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A dynamic nanoindentation method was applied to study an Fe-18 at.% Gd alloy as a

neutron-absorbing material prepared by vacuum arc-melting and cast in a mold. The Fe-18

at.% Gd cast alloy had a microstructure with matrix phases and an Fe-rich primary

dendrite of Fe9Gd. Rietveld refinement of the X-ray spectra showed that the Fe-18 at.% Gd

cast alloy consisted of 35.84 at.% Fe3Gd, 6.58 at.% Fe5Gd, 16.22 at.% Fe9Gd, 1.87 at.% Fe2Gd,

and 39.49 at.% b-Fe17Gd2. The average nanohardness of the primary dendrite phase and the

matrix phases were 8.7 GPa and 9.3 GPa, respectively. The fatigue limit of the matrix phase

was approximately 37% higher than that of the primary dendrite phase. The dynamic

nanoindentation method is useful for identifying local phases and for analyzing local

mechanical properties.

Copyright © 2016, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

The development of better neutron-absorbingmaterials is one

of the greater necessities in the nuclear industry owing to the

expected demand for spent nuclear fuel transportation and

storage [1e3]. Due to the high neutron absorption cross-

sections of boron and gadolinium, alloys containing boron

and/or gadolinium in the form of BORAL, METAMIC, or

borated stainless steel have been used as neutron-absorbing

materials [4]. Given that boron produces helium gas as it ab-

sorbs neutrons, gadolinium-containing alloys are under
. Sohn).
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development as neutron-absorbing structural materials [5,6].

Compared with boron, gadolinium has several advantages,

such as a much higher thermal neutron-absorption cross-

section (more than 60 times higher for Gd-157 than for B-10)

and a higher isotopic abundance of a strong neutron absorber

at 30.45% (Gd-155, Gd-157) versus 19.9% (B-10) [2e6]. From the

perspective of irradiation performance, Gd remains as Gd as it

absorbs a neutron (only the mass number increases), while

boron produces a gas.

From a metallurgical standpoint, the melting and casting

process used to obtain gadolinium-containing alloys cause
lf of Korean Nuclear Society. This is an open access article under
-nd/4.0/).
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difficulties in producing an alloy with a homogeneous distri-

bution and in the selection of a crucible due to its high

oxidation affinity [1,6]. One of the methods used to mitigate

these issues is to re-melt several mother alloys. Various

mother alloys were prepared by a precise vacuum melting

process involving a high concentration of Gd; these are then

diluted to obtain the required composition by re-melting. One

of the mother alloys was 18 at.% of Gd in Fe, which was

selected based on the Fe-Gd binary phase diagram and suit-

able cast conditions.

Because the Fe-Gd mother alloy has a cast microstructure,

it is necessary to develop a reliable and convenient method to

determine the gadolinium distribution on the submicron

scale because gadolinium as a rare-earth element cannot

easily be analyzed by conventional techniques using X-rays

and electron beams [7]. Among the various tools used to

analyze a local area, the nanoindenter is very useful in ma-

terials science and engineering fields owing to its quantitative

capabilities, conventional, and economic factors [8]. Although

nondestructive analysis methods using ultrasonic waves, X-

rays, and neutron scattering provide local chemical informa-

tion, they cannot precisely evaluate physical and mechanical

values [9]. Recently, a dynamic indentation method using a

tribo-nanoindenter received attention due to its capability to

evaluate various mechanical properties such as the nano-

hardness, friction coefficient, and fatigue limit of a material.

Although the dynamic nanoindentation method has the abil-

ity to measure various mechanical properties of brittle mate-

rials such as ceramics, irradiated alloys, and intermetallics,

little information has been achieved thus far, especially in

relation to metallic phases [10e12]. Hence, we apply the

method to an analysis of a Fe-Gd alloy, especially to determine

the mechanical properties of the local phase of the alloy.
2. Materials and methods

The Fe-18 at.% Gd alloys were plasma vacuum arc-melted

(PAM-Plasma, Miyoshi-shi, Japan) with iron (Fe > 99.9%,

BASEF, Seoul, Korea) and gadolinium metal slots (Gd > 99.9%,

HBVAM, Suzhou, China). The microstructure was observed

by scanning electron microscopy (JSM 6400, Jeol, Tokyo,

Japan). A chemical analysis and phase identification were

carried out by electron microprobe analysis (JXA-8500F,

Jeol, Japan) and X-ray diffractometry (Rigaku, Tokyo, Japan),

respectively. The dynamic nanohardness of each phase of the

alloys was determinedwith a tribo-nanoindenter (Hysitron, TI

750, Minneapolis, USA).
Fig. 1 e Scanning electron microscopy (SEM) image of Fe-18

at.% Gd alloy prepared by vacuum arc-melting. (A) primary

dendrite. (B) matrix.
3. Results and discussion

3.1. Microstructural observation and phase
identification

Fig. 1 shows the typical microstructure of the Fe-18 at.% Gd

cast alloy. As shown in Fig. 2, two regions of the Fe-18 at.% Gd

alloy were clearly observed with different levels of contrast.

One is the primary dendrite and the other is the matrix.

Considering a Fe-Gd binary phase diagram, the plausible

phase of the primary dendrite phase in the Fe-18 at.% Gd alloy
is Fe9Gd, and different types of intermetallic phases are pre-

sent because the low solubility of Gd in Fe causes the segre-

gation of the Gd during cooling.

In order to determine the Gd distribution of the alloy, an

electronmicroprobe analysis was carried out. Fig. 2 shows the

Fe and Gd distribution as determined by the electron micro-

probe analysis. As shown in Fig. 2, the dark and blue regions

are Fe-rich and Gd-rich phases, respectively. This finding

supports the contention that Gd was segregated and present,

therefore, as various phases.

Fig. 3 shows typical X-ray spectra of the vacuum arc-

melted Fe-18 at.% Gd alloy for a qualitative identification of

the phases. Table 1 presents the results of the Rietveld

refinement (c2 ¼ 6.24) of the X-ray spectra to determine the

phases quantitatively. As shown in Fig. 3 and Table 1, the Fe-

18 at.% Gd alloy prepared by vacuum arc-melting is composed

of 35.84 at.% Fe3Gd (R3m), 6.58 at.% Fe5Gd (P6/mmm), 1.87 at.%

Fe2Gd (Fd3m), 16.22 at.% Fe9Gd (R3m) and 39.49 at.% b-Fe17Gd2

(P63/mmc). Because the primary dendrite with the Fe-rich

composition was initially formed during the solidification

step, the two regions of the Fe-18 at.% Gd alloy shown in Fig. 1

were such that the primary dendrite (as region-A) was Fe9Gd

(R3m), which becomes b-Fe17Gd2, and thematrix (as region-B)

consisted of other intermetallics such as Fe3Gd and Fe5Gd,

which formed later.
3.2. Nanomechanical properties

Because two regions with different morphologies were clearly

present, as shown in the microstructure in Fig. 1, and the cast

alloy was too brittle to be machined to a standard tensile test

specimen, dynamic nanoindentation tests of regions A and B

were carried out to determine the local mechanical properties

of each phase in this study. The average nanohardness values

for regions A and B were 8.7 GPa and 9.3 GPa, respectively,

indicating that the primary phase of region A in Fig. 1 is softer

than the primary phase of region B.

It is interesting to determine additional mechanical prop-

erties of the primary dendrite and the matrix which are re-

gions A and B in Fig. 1. In this study, a modified Alekhinmodel

http://dx.doi.org/10.1016/j.net.2016.10.002
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Fig. 2 e Gd-distribution of Fe-18 at.% Gd cast alloy analyzed

by electron microprobe analysis (EMPA).
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was applied to determine the fatigue limits of the local phases

[13e16]. Because the nanohardness depends on various

metallurgical factors on the surface, such as the residual

stress, crystallographic structure, and defects, the local me-

chanical properties on the surface were determined by a

nanohardness test. Repeating loading at a point can deter-

mine the local plastic deformation and strain hardening be-

haviors, which are related to fatigue limits. The fatigue limit of

a local area on the nanoscale depends significantly on the

local plastic deformation and on strain hardening behaviors

such as dislocation moving, the slip system, and the Peierls-

Nabarro stress. The geometry of a dent formed by nano-

indenting is described by the indentation geometry, such as

the dent width and depth. When the indenter tip creates the

indenter width (W) on the surface of a specimen, elastic and

plastic deformations occur. Because elastic relaxation occurs,

the actual dent depth (d) caused by plastic deformation pro-

duces local residual stain (ε). The plastic strain can be

described by the nonlinear Hooke's law with an exponential

function with a strain-hardening effect. The local residual
Fig. 3 e X-ray spectra of Fe-18 at.% Gd alloy prepared by

vacuum arc-melting.
strain is exponentially proportional to (d/W), as in Eq. (1) with

the strain-hardening effect, where n is a constant denoting

the strain-hardening effect:

ε ¼ k

�
d

Wf

�n

(1)

The final indenter width (Wf) after repeated or cyclic

loading at a local area becomes infinite under the condition of

nonresidual plastic deformation, such as an extremely brittle

surface condition. The constant (n) for the strain-hardening

effect is assumed to have a value identical to that of the

empirical strain-hardening factor (n) of the alloys, which is

usually in the range of 0.134 to 0.23 [8].

For a relativelyminor amount of plastic deformation on the

surface, the macroscopic indenter width of (WL) is expressed

by Eq. (2) with the tip angle (f) and an indentation geometric

value such as the radius (R):

WL ¼ 2Rmax

1� sinf
(2)

Because limited strain hardening by repeating or cyclic

loading with the same tip geometry at a local area causes the

local surface to reach the condition of nonresidual plastic

deformation, Eq. (3) is derived From Eqs. (1) and (2) because the

maximum stain (εmax) after repeated and cyclic loading at the

same local area is such that the final indenter width (Wf)

reaches the final maximum value of (WL):

ε

εmax
¼

�
d

dmax

�n

(3)

The Alekhin model suggested that the fatigue behavior

depended on the surface force of the materials when the

nanoindenter tip reached the yield point. Because the surface

force is related to the indenter depth and width, the cyclic

loading is explained by the indenter depth divided by the

indenter width, indicating that the ratio of deformation ge-

ometry after the repeated loading by the nanoindentation can

determine the fatigue limit value, because the fatigue limit is

related to the accumulated plastic deformation.

Fig. 4 shows the cycling load-deflection curves of local re-

gions A and B in Fig. 1 as determined by tribo-

nanoindentation. As shown in Figs. 4A and 4B, the four steps

of loading, creep, unloading, and recovery were clearly

observed to be related to the material behavior under the

condition studied here. The loading step is the indenting step

with an increase in the load, the creep step is the deformation

step at the maximum load, the unloading step is the stress

relaxation step, and the recovery step is the strain relaxation

step. The main difference between Fig. 4A and 4B is the load

for the initiation of stress relaxation of the primary phase; the

value for region A was lower than 1.0 mN, whereas that of the

matrix phase was approximately 1.8 mN. Furthermore, the

final load for strain relaxation of the primary phase was close

to 0.3 mN, whereas that of the matrix phase was 1.4 mN. This

indicates that the primary phase is softer andmore elastically

deformed with less of a strain-hardening effect than the ma-

trix for a given load.

Fig. 5 shows the repeated loading-volume strain curves,

which can be used to estimate the fatigue behavior of the

http://dx.doi.org/10.1016/j.net.2016.10.002
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Table 1 e Rietveld refinement of Fe-18 at.% Gd alloy prepared by vacuum arc-melting (c2 ¼ 6.24).

Phase Fe2Gd Fe3Gd Fe5Gd Fe9Gd b-Fe17Gd2

Content (at.%) 1.87 (1) 35.84 (2) 6.58 (2) 16.22 (2) 39.49 (2)

Lattice parameter

a (Å) 7.39378 (268) 5.16482 (68) 4.88205 (1872) 8.52920 (154) 8.50372 (71)

b (Å) 7.39378 (268) 5.16482 (68) 4.88205 (1872) 8.52920 (154) 8.50372 (71)

c (Å) 7.39378 (268) 24.61737 (1324) 4.11167 (124) 12.45231 (355) 8.34421 (122)

a (degree) 90 90 90 90 90

b (degree) 90 90 90 90 90

g (degree) 90 120 120 120 120
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primary phase and the matrix as determined by the dynamic

indentation method using the Alekhin model. There are two

segments of the curve: the initial slope for strain hardening by

repeated loading and the saturated volume strain for fatigue

limits. As shown in Fig. 5, the primary phase has a lower fa-

tigue limit, which is related to the ductility of the primary

phase as observed using the dynamic nanoindentation

method in Fig. 4. Because the ratio of the indenter depth (di)

and the indenter width (Wi) for repeated loading reachs a

certain value, the value (d/Wi) becomes the fatigue limit.
Fig. 4 e Typical load-depth-displacement curves of Fe-18

at.% Gd alloy. (A) the primary dendrite phase. (B) the

matrix.

Fig. 5 e Fatigue limit of local intermetallic phases of Fe-18

at.% Gd alloy prepared by vacuum arc-melting. (A) primary

dendrite region- A of Fig. 1. (B) matrix region-B of Fig. 1.
Although the fatigue limit proposed by the Alekhin model

does not indicate the type of cyclic loading, such as the high

cycle and low cycle of a conventional macro-fatigue test of

metallic phases, it appears to be possible to determine the

relative fatigue life of the phase at the nanoscale. In this study,

the fatigue limits of the primary phase and the matrix were

close to 4.6 and 6.3, respectively, indicating that the fatigue

limit of the matrix phase is nearly 37% higher than that of the

primary dendrite phase. Hence, the primary dendrite phase is

Fe9Gd(R3 m), which becomes b-Fe17Gd2(P63/mmc). It is rela-

tively soft and has a low fatigue limit. The matrix has mainly

two phases, Fe3Gd (R3 m) and Fe5Gd (P6/mmm) with a small

amount of Fe2Gd (Fd3m), which is relatively hard and has a

high fatigue limit. From these results, it can be concluded that

the dynamic nano-indentation method is useful for phase

identification and for studying the mechanical properties of

local phases.
4. Conclusions

Fe-18 at.% Gd alloys were well produced by vacuum arc-

melting and casting processes for a mother alloy of Gd-

containing stainless steels which can be used as neutron-

absorbing materials. The Fe-18 at.% Gd cast alloy had a

dendrite structure. The primary dendrite was a high Fe-rich

phase, in this case Fe9Gd, and it became b-Fe17Gd2. The

http://dx.doi.org/10.1016/j.net.2016.10.002
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matrixmainly consisted of the two phases of Fe3Gd and Fe5Gd

with a small amount of Fe2Gd. Rietveld refinement showed

that the cast alloy of Fe-18 at.% Gd consists of 35.84 (2) at.%

Fe3Gd, 6.58 (2) at.% Fe5Gd, 16.22 (2) at.% Fe9Gd, 1.87 (1) at.%

Fe2Gd, and 39.49 (2) at.% b-Fe17Gd2. The average nanohardness

of the primary dendrite phase of Fe9Gd and the matrix phases

as determined by nanohardness testing were 8.7 GPa and

9.3 GPa, respectively. The fatigue limit of the matrix phases is

approximately 37% higher than that of the primary dendrite

phase. The dynamic nanoindentation method is useful for

identifying local phases and for analyzing local mechanical

properties.
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