N

N

Drastic influence of micro-alloying on Frank loop nature
in Ni and Ni-based model alloys
Kan Ma, Brigitte Décamps, Anna Fraczkiewicz, Frédéric Prima, Marie

Loyer-Prost

» To cite this version:

Kan Ma, Brigitte Décamps, Anna Fraczkiewicz, Frédéric Prima, Marie Loyer-Prost. Drastic influence
of micro-alloying on Frank loop nature in Ni and Ni-based model alloys. Materials Research Letters,
2020, 8, pp.201 - 207. 10.1080/21663831.2020.1741042 . hal-03045781

HAL Id: hal-03045781
https://hal.science/hal-03045781
Submitted on 8 Dec 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03045781
https://hal.archives-ouvertes.fr

Taylor & Francis
Taylor & Francis Group

Materials

NERERIgesll  \Vaterials Research Letters
Letters

ISSN: (Print) 2166-3831 (Online) Journal homepage: https://www.tandfonline.com/loi/tmrl20

Drastic influence of micro-alloying on Frank loop
nature in Ni and Ni-based model alloys

Kan Ma, Brigitte Décamps, Anna Fraczkiewicz, Frédéric Prima & Marie Loyer-
Prost

To cite this article: Kan Ma, Brigitte Décamps, Anna Fraczkiewicz, Frédéric Prima & Marie Loyer-
Prost (2020) Drastic influence of micro-alloying on Frank loop nature in Ni and Ni-based model
alloys, Materials Research Letters, 8:5, 201-207, DOI: 10.1080/21663831.2020.1741042

To link to this article: https://doi.org/10.1080/21663831.2020.1741042

© 2020 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

ﬁ Published online: 16 Mar 2020.

N
CA/ Submit your article to this journal &

||I| Article views: 347

A
& View related articles &'

PN

(!) View Crossmark data (&

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=tmr|20


https://www.tandfonline.com/action/journalInformation?journalCode=tmrl20
https://www.tandfonline.com/loi/tmrl20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/21663831.2020.1741042
https://doi.org/10.1080/21663831.2020.1741042
https://www.tandfonline.com/action/authorSubmission?journalCode=tmrl20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tmrl20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/21663831.2020.1741042
https://www.tandfonline.com/doi/mlt/10.1080/21663831.2020.1741042
http://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2020.1741042&domain=pdf&date_stamp=2020-03-16
http://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2020.1741042&domain=pdf&date_stamp=2020-03-16

MATER. RES. LETT.
2020, VOL. 8,NO. 5,201-207
https://doi.org/10.1080/21663831.2020.1741042

RESEARCH LETTERS Taylor & Francis Group

"§ MATERIALS Taylor&Francis

REPORT

8 OPEN ACCESS

Drastic influence of micro-alloying on Frank loop nature in Ni and Ni-based

model alloys

Kan Ma?9, Brigitte Décampsb, Anna FraczkiewiczS, Frédéric Prima® and Marie Loyer-Prost®

aUniversité Paris-Saclay, CEA, Service de Recherches de Métallurgie Physique, Gif-sur-Yvette, France; PLaboratoire de Physique des 2 infinis
Iréne Joliot-Curie (IJCLab), Université Paris-Saclay, Orsay, France; “Ecole Nationale Supérieure des Mines de Saint Etienne, Centre Sciences des
Matériaux et des Structures (SMS), St Etienne, France; 9Chimie ParisTech-CNRS, Institut de Recherche de Chimie Paris, PSL Research University,

Paris, France

ABSTRACT

Nickel and its alloys are f.c.c. model materials to investigate the elementary mechanisms of radiation
damage and solute effects. This paper focuses on the drastic influence of micro-alloying (0.4 wt.%
Ti or Cr) on the nature of defects after ion irradiation. Ultra-high purity materials are used to avoid
impurity effects. For the first time, (i) large stable intrinsic Frank loops are identified in nickel while
in alloys extrinsic Frank loops are observed; (ii) an eradication mechanism of intrinsic Frank loops is
clearly identified; (iii) the morphology of Frank loops is shown to be characteristic of their nature.

ARTICLE HISTORY
Received 31 January 2020

KEYWORDS

Radiation damage;
micro-alloying; Ni-based
model alloys; Frank loop
nature

IMPACT STATEMENT

For the first time, a drastic influence of micro-alloying on the defect nature is shown in irradiated
Ni systems. Minor addition of solutes modifies significantly elementary mechanisms of radiation

damage.

1. Introduction

Advanced austenitic steels are candidate materials for
current and future nuclear systems. Their main limita-
tion is their macroscopic volume extension under irra-
diation, so-called void swelling [1,2]. Empirically, the
fine-tuning of major elements (Ni, Cr) and the addition
of some minor solutes (Ti, etc.) efficiently improved the
swelling resistance [3]. To predict the structural evolution
of these face-centered cubic (fcc) materials under irradi-
ation, it is essential to understand the solute effects on the
elementary mechanisms of radiation damage.

Model alloys such as pure nickel (Ni) and Ni-based
binary alloys have been commonly used in the literature
for this purpose [4-6]. In the early stage of irradiation,
experiments in Ni showed a transition from stacking
fault tetrahedra (SFT) dominated microstructure to a
loop-dominated one [4]. Then, dislocation loops grow

and produce line dislocation networks involved in the
nucleation and growth of voids [7,8]. Meanwhile, the
microstructure (density and size of dislocation loops and
voids) is affected by the addition of solutes and impuri-
ties (like oxygen) over a wide range of metal materials
(fcc, body-centered cubic (bcc)) and even novel con-
centrated solid solutions [9-16]. Thus, it can be seen
that dislocation loops play an important role in the
microstructural evolution in the early stage of irradia-
tion. In Ni and its alloys, Frank partial dislocation loops
(Burgers vector 1/3ag < 111 > ) and perfect loops (Burg-
ers vector 1/2ap < 110 > ) were observed under neutron
[5,6], electron [17-19] and ion [20-22] irradiation in
a large range of temperatures (from 25 to 650°C). The
nature of irradiation-induced Frank loops was identi-
fied as interstitial-type in most cases for all kinds of
irradiation [6,17,18,20,22,23]. However, small metastable
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vacancy loops were claimed in irradiated nickel with
electron [17] and ion [21,24].

To summarize the literature, the irradiated microstruc-
ture closely depends on solutes, the type of irradiations
and is strongly affected by impurities. Furthermore, the
nature of formed defects in nickel is not determined
unambiguously. It has to be stressed that the existence of
grown stable vacancy loops in nickel has not been proved
and to the best of our knowledge the influence of solutes
on the loop nature is unavailable in the literature. This
paper focuses on a microstructural analysis of the early
stage of ion irradiation in Ni and Ni-based model alloys.
Ion irradiation is used in our study to reveal fundamen-
tals of damage mechanisms. As micro-alloying (0.4 wt.%
Ti) is efficient to reduce swelling [25], two alloys (Ni-
0.4wt.%Ti and Ni-0.4wt.%Cr) are chosen and compared
with Ni to understand the solute effect. As impurities
affect the microstructure, ultra-high purity materials are
elaborated. In this paper, the effects of micro-alloying
with Cr or Ti on the nature of irradiation-induced defects
are analyzed in detail and discussed.

2. Materials and methods

The ultra-high purity nickel (Ni) and the Ni-0.4wt.%Ti
(Ni-Ti for short) with measured impurities (O, C, N,
S) content in mass ppm respectively (3, 8, 2, 2 for Ni;
14, 2, 1, 4 for Ni-Ti), were manufactured by cold cru-
cible induction melting at the Ecole des Mines de Saint
Etienne (EMSE) in France. The high purity Ni-0.4wt.%Cr
(Ni-Cr for short) was prepared also by induction melt-
ing in Service de Recherches Métallurgiques Physiques
(SRMP) using pure chromium from J]. Braconnot&Cie
(> 99.996wt.%) and pure nickel from Goodfellow com-
pany (>99.99wt.%). The raw materials were cut into
400 pm thick slides and then mechanically polished to
50-80 pm. 3 mm diameter disks were punched out and
annealed at 1273 K for 2 h in a vacuum of 10~/ mbar fol-
lowed by air-cooling. Annealed samples were perforated
by twin-jet electro-polishing in a methanol-nitric acid
solution for Transmission Electron Microscopy (TEM)
observations. A low density of dislocations (<10
m~2) was measured by TEM in the initial state, before
irradiation.

The irradiation was performed on the JANNuS-
Saclay platform in CEA-Saclay. Thin foils were irradi-
ated by 5 MeV Ni?* ions at 450 & 20 °C using a rastered
beam. The temperature was monitored by 4 thermocou-
ples respectively in contact with samples. The ion flux
was 2.1 £0.2x10!! jons.cm™2.s7! and the fluence was
2.340.3x10!° ions.cm™2. The damage profile was cal-
culated by the Stopping Range of Ions in Matter (SRIM)

2013 code [26] using Kinchin-Pease option with a dis-
placement threshold energy of 40 eV. The final dose var-
ied from 0.7 dpa near the surface to 2.2 dpa near the
damage peak at depth of 1.5 um.

After irradiation, TEM samples were lifted out far
from thin zones using Focused Ion Beam (FIB) equipped
on an FEI Helio 650 NanoLab dual-beam Scanning Elec-
tron Microscopy (SEM). The lifted out samples were
then electro-polished using flash polishing technique to
remove the FIB-induced defects [27]. The characteriza-
tion of irradiation defects was performed using a 200 kV
FEI TECNAI G2 TEM. Bright-Field (BF) mode and
Weak-Beam Dark-Field (WBDF) mode were employed
to optimize the defect contrast. All TEM micrographs
were taken for s; > 0. Dislocation loops were character-
ized under different two-beam conditions along several
zone axes to apply the invisibility criterion for the analysis
of the Burgers vector. The inside-outside method [28-30]
was used to determine the nature of dislocation loops.

3. Results

In all materials, the microstructure is dominated by
Frank loops and perfect loops. In FIB samples, loops
are present from the irradiated surface to the depth of
1.5 um. In pure Nij, all Frank loops are segmented. Very
few voids are observed in Ni samples. In alloys, both
loops and voids are present in FIB samples and the major-
ity of Frank loops are not segmented. In both Ni and
alloys, inner loops may be present within Frank loops.
In Ni samples, no stacking fault is observed inside the
inner loops whereas they are always observed in alloys
(Figure 1 and Figure 2). The different morphology of
Frank loops in Ni and the alloys raises questions about
their nature. The determination of the nature of Frank
loops was carried out. It is important to stress on that in
each material, for tens of characterized loops, the same
nature of almost all the defects was identified, indepen-
dently on their Burgers vectors and geometric position
(depth). In the following, the results of each material are
presented for a representative loop, for which, detailed
characterizations are given.

To demonstrate unambiguously the nature of a dislo-
cation loop, (1) the Burgers vector, (2) the loop plane and
(3) the inside-outside behavior in =g must be fully ana-
lyzed. For a pure edge loop, such as a Frank loop, (1)
and (3) will be sufficient because the Burgers vector is
perpendicular to the loop plane.

The analysis of the Burgers vector is carried out with
the invisibility criterion [26]. It means that for a given
two-beam condition with the diffraction vector g, the dis-
location loop with the Burgers vector b will be invisible
or show a residual contrast if |g-b| = 0. Figure 1(a-j)



MATER. RES. LETT. 203

Zone axis (112) Zone axis (101) Zone ax1s (001)

(@)  g=[111]

|

100 nm

Zone axis (111)
(b) g =[220]

@) g=1[022] | (o) g =[022]

Zone axis (011)
® g*— [111] (9 «,g’=»[200]

l

--.o-.-—-

(k) - Zone axes [0o01] | [101] [111] [011] [112]
L
EE & lo20 220| 111 |220 202 022|111 200| 111
EgPossibleb
£ +1[111] v v|v]1r 1 1|v v| Vv
o g _
25 +2[111] v 1| Vv | Vv v 1|V V| V
Z
= T —
= [i%[lll] v 1| v |[v 1 vV v v]
[ -
+[111] v v|iv |1 v v|v v| Vv

Figure 1. (a-j) Bright-field TEM images of irradiated Ni under ten two-beam conditions along different zone axis; central Kikuchi map is
extracted from [28] and red arrows indicate the diffraction vector g in each micrograph with scale bar for all images indicated in (a); (k)

table of visibility for both outer and inner loops based on g.b value.

presents the TEM micrographs of a dislocation loop in
Ni with ten different g along different zone axes. The
zone axis and diffraction vectors were cautiously indexed
by comparing the Kikuchi lines and diffractions patterns
with the reference schematic maps [28]. Since the loop
is invisible for g = [202] (Figure 1(c)) and g = [220]
(Figure 1(h)), it is a Frank loop with a Burgers vector of
b = +ay/3[111]. The visibility of the loop for the other
g (Figure 1(k)) is in agreement with this Burgers vector.

For the inner small loops, their visibility is the same as the
outer Frank loop for all the g analyzed. Thus, their Burg-
ers vector is also +ag/3[111]. Figure 2(a) presents two
Frank loops respectively in Ni-Cr and Ni-Ti. From their
visibility (Figure 2(b)), both the outer Frank loop and the
inner one have the same Burgers vector, b = %ay/3[111]
in Ni-Cr and 4ao/3[111] in Ni-Ti.

The sign of the Burgers vector depends on the nature

of the loop. Figure 3 shows +g pairs of the three previous
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Figure 2. (a) Bright-field TEM images of irradiated Ni-Cr and Ni-Ti (close to surface) under different two-beam conditions with diffraction
vector g indicated by the red arrows with scale bar in each image denotes 50 nm; (b) table of visibility for both outer and inner loops.

Frank loops in Figure 1 and Figure 2. The inside-outside
behavior of these loops is resumed in Table 1. In Ni, using
the FS/RH convention [31] by considering the sense of
the dislocation line as clockwise, the outside contrast of
the outer loop for g = [020] gives (g - b) - s; > 0. Thus,
the Burgers vector of the outer Frank loop is ag/3[111].
Within the FS/RH convention, the Burgers vector points
to the opposed direction against the loop plane nor-
mal [111], the outer Frank loop is therefore intrinsic
(vacancy-type). On the contrary, the inner loops show
a reverse contrast to the outer loop. The Burgers vector
of inner loops is therefore ag/ 3[111], corresponding to
an extrinsic Frank loop (interstitial-type). No fault con-
trast is observed inside those inner loops in accordance
with a perfect lattice. By the same analysis, the outer and
inner loops are both of interstitial-type in Ni-Cr and Ni-
Ti. As a contrast of the stacking fault is observed inside
the inner loops, double layer extrinsic Frank loops are
produced. Possible structures of these defects are given in
Figure 3(p-r). Among all the studied loops, no Shockley
partial was observed.

To sum up, intrinsic segmented single layer Frank
loops are observed in irradiated Ni while extrinsic non-
segmented (single and double layers) Frank loops are

found in Ni-Cr and Ni-Ti. Only one intrinsic segmented
Frank loop is detected in Ni-Cr. These results contrast
with literature [17,21,24] which reports, in irradiated Ni,
mostly extrinsic loops and sometimes small metastable
vacancy loops. The different loop nature between Ni and
its alloys together with the contrast behavior in Ni have
to be understood.

4. Discussion

The drastic difference of the defect nature between Ni
and micro-alloyed Ni is related to the behaviors of vacan-
cies and interstitials. In Ni, vacancies form intrinsic Frank
loops while, in the alloys, they form voids. Interstitials in
Ni agglomerate as Frank loops nucleated in the middle of
the intrinsic Frank loops eradicating the stacking fault.
The growth of inner extrinsic Frank loops will lead to the
total eradication of intrinsic Frank loops. Considering
thatloops in Ni are vacancy-type and partially eradicated,
interstitials may be depleted in the damage production
zone by migrating far away. Contrarily, interstitials in the
alloys agglomerate as single or multi-layer Frank loops
(two Frank loops in our case).



Ni-zone axis (001)

g = [020] g = [020]
(2) o (f) ””_} o
PR » y
."(‘ o
- 4

(e)
Inner loops
Intersitial-type

[001]
Intrinsic stacking fault
=1[111]
in =3 o i
\I:out = 3[111]
Perfect lattice

Outer loop
Vacancy-type

Possible model of eradication of vacancy loops

Perfect

(p ) Intrinsic  lattice
SF
A—WL;/—
L N T
(¢ C
A = A
A (A _—
B B B —
Perfect T ...... T

lattice Interstitial inner loop

---- Vacancy outer loop ==~

®

@

Ni-0.4Cr-zone axis (001)
g =[020]
7>

Inner loop

Intersitial-type
Stacking \ ‘\\ I o

1 Wy —
fault LI, Ben = 31221

| bout = 3111

Outer loop
Intersitial-type

MATER. RES. LETT.

Ni-0.4Ti-zone axis (001)

(©) [001]
Inner loop
Intersitial-type

bin = 3[111]

Stacking \ Doue = %[111]

fault

Outer loop
Intersitial-type

Models of extrinsic multi-layers Frank loops

Successive layers model

Extrinsic Intrinsic

(q) SF SF
A A
B BB
c e
—RFB
A“C
P—s

B

Perfect
lattice

Interstitial inner loop
outer loop

Non-successive layers model

Extrinsic Intrinsic

@ SF SF
4 A
B—/B— B

A A
C—C; c
A A — 5
B B A

Perfect
lattice

Interstitial inner loop
outer loop

205

Figure 3. (a-o) Bright-field and corresponding weak-beam dark-field images for g = £[020] and the analysis of Frank loop nature in Ni

(a-e); in Ni-Cr (f-j); in Ni-Ti (k-0); Scheme of Frank loop structure (p) in Ni and (g-r) two possible models in alloys suggested by [22].

Table 1. Inside-outside contrast and analysis of the nature of Frank loops in three materials.

Contrast of loops

Sample Loop b direction g = [020] —g= [020] g-bforg b Nature
Ni Outer [111] outside inside >0 ao/30111] vacancy
Inner nin inside outside <0 ap/3[1 1] interstitial
Ni-Cr Quter [111] outside inside >0 do/3(111] interstitial
Inner [111] outside inside >0 interstitial
Ni-Ti Outer [111] inside outside <0 ao/30111] interstitial
Inner nin inside outside <0 interstitial

By molecular dynamics (MD) calculations, it was
shown [13] that the low migration energy of intersti-
tials and interstitial clusters (I-clusters) in Ni provokes
their straight long-distance migration from the dam-
age production region to the surface and deeper zones.
On the contrary, as extrinsic Frank loops are observed
in the alloys, interstitials may be trapped within the
damage production region. Solutes like Fe and Co can
increase the migration energy barrier of I-clusters, result-
ing in a short-distance complex migration trajectory [12].
Thus, interstitials atoms, I-clusters, and interstitial loops

remain in irradiated zones leading to the growth of inter-
stitial loops and the nucleation of a multi-layer structure
as observed in our case. Such complex Frank loops were
observed in irradiated nickel and alloys [22,32]. As the
content of solute in our alloys is very low, a minor addi-
tion of Ti or Cr modifies drastically the migration of
interstitials.

Meanwhile, the nucleation of vacancy defects occurs
both in Ni (vacancy loops) and in the alloys (stable voids).
Due to the much higher migration energy of vacancies
compared to interstitials, the vacancy diffusion path is
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quite short [12]. Thus, germs of vacancy loops created in
cascades may absorb nearby free vacancies and grow in
irradiated regions. It is interesting to wonder why vacan-
cies agglomerate into different forms in Ni and in the
alloys. In the literature, calculations in Ni demonstrate
that if the surface energy of voids is reduced (presence
of impurities like oxygen), voids may become the stable
form instead of dislocation loops when the number of
vacancies in the defect exceeds a critical value [13]. This
critical value also depends on the stacking fault energy
(SFE). In our case, we calculated the average number of
vacancies present in loops for Ni (~20nm in diameter
A 6 x 10> vacancies) and in voids for alloys (~ 10 nm in
diameter &~ 3 x 10* vacancies). In both cases, we found
values lower than the critical value found in the reference
[13], which explains our observations in Ni. Meanwhile,
in the alloys, voids are the stable form, so they are ener-
getically favored by the addition of Ti and Cr. It suggests
an influence of a very small amount of solutes on the SFE
and/or the surface energy of voids.

It has to be mentioned that the observation of stable
grown vacancy Frank loops at different depths in our irra-
diated Ni samples seems to contrast with previous studies
[17,21,24] where vacancy loops were only reported either
near other dislocations or were metastable. This differ-
ence may be understood considering the type of irradia-
tion (issue of vacancy loop nucleation with electrons and
light ions) and the presence of impurities (oxygen and
nitrogen) which is believed to affect the microstructure
[13,22].

Atlast, it is worth noting that the morphology of Frank
loops is found to depend drastically on its nature: seg-
mented for intrinsic and not segmented for extrinsic.
Even the only observed intrinsic Frank loop in the alloys
is segmented. These segmented intrinsic Frank loops are
similar to those obtained after quenching in nickel [33]
and in quenched aluminium [34,35] which are assumed
to be intrinsic.

5. Conclusions

Microstructural analysis was conducted in ultra-high
purity Ni and micro-alloyed Ni (with Ti or Cr) irradi-
ated by self-ion at high temperature. A drastic influence
of micro-alloying on the nature of radiation-induced
Frank loops is observed. In Ni, vacancies form intrin-
sic Frank loops. Interstitials agglomerate also as Frank
loops but only inside existing intrinsic Frank loops and
eradicate the stacking fault. In the alloys, vacancies form
voids while interstitials agglomerate as single or multi-
layer extrinsic Frank loops. For the first time, (i) the
real impact of micro-alloying on Frank loop nature and
fine microstructure is shown; (ii) large stable intrinsic

Frank loops are identified in nickel; (iii) an eradication
mechanism of intrinsic Frank loops by inner extrinsic
Frank loops is clearly shown; (iv) the morphology of
Frank loops is shown to be a characteristic feature of their
nature. These observations of fundamental properties of
radiation-induced defects introduce new considerations
in theoretical calculations, which will contribute signifi-
cantly to a better understanding of the elementary mech-
anisms of radiation damage and solute effects in f.c.c.
structure.
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