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SPECIAL TOPIC — Ion beam modification of materials and applications
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The GH3535 alloy samples were irradiated using 15-MeV Te*T ions at 650 °C to a dose of 0.5, 3.0, 10, and 20 dpa, re-
spectively. The Te atoms distribution and microstructure evolution were examined by electron probe microanalysis (EPMA)
and transmission electron microscopy (TEM). The nano-indenter was then used to measure the nano-hardness changes of
samples before and after irradiation. TEM results showed the formation of dislocation loops in the irradiated samples.
Their mean diameters increase with the increase of irradiation dose and tends to be saturated when irradiation dose exceeds
10 dpa. The ratio of yield strength increments calculated by dispersed barrier hardening (DBH) model is basically consistent
with that of nano-hardness increments measured by nano-indenter. In addition, the relationship between the nano-hardness
increments and dpa for the GH3535 alloy irradiated by Te ions has been revealed in the study.

Keywords: GH3535 alloy, Te ions irradiation, microstructural evolution, irradiation hardening

PACS: 61.80.Lj, 61.82.—d, 61.80.Jh, 28.41.Qb

1. Introduction

The molten salt reactor (MSR) system is one of the gener-
ation IV reactors which provides inherent safety (operating at
low pressure), high efficiency, and simplified fuel cycle.!!=3!
However, the deployment of MSR systems is currently hin-
dered by the availability of structural materials capable of
withstanding combination of harsh operating conditions (high
temperature, molten salt corrosion, and neutron radiation) for
an extended period of time. For instance, the neutron irradia-
tion damage is expected to reach 100 dpa for the core compo-
nents while the operation temperature is expected to reach of
above 750 °C.[+3

The Ni—-Mo—Cr Hastelloy-N alloy developed by Oak
Ridge National Laboratory (ORNL) during the Molten-Salt
Reactor Experiment (MSRE)!%! in the 60’s is still considered
as one of the most promising candidate structural materials for
MSR due to its outstanding corrosion resistance.3! Recently,
China has produced a domestic product of the Hastelloy N al-
loy (GH3535) intended for use in Chine Thorium Molten-Salt
Reactor (TMSR).!”! Since, the irradiation damage of these al-
loys is of paramount importance, a number of researches have
used ion irradiation as a surrogate for expected neutrons. [8-11]
For instance, in our previous work!'?! we showed the temper-
ature effect on the radiation damage in Ni-Mo—Cr (GH3535)

DOI: 10.1088/1674-1056/abf039

alloy weld metal by 8-MeV Ni** ion irradiation. Similarly,
the microstructural changes induced by Xe?** ions irradia-
tion with a dose of up to 10 dpa at different temperatures in
GH3535 alloy has been investigated in Ref. [13].

In the present study, we aim to build upon our previous
work by using Te** ions for irradiation. Te is of particular in-
terest in MSR because it is one of the fission products known
to cause an embrittlement of Ni-based alloys.!'*l GH3535 al-
loy samples were Te** ion (15 MeV) irradiated at 650 °C. The
irradiation hardening and microstructural evolution were then
characterized by nano-indentation and transmission electron
microscopy (TEM), respectively. The thicknesses of TEM
samples were determined by the convergent beam electron
diffraction (CBED) method. The thickness of sample S;, S4
and Ss are about 100 nm and the thickness of sample S3 is
about 71 nm. The irradiation hardening was also estimated
using dispersed barrier hardening (DBH) model based on the
TEM micrographs. Moreover, the elements distribution of
unirradiated and irradiated samples was characterized by elec-
tron probe microanalysis (EPMA).

2. Experimental details

The chemical composition of the studied Ni-Mo-Cr
GH3535 alloy is shown in Table 1. Five samples (S;_s) with
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nominal dimensions of 5 mmx5 mmx1 mm were precision-
cut using electrical discharge machining before being progres-
sively polished to the EBSD standards. Samples (S,_s) were
then irradiated with 15-MeV Te** ions at 650 °C to the flu-
ence of 2.25x 10 (S2), 1.35x 1015 (S3), 4.50x 10! (S4), and
9.00x 10" (S5) ions/cm?, respectively. Their peak damages
are 0.5 dpa (S7), 3.0 dpa (S3), 10 dpa (S4), and 20 dpa (S5), re-
spectively, as predicted by SRIM-2013 using Kinchin—Pease
Method.!'3] Note that S; sample was kept in the unirradi-

ated solution-annealed condition and is used as a reference
throughout this paper. Figure 1 shows the Te concentration
and dpa profile as a function of depth (the distance from the
irradiated surface). Based on SRIM simulations in Fig. 1 it is
expected that the maximum penetration depth of Te atoms is
< 3000 nm, while the Te concentration peak is at the depth of
about 2250 nm and the peak damage is at the depth of about
1950 nm.

Table 1. The chemical composition of the as-received GH3535 alloy (in unit wt%).

Elements Ni Mo Cr Mn Si C, W, Ti, Al, Co, S,P,N
wit% Bal. 16.50 6.96 0.71 0.46 <0.1
1600 . . . — 3. Results and discussion
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Fig. 1. SRIM predictions of (a) Te atomic concentration and (b) radiation-
induced displacement damage for GH3535 alloy at following Te** ion flu-
ences: 2.25x 10!, 1.35 x 1015, 4.50x 10'3, and 9.00x 10' ions/cm?.

The Te distribution in the post-irradiated samples was an-
alyzed using the electron probe microanalysis (EPMA, SHI-
MADZU 1720) while the microstructural evolution was stud-
ied using transmission electron microscope (TEM, FEI Tecnai
G2 F20). The cross-sectional TEM samples were extracted
from perpendicular to the irradiated surface using a focused
ion beam (FIB, FEI Helios Nano-lab 600) system with the
model of Helios. Lastly, we performed nanoindentation (G200
nanoindenter) in order to infer the radiation-induced harden-
ing of the alloy. The continuous stiffness measurement (CSM)
mode was employed to obtain the profile of nanohardness
depth dependence.

Figure 2 presents the cross-section Te maps (EPMA) of
four samples S; (unirradiated), S3 (3 dpa), S4 (10 dpa), and S5
(20 dpa). No Te atoms (above the background noise) were de-
tected in the S (unirradiated), S, (0.5 dpa, not shown in Fig. 2)
and S3 (3 dpa) samples. These results suggest that EPMA is
not sensitive enough to detect the small amount of Te atoms
(Fig. 1) in S; and S, samples having Te peak concentration of
~ 35 appm, and ~ 210 appm, respectively. In the S4 (10 dpa,
~ 710 appm) and S5 (20 dpa, ~ 1410 appm) samples the layer
of increased Te concentration is clearly visible see Figs. 2(c)
and 2(d).
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Fig. 2. The Te element distribution mappings of (a) the as-received sample
and these irradiated samples with irradiated dose of (b) 3 dpa, (c) 10 dpa, and
(d) 20 dpa.

However, interestingly the peak Te concentration is de-
tected in the depth of about 2700 nm, while the SRIM pre-
dictions shown in Fig. 1 suggest the peak Te concentration at
the depth of about 2250 nm under the surface. It is believed
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that the observed discrepancy between the simulations and the
observations is caused by the thermal diffusion of Te atoms
during high temperature (650 °C) irradiation. Note that the
SRIM calculation does not take into the account the temper-
ature effect.!'”! In addition, the calculation process of SRIM
does not consider the cumulative effect of damage. This calcu-
lation method assumes that the displacement energy of atoms
would not change during the entire irradiation process. In
fact, as long as there is local damage, the atoms displace more
easily due to looser coupling between the crystal lattices. In
other words, the displacement energy of atoms in the irradia-
tion damage region will gradually decrease as the irradiation
progresses. Hence, the peak of Te concentration detected by
EPMA results is deeper than the SRIM prediction.

The TEM micrograph of the entire irradiation-damage
layer of the sample S, (0.5 dpa) is shown in Fig. 3(a). It can be
seen that the peak damage is located at the depth from about
1800 nm to 2100 nm, which is in agreement with SRIM cal-
culations as shown in Fig. 1. Hence, unlike the depth (posi-
tion) of the Te peak concentration, the position of the peak
damage seems to be unaffected by the temperature. Inserts in
Figs. 3(b) and 3(c) show TEM micrographs of the peak dam-
age region obtained with the zone-axis close to [011] under
the beam condition g = [111]. The white dots in Fig. 3(b)
(weak-beam dark-field micrograph) become dark in Fig. 3(c)
(bright-field micrograph) indicating the formation of disloca-
tion loops, some of the formed dislocation loops are marked
by red circles to help the guide the eye.

1800/

1§ \\\\

Fig. 3. (a) TEM bright-field micrograph of the sample S, after 15-MeV Te to 0.5 dpa. Weak-beam dark-field (g/3g) micrograph (b) and the
corresponding bright-field micrograph (c) showing the formation of dislocation loops.

It is well known that during ion irradiation process, ma-
trix atoms are knocked out from their equilibrium positions
by impacting ions, resulting in the formation of interstitials
and vacancies.!'%! In the process of diffusion, these point de-
fects may encounter each other leading to formation of inter-
stitial and vacancy defect clusters or annihilation of vacancy-
interstitial pairs.!!”! Formed point defect clusters can then act
as embryos for dislocation loops.!!8] Compared with vacancy-
type dislocation loops, interstitial-type dislocation loops are
easier to form and grow due to the lower activation energy of
migration of interstitial clusters.!”]

Figure 4 shows the bright-field and weak-beam dark-field
(g/3g) micrographs of the samples S3 (3 dpa), S4 (10 dpa), and
Ss (20 dpa). These micrographs were obtained in the zone-
axis close to [011] under the beam [111] (g) condition. It can
be seen that the number of observed dislocation loops is pro-
portional to the irradiation dose — increasing from S3 to Ss. In
the sample S3 (3 dpa) the dislocation loops are relatively dis-
persed and easily distinguished while in the S4 (10 dpa) and
Ss (20 dpa) samples, cascade collisions led to significantly
greater number of dislocation loops which are harder to dis-

tinguish. In order to evaluate the size and density of formed
dislocation loops we have Nano-Measurer software!'?! to ana-
lyze collected TEM micrographs.

Table 2. The mean diameters and number densities of dislocation loops
in samples S2, S3, S4, and S5.

Sample Mean diameter (nm) Number density (102 m™3)
S2 4.41+2.12 8.20+0.25
S3 5.24+1.70 10.32+0.34
S4 6.924+2.18 15.76+0.35
S5 6.79+2.20 19.96+0.40

The mean diameter of formed dislocation loops together
with their density are shown in Fig. 5 and summarized in Ta-
ble 2. It became clear that the density of dislocation loops in-
crease with increasing irradiation dose, while their mean diam-
eter is initially increasing with the dose but saturates at 10 dpa
reaching about 7 nm. This observation can be explained as
follows. In the process of ion irradiation, a concentration gra-
dient of point defects will be established between the position
closing to fixed sinks and the position far away from these
sinks.['?) The gradient can maintain a flow of point defects
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towards these sinks to increase the mean diameters of solute
clusters or dislocation loops!!?) When the defect clusters grow
to a certain size, such gradient will disappear. In other words,
further ion irradiation will not lead to larger dislocation loops.

0 1000 2000

2000 3000

0 1000

0 1000 2000 3000

Fig. 4. TEM micrographs of the samples S3 ((al)—(a3)), S4 ((b1)—(b3)), and
Ss ((c1)—(c3)).

It is generally accepted that irradiation defects can pin
the movement of dislocations leading to irradiation-induced
hardening, which is typically accompanied by the loss of
ductility. ?%211 In order to estimate the effect of the irradiation-
induced hardening we performed nano-indentation measure-
ment on post-irradiated samples. To ensure that the measured
nano-hardness come from different grains, the distance be-
tween indentations was set above 80 pum (larger than reported
grain size!!3). We have performed at least 7 indents on each
sample to check the reliability of the measurement.

The typical indentation-depth profiles of the nano-
hardness measurement are shown in Fig. 6. It can be seen that
at the indentation depth /# > 40 nm, nano-hardness decreases

with increasing indentation depth. Such depth-dependent

nano-hardness behavior is known to be caused by the indenta-
tion size effect (ISE).[22! In addition, nano-hardness increases
with increasing indentation depth within 42 < 40 nm, which is
defined as inverse ISE.[?*] The ISE can be explained by Nix—

Gao model as the following equations: >*]
h*
H=Ho\[ 1+, )

where H is the nano-hardness in unit of GPa for a given inden-
tation depth, Hy is the nano-hardness at infinite depth in unit
of GPa that can be referred to the bulk hardness, 4 is the inden-
tation depth and A* is a characteristic length which depends on
the material and the shape of indenter tip, # and h* are both in
units of nm.
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Fig. 5. (a) The mean diameters and (b) number densities of dislocation loops
in samples Sy, S3, S4, and Ss.
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Fig. 6. Indentation depth dependence of the nano-hardness in the as-received
sample.

Figure 7 presents the average nano-hardness as a function
of the indentation depth in the unirradiated (S;) and irradiated
(S2, S3, S4, Ss) samples. In order to eliminate the uncertainty
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caused by the surface contamination and complex indenter tip
interaction,!?>! we have ignored measurements within 100 nm
from the surface. Compared with the unirradiated sample, the
irradiated samples exhibit clear hardening. It can be also found
that the degree of hardening increases with an increasing irra-
diation dose. It is due to the fact that there are more irradiation
defects in the sample under higher ion dose irradiation, which
is consistent with results shown in Fig. 5. It has been con-
firmed that when the indenter presses on the sample surface, a
hemispherical plasticity affected region will be formed below
the indenter.?®! The radius of this plasticity affected region
is approximately 6 to 7 times of the indentation depth.>’! In
the other words, the nano-hardness value at a certain depth is
the superposition of the nano-hardness of the entire plasticity-
affected region. In order to infer the bulk hardness for irradi-
ated materials, Kasada et al. adopted a new method, 8! where
the hardness data are plotted as shown in Fig. 7(b). The curve
for the unirradiated sample shows a good linearity, whereas
the curves for irradiated samples seem to have a bilinear char-
acter with a shoulder (4) at about 460 nm. In this study, the
critical indentation depth of 460 nm is around 1/7 to 1/6 of the
damage layer, which agrees with previous study in Ref. [27].
When the indentation depth is beyond the critical indentation
depth, a contribution of softer unirradiated region to the mea-
sured hardness cannot be neglected. The bilinear behavior in
these irradiated samples is due to the softer substrate effects
(SSE), which is discussed extensively in Refs. [29,30].
Hence, the bulk hardness can be obtained by the extrap-
olation of hardness data using the least squares fitting in the
range of 100 nm < & for the unirradiated sample and in the
range of 100 nm < & < 460 nm for the irradiated samples.
The H values for samples Si, Sp, Sz, S4, and S5 are 2.42,
3.51, 3.62, 4.56, and 5.00 GPa, respectively. In the study, the
nano-hardness increment (AH) was defined by the value dif-
ference of Hy between the irradiated and the unirradiated sam-
ples. The calculated values of AH for samples S», S3, S4, and
S5 are 1.09, 1.20, 2.14, and 2.58 GPa, as shown in Fig. 8. The
nano-hardness increments tend to saturate at high nominal ion

irradiation dose and follow the following rules:!'?!

AH = a-dpa”, )

where AH is the nano-hardness increment in unit of GPa, a and
b are the fitting parameters. The values of a and b obtained by
nonlinear curve fitting are 1.5 and 0.30, respectively. In the

[12] the values of b given by Huang et al. in

previous study,
GH3535 alloy weld metal irradiated by nickel ions is approx-
imately equal to 0.2. This difference may be due to the differ-
ent microstructure (weld metal versus solution-annealed) and
different irradiation conditions, such as type of ions and ion

energy.
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Fig. 7. Plots of (a) H—h and (b) H?-1 /h for the as-received sample and
irradiated samples.

The yield strength increment induced by irradiation de-
fects can be estimated using the so-called dispersed barrier
hardening (DBH) model[3!-3%]

Aopgn=0-M-u-b-(N-d)"/?, ?3)

where « is the defect barrier strength, M is the Taylor fac-
tor (3.06 for fcc metal). For dislocation loops, the value of
a should be 0.2.131 y is the shear modulus (83.2 GPa), b
is the Burgers vector’s module (0.254 nm), N and d are the
number densities and mean diameters of dislocation loops.
According to Eq. (3), the increments of yield strength for
samples Sy, S3, S4, and S5 are 272.40, 300.46, 427.65, and
476.60 MPa, respectively. The ratio of Ac among the irradi-
ated samples is 1:1.10:1.57:1.75. Based on the test results of
nano-indentation, the ratio of AH for the irradiated samples
is 1:1.10:1.96:2.37. Taking into account that AH is propor-
tional to Ac, ¥ the ratios of AH and Ac among the irradiated
samples should be basically the same. In the study, the two
ratios are roughly the same, although there are some differ-
ences, which are mainly due to the following reasons: In Sy
and S5 samples, the high ion irradiation dose can produce a
large number of dislocation loops. These dislocation loops are
stacked in a disorderly manner, which brings certain difficul-
ties to statistical work. In addition, there are some very small
dislocation loops that were hardly detected by TEM will also
contribute to the irradiation hardening.
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Fig. 8. The nano-hardness increment versus nominal ion irradiation
dose.

4. Conclusion

In the present study, the GH3535 alloy samples were ion
irradiated using 15-MeV Te** at 650 °C to a dose of 0.5 dpa
(sample S;), 3.0 dpa (sample S3), 10 dpa (sample S4), and
20 dpa (sample Ss), respectively. The concentration of im-
planted Te atoms in post-irradiated conditions was measured
using EPMA, while the microstructure evolution was studied
using TEM. Finally, we have employed nano-indentation to
infer the ion-induced hardening of the studied alloy, respec-
tively. The conclusions can be summarized as follows:

(i) The peak depth positions of the Te peak concentra-
tion is underestimated by SRIM calculations, the calculated
Te concentration peak is at the depth of 2250 nm, while the
EPMA analysis showed that the Te peak concentration is at
the depth of about 2700 nm. This discrepancy between the
experimental results and SRIM simulations is believed to be
caused by thermally driven diffusion of Te atoms.

(i) It is shown that the Te** irradiation leads to the for-
mation of dislocation loops. In the process of large ion dose
irradiation, the disappearance of the point defects concentra-
tion gradient leads to the mean diameter of dislocation loops
in samples S4 and S5 are almost unchanged.

(iii) The ratio of the yield strength increments calculated
by DBH model among the irradiated samples is roughly the
same as that of the nano-hardness increments measured by
nano-indenter. In addition, the 0.3 power law dependence
of the nano-hardness increments on dpa is obtained for the
GH3535 alloy samples irradiated by Te ions.
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