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Abstract

The effects of solute atoms on microstructural evolutions have been investigated using Ni alloys under 25 keV Heþ

irradiation at 500 �C. The specimens used were pure Ni, Ni–Si, Ni–Co, Ni–Cu, Ni–Mn and Ni–Pd alloys with different

volume size factors. The high number densities of dislocation loops about 1:5� 1022 m�3 were formed in the specimens

irradiated to 1� 1019 ions/m2, and they were approximately equivalent, except for Ni–Si. The mean size of loops tended

to increase with the volume size factor of solute atoms. In a dose of 4 � 1020 ions/m2, the swelling was changed from

0.2% to 4.5%, depending on the volume size factors. The number densities of bubbles tended to increase with the

absolute values of the volume size factor, and the swelling increased with the volume size factors. This suggests that the

mobility of helium and vacancy atoms may be influenced by the interaction of solute atoms with them.

� 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Effects of alloying elements on the microstructural

evolution have been reported to be very sensitive to the

volume size of solute atoms, and the microstructural

changes and segregation of solute atoms to grain

boundaries and surface would induce the degradation of

mechanical properties and corrosion-resistance. Under-

standing the role of alloying elements and helium atom

produced by the (n; a) reaction on defect structural

evolution is very important for the development of fu-

sion reactor materials.

The microstructural changes of Ni alloys under

electron irradiation [1], Dþ ion irradiation [2], neutron

irradiation [3] were systematically investigated using a

parameter of the volume size factor of solute atoms. The

microstructural change in pure Ni irradiated by Heþ

ions was previously studied [4]. The purpose of this

study is to investigate the effects of solute atoms with

different volume size factors and He atoms on the evo-

lution of dislocation loops and bubbles in several kinds

of Ni binary alloys under Heþ ion irradiation.

2. Experimental procedure

Pure Ni and binary Ni alloys containing Si, Mn, Pd,

Nb and Au were used as samples. The solute atoms of

binary Ni alloys were selected by considering volume

sizes [5], as given in Table 1. Ni–5.0at.%Si, Ni–

4.6at.%Mn, Ni–5.4at.%Pd, Ni–2.3at.%Nb and Ni–

1.3at.%Au alloys were prepared by melting 99.99%

Journal of Nuclear Materials 307–311 (2002) 367–373

www.elsevier.com/locate/jnucmat

*Corresponding author. Tel.: +81-29 282 6563; fax: +81-29

282 5922.

E-mail address: wakai@realab01.tokai.jaeri.go.jp (E. Wa-

kai).

0022-3115/02/$ - see front matter � 2002 Elsevier Science B.V. All rights reserved.

PII: S0022-3115 (02 )01192-3

mail to: wakai@realab01.tokai.jaeri.go.jp


purity metals in a high-frequency induction furnace

under high vacuum. After the solution heat treatment at

1100 �C, the ingots were cold-rolled down to sheets with

a thickness of 0.06 mm and were again annealed at 1100

�C for 7:2� 103 s. The specimens were electro-polished

at 4 V by the window method in a mixed solution of 60

vol.% sulfuric acid and 40 vol.% water at 15 �C. Addi-

tional polishing was done for Ni–Pd and Ni–Au alloys

at 15 V in a mixed solution of 95 vol.% methanol and 5

vol.% perchloric acid at )33 �C. Ni–Mn alloys were

polished at 15 V again in a mixed solution of 80 vol.%

methanol and 20 vol.% perchloric acid at )33 �C.

The 25 keV Heþ ion irradiation was performed at

room temperature and 500 �C using an RF ion source.

The depth profiles of displacement damage rate and

implanted helium projected range probability are shown

in Fig. 1. The temperature of 500 �C is the solid-solution

region for all Ni alloys. The irradiations were performed

with a flux of about 3� 1018 Heþ/m2 s to about 8� 1021

Heþ/m2 s. After the irradiation, the damage micro-

structures in the specimens were examined by a trans-

mission electron microscope operated at 200 kV.

3. Results

Fig. 2(a)–(g) shows interstitial-type dislocation loops

formed in pure Ni, Ni–5%Si, Ni–5%Co, Ni–5%Cu, Ni–

5%Mn, Ni–5%Pd and Ni–2%Nb alloys, respectively,

irradiated at 500 �C by 25 keV Heþ ion with a dose of

1:0� 1019 Heþ ions/m2. The micrographs were taken by

a reflection of g ¼ 111. The volume size of Si in Ni is

)5.7%, and those of Ni–Co, Ni–Cu, Ni–Mn, Ni–Pd and

Ni–Nb alloys for these solute atoms are þ1.8%, þ7.2%,

þ23.2%, þ43.3% and þ51.2%, respectively. The number

density of loops in pure Ni and Ni alloys is approxi-

mately equivalent, except for the Ni–Si alloy. The mean

diameters of dislocation loops in the specimens de-

pended on the volume size factor of solute atoms, and it

tended to increase with increasing the volume size factor.

Many small dislocation loops with the diameter of about

4–6 nm were observed especially in Ni–Si alloy. The

number density and mean diameter of dislocation loops

are given in Fig. 3.

Figs. 4(a)–(c) and 5(a)–(c) show microstructures ta-

ken under low and high magnification, respectively, in

Fig. 2. Dislocation loops formed in (a) pure Ni, (b) Ni–5%Si, (c) Ni–5%Co, (d) Ni–5%Cu, (e) Ni–5%Mn, (f) Ni–5%Pd, (g) Ni–2%Nb

irradiated at 500 �C by 25 keV Heþ ions to a dose of 1 � 1019 ions/m2.

Fig. 1. Depth profiles of displacement damage rate and helium

projected range probability in Ni irradiated by 25 keV Heþ

ions.

Table 1

Volume size factors of solute atoms in Ni

Solute atoms in Ni Si Co Cu Mn Pd Nb

Volume size factor )5.8 1.8 7.2 23.2 41.3 51.2
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the Ni–9%Si, Ni–5%Co and Ni–5%Cu alloys irradiated

at 500 �C to a dose of 4:1� 1020 Heþ ions/m2 under a

flux of 5:6 � 1018 ions/m2 s for 73 s. A number of grown

loops and bubbles were formed as seen in Fig. 4(a)–(c).

The size of cavity formed in Ni–Si was smaller than that

in the other alloys. Cavities were formed in matrix, on

dislocation loops and at grain boundaries as seen in Fig.

5(a)–(c). In Fig. 6, bubbles formed in the pure Ni, Ni–

5%Si, Ni–5%Mn and Ni–2%Nb alloys irradiated at 500

�C to a dose of 4:1� 1020 Heþ ions/m2 under a flux of

3:2 � 1018 ions/m2 s for 130 s. In the Ni–Si alloy, Ni3Si

precipitate was formed on the surface of bubbles. The

relation between swelling and volume size factors is

given in Fig. 7. The number density, mean size of bub-

bles and the swelling in the specimens irradiated at

500 �C to a dose of 4:1� 1020/m2 are given in Table 2.

The swelling tended to increase with increasing the

volume size factors of solute atoms in Ni, while the

number density of bubbles was increased with the

absolute values of the volume size factors under a con-

stant flux irradiation. The size of cavities in the speci-

mens also tended to increase with the volume size

factors, and the size of bubble in Ni–Si alloy was very

small. Fig. 8 shows Ni3Si precipitates formed on the

surface of cavities in the matrix and around grain

boundaries in the Ni–Si alloy. The growth of cavity in

the Ni–Si matrix would be suppressed by the formation

of precipitates.

4. Discussion

According to the study about the formation of dis-

location loops in Ni alloys under 2 MeV electron irra-

diation, the density of dislocation loops formed at 500

�C was less than about 1 � 1021 m�3, under a production

rate of 2� 10�3 dpa/s. The number density of loops

formed in this study was about 1:5� 1022 m�3 under

Heþ irradiation with a production rate of 7 � 10�3 dpa/

s. Even in taking account of the facts that the nucleation

of dislocation loops depends on the square root of the

Fig. 3. The mean size and number density of dislocation loops

formed in pure Ni and Ni alloys.

Fig. 4. Dislocation loops formed in Ni alloys irradiated at 500 �C to a dose of 4� 1020 ions/m2.
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defect production rate under electron irradiation, the

density of dislocation loops formed in this study of Heþ

irradiation was higher than that under electron irradia-

tion. The dislocation loops formed by the electron ir-

radiation have a dependence of solute atoms, but it

hardly depended on the solute atoms under Heþ irra-

diation, except for the Ni–Si alloy. The results suggest

that dislocation loops may be easily nucleate under

Heþ irradiation through the formation of He–point

defect complexes rather than di-interstitial and intersti-

tial-solute complexes. The evolution of concentrations

of interstitials, vacancies, interstital He atoms, the dis-

location loops and bubbles under Heþ irradiation can

be analyzed numerically by the following kinetic equa-

tions:

dCi=dt ¼ Pf1� zCv � NRðCgv þ C2gv þ C3gv þ C4gvÞg
� zðMi þMvÞCiCv � zMiCiðCgv þ C2gv

þ 2Ci þ Ci3gvÞ þ zMdCi3gv �MiCiziLCsL

þ Diðd2Ci=dr2Þ;

dCv=dt ¼ P ð1� zCvÞ � zðMi þMvÞCiCv � zðMg

þMvÞCgCv �MvCvzvLCsL þ zM1dCgv

þ Dvðd2Cv=dr2Þ;

Fig. 5. Cavities formed in (a) Ni–9%Si, (b) Ni–5%Co and (c) Ni–5%Cu alloys irradiated at 500 �C by 25 keV Heþ ions to a dose of

4� 1020 ions/m2 under a flux of 5:6� 1018 ions/m2 s.

Fig. 6. Cavities formed in (a) Ni, (b) Ni–5%Si, (c) Ni–5%Mn and (d) Ni–2%Nb alloys irradiated at 500 �C by 25 keV Heþ ions to a

dose of 4� 1020 ions/m2 under a flux of 3:2� 1018 ions/m2 s.
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dCg=dt ¼ Pg þ PNRðCgv þ 2C2gv þ 3Cgv þ 4CgvÞ
þ zMiCiðCgv þ 2C2gvÞ þ zM2dðC2gv þ C3gvÞ
� zðMg þMvÞCvCg � zMgCgðCgv þ C2gv þ C3gvÞ
þ Dgðd2Cg=dr2Þ;

dCgv=dt ¼ zðMg þMvÞCvCg � zMgCgCgv � zMiCiCgv

� PNRCgv � zM1dCgv þ zM2dC2gv;

dC2gv=dt ¼ zMgCgCgv � zMgCgC2gv � zMiCiC2gv

� PNRC2gv þ zM2dð�C2gv þ C3gvÞ;

dC3gv=dt ¼ zMgCgC2gv � zMgCgC3gv � zMiCiC3gv

� PNRC3gv þ zMdCigv � zM2dC3gv;

dC4gv=dt ¼ zMgCgC3gv � PNRC4gv;

dCi3gv=dt ¼ zMiCiC3gv � PNRC4gv;

dCL=dt ¼ zMiCi2 þ zMiCiCi3gv;

dCiL=dt ¼ CsLðziLMiCi � zvLMvCvÞ:

Here, C�s denote the concentration of interstitials (Ci),

vacancies (Cv), interstitial He atoms (Cg), He–vacancy

clusters (Cgv), 2He–V clusters (C2gv), 3He–V clusters

(C3gv), 4He–V clusters (C4gv), interstitial atoms with

3He–V clusters (Ci3gv), dislocation loops (CL), and in-

terstitials in all of the dislocation loops (CiL). Mi, Mv, Md,

M1d, M2d, P , Pg, NR and z denote the mobility of inter-

stitial, vacancy mobility, the dissociation rate of I–2He–

V, He–V and 2He–V clusters, the production rate of

Frenkel pairs, the injection rate of He atoms, the num-

ber of collision in a replacement collision sequence, and

the capture site number of each reaction, respectively.

The last equation shows the growth of interstitial loops

[6]. In this model, there are some postulations that each

He–vacancy cluster grows by absorbing a He atom and

decomposes. In this calculation, the effect of the cascade

on Frenkel pair production is ignored, because the av-

eraged number of displacement atoms per cascade

damage is calculated to be 2.5 by the Kinchin–Pease

model in this Heþ irradiation. Fig. 9 shows that both of

vacancy and interstitial concentrations are decreased
Fig. 7. Swelling, mean diameter and number density of cavities

formed in Ni alloys and pure Ni irradiated by 25 keV Heþ ions.

Table 2

The number density and mean size of interstitial-type dislocation loops in pure Ni and binary Ni alloys irradiated at 500 �C by Heþ

ions with a dose of 1:0 � 1019 m�2

Specimen Vsf (%) Number density (m�3) Mean size (nm)

Ni 0 1:5 � 1022 19.5

Ni–Si )5.7 2:3 � 1022 13.2

Ni–Co 1.8 1:6 � 1022 13.5

Ni–Cu 7.2 1:5 � 1022 17.3

Ni–Mn 23.2 1:2 � 1022 18.2

Ni–Pd 43.3 1:4 � 1022 18.9

Ni–Nb 51.2 1:3 � 1022 16.8
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under the He irradiation, compared with the electron

irradiation. This is explained qualitatively as follows: the

vacancy concentration was decreased by the strong in-

teraction of an interstitial He atom with He–V clus-

ters, and the interstitial concentration was decreased by

the absorption of interstitials to higher density disloca-

tion loops. The cause of the formation of the high

density of dislocation loops might be induced by the

formation of He–point defect complexes under He ir-

radiation.

The number density of bubbles tended to increase

with it. The cause of the enhancement of bubble for-

mation may be owing to the reduction of the mobility of

He atoms or vacancies in Ni alloys. It is known that He

atoms migrate in a dissociative mechanism in which the

He atoms jump out from their substitutional positions

and migrate interstitially; i.e., from He–V complex to

interstitial He atom and vacancy. In Ref. [7], the va-

cancy mobility in Ni alloys was not necessarily reduced

with increasing the volume size of solute atoms i.e., the

migration energies of pure Ni, Ni–Si, Ni–Co, Ni–Cu,

Ni–Mn, Ni–Pd and Ni–Nb were 1.20, 1.35, 1.26, 1.65,

1.08, 1.0 and 0.92 eV, respectively. Therefore, it is sug-

gested that the mobility of interstitial He atoms may be

somewhat suppressed by solute atoms, and the forma-

tion of bubbles may be enhanced with the solute volume

size.

As shown in Table 3, the mean diameter of disloca-

tion loops in the Ni alloys increased with the volume size

factors, and the vacancy concentration in the alloys with

larger volume size factor of solute atom may be higher

than that in the alloys with the smaller size factor. On

the other hand, the vacancy mobility in Ni alloys tended

to decrease inversely with the larger volume size fac-

tors in Ni [7]. Therefore, the swelling in Ni alloys would

tend to increase with the volume size factors of solute

atoms.

Fig. 8. Ni3Si precipitates formed on the surface of cavities in matrix and around grain boundary in Ni–9Cr alloys irradiated at 500 �C
by 25 keV Heþ ions to a dose of 4 � 1020 ions/m2 (a) dark-field image of Ni3Si precipitates, (b) bright-field image, (c) diffraction

pattern.

Fig. 9. The calculated concentrations of interstitials, vacancies,

interstitial He, He–vacancy clusters (He–V, 2He–V, 3He–V,

4He–V), and dislocation loops against the logarithm of irradi-

ation time in Ni irradiated by 25 keV Heþ ions (solid line) of

5:46� 1018 ions/m2 s and by 2 MeV electrons (broken lines) at

500 �C. Parameters are described as below: 0.15, 1.2 and 0.6 eV

for the migration of interstitials, vacancies and interstitial He,

respectively, 0.75, 1.9 and 1.7 eV for the dissociation of I–3He–

V, He–V and 2He–V clusters, respectively, NR ¼ 10 and z ¼ 81.
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5. Conclusion

The effects of solute atoms on the microstructural

evolution have been investigated using Ni alloys under

25 keV Heþ irradiation at 500 �C. The specimens used

were pure Ni, Ni–Si, Ni–Co, Ni–Cu, Ni–Mn and Ni–Pd

alloys, and these volume size factors of solute atoms in

Ni are )5.8%, þ1.8%, þ7.2%, þ23.2%, þ41.3% and

þ51.2%, respectively. The high number densities of

dislocation loops of about 1:5� 1022 m�3 were formed

in the specimens irradiated to 1� 1019 ions/m2, and they

were approximately equivalent, except for Ni–Si. The

mean size of loops tended to increase with the volume

size factor of solute atoms. In a dose of 4� 1020 ions/m2,

the swelling changed from 0.2% to 4.5%, depending on

the volume size factors. The number densities of bubbles

tended to increase with the volume size factor, but the

mean size of the cavity also increased with the volume

size factors. This result suggests that the mobility of

helium and vacancy atoms may be influenced by the

interaction of solute atoms with them.
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The number density and mean size of bubbles and the swelling in pure Ni and binary Ni alloys irradiated at 500 �C by Heþ ions with a

dose of 4:1� 1020 m�2. Vsf is the volume size factors of solute in Ni

Specimen Vsf (%) Flux (Heþ/m2 s) Number density (m�3) Mean size (nm) Swelling (%)
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Ni–Cu 7.2 5:6� 1018 6:2 � 1023 5.0 4.2
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