although

the UFG G91 has a higher GB density. Possible

explanations are provided here. Firstly, the grain size

difference between FG and UFG G91 may not be

enough to cause evident difference in irradiation

resistance in the current irradiation conditions. Note

that during the processing of G91, oil quenching was

carried out to generate martensitic blocks, with the

width of a few hundred micrometers; therefore, the

G91 already exhibits fine structures even without

ECAP. Only marginal benefit of mitigating irradia-

tion damage was reported when Fe with ultra-fine

grain sizes was subjected to 10 keV helium ion irra-

diation at 573 K [32]. Secondly, the characters of the

GBs in the UFG G91 can affect the material’s irradi-

ation resistance. As reported [10], a high fraction of

the GBs in the UFG G91 is low-angle GBs, which

exhibit reduced sink strength than the high-angle

GBs [33, 34]. Thus, finer grain sizes do not necessarily

lead to significant improvement in irradiation resis-

tance when a high fraction of the GBs are in low

misorientations. Thirdly, post-irradiation annihila-

tion may also be responsible for the negligible dif-

ference. After irradiation was completed, loops could

still move to GBs or recombine during cooling. EI-

Atwani et al. [30] reported significant less dislocation

loops in post-irradiation examination of a NC tung-

sten subjected to Kr ion irradiation to 2–10 dpa when

compared to in-situ measurements; this was true

even for room temperature irradiation. If indeed a

larger number of defects were present during irra-

diation in FG G91 as compared to UFG G91, more

defects would have the chance of being annihilated

after irradiation stopped. Therefore, the final differ-

ence between FG and UFG G91 in irradiation-in-

duced defects measured during the post-irradiation

examination would be reduced.

The current results demonstrate that NC G91 has a

higher radiation resistance than its UFG and FG

counterparts. However, conclusion here may not

necessarily be extended to extreme irradiation

conditions when the dose is up to hundreds of dpa.

Gigax et al. [34]. reported irradiation instability in

ECAP processed UFG T91 at ultra-high damage

levels, and reduced irradiation resistance of this

material as compared to its coarse-grained counter-

part at such high doses. As the dose increases,

structural changes in GBs occur, i.e., high angle

boundaries transformed to low angle boundaries,

leading to a decline in the effectiveness of reducing

irradiation damage. Also, voids become biased sinks

for vacancies at extreme high dose, and grain growth

is accelerated due to the biased absorption of inter-

stitials by GBs. The irradiation behavior of NC G91 at

ultra-high doses still needs to be investigated in the

future.

Irradiation-induced hardening

Irradiation hardening results from irradiation-in-

duced voids, precipitates, dislocation loops, disloca-

tion lines, etc. For the current G91, voids were

detected in one grain and only in irradiated FG G91;

in addition, the density of the precipitates (M23C6 and

MX, where M and X denote metallic elements and

carbon and/or nitrogen, respectively) [9, 10] is com-

parable between the irradiated and un-irradiated

regions. Therefore, contributions from voids and

precipitates to the irradiation hardening are negligi-

ble, which is a reasonable assumption based on a

previous irradiation study on the G91 [35]. The bar-

rier hardening model is employed here to estimate

the hardening, Dry, from loops and dislocation lines:

Dry ¼ MaLGb
ffiffiffiffiffiffiffiffiffiffi

qLdL
p

þMaDGbð
ffiffiffiffiffiffiffi

qirrD

q

�
ffiffiffiffiffiffiffiffiffiffiffi

qunirrD

q

Þ ð1Þ

where M ¼ 2:7 is the Taylor factor for body-cen-

tered cubic materials, G ¼ 75GPa is the shear modu-

lus of G91 steel at room temperature, b ¼ 0:25nm is

the magnitude of the Burgers vector, aL,qL and dL are

the barrier strength, density and average size of the

dislocation loops, respectively, and aD,qunirrD and qirrD
are the barrier strength of the dislocation lines and

their density before and after irradiation, respec-

tively. aL and aD here are taken as 0.40 and 0.64,

respectively [35, 36]. The qunirrD values are measured to

be 8.67 9 1013 m�2, 1.00 9 1014 m�2 and 1.96 9 1014

m�2 for the FG, UFG and NC G91, respectively. Based

on the obtained statistics of the defects, estimation of

the irradiation hardening using the empirical model

was performed. The calculation results are displayed
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in Table 1, indicating that: a) the FG and UFG overall

exhibit higher hardening than the NC counterpart; b)

as the dpa increases, the hardening increases in FG

and UFG while it remains almost constant in the NC

counterpart.

Nano-indentations were carried out to probe the

mechanical property changes after irradiation in G91

with different microstructures. Generally, indenta-

tion should be no more than 10%–20% of the thick-

ness of the interested region, so that the intrinsic

properties of the interested region can be obtained

and the interference from the underlying substrate

can be avoided. Therefore, 200 nm is chosen as the

reference depth for quantitative analyses of the

hardness measurements. The nanoindentation results

were first divided by 9.8 to convert to Vickers hard-

ness numbers; then they were converted to Vickers

hardness by multiplying a coefficient of 0.76, and

further converted to yield strength by multiplying a

coefficient of 3.06 [37–39]. The converted nano-in-

dentation results are also presented in Table 1 for

comparison. The values of the calculated hardening

(e.g. from the low & middle dpa regions) via Eq. (1)

are comparable to the measured hardening values via

nano-indentation for FG and UFG G91. However, the

calculations yield much higher hardening values

than the measurement for NC G91. The discrepancy

may be explained by two reasons. First, artifacts

introduced during TEM sample preparation by FIB

could be counted as irradiation-induced defects. It is

difficult to entirely avoid any contamination and

damage from FIB during sample preparation,

although care was taken to minimize the damage

from FIB. Second, the severe plastic deformation

introduced defects before the irradiation [40, 41].

Both could lead to an over-estimation of the irradia-

tion damage in HPT/NC G91.

In addition to GBs, the precipitate/matrix inter-

faces are also known as defect sinks that help to

decrease the density of irradiation-induced disloca-

tion loops [42–44]. G91 contains two types of pre-

cipitates, i.e., M23C6 and MX. Although severe plastic

deformation can significantly refine the grain size, it

seems to have less impact on the size and fraction of

those precipitates [10, 12]. Therefore, the improved

irradiation resistance observed in NC G91 is not

attributed to the precipitates.

Conclusions

Three G91 steel variants with different grain size

ranges (FG, UFG and NC) were irradiated by Fe ion

up to 100 dpa at 300 �C. The irradiation response of

each variant was accessed. None of the three G91

steel variants exhibited irradiation-induced grain

growth. Irradiation-induced voids were only found

in FG G91. As the dpa rose along the irradiation

depth, the density of the defects (dislocation loops

and lines) increased; however, the increase rate was

notably lower in NC G91 than in FG and UFG G91.

Meanwhile, the NC G91 showed significantly lower

irradiation hardening than FG and UFG G91. It is

concluded that GBs effectively mitigate the irradia-

tion damage when the microstructure is on the NC

scale in G91 steel under the current irradiation

condition.
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