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a b s t r a c t

AgInCd alloy is widely used as neutron absorber in nuclear reactors. However, the AgInCd control rods
may fail during service due to the irradiation swelling. In the present study, a calculational method is
proposed to calculate the composition change of the AgInCd absorber. Calculated results show that
neutron fluence has significant impact on the chemical compositions. Ag and In contents gradually
decrease while Cd and Sn conversely increases from the center to the rim of AgInCd absorber due to the
depression of neutron flux. The composition change at the surface is higher almost two times than that at
the center. Based on the calculated compositions, six simulated AgInCdSn alloys were prepared and
examined. With the increase of Cd and Sn, the simulated AgInCdSn alloys transform from a single fcc
phase into the mixed fcc and hcp phases, and finally into the single hcp phase. The atomic volume of the
hcp phase is obviously larger than the fcc phase. The fcc-hcp transformation results in considerable
volume swelling of the AgInCd absorber. Moreover, the lattice parameters of the fcc and hcp phases
gradually increase with Cd and Sn contents, which also can induce small volume swelling.
© 2019 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/).
1. Introduction

Control rods are one of critical components in many nuclear
reactors, which play an important role to control the fission rate of
fissionable nuclear fuels, and to keep a reactor critical and oper-
ating at a specified power level [1,2]. For achieving higher control
rod worth, the core materials of control rods are usually composed
of many chemical elements with high capacity for absorbing neu-
trons. The control rod materials that have been researched and/or
further applied in nuclear reactors, mainly include B4C, Gd2O3, Hf
and AgInCd alloys [3]. At present, the AgInCd alloy has been widely
used in commercial pressurized water reactors because this alloy
possesses superior structural stability, lower swelling rate, good
corrosion resistance and better compatibility with cladding mate-
rials under neutron irradiation [3e6].

In spite of these advantages of AgInCd alloy, however, the
AgInCd control rods can still fail during service in the nuclear
plants. Extensive studies have been conducted on the failure be-
haviors of AgInCd control rods in the past years. Many studies
mainly focused on the high-temperature behaviors of AgInCd alloys
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under hypothetical severe accidents, especially on the release of Ag,
In and Cd vapors and the interaction of these vapors with cladding/
guide tube materials and fuel elements [7e11]. In the normal
operation of nuclear plants, the AgInCd control rods also can fail in
the form of cladding cracking and blocking with the guide tubes
[12e15]. Sipush et al. [12] investigated the wear scars and hairline
cracks in the control rod cladding caused by the sliding and/or
fretting between the control rods and guide tubes, and estimated
the service life of the AgInCd control rods associating wear failure.
Matsuoka et al. [13,14] found an intergranular crack was formed at
the tip of the cladding tubes of the 14 � 14 type rod cluster control
assemblies. They thought that the crack of cladding tube resulted
from the irradiation assisted mechanical cracking, which was
caused by the higher hoop strain as a result of the radial swelling of
the AgInCd absorber and the decreasing in elongation of the 304
stainless steel cladding during irradiation process [14].

In general, it is believed that the radial swelling of the AgInCd
absorber in pile is mainly attributed to the compressive plastic
deformation (such as creep) induced by the pressure spring of
control rod ends and themselves gravity, as well as to the volume
swelling of the AgInCd absorber due to the change of chemical
compositions and corresponding microstructures under irradiation
condition [13,16]. Recently, the compressive deformation behavior
open access article under the CC BY-NC-ND license (http://creativecommons.org/

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:chenhs.ap@gmail.com
mailto:chenhongsheng@uceri.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.net.2019.07.021&domain=pdf
www.sciencedirect.com/science/journal/17385733
www.elsevier.com/locate/net
https://doi.org/10.1016/j.net.2019.07.021
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.net.2019.07.021
https://doi.org/10.1016/j.net.2019.07.021


H. Chen et al. / Nuclear Engineering and Technology 52 (2020) 344e351 345
of AgInCd alloy at ambient temperature and the creep behavior at
elevated temperatures were evaluated, and the compressive
deformation mechanism and creep mechanism were proposed
[5,15,17,18]. Considering the fact that the compression stresses
exerted on the AgInCd control rods are at a lower level (1e2MPa), it
can be inferred that the thermal creep deformation has a little ef-
fect on the radial swelling of the AgInCd absorber. Therefore, the
volume swelling induced by the change of chemical compositions
and corresponding microstructures should play an important role
on the failure behavior of the AgInCd control rods.

Before irradiation in pile, the AgInCd absorber is a single-phase
alloy with face-centered cubic (fcc) crystallographic structure [5].
During the irradiation process, the AgInCd absorber is exposed to
the neutron flux, some nuclides of Ag element will transform into
Cd and In will turn into Sn by the transmutation reactions [14].
Consequently, the ternary AgInCd alloy becomes a quaternary
AgInCdSn alloy and the chemical contents are simultaneously
modified because of the enrichment of Cd and In as well as the
depletion of Ag and In. With the proceeding of these transmutation
reactions, the solubility limit of Cd and Sn in the fcc phase can be
reached, and a second phase with hexagonal close packed (hcp)
structure will be precipitated in the irradiated AgInCd alloy [19].
The atomic volume of hcp phase is larger than the fcc matrix. As a
result, the change of chemical compositions and constituent phases
inevitably gives rise to the volume increase of the irradiated AgInCd
alloy. Therefore, for evaluating the irradiation swelling of the
AgInCd absorber, it is very important to ascertain the influence of
neutron flux on the chemical compositions and corresponding
microstructures of the AgInCd absorber during irradiation process.
In the present paper, the relationship between the neutron flux and
chemical compositions of the AgInCd absorber will be calculated by
the theoretical approach, and the change of microstructures with
chemical compositions will also be investigated in detail.

2. Calculational method

Under the irradiation condition, lots of nuclides in the AgInCd
alloy change simultaneously in real time due to the transmutation
reactions. In fact, the amount of a nuclide in an irradiated material
is determined by a balance between the production rate and
removal rate of this nuclide. The production rate is an integrated
result of the generation rates from the radioactive decay of possible
parent nuclides, from the fission of fissionable nuclides (if con-
tained in the irradiated material), from the neutron-induced
transmutation reactions of other nuclides, and from the feed of
nuclide of interest. Correspondingly, the removal rate is the sum of
the radioactive decay and the neutron-induced transmutation re-
actions of nuclide, and the escape rate of nuclide of interest from
the system. Therefore, the general changing rate for the amount of a
nuclide at a given position as a function of time (dNi(r,t)/dt) can be
described by a first-order ordinary differential equation as follows
[20]:

dNiðr; tÞ
dt

¼
Xm

j¼1

lijljNjðr; tÞ þ Fðr; tÞ
Xm

k¼1

fikskNkðr; tÞ � ðli

þ Fðr; tÞsi þ yiÞNiðr; tÞ þ Fi (1)

where Ni(r,t), Nj(r,t) and Nk(r,t) are the amounts of nuclides i, j and k
at a given position (r). For the present system, r is the radial distance
from the AgInCd absorber center; li and lj are the radioactive
disintegration constant of nuclides i and j, respectively, the disin-
tegration constant can be ignored in the AgInCdSn system; si and sk
are the neutron cross sections of nuclides i and k, respectively; lij is
the fraction of radioactive disintegration from other nuclides j,
leading to the formation of nuclide i; fik is fraction of neutron ab-
sorption of other nuclides k, leading to the formation of nuclide i;
F(r,t) is the energy-averaged neutron flux at a given position (r); yi
is removal rate of nuclide i from the system; Fi is the feed rate of
nuclide i from the outside system. For the present system, yi and Fi
also can be ignored, i.e., they are equal to zero. Therefore, equation
(1) can be simplified into the following equation in this study:

dNiðr; tÞ
dt

¼Fðr; tÞ
Xm

k¼1

fikskNkðr; tÞ � Fðr; tÞsiNiðr; tÞ (2)

In order to calculate the amount of each nuclide, it is firstly
necessary to determine the possible transmutation reactions in the
AgInCd system under neutron irradiation. Considering the fact that
different nuclides for the same element have different cross sec-
tions with neutron, we must be clear the initial amount of each
nuclide. Table 1 lists the initial contents of stable nuclides in the as-
received AgInCd alloy before irradiation, and possible stable nu-
clides after irradiation. As shown in Table 1, there are too many
nuclides in the AgInCdSn system, thus massive transmutation re-
actions occur possibly during the irradiation process. In fact, the
cross sections of many transmutation reactions are very small, for
example, the cross sections of 108Cd, 114Cd, 116Cd, 114Sn and 116Sn are
only 1.2 b, 0.3 b, 0.05 b, 0.6 b and 0.006 b, respectively. Compared
with other nuclides, their cross sections are so small that these
nuclides hardly react with neutron and can be considered as stable
nuclides. The primary nuclides that have considerable cross sec-
tions with neutron are 107Ag, 109Ag, 113Cd, 113In and 115In. The pri-
mary transmutation reactions of these nuclides with neutron are
shown in Fig. 1.

The cross sections of Ag, In and Cd are very low for the fast
neutrons and these transmutation reactions are more dependent
on the thermal and epithermal neutron flux [3]. In the vicinity of a
control rod in the pressurized water reactors, the thermal and
epithermal neutron flux is significantly higher than fast neutron
due to the moderator coolant. These transmutation reactions
cannot produce neutrons, all neutrons come from the outside of the
AgInCd absorber. On the other hand, the nucleus masses of Ag, In,
Cd, Sn are at least two orders of magnitude higher than the neutron
mass, the energy dissipation of neutron by the elastic collisionwith
these heavy nuclides should be very small. Therefore, the neutron
energy and corresponding cross section with a certain nuclide can
be considered as constant in the AgInCd absorber. Consequently,
the AgInCd absorber is considered to be submerged in neutron flux
with similar energy during the irradiation process in pile. Due to
the neutron absorbing by heavy nuclides in the outer rim of the
AgInCd absorber, the neutron flux will gradually decrease from the
outer rim into the center region. Regarding the neutron flux as an
axial symmetry distribution, the change of neutron flux as a func-
tion of radial distance (r) in the AgInCd absorber can be described
by the following differential equation:

dFðr; tÞ
dr

¼ �
Xm

i¼1

Fðr; tÞsiNiðr; tÞ (3)

The boundary condition of the above equation is that the
neutron flux at the surface of the AgInCd absorber is always equal to
the average neutron flux (F) in the surrounding coolant:

Fðr0; tÞ ¼ F (4)

where r0 is the radius of the AgInCd absorber. Moreover, the other
boundary condition for solving the above equations can be
expressed as:



Table 1
Possible nuclides and their contents (%) in the AgInCd alloy before irradiation.

Nuclides Nuclide enrichment Initial contents Possible source

107Ag 51.8 41.44 natural
109Ag 48.2 38.56 natural
106Cd 1.2 0.06 natural
108Cd 0.9 0.045 natural þ 107Ag (n,g)
110Cd 12.4 0.62 natural þ 109Ag (n,g)
111Cd 12.8 0.64 natural þ 110Cd (n,g)
112Cd 24.1 1.205 natural þ 111Cd (n,g)
113Cd 12.3 0.615 natural þ 112Cd (n,g)
114Cd 28.9 1.445 natural þ 113Cd (n,g)
116Cd 7.4 0.37 natural
113In 4.3 0.645 natural
115In 95.7 14.355 natural
114Sn 0.7 0.0 113In (n,g)
116Sn 14.5 0.0 115In (n,g)

Fig. 1. The primary transmutation reactions in the AgInCd alloy with neutron. The data
of cross section and radioactive decay are mainly taken from Refs. [21e23].

Table 2
The nominal chemical compositions (wt.%) of the simulated AgInCd(Sn) alloys.

Sample name Ag In Cd Sn

Specimen A 80 15 5 /
Specimen B 77.5 13.5 7.5 1.5
Specimen C 74 12 11 3
Specimen D 71 10.5 14 4.5
Specimen E 61 6.5 24 8.5
Specimen F 55 5 30 10
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Niðr;0Þ ¼ Ni0 (5)

where Ni0 is the initial amounts of nuclide i in the AgInCd absorber
before irradiation, which can be obtained from Table 1. According to
the above differential equations and boundary conditions, the
changes of chemical compositions of the AgInCd absorber at
different radial distances as a function of irradiation time (neutron
fluence) can be calculated by a self-writing numerical program. In
the numerical program, the radius of the AgInCd absorber is fixed at
5 mm.
3. Experimental procedure

Six AgInCd(Sn) alloys with different compositions (simulated
alloys) were produced in the present study. The nominal chemical
compositions of the six AgInCd(Sn) alloys are shown in Table 2,
which were selected based on the calculation results (will be
shown later). According to the calculated chemical compositions,
the composition range of the simulated alloys was changed as
follows: Ag from 80 to 55 wt%, In from 15 to 5 wt%, Cd from 5 to
30 wt% and Sn from zero to 10 wt%. These simulated alloys were
prepared by using high purity components (99.99 wt% Ag, 99.95 wt
% In and 99.95 wt% Cd and 99.95 wt% Sn) by the sealed vacuum
melting. This melting method can prevent the escaping of the
noxious Cd element. Six round vessels made of stainless steels were
used as the crucibles. Firstly, the Ag, In, Cd and Sn metals with
different weight ratio were weighed and mixed according to the
calculated chemical compositions. Then the mixed metals were put
into the vessels and these vessels were seal-welded in a vacuum
chamber. Subsequently, these seal-welded vessels were heated to
980

�
C and kept at this temperature for 3 h in a furnace. During the

isothermal melting process, these vessels were kept rotating to
promote the component homogenization of the AgInCd(Sn) alloys
throughout the ingots. After the isothermal melting process, these
vessels were slowly cooled with furnace.

After melting, these vessels were cut off from the core
AgInCd(Sn) alloys and these AgInCd(Sn) alloys were manufactured
into the small cylindrical specimens by electric discharge
machining. For the microstructural observation, the AgInCd(Sn)
specimens were firstly ground up to 800 grit silicon carbide papers
and then polished by conventional polishing machine. These pol-
ished AgInCd(Sn) specimens were etched by using an etching so-
lution (H2SO4: 10 ml; saturated aqueous solution of K2Cr2O7:
100 ml; saturated aqueous solution of NaCl: 2 ml) for 10 s and
followed by ultrasonic cleaning in pure water. The microstructures
of these AgInCd(Sn) specimens were characterized by using a
scanning electronic microscopy (SEM, FEI NOVA NanoSEM400) in
the backscattered electron imaging mode. The corresponding
chemical compositions were analyzed by an energy dispersive
spectroscopy (EDS, OXFORD, INCA CH5). The possible phases in the
AgInCd(Sn) specimenswere examined by an X-ray diffraction (XRD,
Philips, X'Pert Pro MPD) in the diffraction range of 30

�
e85� with a

diffraction rate of 5�/min. In order to obtain lattice characteristics of
phases, the MDI Jade 5.5 software was used to fit the lattice pa-
rameters based on the XRD patterns. In the fitting process, the
possible phases were firstly indexed and then the phase peaks were
extracted in the MDI Jade software, finally the lattice parameters
could be calculated by using the WPF Refinement and Cell Refine-
ment in the Jade software.
4. Results and discussion

4.1. Calculated results of chemical compositions

Fig. 2a shows the calculated results of chemical compositions
along the radius of the AgInCd absorber with a neutron fluence of
2.52 � 1021 n/cm2. In the present study, the contents of Pd are not
shown in all calculated results because it belongs a trace element in
the AgInCd(Sn) system. During the irradiation process of the
AgInCd absorber, only one nuclide of Pa element (108Pd) can be
formed by means of the bþ decay of 108Ag, as shown in Fig. 1. The
probability for this bþ decay is very low, only about 2.85%, resulting
in the less production of 108Pd. Even if there is a small amount of
108Pd generated in the AgInCd absorber, some of the newly gener-
ated 108Pd will be transformed into 109Ag by the (n,g) reaction (to



H. Chen et al. / Nuclear Engineering and Technology 52 (2020) 344e351 347
generate 109Pd) and the subsequent b� decay of 109Pd.
It can be seen from Fig. 2a that the amounts of Ag and In ele-

ments gradually decrease and the Cd and Sn elements increases
conversely from the center to the rim of the AgInCd absorber. This
difference of chemical compositions at different places is mainly
attributed to the depression of thermal neutron flux in the absorber
along the radial direction [23,24]. Because there are no new neu-
trons generated in the AgInCd absorber during the irradiation
process, the neutron flux at the outer regions of the absorber
should be higher than the center areas due to the consumption of
neutron by the (n,g) reactions at outer regions. Therefore, more Ag
and In elements are spent to form the Cd and Sn elements at the
outer regions of the AgInCd absorber.

In some previous studies, the inhomogeneous distribution of
chemical compositions along the radial direction has been
observed in the irradiated AgInCd absorber [19,25]. Fig. 2b shows
the experimental data about the elementary distribution obtained
by Bourgoin et al. [19], in which the AgInCd absorber has been
tested for 8 fuel cycles (about 8 years). Taking a typical thermo
neutron flux of ~1013 n/(cm2$s) in the pressurized water reactors, it
can be estimated that this AgInCd absorber has been subjected to a
neutron fluence of approximate 2.5 � 1021 n/cm2, similar with the
input fluence of Fig. 2a. By comparing Fig. 2aeb, the change rules of
chemical compositions along the radial direction between the
calculated results and the experimental data are very analogous,
this qualitatively prove the reliability of the present calculation
method to some extent. It should be noted that to the authors’
knowledge, the quantitatively experimental data of the composi-
tion change of the irradiated AgInCd absorber have seldom been
reported in the past, thus these calculated results cannot be
quantitatively verified at present.

Fig. 3 shows the influence of neutron fluence on the chemical
composition distribution along the radius of the AgInCd absorber.
For better display, the composition distribution of elements is
individually compared for the four different neutron fluences. With
the increase of neutron fluence, the amounts of Ag and In elements
decrease and the Cd and Sn contents increase at any regions of the
AgInCd absorber. It also can be seen from Fig. 3 that the degree of
composition change at the outer regions of the AgInCd absorber is
more serious than the inner regions for all elements. This is because
that the neutron flux at the outer regions is higher than that in the
inner regions, resulting in higher rate of transmutation reactions at
the outer regions [26]. When the neutron fluence increases from
zero to 6.31 � 1021 n/cm2, at the outermost region, the contents of
Fig. 2. The calculated results and experimental data of chemical compositions along the radi
2.52 � 1021 n/cm2; (b) the experimental data of elementary analyses of an irradiated AgInC
Ag and In will decrease to 53.7 wt% and 4.5 wt% from the initial
80 wt% and 15 wt% respectively, and Cd and Sn will increase to
31.0 wt% and 10.5 wt% from the initial 5 wt % and zero respectively.
Even at the most central region with lowest composition change,
the contents of Ag and In also decrease seriously to 68.5 wt% and
9.4 wt%, and Cd and Sn increase substantially to 16.4 wt% and 5.7 wt
%. For the same neutron fluence, the composition change of all el-
ements at the surface is higher almost two times than that at the
center of the AgInCd absorber.

The surface and average chemical compositions of the AgInCd
absorber as a function of neutron fluence are shown in Fig. 4. The
changing laws are very similar for the surface and average chemical
compositions, the only difference is that the chemical compositions
of Ag and In at the surface is slightly lower than the average
compositions and Cd and Sn at the surface is mildly higher than the
average values. It can be found that the surface chemical compo-
sitions of Cd and Sn exceed that of In at the neutron fluence of
~1.3 � 1021 n/cm2 and ~3.6 � 1021 n/cm2, respectively, while it
needs higher neutron fluence for Cd (~2.2 � 1021 n/cm2.) and Sn
(~5.4 � 1021 n/cm2.) to exceed the In content for the average
chemical compositions. Anyway, there are significant changes of
chemical compositions at the relatively higher neutron fluences,
which will inevitably lead to the corresponding changes of micro-
structures in the irradiated AgInCd absorber due to the limited solid
solubilities of Cd and Sn in the Ag-based fcc matrix, which will be
presented in the following section.

4.2. Microstructures of the simulated AgInCd(Sn) alloys

Based on the above calculated results, the chemical composi-
tions of the simulated AgInCd(Sn) alloys can be obtained. By fixed
the average thermal neutron flux as 1013 n/(cm2$s), the average
chemical compositions of the irradiated AgInCd absorber can be
changed as a function about irradiation time. As shown in Fig. 5, the
calculated chemical compositions of the AgInCd absorber after
irradiated for 0 y (without irradiation), ~3.0 y, ~6.0 y, ~9.0 y, ~20.0 y
and ~25.0 y correspond to the nominal chemical compositions of
the simulated AgInCd(Sn) alloys named by Specimen A, Specimen
B, Specimen C, Specimen D, Specimen E and Specimen F, respec-
tively, as listed in Table 2.

Fig. 6 shows themicrostructures of the six simulated AgInCd(Sn)
alloys. As shown in Fig. 6a, Specimen A (without irradiation) is a
single-phase alloy and no other phases are observed from the
microscopic morphology. The XRD results shown in Fig. 7 confirm
us of the irradiated AgInCd absorber: (a) the calculated results with a neutron fluence of
d absorber with 8 fuel cycles (adapted from Ref. [19]).



Fig. 3. The influence of neutron fluence on the chemical composition distribution along the radius of the AgInCd absorber: (a) Ag; (b) In; (c) Cd and (d) Sn.

Fig. 4. The surface and average chemical compositions of the AgInCd absorber as a function of neutron fluence: (a) surface compositions and (b) average compositions.
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that Specimen A is a single-phase alloy with fcc structure. When Sn
element is added, some gray phases are precipitated in the simu-
lated AgInCdSn alloy with 1.5 wt% Sn, as shown in Fig. 6b. The EDS
results listed in Table 3 indicate that these precipitated phases are
rich in In and Sn comparing with the dark matrix. The XRD pattern
of Specimen B shows that this simulated alloy consists of two
phases with main fcc phase and minor hcp phase. Therefore, the
gray phase should have an hcp structure and the dark matrix is the
Ag-based fcc phase, which are consistent with the description of
previous studies [19,27]. These composition results are similar with
the chemical compositions of the irradiated AgInCd absorber, in
which some phases are rich in Ag and Cd while other phases
contain more In and Sn, resulting in the obvious composition
fluctuation from the line scanning results, as shown in Fig. 2b. The



Fig. 5. The relationship of the chemical compositions of the simulated AgInCd(Sn)
alloys and the irradiation time under typical neutron flux of ~1013 n/(cm2$s).

Fig. 7. XRD patterns of the simulated AgInCd(Sn) alloys.
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hcp phase is considered as a compound with chemical stoichiom-
etry of (Ag,Cd)x(In,Sn) and close to the z phase of the binary AgeIn
or AgeSn systems by Bourgoin et al. [19]. Taking into account the
solid solubilities in the AgeIn, AgeCd and AgeSn systems and the
examined Sn contents in the fcc and hcp phases in the irradiated
AgInCd absorber, it is deduced that the solubility limit of Sn in the
fcc matrix is around 1.7e2 at.% and Sn content in the hcp phase
should exceed 4 at.% at the temperature range of 300e350 �C [19].
This solubility limit of Sn in the fccmatrix is in accordance with the
results in Ref. [24], in which Sn was completely dissolved in the fcc
matrix for the irradiated AgInCd absorber with 1.49 wt% Sn content.
Fig. 6. Microstructures of the simulated AgInCd(Sn) alloys: (a) Specimen A; (b) Specimen B; (c) Specimen C; (d) Specimen D; (e) Specimen E and (f) Specimen F.



Table 3
EDS results of chemical compositions (wt.%) of the micro-regions marked by
numbers 1e10 in Fig. 6.

Regions Ag In Cd Sn Possible phases

1 80.6 14.5 4.9 / fcc phase
2 79.5 12.7 6.8 1.0 fcc phase
3 73.1 14.4 8.4 4.1 hcp phase
4 78.0 9.2 11.3 1.5 fcc phase
5 68.2 14.3 12.3 5.2 hcp phase
6 76.4 9.0 12.7 1.9 fcc phase
7 65.5 12.8 14.8 6.9 hcp phase
8 75.9 6.2 15.9 2.0 fcc phase
9 59.4 6.9 25.1 8.6 hcp phase
10 54.8 5.4 29.5 10.3 hcp phase

Fig. 8. The lattice parameters of fcc and hcp phases in the simulated AgInCd(Sn) alloys:
(a) lattice parameters of fcc phase; (b) lattice parameters of hcp phase.
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However, the hcp phase is precipitated in the simulated AgInCdSn
alloy with 1.5 wt% Sn in the present study. This contradiction is
possibly attributed to the following reason. Although there are
similar Sn contents (~1.5 wt%) in the irradiated absorber and the
simulated AgInCdSn alloy, their service conditions are different.
Extensive studies have exhibited that the solubility limits of ele-
ments in many alloys should be modified under the irradiation
condition, the precipitates could be destroyed and subsequently
dissolved in their matrixes by irradiation, resulting in higher sol-
ubility limits than the thermodynamic values [28,29]. Conse-
quently, the Sn-rich hcp phase can be formed in the simulated
AgInCdSn alloy with 1.5 wt% Sn in the present study. Moreover, the
grain size of fcc and hcp phases in the simulated AgInCdSn speci-
mens is larger than the irradiated AgInCd absorber (Ref. [19]),
which can be explained by the following two reasons. Firstly, the
temperature of the simulated AgInCdSn alloys during solidification
process is obviously higher than the irradiation temperature,
resulting in the larger grain size in the simulated AgInCdSn alloys.
Secondly, the formed precipitates can be destroyed and dissolved in
their matrixes by neutron irradiation, as mentioned before. This
process can inevitably inhibit the grain growth in the irradiated
AgInCd absorber. Therefore, the simulated AgInCdSn alloys have
larger grains than the irradiated absorber.

In addition, it can be seen from Fig. 6b that these hcp phases are
primarily located at the grain boundaries of the fcc matrix. This
phenomenon potentially results from the different melting tem-
peratures between the hcp and fcc phases. As listed in Table 3, the
fcc phases contain more Ag which has a higher melting tempera-
ture (~961.8

�
C), while the hcp phases include more elements with

lower melting temperature, such as In (~156.6
�
C) and Sn

(~231.9
�
C). Thus, the melting temperature of the fcc phase should

be higher than the hcp phases. During the solidification process of
the simulated AgInCdSn alloy, the crystallization of the fcc phase
will firstly occur at the micro-regions with higher Ag content due to
the compositional inhomogeneity in the liquid metals [30]. Sub-
sequently, some of Sn and In atoms are excluded from the solidi-
fication front into the liquid metals. Therefore, Ag content is higher
in the solid crystals while more In and Sn are retained in the re-
sidual liquid metals. In the final stage of solidification process, the
residual liquid metals with higher In and Sn contents will solidify
into the hcp phases at the grain boundaries of the primary fcc
phases. This solidification process finally results in the segregated
distribution in the simulated AgInCdSn alloy. However, these fcc
and hcp phases are distributed more even in the irradiated AgInCd
absorber as a result of irradiation-induced homogenization [19].

With the depletion of Ag and In and the enrichment of Cd and
Sn, the amount of hcp phase gradually increases, as shown in Figs. 6
and 7. When Sn content increases to 8.5 wt% (Specimen E), the
simulated AgInCdSn alloy is almost occupied by the hcp phase with
only a small amount of fcc phase at some grain corners (Fig. 6e) and
the small amount of fcc phase is not easy to be detected by XRD
(Fig. 7).With further increase of Sn content to 10wt%, the simulated
AgInCdSn alloy completely transforms into the hcp phase, as shown
in Fig. 6f. In fact, this result is similar with the actually irradiated
AgInCd absorber, in which only hcp phase is identified at the rim
regions with higher neutron fluence [19]. From the EDS results
(Table 3), it also can be found that the chemical compositions in the
fcc and hcp phases simultaneously change with Sn content. With
the increase of Sn content, Ag and In contents decrease, Cd and Sn
contents increase in all phases. Moreover, in the same simulated
AgInCdSn alloy, In, Cd and Sn contents of the hcp phase are always
higher than the fcc phase.

It is worth noting that the XRD spectra peaks of both fcc and hcp
phases gradually shift to the left from Specimen A to Specimen F, as
shown in Fig. 7, indicating that the lattice parameters of the fcc and
hcp phases progressively increase with the depletion of Ag and In
and the enrichment of Cd and Sn. For better comparison, the
quantitative lattice parameters are obtained by fitting the XRD
patterns and shown in Fig. 8. The lattice a of Specimen A is about
4.148 Å, which is in accordance with the value (4.143 Å) in other
study [31]. This parameter is slightly larger than the pure Ag
(~4.086 Å) because of the solid-solution presence of In and Cd.With
the increase of Cd and Sn contents, the lattice a of the fcc phase
gradually increases from 4.148 Å to 4.162 Å for Specimen A to
Specimen E. Previously, Venkat Reddy and Krishnan examined a
series of AgeIneCd alloys containing 5 to 30 at.% Cd and 5 to 15 at.%
In, and found that the lattice parameters of AgeIneCd alloys would
always increasewith the increase of In and/or Cd [31e33]. Similarly,
the alloying Sn also can extend the lattice parameters of the Ag-
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based alloys, and possesses a more obvious effect than the alloying
In for the lattice increasing [34]. Therefore, the lattice parameter of
the fcc phase gradually increases in these simulated AgInCdSn al-
loys with the increase of Cd and Sn in spite of the depletion of In.

For the hcp phase, both lattice a and c increase with the deple-
tion of Ag and In and the enrichment of Cd and Sn. The lattice a of
the hcp phase progressively increases from 2.962 Å to 3.008 Å and
lattice c of the hcp phase simultaneously increases from 4.791 Å to
4.806 Å for Specimen B to Specimen F. This increase in the lattice
parameters is also attributed to the solid-solution of Cd and Sn in
the hcp phase. As previously mentioned, Cd and Sn contents in-
crease in all phases from Specimen A to Specimen F. Consequently,
the lattice parameters of hcp phase exhibit a similar changing law
with the fcc phase.

In addition, the atomic volume of the fcc and hcp phases can be
calculated according to these lattice parameters, i.e., 1.785� 10�2 to
1.803 � 10�2 nm3 for the fcc phase and 1.819 � 10�2 to
1.883 � 10�2 nm3 for the hcp phase. The atomic volume of the hcp
phase is obviously larger than the fcc phase. Considering the fact
that the number of heavy atoms in the AgInCd absorber should not
be changed substantially during the irradiation process, this
transformation of the fcc phase to the hcp phase inevitably results
in considerable volume swelling. Moreover, the atomic volume of
both fcc and hcp phases increases with the depletion of Ag and In
and the enrichment of Cd and Sn, which also can induce a small
amount of volume swelling for the AgInCd absorber.

5. Conclusions

In the present study, the calculational method with a group of
differential equations is proposed to calculate the composition
change of the AgInCd absorber under irradiation condition. Calcu-
lated results show that the amounts of Ag and In elements gradu-
ally decrease and Cd and Sn elements conversely increases from the
center to the rim of the AgInCd absorber. This is mainly attributed
to the depression of neutron flux in the AgInCd absorber along the
radial direction. The composition change at the surface is higher
almost two times than that at the center of the AgInCd absorber.
The neutron fluence possesses significant impact on the chemical
composition distribution of the AgInCd absorber.

Based on the calculated chemical compositions, six simulated
AgInCdSn alloys were prepared and examined. With the depletion
of Ag and In and the enrichment of Cd and Sn, the simulated
AgInCdSn alloys transform from a single fcc phase into the mixed
fcc and hcp phases, and finally into the single hcp phase when Sn
content exceeds 8.5 wt%. The atomic volume of the hcp phase is
obviously larger than the fcc phase. The fcc-hcp transformation
inevitably results in considerable volume swelling of the AgInCd
absorber. Moreover, the lattice parameters of the fcc and hcp phases
gradually increase with the increase of Cd and Sn, which also can
induce small volume swelling for the AgInCd absorber.
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