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The Hastelloy N alloy were irradiated by He ions, Xe ions and Xe þ He ions at 650  C and examined using
transmission electron microscopy (TEM) and nano-indentation. TEM results showed the formation of
irradiation induced helium bubbles, dislocation loops and precipitates in the irradiated samples. The
mean size, number density and their variations of these defects at the peak damage regions were
measured through TEM micrographs. The interactions between different types of irradiation induced
defects were investigated and the mechanisms behind them have been revealed in this study. In addition, the nanoindentation test showed the irradiation induced hardening in all the irradiated samples.
The measured nanohardness increment (DH) for sample irradiated by Xe þ He ions was larger than that
of the combined single ion irradiation case, indicating the presence of synergistic effect in the hardening
of the both ions irradiated sample.
© 2019 Elsevier B.V. All rights reserved.
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As one of the six most promising Generation IV ﬁssion reactors,
the Molten Salt Reactor (MSR) has attracted worldwide attention
due to high safety, reliability and high efﬁciency [1]. The structural
materials of MSR will be subjected to extreme service environments, such as high temperature, high neutron irradiation and
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strong ﬂuoride molten salt corrosion [2e5], which pose a great
challenge for the structural materials used for MSR [6]. In fact, the
nickel based Hastelloy N alloy had been developed for the molten
salt reactor experiment (MSRE) in the 1960s by the researchers
from Oak Ridge National Laboratory (ORNL) [7]. Up to date, it is
remain considered as the most promising candidate structural
material for the MSR, thanks to its excellent corrosion resistance
and good high temperature strength [6e8]. It is known that the
irradiation damage caused by neutron bombardment during the
operation of reactor can be responsible for the mechanical property
degradation of structural materials [9]. Hence, the evaluation of
irradiation damage for structural materials is of particular importance for ensuring the safe operation of MSR.
The irradiation induced damage, including the swelling and
ductility loss of Ni-base alloys (Alloys 600, 625, 706, 718, 800,
Hastelloy X, A-286, Rene 41) after neutron irradiation has been
studied by previous researchers [10]. However, since neutron
irradiation resources are scarce and expensive [11,12], ion irradiation was widely used in recent years to simulate the neutron irradiation in reactor when it comes to the damage effects on structural
materials. On the one side, considering the neutron bombardment
can cause the displacement damage effects, energetic heavy-ions
were selected to simulate these effects in the Hastelloy N alloy. In
our previous studies, the 7 MeV Xe26þ and 8 MeV Ni10þ ions irradiation experiments on the nickel-based alloys have been performed to reveal the microstructural evolution and also the
changes of mechanical properties caused by displacement damage
defects [7,13,14]. The results showed the formation of irradiation
induced different types of defects in the Hastelloy N alloy, such as
solute clusters, dislocation loops and precipitates, resulting in
swelling and hardening/embrittlement of materials. On the other
side, the (n, a) transmutation reaction occurred between the nickel
and the neutron, creating thus the helium atoms or even helium
bubbles via their diffusion and aggregation in nickel-based alloy
materials [15,16]. Hence, the dimensional instability due to He
embrittlement and swelling in the Hastelloy N alloy has been a
cause of much concern in terms of safety and structural integrity.
Here also, the helium-caused damage effects on the Hastelloy N
alloy have been studied in our previous works using He ion irradiation. The mechanisms of helium bubbles formation and coarsening, helium embrittlement and hardening caused respectively by
intergranular and intragranular helium bubbles and also the related
mechanisms have been revealed [17e19].
It should be noted that both the displacement and heliumcaused damage effects will be existed simultaneously in the Hastelloy N alloy during the operation of the MSR [20]. However, the
previous studies mainly focused on the damage effects using a
single ion beam irradiation. The investigations concerning the
synergistic effects of the heavy and He ion irradiation for the nickelbased alloy are rarely reported. In fact, according to the designs of
the MSR, it should be operated at the temperature higher than
600  C and the neutron irradiation damage at the end of life can
even reach 150 dpa (~1023 n/cm2) for the core components [5]. On
the basis of our calculation, the helium concentration in the core
components can reach around 2500 appm at this neutron dose, as
shown in Fig. 1. The ﬁgure shows clearly that the helium concentration is extremely low when the total neutron dose less than
2  1020 n/cm2. At this stage, large numbers of displacement
damage defects can be formed in alloys due to the neutron
bombardment, and the irradiation damage caused by helium
(bubble) can be ignored. With the increase of neutron dose, the
helium concentration will increase continuously and the damage of
materials cause by helium (bubble) will become more and more
serious. Moreover, the coupling between displacement damage
defects and helium bubbles will occur and then lead to the material
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Fig. 1. The calculated helium concentration in core components of the MSR varied
with the total neutron dose.

property degradation. In order to reveal more clearly the irradiation
damage behavior of Hastelloy N alloy during its service in MSR, it is
necessary to carry out a study on the synergistic effects between
displacement cascade defects and helium bubbles.
Xe ion is one kind of ﬁssion products in MSR, and it is a heavy ion
that can cause signiﬁcant displacement damage within the material, which is similar to the neutron irradiation damage behavior. He
ion can effectively simulate the helium generation in materials
during (n, a) transmutation reaction. In this study, the Hastelloy N
alloy samples have been irradiated using subsequently 7 MeV Xe26þ
and 400 keV Heþ ions, to reveal the synergistic effects mentioned
above. In addition, the samples irradiated by only 7 MeV Xe26þ or
400 keV Heþ ions were also performed for a comparative purpose.
The microstructural evolution and hardening caused by irradiation
were investigated respectively using transmission electron microscopy (TEM) and nanoindenter. Moreover, the synergistic effects
related to the microstructures and irradiation hardening were also
discussed.
2. Experimental details
2.1. Materials and irradiation conditions
The material used in this study was the Hastelloy N alloy provided by Haynes International Company. The nominal chemical
composition of this alloy was shown in Table 1. The bulk materials
were cut into 10 mm  5 mm  1 mm sheets. Then these sheets
were successively mechanically polished with silicon carbide paper
sandpapers at the grade of 400e2000 and alumina suspension to
obtain a smooth surface. The mechanical polished sheets were
subsequently prepared by electro-polishing in an aqueous solution
of 50% H2SO4 and 40% glycerin under the temperature of 0  C at
36 V for about 10 s. After electro-polishing, these sheets were ultrasonically cleaned with a solution of 50% acetone and 50% absolute ethyl alcohol.
In the study, the as-prepared sheets were irradiated using 7 MeV

Table 1
The chemical composition of the Hastelloy N alloy (wt. %).
Elements

Ni

Mo

Cr

Fe

Mn Si C Al Cu

wt. %

Bal.

17.1

7.1

4.2

<1.5

330

J. Liu et al. / Journal of Nuclear Materials 517 (2019) 328e336

Xe26þ (beam current density ~ 1.8 mA) and 400 keV Heþ (beam
current density ~ 0.5 mA) ions at 650  C. Table 2 shows the detailed
irradiation conditions of each sample. The 7 MeV Xe26þ ion irradiation was performed to introduce some defects due to displacement cascades. In this study, the beam current density was about
9.55  1010 ions/(cm2$s) for Xe ions. The irradiation time was
selected to be around 190 min, thereby the ion dose can reach
1.1  1015 ions/cm2, which correspond to 3 dpa (defects tend to be
saturated) [21]. In addition, considering the helium concentration
in the component can reach ~2500 appm in the ultimate goals as
mentioned above. Hence, the He ion irradiation dose of 3  1016
ions/cm2 was selected in this study to obtain a similar average
helium concentration in the irradiation damage region. In both Xe
and He ion irradiation cases, a thermo-couple was located at the
back side of sample holder to monitor the temperature. The temperature of the specimens did not increase obviously during ion
irradiation by controlling the ion beam intensity (<2 mA).
The unirradiated sample A was selected for a comparative purpose. The sample B and C were irradiated using respectively Xe and
He ions. As for the sample D, it was irradiated by Xe and He ions
subsequently. It means that sample D was heated for a time longer
than that of sample B and C during the ion irradiation. Considering
the effect of heating time on the microstructure evolution, sample B
and C were annealed for a corresponding time at 650  C after
irradiation. In this study, the He ions energy was selected based on
a destination that the peak of helium concentration appeared
approximately at the same depth with the damage peak caused by
Xe ions. Therefore, the interaction among the irradiated induced
defects, such as dislocation loops, precipitates and helium bubbles
can be clearly investigated in the peak damage region. The proﬁles
of irradiation damage and xenon/helium concentration caused by
respectively Xe and He ions are shown in Fig. 2. These proﬁles were
obtained using SRIM-2013 software [22] with the “K-P quick
calculation” and atomic displacement energy of 40 eV [23].

Fig. 2. The irradiation damage and xenon/helium concentration proﬁles produced by
(a) 7 MeV Xe26þ with a dose of 1.1  1015 ions/cm2 and (b) 400 keV Heþ ions with a
dose of 3  1016 ions/cm2.

3. Results and discussion
3.1. TEM characterization

2.2. Characterization methods
The irradiation induced microstructural evolution of the Hastelloy alloy samples was characterized using a Tecnai G2 F20 TEM
with the accelerating voltage of 200 kV. The cross-sectional TEM
samples were prepared using a focused ion beam (FIB). During
sample preparation, the ﬁnal milling was performed with Ga beam
energy of 5 keV at a current of about 8 pA to avoid the sample
damage induced by Ga ions. In addition, the nano-indentation
hardness of the samples was measured on a G200 nanoindenter
instrument to reveal the link between the microstructural evolution and the irradiation hardening. The experimental hardness was
determined by analyzing load-displacement (P-h) curves using the
Oliver and Pharr method [24]. A diamond Berkovich tip named
TB13989-XP with a radius of 20 nm was used. The maximum
penetration depth was set at 1400 nm. In the study, at least 15
single indents were performed for each sample to ensure the reliability of the measurements.

TEM bright-ﬁeld micrograph for unirradiated sample is shown
in Fig. 3. Almost no other defects were observed except some
dislocation lines in the observation ﬁeld. These pre-existing dislocation lines resulted from the prior heat treatment of the Hastelloy
N alloy [25].

Table 2
The detailed irradiation conditions of the investigated samples.
Sample number

A
B
C
D

Irradiation ions

Unirradiated
Xe
He
Xe þ He

Ions dose (ions/cm2)
He

Xe

e
e
3  1016
3  1016

e
1.1  1015
e
1.1  1015

Temperature (ºC)

650
650
650
650

Fig. 3. Bright-ﬁeld TEM image of the unirradiated Hastelloy N alloy sample, a grain
boundary and some dislocation lines were observed.
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Fig. 4 shows the TEM micrographs of the sample irradiated by
7 MeV Xe26þ ions with a dose of 1.1  1015 ions/cm2 at 650  C. The
insert in Fig. 4(a) was obtained under the overfocus condition.
Combining the experimental condition of Xe ion irradiation, these
white/black dots observed here were believed to be some xenon
bubbles. Similar to the formation of helium bubbles, the enhanced
diffusion and aggregation of xenon atoms may result in the formation of xenon bubbles at 650  C. Fig. 4(c) and (d) show respectively the bright-ﬁeld and weak-beam dark-ﬁeld (g/3g) TEM
micrographs. The weak-beam dark-ﬁeld micrograph was obtained
in the zone-axe close to [011] and the beam of g ¼ ½111. The white
dots in the weak-beam dark-ﬁeld become corresponding dark dots
in the bright-ﬁeld, revealing the formation of Frankel dislocation
loops. The formation mechanism can be explained as follow: The
high energy Xe ion irradiation caused collision cascades and
introduced a lot of point defects [26]. These point defects can cause
the formation dislocation loops or even solute clusters [27]. In
addition, the irradiation-induced precipitates were also observed in
this sample, and some of them were marked by the rectangles in
Fig. 4(c) and (d). Fig. 5 shows the high resolution TEM micrograph
of a precipitate and the selected area electron diffraction (SAED)
patterns from both matrix and precipitate. It is clear that the precipitate has a hexagonal close-packed crystal (HCP) structure. Both
dislocation loops and precipitates can cause the occurrence of lattice distortion. The bright-ﬁeld and dark-ﬁled micrographs of them
are mostly same. These precipitates were distinguished from
 fringes, which prodislocation loops by the appearance of Moire
duced by interference of HCP precipitates in an FCC matrix.
Fig. 6 shows TEM micrographs of the samples irradiated by
400 keV Heþ ions at 650  C with a dose of 3  1016 ions/cm2. A high

Fig. 4. (a) Bright-ﬁeld TEM image of Hastelloy N alloy irradiated by 7 MeV Xe26þ ions
with dose of 1.1  1015 ions/cm2. (c) and (d) were the enlarged micrographs of that in
the box of ﬁgure (b) obtained under the weak-beam dark-ﬁeld (g/3g). Some dislocation
loops and precipitates were marked respectively by red circles and yellow rectangles.
(For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the Web version of this article.)
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number density of nanoscale white dots, distributed mainly in the
depth range of 600e1100 nm from the sample surface, can be
observed. The distribution of these white dots approximately
agrees with the helium concentration proﬁle as shown in Fig. 2(b).
Fig. 6(b) and (c) are the enlarged micrographs of that in the box of
Fig. 6(a) obtained under the underfocus and overfocus conditions.
For the underfocus condition, defects appear as white dots surrounded by black fringes, while for the overfocus condition, the
defects are black and the fringes are white, indicating the formation
of helium bubbles [7]. Taking into account that the irradiation
experiment was performed at a high temperature (650  C), the
diffusion and aggregation of helium atoms should contribute to the
formation of helium bubbles [28]. Fig. 6(e) and (f) are the enlarged
micrographs of that in the box of Fig. 6(d) obtained under the weakbeam dark-ﬁeld (g/3g). The weak-beam dark-ﬁeld micrograph was
obtained in the zone-axe close to [011] and the beam of g ¼ ½111.
The white-dots in the weak-beam dark-ﬁeld (Fig. 6(e)) become the
corresponding dark-dots in the bright-ﬁeld micrograph (Fig. 6(f)),
revealing the formation of some dislocation loops induced by
irradiation. According to the previous study [29], these dislocation
loops mostly are interstitial-type dislocation loops, which preferentially nucleate and grow by absorbing the interstitial atoms.
The TEM micrographs of sample irradiated by Xe þ He ions are
shown in Fig. 7. The black and white dots in the boxes of Fig. 7(a)
obtained under the underfocus and overfocus conditions show the
formation of xenon/helium bubbles, due to the fact that the peaks
of xenon and helium concentrations overlap partially at depths
from 700 nm to 900 nm. The weak-beam dark-ﬁeld micrographs
(Fig. 7(c)) was obtained in the zone-axe close to [011], using the
diffraction condition with g ¼ ½111. Some dislocation loops and
precipitates in the case was marked by the red circles and yellow
rectangles respectively in Fig. 7.
The sizes of defects were measured based on the imaged TEM
micrographs using the software of Nano Measurer in this study. The
mean diameter and number density of bubbles, dislocation loops
and precipitates at the peak damage regions (from 700 nm to
900 nm) are shown respectively in Fig. 8. In the sample irradiated
by Xe þ He ions, both xenon and helium bubbles with the similar
size range can be formed at the irradiation damage region.
Considering that helium ion irradiation has slight effect on the preexisted xenon bubbles caused by Xe ion irradiation, here, the information of xenon bubbles in the individual Xe ion irradiation case
were assumed as the background. The background deduction was
then performed for the sample irradiated by Xe þ He ions, thus to
obtain the helium bubbles information in this case. To measure the
thickness of TEM samples, the convergent beam electron diffraction
experiments were performed. The mean diameter of helium/xenon
bubbles for samples irradiated by Xe, He and Xe þ He ions are
around 2.25, 3.18 and 1.53 nm, with the corresponding number
density of 0.89  1023/m3, 4.42  1023/m3 and 2.19  1023/m3,
respectively. Moreover, the mean diameter of dislocation loops for
sample irradiated by Xe, He and Xe þ He ions are about 3.94, 3.02
and 3.63 nm, with the corresponding number density of
3.16  1022/m3, 2.07  1022/m3 and 1.49  1023/m3, respectively. As
for precipitates in the Xe and Xe þ He ion irradiation cases, the
mean diameter approximately are 10.53 and 10.82 nm, with the
number density respectively of 1.72  1022/m3 and 2.07  1022/m3.
The signiﬁcant difference in mean size and number density of
the irradiation induced defects can be attributed to the huge difference in the vacancy supply and the defect interactions. The
schematic drawing of the defects evolution in the irradiated samples is shown in Fig. 9. In the Xe ion irradiation case, abundant
vacancies and interstitial atoms were introduced due to the highenergy heavy ion irradiation. Most of vacancies and interstitials
encountered each other via their diffusions and then annihilated.
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Fig. 5. (a) High resolution TEM micrograph of a precipitate and (b) the SAED patterns from both matrix and precipitate.

Fig. 6. (a) and (d) were bright-ﬁeld (BF) TEM images of Hastelloy N alloy irradiated by
400 keV Heþ ions with dose of 3  1016 ions/cm2. (b) and (c) were the enlarged micrographs of that in the box of ﬁgure (a) obtained under the underfocus and overfocus
conditions showing the formation of helium bubbles. (e) and (f) obtained under the
weak-beam dark-ﬁeld (g/3g) and corresponding bright-ﬁeld micrographs showing the
formation of dislocation loops marked by red circles. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this
article.)

These surviving point defects evolve into dislocation loops and
defect clusters (Fig. 9(a)). It should be noted that the interstitial
atoms migrate easier because of their lower migration energy.
Hence, these dislocation loops are generally considered as
interstitial-type dislocation loops resulted from these surviving
interstitial atoms. As for the sample irradiated by He ions, growth of
helium bubbles can only depend on bubble migration and the
diffusion of helium atoms and vacancies at 650  C [30] (Fig. 9(b)).
In the Xe þ He ion irradiation case, the stable vacancy-type
defects such as SFT and vacancy clusters can capture helium
atoms and further evolve into embryonic helium bubbles during
the subsequent He ion irradiation. Abundant bubbles could
nucleate and further grow at these nucleated sites (Fig. 9(c)). The
size distribution of helium bubbles in the Xe þ He ion irradiation
case was shown in the Fig. 10. It is obvious that more than 70% of

Fig. 7. (a) Bright-ﬁeld TEM image of Hastelloy N alloy pre-irradiated by 7 MeV Xe26þ
ions and irradiated subsequently by 400 keV Heþ ions with dose of 1.1  1015 ions/cm2
and 3  1016 ions/cm2, respectively. The boxes in ﬁgure (a) were got under the
underfocus and overfocus conditions showing the formation of bubbles. (c) and (d)
obtained under the weak-beam dark-ﬁeld (g/3g).

detected helium bubbles in the Xe þ He ion irradiation case was
smaller than 2 nm. It can be reasonably deduced that quite part
helium bubbles may too small to detected by TEM due to the
limited resolution. The number density of helium bubbles in the He
ion irradiated sample is higher than that in Xe þ He ion irradiated
sample may be explained by this point. Accordingly, the mean size
of helium bubbles in the Xe þ He ion irradiation case was smaller
than that in the only He ion irradiation case. Moreover, because the
vacancies were largely depleted in the process of helium bubble
nucleation, these embryonic bubbles could grow by absorbing
migrating helium interstitials and simultaneously pushing out the
self-interstitial atoms. Then self-interstitial atoms evolved into
small self-interstitial clusters. Successive helium bubbles growth
was called self-induced bubble growth. The mechanism has been
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Fig. 8. The mean diameter and number density of bubbles, dislocation loops and precipitates in the irradiated Hastelloy N alloy at the damage region of 700e900 nm in depth.

Fig. 9. Schematic drawing of the defects evolution in samples irradiated respectively by (a) Xe, (b) He and (c) Xe þ He ions.

the process of self-induced bubble growth could also introduce
abundant dislocation loops during the subsequent He ion irradiation. These three processes can contribute to the increase in
number density of dislocation loops. Thus, this value in the sample
irradiated by Xe þ He ions was much higher than that of other
samples. The explanation agrees well with the calculated results
(Fig. 8).
During the irradiation at 650  C, the diffusion capacity of solute
atoms of Mo and Cr was enhanced [7]. After Xe ion irradiation, the
precipitates formed because of rearrangement of the solute atoms.
As for the He ion irradiation case, the dpa level was too small to
induce the formation of precipitates. Thus, the mean diameter and
the number density of precipitates in the Xe ion irradiation case
were almost equal to that of the Xe þ He ion irradiation case. These
results evidence the presence of interaction among the irradiation
induced defects, such as dislocation loops, precipitates and He
bubbles.

Fig. 10. Helium bubble size distribution in the samples irradiated by He and Xe þ He
ions.

found in palladium (FCC) [31]. In addition, it also has been investigated by applying the molecular dynamics on tungsten at 2000K
[32]. In the face-centered cubic metals, small self-interstitial clusters containing more than 13 interstitial atoms tended to form twodimensional platelets, which probably evolved into dislocation
loops [33] (Fig. 9(c)). It can be deduced that plenty of smaller
dislocation loops would form in the Xe þ He ion irradiation case. In
the process of pre-irradiation by Xe ions and subsequent He ion
irradiation, a lot of dislocation loops were introduced. In addition,

3.2. Nanoindentation measurements
It has been accepted that the ion irradiation induced defects can
pin dislocations and inhibit the free motion of dislocation lines,
resulting in the increasing of yield stress and thus leading to the
hardening of the material [26]. However, the depth of ion penetration varies usually from nanometer to micrometer, which causes
small and ultra-small scale materials testing to become a useful tool
for testing the mechanical property changes on ion beam irradiated
materials. Nano-indentation test is widely used for the study on
mechanical properties of ion beam irradiated materials at nanoscale [34].
The average nanohardness values versus the indentation depth
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of the unirradiated and irradiated samples have been plotted, as
shown in Fig. 11. It's noted that the measured hardness values were
not accurate when the indented depth was less than dozens of
nanometers due to the surface effect [35]. Hence, the data at near
surface should be ignored. Here, for values in the depths larger than
70 nm, the hardness decreases slightly with penetration depth. This
could be explained with a model developed by Nix and Gao [36].
This model was based on the concept of geometrically necessary
dislocation, which predicted the hardness-depth proﬁle as follows:

H ¼ H0

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
h*
1þ
h

(1)

where H0 is the hardness in the limit of inﬁnite depth, h* is a
characteristic length which depends on the material and the shape
of the indenter tip. The parameter h* can be considered to be a
constant for a given material and indenter. The equation shows that
the hardness value decreases gradually as the indentation depth
increases, which is agree with the measured average nanoindentation hardness values, as shown in Fig. 11.
The hardness of the irradiated samples is higher than that of the
unirradiated sample, as shown in Fig. 11. It is clear that the samples
irradiated by Xe þ He ions and He ions have respectively the
maximum and minimum nanohardness increments. A study has
reported that the hardness measured by the Berkovich diamond
indenter tip is not the ‘true’ hardness, which is in the region
extending to about six or seven times of the indenter's contact
depth [37]. Kasada et al. [38], reported a new method to extrapolate
the nanohardness of a material irradiated by ions. The hardness
data were plotted as H2 versus 1/h, as shown in Fig. 12. The curve
showed a good linearity in the range of h > 75 nm for the unirradiated sample. The nominal hardness was obtained by the numerical ﬁtting method. As for the samples irradiated by Xe ions, He
ions and Xe þ He ions, bilinearity with a shoulder (hc) appeared
respectively at depth about 261, 218 and 231 nm. The radius of
elastic-plastic zone is about six to seven times of the critical
indentation depth in this study and it agrees well with the previous
study [37].
The nominal nanohardness (H0) of the unirradiated Hastelloy N
alloy sample and also the irradiated samples within the corresponding damage regions were calculated, as shown in Table 3.
Moreover, the nanohardness increments (DH) deﬁned by the value

Fig. 12. Curves of H2-1/h for average nanoindentation hardness of the Hastelloy N alloy
unirradiated, irradiated by Xe, He and Xe þ He ions.

Table 3
The nanohardness (H0) and nanohardness increment (DH) of the investigated
samples.
Sample

A

B

C

D

Combined

H0 (Gpa)
DH (Gpa)

3.08
e

4.67
1.59

4.2
1.12

5.6
2.52

e
1.94

difference of H0 between the irradiated and unirradiated samples
were also given in the table. The calculated H0 of the investigated
samples were 3.08, 4.67, 4.2 and 5.6 Gpa, respectively. TheDH
values for the three irradiation cases were measured to be 1.59, 1.12
and 2.52 Gpa, respectively.
Using the method described in Ref. [7], the nanohardness increase in the two individual irradiation cases can be combined as

DHcombined ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
DH2Xe þ DH2He

WhereDHXe and DHHe are respectively the hardness increment of
the samples irradiated by Xe and He ions with respect to the unirradiated sample. The DH values for the three irradiation cases as
well as the calculated DHcombined (1.94 Gpa) were plotted, as shown
in Fig. 13. DHXeþHe is about 30% larger than DHcombined. It has been
accepted that the irradiation induced defects (xenon/helium bubbles, dislocation loops and precipitates) were the origins of the
sample hardening after irradiation. The yield strength increment
due to these defects could be calculated based on the dispersed
barrier hardening (DBH) model [7] with the following equation:
1

Dsp ¼ a,M,m,b,ðN,dÞ2

Fig. 11. The average nanhardness versus the indentation depth of the unirradiated and
irradiated Hastelloy N alloy samples by respectively Xe, He and Xe þ He ions.

(2)

(3)

where a is the obstacle strength, varied from 0 to 1, which strongly
depend on the type of defects. According to Ref. [39], the value of a
should be 0.2 for small bubbles, 0.2 for small loops and 1 for precipitates. Assuming these values are also applicable in this study on
the basis that the Hastelloy N alloy has the FCC crystal structure
same as the austenitic alloy. M is the Taylor factor (3.06 for FCC
metal), m is the shear modulus (83.2 GPa for the Hastelloy N alloy), b
is the module of the Burgers vector (0.254 nm), N and d are
respectively the defect number densities and their mean size.
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deduced that the irradiation hardening of the sample is mainly
caused by the presence of irradiation-induced defects. Note that
there is a bias between ratio of calculated hardness increment and
ratio of DH. The bias is mainly from the following aspects. Firstly,
the thickness of thin foil samples was estimated to be about dozens
of nanometers. In fact, the thickness of each observed region of thin
foil samples was not the same. Secondly, only several TEM images
were randomly selected to determine the mean size and the
number density of defects. Thirdly, there are some extremely small
He bubbles in the Xe þ He irradiated sample which can be hardly
detected by TEM, whereas these invisible He bubbles could also
contribute to the hardening. According to the above results, these
calculated harnesses are approximately consistent with the nanohardness results. These results indicate the presence of synergistic
effects in the defects evolution and hardening of the Hastelloy N
alloy irradiated by Xe þ He ions.

Fig. 13. Nanohardness increments of the irradiated Hastelloy N alloy samples. Here,
the value of combined single ion irradiation case was given also for a comparative
purpose.

Considering that all xenon/helium bubbles, dislocation loops and
precipitates will cause the yield strength increment, the value of
Dsptotal can be calculated using the following equation:

Dsptotal ¼



Dsbubble
p

2



þ Dsloop
p

2



þ Dsprecipitate
p

2 12

(4)

Table 4 shows the Dsp in the all irradiated samples and the
ratios of yield strength increment and nanohardness increment. For
the samples irradiated by He ions, Xe ions and Xe þ He ions, the
calculated yield strength increments are respectively 496 MPa,
loop
902 MPa and 1059 MPa. It should be noted that the value of Dsp is
the largest in the sample irradiated by Xe þ He ions. Actually,
except for these dislocation loops introduced in the process of preirradiation by Xe ions, subsequent He ion irradiation and the process of self-induced bubble growth could also introduce abundant
dislocation loops during the subsequent He ion irradiation. These
three processes can contribute to the increase in number density of
dislocation loops, causing the much higher value of Dsloop
than that
p
of other samples. The ratio of Dsp among the different samples is
around 1 : 1:82 : 2:14. In addition, the ion irradiated induced
nanohardness increment measured by nanoindentation is also
given for comparison purpose. The corresponding ratio of DH is
around 1 : 1:42 : 2:25. It should be noted that the ratio of Dsp
calculated based on the detected defects was basically consistent
with the radio of DH. Taking into account that the yield stress of
materials is proportional to the hardness, it can be reasonably

Table 4
Summary of the calculated yield strength increment and the ratios of yield strength
increment and nanohardness increment.
Sample

Defect

Dsp (MPa)
Individual

Total

He irradiation

Small bubble
Small loop
Small bubble
Small loop
Precipitate
Small bubble
Small loop
Precipitate

485
102
183
144
871
307
301
968

496

1.12

902

1.59

1059

2.52

Xe irradiation

Xe þ He irradiation

Ratio

DH (GPa)

Xe
XeþHe ¼
DsHe
p : Dsp : Dsp
1 : 1:82 : 2:14DHHe : DHXe : DHXeþHe ¼ 1 : 1:42 : 2:25

4. Conclusion
In this study, TEM was used to characterize the interaction of
microstructural evolution of the Hastelloy N alloy irradiated using
He ions, Xe ions and Xe þ He ions. The nanoindentation was performed to evaluate the irradiation induced hardening. The main
conclusions are as follows:
(1) In the sample irradiated subsequently by Xe and He ions,
high abundant nucleated sites for helium bubbles caused by
pre-Xe ion irradiation will lead to the formation of higher
amount but smaller size helium bubble in the sample. It
should be noted that more than 70% of detected helium
bubbles in the Xe þ He ion irradiation case was smaller than
2 nm. It can be reasonably deduced that quite part helium
bubbles may too small to detected by TEM due to the limited
resolution. This can well explain the experiment result that
the number density of helium bubbles in the He ion irradiated sample is higher than that in both ion irradiated sample.
(2) Comparing with the cases of individual ion irradiation, the
number density of dislocation loops was much higher in the
sample irradiated by Xe þ He ions. That's because the pre-Xe
ion irradiation, subsequent He ion irradiation and selfinduced bubble growth during He ion irradiation can lead
to the formation of dislocation loops in sample. These three
processes can contribute to the increase in number density of
dislocation loops.
(3) The measured nanohardness increment (DH) for sample
irradiated by Xe þ He ions was larger than that of the combined single ion irradiation cases (DHcombined). In addition,
Xe
XeþHe is about 1:1.82:2.14, which
The ratio of DsHe
p : Dsp : Dsp
approximately
agrees
with
the
ratio
of
DHHe : DHXe : DHXeþHe (1:1.42:2.25). These results indicate
the presence of synergistic effect in the hardening of the both
ions irradiated sample.
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