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In present study, TEM foils of Ni-Mo-Cr alloy were directly irradiated with 30 keV Ar ions to allow direct
characterization. The defects evolution and element segregation after irradiation were investigated by
TEM and HAADF-EDS linear scanning. At low irradiation doses (1.38 and 2.76 dpa), black dots were
formed and grew with increasing dose. Complicated defects including peas-shaped dislocation loops,
polygon dislocation networks and large loops were visible in samples irradiated to high doses (13.8 and
27.6 dpa). Meanwhile, dislocation channels appeared, in which defects were swept out. Signiﬁcant Mo
depletions at dislocation lines and grain boundaries were induced by irradiation due to large misﬁts
between Mo-Ni atoms and high content of Mo.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Ni-Mo-Cr alloy has been selected as the structural material for
molten salt reactor (MSR) by Oak Ridge National Laboratory (ORNL)
in USA and Shanghai Institute of Applied Physics (SINAP) in China
because of its excellent corrosion resistance in ﬂuoride molten salt
[1e3]. Besides corrosion, structural components would also suffer
neutron bombardment, generating various defects such as vacancies, interstitials, voids, He bubbles and dislocation loops, which
could inﬂuence the structural stability, the mechanical properties
and corrosion behavior of the irradiated materials [3e6]. In addition, radiation induced segregation (RIS) was reported to cause the
enrichment or the depletion of alloying elements in austenitic
stainless steel and ferriticemartensitic alloys, which were related
to stress corrosion cracking and embrittlement of alloys [7e10]. Up
to now, several studies have been reported to investigate the defects, He bubbles and hardening of Ni-Mo-Cr alloys [11e14]. However, there were few researches about the RIS of Ni-Mo-Cr alloy.
Ion irradiation is effective to simulate neutron irradiation
without inducing radioactivity on alloys [15], and Transmission
electron microscope (TEM) is widely used to characterize the ion
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irradiation induced defects [10e14]. Most of the TEM samples were
prepared from irradiated bulk samples using focused ions beam
(FIB) or ion milling, which may destroy the microstructure caused
by virgin irradiation and lead to new defects. One possible way to
eliminate this inﬂuence is to directly irradiate TEM foils, which
have been prepared by twin-jet electropolishing before irradiation.
Then the irradiated TEM foils can be directly characterized by TEM
without further treatment. In our previous work [11], TEM foils of
Hastelloy-N alloy were irradiated by 300 keV Ar ions and the
penetration depth was 280 nm. It is noticed that the common
thickness of region for TEM observation is only about 50e80 nm.
Therefore, the morphology of defects might not reﬂect the actual
microstructure in irradiated bulk samples. Considering above issues, in this study, TEM foils of Ni-Mo-Cr alloy were irradiated by
low energy (30 keV) Ar ions to ensure that the irradiation depth
was smaller than the thickness of the TEM observation areas. Then
microstructural evolution and element segregation of the irradiated foils were directly investigated by TEM equipped with energy
dispersive spectroscopy (EDS).
2. Material and methods
Ni-Mo-Cr alloy used in this paper was named GH3535 alloy,
which was provided by Institute of Metal Research (IMR), Chinese
Academy Science. The chemical composition is 70.9Ni-16.5Mo-
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7.1Cr-4.3Fe-0.7Mn-0.5Si (wt. %). The alloy bar was ﬁrstly solution
treated at 1177  C for 0.5 h, followed by water quenching (WQ).
Then discs with the thickness of ~100 mm and the diameter of 3 mm
were prepared from the alloy bar. After that, the discs were electropolished into standard TEM foils in 5% HClO4 and 95% CH3OH
solution at about 30  C using a MTPA-5 twin-jet electropolishing
machine.
Then the samples were irradiated with 30 keV Ar ions at room
temperature using a 100 keV isotope separator located at the
Shanghai Institute of Applied Physics, Chinese Academy of Sciences.
The damage level (displacement per atom, dpa) and Ar concentration proﬁles were calculated using the Stopping and Range of
Ions in Matter (SRIM) 2013 software [16] with the displacement
energy of 40 eV [12,13,17]. As shown in Fig. 1, the damage level
(dpa) and Ar concentration increased ﬁrstly with depth, achieving
to the peak at the depth of 7 nm and 13 nm from the surface
respectively, and then decreased with depth rapidly. The injection
depth was about 40 nm. The ion doses were 5  1014, 1  1015,
5  1015 and 1  1016 ions/cm2, and the corresponding peak
damage levels were calculated to be 1.38, 2.76, 13.8 and 27.6 dpa.
The irradiated samples were observed by TEM with the accelerating
voltage of 200 kV. Bright ﬁeld (BF), dark ﬁeld (DF), high resolution
(HR), high-angle annular dark ﬁeld (HAADF) TEM images, selected
area electron diffraction (SAED) and HAADF-EDS were taken to
investigate the formation of defects induced by irradiation.
3. Results
3.1. Defects evolution
Fig. 2(a) shows the TEM image of the unirradiated sample. Grain
boundary can be observed and there were no obvious defects. Twobeam DF image is effective to distinguish irradiation induced defects [18]. In this paper, all two-beam BF and DF images were
captured using 111-type g vectors with grain orientation Z ¼ [011]
for direct comparison, and two-beam SAED diffraction spots were
inserted at the bottom right of the BF images. Fig. 2(b) and (c) show
the BF and DF TEM images of the sample irradiated to 1.38 dpa
under two-beam condition. “Black dots” appeared in BF TEM image
and were changed into “bright dots” in DF images. As irradiation
dose increased to 2.76 dpa, it was seen from Fig. 3 that the density
and size of “black dots” increased. Fig. 3(c) shows the HR TEM
image of these dots. Disordered atoms could be found inside them

Fig. 1. Depth proﬁles of damage level (dpa) and Ar concentration produced by 30 keV
Ar ions irradiation in Ni-Mo-Cr alloy, corresponding to the ion ﬂuence of 5  1014 ions/
cm2.

and lattice fringes were totally distorted, meaning that they were
defect clusters.
Fig. 4(a) shows the low magniﬁcation TEM images of the sample
irradiated to 13.8 dpa. The most striking change was the appearance of many peas-shaped dislocation loops, as marked by arrows.
The sizes of them varied from 10e30 nm. Fig. 4 (b) shows the
zoomed image of dislocations. It was found that besides these welloval-shaped loops, some polygon dislocation networks (marked by
circles) as well as some bowing dislocation lines could also be
observed, which were rarely reported in irradiated Ni-Mo-Cr alloy.
Actually, this kind of polygon dislocation networks widely existed
in this irradiated sample, as shown in Fig. 4(c). Both enclosed and
leaking polygons could be seen. It seems that they were networks
weaved by strings. The maximum size of the polygons could reach
to 100 nm. A high magniﬁcation TEM image of one dislocation loop
with the size of about 30 nm was displayed in Fig. 4(d). It can be
seen that the loop was composed of several curved dislocation
lines, which was similar to polygon dislocation. The differences are
that the size was smaller and the shape was more round. Meanwhile, around the loop, there existed some curved location lines
and large size of black dots.
Fig. 5(a) and (b) show the two-beam BF and DF TEM images with
grain orientation Z ¼ [011] using 111-type g vector. Compared with
the defects in samples irradiated to 1.38 and 2.76 dpa, more
complicated defects including black dots, loops, dislocation lines
and networks were visible in BF image. Polygon dislocation networks were presented as discontinuous lines in DF image. Fig. 5(c)
shows the HAADF image of the irradiated sample. Defect clusters,
dislocation lines (marked by arrows) and loops (marked by circles)
could be well distinguished in HAADF mode. They were displayed
as bright dots, strings and ﬂakes, respectively.
As the dose increased to 27.6 dpa, it is seen from Fig. 6(a) that
high density of dislocation loops with large size (above 30 nm)
could be observed and they were blocked each other. Some loops
only displayed as part of arcs due to the restriction of view angle.
Small dislocation loops and polygon networks almost vanished in
these regions. Another signiﬁcant feature was the appearance of
several white bands, as shown in Fig. 6 (b) and (c). On both sides of
these bands, there existed numerous dislocation lines and loops. On
the contrary, few defects could be observed inside these bands.
3.2. Radiation induced element segregation
We know that the brightness of the spots in HAADF image is
strongly dependent on the atomic number (Z) [19]. From Fig. 5(c),
the contrast of dislocation loops and lines was obviously brighter. It
was deduced that element segregation might be caused by irradiation. Thus, HAADF-EDS linear element scanning was performed to
investigate the element distribution along dislocations and grain
boundary. Fig. 7(a) shows the HAADF image of the sample irradiated to 13.8 dpa, which contains two grains and one grain boundary. Morphologies of two grains were different and the dislocations
of upper left grain were more clearly observed than those of bottom
right grain. It is understandable because these two grains have
different crystal orientations. The element scanning region and the
position of grain boundary were marked by a red line and a red
cross in the HAADF image, respectively. The whole length for linear
scanning was 200 nm and the step size was 1 nm. The element
distributions of Ni, Mo, Cr, Fe, Mn and Si were displayed in Fig. 7(b).
It is noted that Ni and Mo presented completely reverse trends.
More interestingly, many sharp peaks of Ni and troughs of Mo were
observed. There was a one-to-one correspondence between Ni
peaks and Mo troughs, as marked by rectangles, indicating the
enrichment of Ni accompanied by the depletion of Mo. The concentration in each Mo trough was closed to 0 wt %, suggesting that

M. Liu et al. / Nuclear Engineering and Technology 52 (2020) 1749e1755

1751

Fig. 2. (a) TEM image of unirradiated sample, two-beam (b)BF and (c) DF images of the sample irradiated to 1.38 dpa with g ¼ 111 and Z ¼ ½011.

Fig. 3. Two-beam (a)BF, (b) DF images of the sample irradiated to 2.76 dpa with g ¼ 111 and Z ¼ ½011 and (c) HRTEM image of black dots.

To examine the element segregation in sample irradiated to 27.6
dpa, linear element scanning was also performed. The scanning
length was 20 nm and the step size was 0.7 nm. Similar phenomenon could be seen from Fig. 8. Moreover, the width of Ni peak and
Mo trough at the grain boundary was increased to about 4 nm,
which was broader than that in sample irradiated to 13.8 dpa.
4. Discussion

Fig. 4. (a) Low magniﬁcation, (b) zoomed TEM images of the sample irradiated to 13.8
dpa, (c) leaking and enclosed polygon-shaped dislocation networks and (d) high
magniﬁcation TEM image of dislocation loop.

severe Mo depletion occurred during irradiation. Fig. 7(c) shows
the zoomed element linear scans at grain boundary, which conﬁrms the Mo depletion and Ni enrichment at the grain boundary.

Injection of energetic Ar ions into Ni-Mo-Cr alloy caused the
displacement alloying atoms, which would further collide with
other atoms and create displacement cascades. Vacancies, interstitials and more complicated defects would then be generated.
In present study, at relatively low irradiation doses (1.38 dpa), black
dot defects were observed using TEM. As the dose increased to 2.76
dpa, more point defects generated and some were evolved into new
black dots and some were absorbed by previous dots. It is revealed
from the HR TEM image (Fig. 3(c)) that these black dots were defect
clusters, which were identiﬁed as interstitial-type Frank dislocation
loops in the previous study [13]. In samples irradiated to high doses
(13.8 and 27.6 dpa), large dislocation loops were visible. Meanwhile, leaking and enclosed polygon dislocation networks were
formed around large dislocation loops accompanied by some
bowing dislocation line fragments. It is reasonably deduced that
some loops were generated from the interaction among dislocations, which will be discussed in detail below.
It is reported that there are two kinds of dislocation loops in
irradiated FCC metals: faulted Frank loops with Burgers vector 1/
3<111> and perfect unfaulted loops with Burgers vector 1/2<110>
on (111) planes [20e23]. In this study, black dots and some
immobile ellipse dislocation loops are Frank loops. While the
appearance of the tangled dislocations indicates that mobile
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Fig. 5. Two-beam (a) BF, (b) DF images (g ¼ 111 and Z ¼ ½011) and (c) HAADF image of the sample irradiated to 13.8 dpa.

Fig. 6. Dislocation loops and channels formed in the sample irradiated to 27.6 dpa.

perfect loops were also formed in samples irradiated to high doses.
Bowing dislocation line segments, polygon dislocation networks
and some large dislocation loops were resulted from the movement
and interaction between dislocations. According to the experimental observation in this study and previous researches, the formation and interaction among various dislocations are summarized
below:
(1) Formation and growth of Frank loops.
Interstitials aggregate together and collapse onto (111) plane
during irradiation, leading to the generation of faulted Frank loops
[24]. They are immobile and can grow by absorbing interstitials.
(2) Interaction between dislocations and Frank loops [21,22,25,26].
When a mobile dislocation intersects with a Frank loop, they can
interact with each other. In irradiated FCC metals, two Shockley
partial loops are formed ﬁrstly [22], and further react with the
Frank loop to produce a perfect loop according to [26]:

a = 6 ½21 1 þ a = 6 ½121 þ a = 3½111/a = 2½110
Through above unfaulting process, the Frank loop can be annihilated and incorporated into the dislocation networks.
(3) Interaction between dislocation lines.
Polygon-shaped dislocation networks or loops have been
observed in this study, which may be explained by the interaction
between dislocation lines. As illustrated in Fig. 9, when several
dislocation lines along different slip directions encounter, they will

physically contact each other to form a network. During this process, leaking polygon-shaped network can be formed ﬁrstly. The
breach can be clogged by ongoing mobile dislocation line. During
this process, touched lines are pinched-off due to short-range
interaction, with dislocation line segments left, which continue to
slip along its glide plane until it encounters the next obstacle (Frank
loop or dislocation line). Finally, the enclosed polygon network can
be further evolved into large dislocation loop.
In addition to various dislocations in irradiated samples, white
bands were observed in the sample irradiated to 27.6 dpa, as shown
in Fig. 6. They are just like cleared pathways, in which defects have
been brushed aside. Such bands were named as “dislocation
channels” and have been observed in irradiated 316 SS, Inconel 617
and Haynes 230 [27e31]. During deformation process, gliding
dislocations could eliminate some defects on the slip plane, subsequent dislocations would glide more easily along this same path,
causing the extinction of defects in the path and thus the formation
of a channel without defects [28]. Previous researches pointed that
the occurrence of dislocation channel needed high stress [21].
Appearance of dislocation channels indicates that the irradiated
sample may have experienced plastic deformation. Dislocation
channels in irradiated Ni-Mo-Cr alloys have not been reported
previously, however, they were reported to be related to yield stress
drop, plastic instability, loss of ductility, hardening and irradiation
assisted stress corrosion cracking in other irradiated materials
[27e31]. Therefore, it is worth paying more attention to dislocation
channels of Ni-Mo-Cr alloy for MSR in future studies.
As discussed before, many point defects are generated by irradiation, and some defects can be trapped into sinks such as dislocations, voids and grain boundary [21]. Irradiation induced
segregation (RIS) is originated from the coupling between defect
ﬂux and atom ﬂux [21], resulting in the enrichment or depletion of
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Fig. 7. HAADF linear scans across dislocations and a grain boundary in the sample irradiated to 13.8 dpa: (a) HAADF image, (b) chemical element concentrations of Mo, Ni, Fe, Mn, Cr
and Si and (c) zoomed linear scans at grain boundary.

Fig. 8. HAADF linear scans across a grain boundary in the sample irradiated to 27.6 dpa: (a) HAADF image and (b) chemical element concentrations of Mo, Ni, Fe, Mn, Cr and Si.

the corresponding alloy element, which will be inﬂuenced by solute
size, temperature and dose rate [7,8,10]. In this work, signiﬁcant Ni
enrichment as well as Mo depletion was observed at dislocation
line and grain boundary, which could be explained by the size
difference between Ni and Mo atoms. Oversize solute atoms and
undersize solute atoms will preferentially exchange with vacancies

and interstitials respectively to reduce the strain energy [7,10].
Therefore, oversize atoms migrate against the vacancy ﬂux and
undersize atoms migrate as interstitials, leading to an enrichment
of undersize solute and a depletion of oversize solute near defect
sinks. In case of the Ni-Mo-Cr alloy, Ni atoms are solvent atoms and
other alloying atoms are solute atoms. The misﬁts of Mo, Cr, Fe, Mn
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Fig. 9. Schematic diagrams about the formation of Polygon-shaped dislocation networks or loops by cross-slip of dislocation lines.

and Si atoms between Ni atom are þ31%, þ1%, þ3%, þ32%
and 16%, respectively [21]. Compared to Ni atoms, Mo, Cr, Fe and
Mn atoms are oversize atoms, while Si atoms are undersize atoms.
Large volume misﬁt (þ31%) between Mo and Ni as well as highcontent of Mo causes the severe Mo depletion at the dislocation
line and grain boundary, as shown in Figs. 7 and 8. The sizes of Cr
and Fe atoms are closed to that of Ni atoms, thus, no obvious
depletion of Cr and Fe occurred. Though the misﬁts between Mn-Ni
and Si-Ni are large, þ32% and 16%, however, Mn depletion and Si
enrichment were still not observed in this study, which is attributed to the very low contents of Mn and Si in Ni-Mo-Cr alloys and
low irradiation temperature (room temperature). In summary,
except for severe Mo depletion, no obvious segregations of other
solute atoms were caused by irradiation. As compensation of the
Mo depletion, Ni was enriched at the dislocation line and grain
boundary, which could explain the complete inverse trend of Mo
and Ni in linear element scans. In addition, as irradiation dose
increased, the width of Mo depletion at the grain boundary was
found to be increased, indicating that segregation was aggravated
by the increase of the irradiation dose. It is understandable because
higher irradiation dose means that more point defects were
generated.
At the same time, no defects such as black dots and dislocation
loops were observed in area of nanocarbides, indicating that these
nanocrystallines can improve radiation resistance. It was found that
in other work that radiation induced nanoparticles such as TiB in
Cu-based alloys can inhibit accumulation of point defects, which
can be explained by that point defects can be trapped and absorbed
at the precipitate/matrix interface [37]. Intermetallic nanoparticles
Ni3Al(Ti) are found to inhibit the accumulation of sub-nanometer
vacancy clusters [26].

5. Conclusions
In order to investigate the irradiation damage of Ni-Mo-Cr alloy,
TEM foils were directly irradiated with 30 keV Arþ ions to 1.38, 2.76,
13.8 and 27.6 dpa, respectively. Then the irradiated samples were
analyzed by TEM and HAADF-EDS linear scanning. The main conclusions were as follows:
During irradiation, black dots were generated and grew due to
the aggregation of interstitials. Peas-shaped dislocation loops,
polygon dislocation networks and large loops were formed at high
irradiation doses. They were caused by the growth of Frank loops
and the movement of perfect loops as well as their interactions.
Dislocation channels cleared of defects were also observed. Mo was
signiﬁcantly depleted at dislocation lines and grain boundaries,
while Ni displayed a complete reverse trend to Mo, indicating that
the element segregation was induced by irradiation.
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