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This report provides an overview of the joint research of the Center for Computational Science &
e-Systems (CCSE), JAEA and Research into Artifacts, Center for Engineering, the University of Tokyo in
fiscal year 2012 (April 1, 2012 — March 31, 2013). The primary results of the research and development
activities are the development of the middleware to perform the structural analysis fast and efficiently and
the model construction to evaluate the safety of the materials. Other results of the activity are holding a

joint workshop and seminars. Overview of the activity is also included in this report.
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This work has been performed in JAEA as a joint research with Research into Artifacts, Center for
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Y BiCGstab GMRES TFQMR GPBi—-CG

1.3 171 90 not convergence 47

1.5 322 126 not convergence 96

1.7 508 180 not convergence 154

1.9 not convergence 258 not convergence 236

2.1 not convergence 391 not convergence 576

2.3 not convergence 759 not convergence | not convergence
25 not convergence | not convergence | not convergence|not convergence
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Y BiCGstab GMRES TFQMR GPBi—-CG
1.3 147 90 90 47
1.5 236 126 198 88
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1.9 not convergence 258 not convergence 192
2.1 not convergence 391 not convergence 267
2.3 not convergence 759 not convergence 509
2.5 not convergence | not convergence | not convergence 952
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Algorithm 2.1.1 TIterative Refinement

Take x, initial solution
Until ||rk|| 1s small enough

r, =b—Ax,

1.

2.

3

4. Solve Az, =r,
5 X, =X, +z,
6

Next k= k+1

7. End

2.1.2.3 Mixed Precision Method

AIETE T2, SO RE R RBEFHEEICOW T, IEROFBERE LY LEED IV 4
ERBEHEZ WD Z & T, MBOPRMENUET 2 Z L3RSz, 20X 5 ef@Elcxr LT,
SRR MR L S R REHEZ N ESE IR L ED BN TWD, ZOHR T, FHRIEE
DOHEFF L FHEHEE DM LA W TEX 5 HEOOE DI, [REEEE Sl EERAZHGE. B
EREEFENET DN D, IBRAREFEIL. MBOKEIZREN D72 WG RICITE R EE S & MK
FEEEAE ATV R OREEIC K E BT 210k L CEEBEHEEZITH) L WVWIHI DO TH D,
AFI TR, BABEHR & ELEEZHAEDE T FIETH S, Mixed Precision Iterative
Refinement (2 DWW Tk %,

(DMixed Precision Iterative Refinement

Moler |2 & - THEZE S 17- Tterative Refinement (%, fEDOKEE # M S5 ESREEL LT
IR R FE L b TV 58,

Iterative Refinement 7 /LY XA 2.1.1 (IR T, ZOT /T Y XNE, FREr B+ S
KD ETHLMME xg DEHZHMEVIET LD LD THD, &2 HBHOFIE N EAE 21T
I LN OFBEEDHEE LD T2, ZORBEZRMVRE, MOBELRIETHZ LA HMEL
TAREPHWSIN D, ©F .| Iterative Refinement |2 X » TIRBEEEN AT 5. BlEEHEA
LTGRO NOEELZRET H T L AIRE L 725, Langou © X Tterative Refinement (Z
OWTRAREHRZ2EZET 255 OB 21TV, REATSIO G500 Bk R B/ NSUS O K
W2 L CHAORELRDL WS, REFEDNRT 52 FH 2R L0

Mixed Precision Iterative Refinement Z7 /L3 Y XA 212577, ZOT7 /03 XA,
Outer /L —7 & LN 5 B EHEIC XA MRORBERIEL— 7 & | Inner /L—7 & XX A KK
EERE DY VN —T 2L - THER I TW5, Buttari 51X, Mixed Precision Iterative
Refinement @ Inner /L — 7 (A AEE 25 ] S, BRI EIC K 2 5t ROEE & (R
\Z X DHBEREENWNL LGS FH 2 Rr L7200, Z o X 912, Mixed Precision Iterative Refinement
AR EE TS L » TRV AR IS U OB ERREZ 1T ) 7m0 S5,
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Algorithm 2.1.2 Mixed Precision Iterative Refinement

1. Set initial values and calculate initial defect (higher precision)

_ o _ e
r,=b, —A4,%,, O, —”I”k ”, X,; =initial guess

2. Set initial values for inner solver and convert data (higher — lower precision)

A,=4,, rn,=r,, c, =initial guess

lo
3. Run inner solver 4, ¢, =71, (lower precision, inner loop)

4. Update outer solution x,, = x,, + &,,c, (lower — higher precision)
5. Calculate defect 7,, =b, — A4,,x,, (higher precision)

6. Calculate norm of defect o, = ||rk || (higher precision)

7. Check for convergence 8, << J,

If NO, next iteration to go to 2, 7, =(1/J,,)r, (higher — lower precision)

If YES, stop

Q%M¥ 35 % 5 Mixed Precision Iterative Refinement £ & 4% A)Fd ik~ L&

Langou © 73 Iterative Refinement (235 CToR L7z & 5120 IBREMREFHRZZET 255,
FREATHN DRI U TR A DOPORDB R EL EA SN D, 2D & H6 Serban 1%, Mixed
Precision Iterative Refinement 7 & I ABEIC IV T ARBATIIO L4503 V VS E RIERIC
B2 5B OV TR & T - 72l

2.1.812., BRBATHND GBS Y NS FARRRRIC B 2 2 882 s, X 2.1.8 10 | S8
0(108) L VR LA, RIEMBNHEET DR LD, Z Ot O%4A Inner /L— 7 % Bk
FETHRE L TWAT2D, FHRORE 2B Z M < BRICHIEE 8 HIOHE CIIRBENRE L, M
DIRAERHEMA 7o r OB TELWVERELNRNI ENREELTWDHEEZILND,

FMHEORE MM E < BRORRZEEZMET 572012, Serban (X Inner /L— 72k L T
B E b -BErAELZ @A L0, ZuE, Inner — 7 O A CHEZHEFFCX SR L
FETIRELER LT BOTHY . AN ORI CREFHRAZITA D Z &03, MHRNICKE
EIEIEMOIMENZ SRR DNEN oD EEZEZHND.

2.1.9 12, Inner /b— 7 OFBEFFEN BRI OB INC G 2 582 R4, K2.1.9 LY,
FNENATHNOFRMENT K U CHEUIREETRENFE L. £ O5E KERE O IEF I
RNZ ERDND, BT, RRETFFRMER R U CEbl il A s 5 & . G R
BERIZHEINT 5, ZODREICE DR ZIE LWRREFREOREN MBI/ > T D,

SHORELE LT, Inner b— 7 OREFFREZ BEN TRIET 5 L 2 2 FEEMAAT Z & T,
FOEELIHEZIT) ZENAHREE 257 VT Y XAORBEBHFIND,
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2.2 JFEFEHRE (5 —<B : MERERSE)

2.2.1 HFEHFEEOHE
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2.2.2.1 Influence of stress and strain on change in direction of interstitial clusters

Change in direction of interstitial clusters was analyzed. Interstitial clusters formed
by the cascade process can probably change their direction immediately after formation.
Therefore, orientation of interstitial clusters formed during cascade process can be affected
by a change in direction. To distinguish these processes, it is necessary to analyze behaviors
of change in direction independently. This process has normally been recognized as thermal
activation process, but a thermal activation barrier can be negligibly small at high
temperature. From this aspect, stress effects on direction change of interstitial clusters were
also analyzed in this chapter. Frequency of direction change has been investigated in
previous studies to some extent. First, those studies were reviewed to model the influence of
direction change on irradiation degradation. Second, direction change was investigated using
MD method. The data obtained include behavior of interstitial clusters (1) without strain, (2)
at a constant strain rate, and (3) under constant strain. Behaviors under those conditions

were compared.

D Previous studies of rotation of interstitial clusters
(a) Influence of change in the direction of interstitial clusters

Interstitial clusters are found to diffuse one-dimensionally. Hereinafter, this
diffusion is described as 1D motion. Influence of 1D motion has been extremely investigated
recently [1-10]. Research to clarify the influence of 1D motion on microstructural evolution
[1-5] and decoration of interstitial clusters [6-8] have been undertaken. Researches with
experimental approaches have also been conducted [8—10].

Trinkaus et al. modeled the influence of 1D motion associated with the frequency of
direction change [1]. When direction change does not occur, the path of diffusion can be
treated as pure 1D motion. However, when interstitial clusters change direction frequently,

then they diffuse almost three-dimensionally. These were summarized using three
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parameters in their model: the diffusion range of these 1D motion in a certain microstructure
Al, the mean length of 1D motion Ich, and the absorption radius of spherical sinks r. Figure
2.2.1 presents schematic pictures depicting typical three cases.

a) For 1 >>4;, 1D motion is limited mainly by the number density of obstacles. Therefore, the
length of path for 1D motion is defined by the spaces among obstacles. (Correlated 1D)

b) For A;>>] >>r, interstitial clusters can avoid obstacles by changing their direction.
Therefore, the number of obstacles on a path of 1D motion is not a dominant factor.

c¢) For I << r, the interstitial clusters can move freely as 3D motion because the frequency of

direction change is sufficiently high.

(@) o b ¥ (c)
Gr O O . o O o o <4
o% o o o
o »0 C O ! 0
Q o o o) o o .
1A Ayl =r l=r

Figure 2.2.1 Schematic pictures showing of diffusion of interstitial clusters [10]

(b) Analysis of cluster rotation by MD simulations without strain

Behavior of direction change through cluster rotation has been recognized as an
important factor because it can influence diffusion process of clusters. However, because of
atomistic effects, analysis by dislocation theory has limitation for investigating the behavior
of small clusters. Consequently, MD simulations have been conducted [8—15].

Osetsky et al. analyzed behavior of interstitial clusters by evaluating lattice
distortion around them [11]. Soneda et al. conducted additional analysis for a-iron [13], and
described behavior of direction change as a thermal activation process using Arrhenius plot
based on the method suggested by Wirth et al. [12]. The analytical method to evaluate the
direction change was developed using MD simulations, although only clusters of size 3 or
smaller were treated in their analysis. Morishita et al. conducted similar analyses for various
metals and various cluster sizes [14]. Arrhenius plots obtained from their study are presented

in Figure 2.2.2.
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Figure 2.2.2 Rotation frequency of interstitial clusters [14]
@ Method

(a) Emphasis of analysis
Analyses were conducted in this chapter from the following perspectives.
a) Relation between MD results and the theoretical model
b) Dependence of direction change on size of interstitial clusters
This study emphasized stress-induced preferential orientation of interstitial clusters rather
than the frequency of direction change. By this theory, the number of cluster nuclei formed on
the I th plane is given as
ool
~= (2.2.1)

N 5 Qo cos? O n
exp|—p—7

This model can only be applied on a thermal equilibrium state. However, the process
is assumed to be a thermal activation process. Hence, MD results can correspond to the
expected value based on the thermal equilibrium model only when the frequency of direction
change is high.

The direction change of small interstitial clusters has been well described using
Arrhenius plot in previous studies. However, large interstitial clusters were not particularly
emphasized in those studies, excepting one by Phythian et al., who examined large
interstitial clusters of size 37 [11]. It is difficult to describe the direction change of large
interstitial clusters using an Arrhenius plot because observations of few direction changes
are insufficient for such analysis. In this study, the dependence of direction change on the
cluster size was evaluated, with particular emphasis on large clusters at high temperature in

high strain condition.
(b) Conditions of analysis

Interstitial clusters in FCC metals are known to exist as either <1 1 1>o0r <1 1 0>

dislocation loops. Therefore, interstitial clusters change their direction through the path with
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the red lines shown in Figure 2.2.3. There temperature was set to 1 K, 600 K and 1200 K

respectively.

P ﬁm]

Figure 2.2.3 Preferential path of change in direction of clusters

(left) without stress; (right) under stress for [1 1 1] axis

(c) Model of analysis

Simulation procedures are described below.

() Interstitial clusters are inserted in a certain direction, [1 1 0].

(ii) The structure is relaxed using molecular statistical method.

(iii) The structure is relaxed using MD method with the NVE ensemble for approximately
1000 steps.

(iv) To set the temperature condition, all atoms in the simulation cells are accelerated.

(v) Velocity is rescaled continuously to maintain the desired temperature for 1000 steps. It is
because positions of atoms are changed from the lattice site to the position with higher
potential by thermal vibration, and half of the kinetic energy given in (iv) is converted
into potential energy, which causes to decrease temperature.

(vi) Behavior of interstitial clusters is analyzed under a no-strain condition by MD with NVE
ensemble for 50000 steps.

(vii) Strain is applied at a constant rate, and behavior of interstitial clusters is analyzed
under various strain value.

(viii) Behavior of interstitial clusters is further analyzed under a constant strain condition
using MD with NVE ensemble for 50000 steps.

Orientation without strain can be analyzed with steps (iv)—(vi). Then, the direction
change under several strain conditions appears on step (vii), and that under constant strain
appears on step (viii).

The following three points must be regarded for developing the system of
simulations.

a) The strain rate applied is extremely high that interstitial clusters may not reach their
stable orientation for each strain level.

b) Artificial thermal control has been conducted after insertion of interstitial clusters.
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¢) Interstitial clusters are inserted without formation processes such as a diffusion process
or cascade process.

To evaluate the dependence of the strain rate on direction changes of interstitial
clusters, MD simulations were conducted with several strain rates. Fundamentally, data
were obtained at a constant strain rate of 1.0 x 109 [/s]. For some cases, additional data were
obtained with a different strain rate. Results under several strain rates are shown in section
@(c) Further analysis of change in direction.

Thermal control is necessary to avoid unexpected decrease in the temperature from
the desired temperature. Its effect is validated and presented in section @)X(d) Validation of
analysis model. However, note that thermal control was not applied after step (v), although
some applied strain energy can be dispersed as thermal energy. Nevertheless, this possible
dispersion did not affect temperatures.

The sudden formation of interstitial cluster without any formation process is
unlikely. The major effect of the sudden formation is the initial configuration. In this study, a
cluster was inserted at a certain direction, namely [1 1 0], with the habit plane parallel to
this Burgers vector. MD simulations were conducted 100 times for each condition in this
study. Results obtained by 100 simulations are nothing but those with the same initial
direction of [1 1 0l. The initial direction might change the final orientation, which is
discussed in section @)(d) Validation of analysis model. In summary, the MD simulations
were conducted with analyses done in the following manner.

() Data with constant strain rate of 1.0 x 109 [/s] were obtained.
(IT) Additional data were obtained for the following cases.
A) When the strain rate of 1.0 x 10° [/s] was too high to reach a stable orientation,
simulations with a lower strain rate were conducted.
B) When waiting time at step (iv) or (viii) was too short to reach a stable orientation,
simulations with longer waiting times were conducted.
(ITD) Further analysis to validate the simulation condition
A) To evaluate the effects of the initial direction, analyses were conducted with other
initial directions: [1 1 1], [10 1] and [1 1 1].
B) To ensure that thermal control does not affect results, simulations without thermal
control were conducted.
(IV) Data obtained through by (I) and (II) were categorized into several processes and
analyzed.
A) Direction under 1.0% tensile strain and that without strain were compared.
B) Cluster directions at various strain levels were evaluated by analyzing data with a

constant strain rate.
@ Influence of stress and strain on direction change

(a) Overview of analysis

1) Data analysis in association with simulation procedure
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An example of data obtained using the MD method is shown in Figure 2.2.4. Dotted
lines represent 1000 steps, 2000 steps, 52000 steps, 152000 steps and 202000 steps. These
respectively correspond to the end of step (iii), (v), (vii), and (viii) shown in section @
(c)Further analysis of change in direction. Interstitial clusters of size 3 changed their
direction from [1 1 0] to other directions before the 52000 step. Strain levels changed during
52000-152000 steps, and were set to a constant level of 1.0% after 152000 step. Then the
direction of interstitial clusters was changed to [1 1 1] direction by application of strain. For
interstitial clusters of size 3 at 600 K, no further change in orientation was observed after
15200 steps, which indicated that interstitial clusters have already reached their stable
orientation at around 152000 step. Therefore, strain rate of 1.0 x 109 [/s] was sufficiently low
in this case, and orientation of interstitial clusters was presented to more likely stable
orientation under each strain level. Note that some of small clusters divided into
mono-interstitials or di-interstitials at high temperature, which cannot be defined direction.

Those cases are plotted as 'Indeterminant', when their fraction is not negligible.

1.0
—— [ 1 0 0]
0.9 —=— [0 1 0]
0.8 ——[0 0 1]
—— [ 1 1 0]
0.7 —=—[1-1 0]
c 06 —— [0 1 1]
.g 0.5 —— [0 1-1]
8 ——[1 0 1]
“ 04 b——[-1 0 1]
—— (11 1]
0.3 e (111
0.2 ——[1-1 1]
0.1 ——[-1 1 1_]
Indeterminant|
0.0 L

0.0 50000.0 100000.0 150000.0 200000.0 250000.0 300000.0

Time step

Figure 2.2.4 Directions of interstitial clusters of size 3 as a function of time step at 600 K

2) Display style of data

Various data are obtainable in this analysis by a set of simulations. Figure 2.2.5
presents the data shown in Figure 2.2.4 as a function of actual time. The first 1000 steps is
not shown in Figure 2.2.5, since these steps are not time depending analysis. Therefore, O ps
in Figure 2.2.5 correspond to 1000 step in Figure 2.2.4. All data will be shown with this style
hereinafter. When a noteworthy particular behavior is observed before 1000 steps, it will be
described.

Each region of Figure 2.2.5 corresponds to the following steps of the simulation

procedure.
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Area A (0.0 ps - 1.0 ps):

Analysis under thermal control corresponding to step (iii), (iv), and (v)

Area B (1.0 ps - 31.0 ps):

Analysis without applied strain corresponding to step (vi)

Area C (31.0 ps - 132.0 ps):

Analysis with a constant strain rate corresponding to step (vii)

Area D (132.0 ps - 162.0 ps):

Analysis under 1.0% uniaxial strain corresponding to step (viii)

Thermal control is applied on the simulation system at the first 1.0 ps, area A. No
temperature control is applied on area B, C, and D. No temperature change caused by applied
strain was observed, as described in section 3.3. The display style is the same for all data,
although the lengths of area B, C, and D are changed to obtain additional data with lower

strain rate of area C or longer waiting time of area B and C.

1.0
(B) (©) (D) ——[1 0 0]
0.9 —=—-[0 1 0]
0.8 —— [0 0 1]
——[1 1 0]
0.7 ——[1-10]
0.6 —— [0 1 1]
P—— 1[0 1-1]
0.5 ' o [1 0 1]
0.4 b ——[-1 0 1]
i——[1 1 1]
0.3 e {11
0.2 P——[1-11]
01 §—— [-1 1 1]
i —— Indeterminant
0.0 L
0.0 50.0 100.0 150.0 200.0 250.0 300.0

Time [ps]

Figure 2.2.5 Directions of interstitial clusters as a function of time for size 3 at 600 K

(b) Change in directions of interstitial clusters
1) Change in directions of interstitial clusters at 1200 K

Direction changes at 1200 K are shown in Figure 2.2.6. The change in direction was
enhanced by application of stress and strain. Change in the direction of interstitial clusters
was not observed for size 37 or larger without strain, but clusters can change direction under
1.0% uniaxial strain even for size 37 at 1200 K. However, the probability of change becomes

lower with larger cluster size. Direction change was not observed for size 91, even under 1.0%
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Figure 2.2.6 Direction of interstitial clusters as a function of time for each size at 1200K: (a)
Size 3, (b) Size 7, (c) Size 19, (d) Size 37, (e) Size 61, and (f) Size 91

2) Change in directions of interstitial clusters at 600 K

Direction changes at 600 K are shown in Figure 2.2.7. Significant change in

directions was not observed for size 37 even under 1% uniaxial tensile strain. Orientation of

interstitial clusters was stable after 150 ps for size 3. Change in orientation, however, was

observed even after 150 ps where the magnitude of strain is not changed for sizes 7 and 19,
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which means that interstitial clusters were unable to reach a stable state of each strain level

in these simulations. Therefore, additional simulations were conducted with lower strain

rates. Results of these additional simulations are presented in the next section.

(a) (b)
1.0 T T
i i——[100]
0.9 = [D 1 0]
0.8 i—=-[001]
i i——[110]
0.7 : §+[1_1 0]
c 06 ] ——[011] c
g 0.5 | %ﬁ3+[01’1] g
8 : ticg) "—o—[101] &
<04 ] ——[-1 0 1] =
: ——[111]
0.3 114
0.2 ——[1-1 1]
0.1 ——[-111]
§ —— Indeterminant
0.0
0.0 50.0 100.0 150.0 200.0 250.0 300.0
Time [ps]
(c) (@
1.0 .
| —~+[100]
09 w01 0]
08 . —[00 1]
07 b tﬁ —[110]
—=[1-10]
.§ 0.6 — [0 1 1] <
T o5 | ——[0 1-1] §
g4 b —=[10 1] =
—[-10 1]
03 | 111
= [11-1]
—-[1-11]
—[-11 1]

0.0

50.0 100.0 150.0

Time [ps]

200.0

250.0 300.0

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

0.0

1
1
1 1]
1
(]

eterminant

100.0

150.0 200.0 250.0 300.0

Time [ps]

o r OO

R R RALAROO R R OOR
,
mrbhRrpRbseo

mPhRErRroORRLERORO
,

50.0 100.0 150.0 200.0 250.0 300.0

Time [ps]

Figure 2.2.7 Direction of interstitial clusters as a function of time for each size at 600 K: (a)
Size 3, (b) Size 7, (c) Size 19, and (d) Size 37

3) Change in directions of interstitial clusters at 1 K

Direction changes at 1 K are shown in Figure 2.2.8. These data were analyzed from

the perspective of direction change without strong help of thermal vibration. Direction

change was observed only for size 3, and no significant direction change was observed for size

7 or larger. For size 3, direction of interstitial clusters changed to various directions even

under no strain condition, and tended to be parallel to the stress direction under uniaxial

strain.
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Figure 2.2.8 Direction of interstitial clusters as a function of time for each size at 1 K:
(a) Size 3, (b) Size 7, (c) Size 19, and (d) Size 37

(c) Further analysis of change in direction

Additional data were obtained for some cases with a lower strain rate and longer
waiting time. A list of the cases is presented below. Strain rates of all cases are revalidated.
Waiting times without strain are also revalidated, especially for case (b).
(a) Interstitial clusters with size 7 at 1200 K
(b) Interstitial clusters with size 19 at 1200 K
() Interstitial clusters with size 37 at 1200 K
(d) Interstitial clusters with size 7 at 600 K
(e) Interstitial clusters with size 19 at 600 K

The change in direction for size 7 at 1200 K is shown in Figure 2.2.9 with lower
strain rate. The strain rate was set as 0.1 x 109 [/s] in addition to 1.0 x 109 [/s]. No marked
dependence of the interstitial cluster direction on the strain rate was observed. The gradient
of [1 1 1] increase was described not as a function of time, but as a function of strain.
Fractions of [1 1 1] clusters are approximately 0.5 for each case when the strain reaches 1.0%

uniaxial strain.

,26,



JAEA-Review 2014-001

(a) (b)
1.0 :
10 T (10 0] il —=[100]
09 i l = [010] 09 r ii =[010]
0.8 |——[0 0 1] 08 —[00 1]
’ | l+—[110] 07 —[110]
07 F i [—=—[1-10] - —[1-10]
c 06 | | l——[01 1] s 06 —-[011]
] : | ——[0 1-1] € o5 —~=[01-1]
g 05T fo—[10 1] g ~fio1l
- 04 f { ' ——[-10 1] “ 04 ——[-10 1]
? ! l——[111] 03 —~[111]
03 1y e [11-1] ’ =[11-1]
0.2 - —[1-11] 0.2 —[1-11]
01 T——[-11 1] 01 ~[-111]
i i erminant — Indeterminant
0.0 0.0 :
0.0 50.0 1000  150.0  200.0  250.0  300.0 0.0 600.0 1200.0 1800.0
Time [ps] Time [ps]

Figure 2.2.9 Direction of interstitial clusters as a function of time for size 7 at 1200 K,

(a) at a strain rate of 1.0 x 10° [/s], (b) at a strain rate of 0.1 x 109 [/s]

Change in direction of interstitial clusters for size 19 with lower strain rate and
longer waiting time at 1200 K is shown in Figure 2.2.10. Strain rates were set to be 1.0 x 109
[/s], 0.5 x 109 [/s], and waiting time was set as 100 ps in additional data. Orientation of
interstitial clusters is stabilized at 100 ps after simulation was started. No marked

dependence of the interstitial cluster direction on strain rate was observed.
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Figure 2.2.10 Direction of interstitial clusters as a function of time for size 19 at 1200 K,
(a) at a strain rate of 1.0 x 109 [/s] with waiting time 50 ps,
(b) at a strain rate of 1.0 x 109 [/s] with waiting time 100 ps,
(c) at a strain rate of 0.5 x 109 [/s] with waiting time 100 ps.
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Change in the direction of interstitial clusters for size 37 with lower strain rate and
longer waiting time at 1200 K is shown in Figure 2.2.11. The strain rate was set as 1.0 x 109
[/s], 0.1 x 109 [/s] in additional data. Interstitial clusters can change direction only at the time
of uniaxial 1.0% strain: 150 ps in data Figure 2.2.11 (a) and 1000 ps in data Figure 2.2.11 (b).
This result indicates that change in the direction of interstitial clusters with size 37 is

induced only at a high-strain condition of 1.0% uniaxial tensile strain.
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Figure 2.2.11 Direction of interstitial clusters as a function of time for size 37 at 1200K,
(a) at a strain rate of 1.0 x 109 [/s], and (b) at a strain rate of 0.1 x 109 [/s]

Change in direction of interstitial clusters for size 7 with a lower strain rate at 600 K

is shown in Figure 2.2.12. The strain rate was set as 1.0 x 10° [/s], 0.5 x 10° [/s] and 0.2 x 109
[/s] in additional data.
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Figure 2.2.12 Direction of interstitial clusters as a function of time for size 7 at 600 K, (a) at a
strain rate of 1.0 x 109 [/s], (b) at a strain rate of 0.5 x 109 [/s], and (c) at a strain rate of
0.2 x 10° [/s]

A change in the direction of interstitial clusters for size 19 with lower strain rate at
600 K is shown in Figure 2.2.13. The change in direction depends strongly on the strain rate.
However, a change in direction was observed under constant strain of at the last 50 ps even at

a strain rate of 0.1 x 109 [/s].
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Figure 2.2.13 Direction of interstitial clusters as a function of time for size 19 at 600K,
(a)at a strain rate of 1.0 x 109 [/s], (b) at a strain rate of 0.5 x 109 [/s],
(c) at a strain rate of 0.2 x 109 [/s], and (d) at a strain rate of 0.1 x 109 [/s]

Analyses based on data at a strain rate of 1.0 x 109 [/s] with waiting time of 50 ps will
be discussed because data with different conditions cannot be compared simultaneously. As a
further analysis, the change of cluster behavior is examined by comparing additional data
and data at a strain rate of 1.0 x 109 [/s] with waiting time of 50 ps. The following dataset is

used as additional data for the additional analyses described below.

(a) Figure 2.2.9 (b) at a strain rate of 0.1 x 10° [/s] for the case of clusters with size 7 at 1200
K.

(b) Figure 2.2.10 (c) at a strain rate of 0.5 x 109 [/s] with waiting time 100 ps for the case of
clusters with size 19 at 1200 K

(c) Figure 2.2.11 (b) at a strain rate of 0.1 x 10° [/s] for the case of clusters with size 37 at 1200
K

(d) Figure 2.2.12 (c) at a strain rate of 0.2 x 10° [/s] for the case of clusters with size 7 at 600 K

(e) Figure 2.2.13 (d) at a strain rate of 0.1 x 10° [/s] for the case of clusters with size 19 at 600
K
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(d) Validation of analysis model
1) Validation of the influence attributable to thermal control

Change in the direction of interstitial clusters without temperature control at 1200K
is shown in Figure 2.2.14. Half of the kinetic energy as thermal energy applied on the
simulation cell is converted into potential energy because the positions of atoms are changed
from their stable lattice sites as described above. Therefore, temperature control was applied
to stabilize it at the target one. The simulation cell temperature is stabilized at half of the
temperature corresponding to the applied kinetic energy without thermal control.

Interstitial cluster behavior at 1200 K was analyzed without thermal control, in
comparison with the one with temperature control at 600 K and 1200 K. Behavior of
interstitial clusters shown in Figure 2.2.14 resembles that in Figure 2.2.16 at 600 K, but it is
quite different from that shown in Figure 2.2.15 at 1200 K. These results indicate that the
simulation cell temperature was stabilized at half the desired temperature, 600 K, without

thermal control. Moreover, thermal control does not affect results.
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Figure 2.2.14 Direction of interstitial clusters as a function of time for each size at 1200 K
without thermal control: (a)Size 3, (b)Size 7
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Figure 2.2.15 Direction of interstitial clusters as a function of time for each size at 1200 K:
(a)Size 3 and (b)Size 7
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Figure 2.2.16 Direction of interstitial clusters as a function of time for each size at 600 K:
(a)Size 3 and (b)Size 7

2) The influence attributable to initial direction

Dependence of direction change on initial direction was evaluated for size 7 at 1200
K, as shown in Figure 2.2.17. No marked change was observed even with the clusters initially
oriented parallel to the stress axis. These results show that insertion of interstitial clusters
without formation process did not affect results of analysis for this case, although these
results do not prove dependence of data on initial direction in all cases, as in the case with
cluster for size 37 or larger. It cannot be always applicable for clusters with low probability of

direction change.
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Figure 2.2.17 Direction of interstitial clusters as a function of time for size 7 at 1200 K: (a)
[110,®)[111],@[101],and(d [111]1/2)
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Figure 2.2.17 Direction of interstitial clusters as a function of time for size 7 at 1200 K: (a)
[110,®[111],@I[101],and(d [111]2/2)

(e) Orientation of interstitial clusters with a constant strain rate
1) Change in direction at 1200 K

Change in the direction with a constant strain rate of 1.0 x 109 [/s] is shown in Figure
2.2.18. Figure 2.2.19 and Figure 2.2.21 respectively show the fractions affected most by [1 1 1]
strain: [1 1 1] and [1 1 0], [0 1 1] [1 O 1]. Additional data obtained in section @(c)Further
analysis of change in direction are used in these analyses. Under uniaxial [1 1 1] strain, [1 1
1] is the favorable direction of <1 1 1> clusters, and [1 1 0], [0 1 1], [1 0 1] are favorable
directions and <1 1 0> directions, respectively. By inserting the angle between the stress axis
and each cluster to equation (2.2.1), the fractions of [1 1 1] interstitial clusters to <1 1 1>

interstitial clusters are described as

1 Qo cos?(0°) n
3*P\7™ % T
Py = 1 (QU cos?(0°) 2) " 3 (Qa c0s?(70.5°) 2) > 2.2.2)
2P\ T T T) e k T

and those of [1 1 0], [0 1 1], [1 0 1] to <1 1 0> are described as

3 Qo cos?(35.3°)n
6*P\—™ k& T
Pr11oj011j/101] _2 (QO’ COSZ(35.3°)E) +§ (.Qo’ COSZ(90.0°)E) , (2.23)
6 &xP k T) T 6P k T

in thermal equilibrium condition. Theoretical values for the respective conditions are
presented in Figure 2.2.20 and Figure 2.2.22. Directions of interstitial clusters differ greatly
from theoretical value for cluster size 19 or larger, although similar results were obtained for
sizes 3 and 7. It can be expected that the difference between MD results and theoretical
values is caused by the low probability of rotation in the case of large clusters. Comparisons
of MD values and theoretical values for sizes 3 and 7 for <1 1 1> and <1 1 0> clusters
respectively are shown in Figure 2.2.23 and Figure 2.2.24. Theoretical values expected from

equation (2.2.1) are also shown as dotted lines. MD results correspond well to the theoretical
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values for <1 1 0> clusters. However, some difference is apparent between the MD results and

the theoretical values for <1 1 1> clusters. This difference is the same as that in the case of

the lower strain condition 0.1 x 109 [/s].
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Figure 2.2.18 Direction of interstitial clusters as a function of uniaxial strain at 1200K: (a)

Size 3, (b)Size 7, (c)Size 19, (d)Size 37
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Figure 2.2.19 Fractions of [1 1 1] clusters on <1 1 1> clusters as a function of strain at 1200 K
with additional data
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Figure 2.2.20 Theoretical values showing fractions of [1 1 1] clusters on <1 1 1> clusters as a
function of strain at 1200 K
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Figure 2.2.21 Fractions of [1 1 0], [0 1 1], [1 0 1] clusters on <1 1 0> clusters as a function of
strain at 1200 K with additional data

1.0
A
=
- 09 |
\Y;
c
= 08 |
- [T,]
S g
=2 07
—~ 32
92 06
o .©
=
= + 0.5
3 v — Size 3
= 2
« £ 04 — Size 7
o
_5 03 F Size 19
et
= — Size 37
© 02 F
w — Size 61
01 | .
— Size 91
0-0 1 L
0 05 1 1.5

Strain [%]

Figure 2.2.22 Theoretical values showing fractions of [1 1 0], [0 1 1], [1 0 1] clusters on <1 1 0>

clusters as a function of strain at 1200 K
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Figure 2.2.23 Comparison of theoretical values and MD results for <1 1 1> clusters at 1200 K
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Figure 2.2.24 Comparison of theoretical values and MD results for <1 1 0> clusters at 1200 K
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2) Change in directions at 600 K

Direction change with a constant strain rate is shown in Figure 2.2.25. Figure 2.2.26
and Figure 2.2.28 respectively show the fraction mostly affected by [1 1 1] strain for <1 1 1>
and <1 1 0> clusters. The additional data obtained in paragraph @(c)Further analysis of
change in direction are used in this analysis. The theoretical values expected by equation
(2.2.2) and equation (2.2.3) are also shown as dotted lines in Figure 2.2.27 and Figure 2.2.29.

Directions of interstitial clusters differ greatly from the theoretical values for cluster
size 7 and larger. Difference between MD results and theoretical values are expected to arise
from the low probability of rotation in the case of large clusters, because of the MD results
corresponding closely to the theoretical values at the higher temperature of 1200 K, even for
size 7, which indicates that large clusters cannot change direction freely even under high

stress conditions, especially at lower temperatures.
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Figure 2.2.25 Directions of interstitial clusters with a constant strain rate as a function of
uniaxial strain at 600 K: (a) Size 3, (b) Size 7, (c) Size 19, and (d) Size 37
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Figure 2.2.26 Fractions of [1 1 1] clusters on <1 1 1> clusters as a function of strain at 600 K
with additional data
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Figure 2.2.28 Fractions of [1 1 0], [0 1 1], [1 0 1] clusters on <1 1 0> clusters as a function of
strain at 600 K with additional data
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3) Discussion of the validity of the theoretical model based on direction change at 600 K and
1200 K

MD results for the orientation of <1 1 0> clusters corresponded well to the
theoretical values for small size clusters at 1200 K. This indicates that the theoretical model
can be applicable when clusters can change direction easily. However, the orientation of <1 1
1> clusters differs from the theoretical value even at 1200 K. The main reason is the low
probability of direction change because a greater significant difference is observed for size 19
or larger clusters. The following effects or approximations can be considered for the
difference.

1. Stress exerted by uniaxial strain is approximated as a uniaxial stress in this study.

2. The theoretical model subsumes the interstitial clusters as planer defects. However,
large clusters can be treated as line defects.

3. The theoretical model subsumes that the distorted area by inserting cluster is exactly the
same size as the cluster. However, a difference exists between these two in reality, and
the distorted area is larger.

However, the difference between theoretical values and MD values is not so great at
high temperatures, which indicates that those three effects or approximations are expected
not to be serious. Therefore, direction change is compared between 0% strain and a constant
strain of 1% based on theoretical model to clearly describe its cluster size dependence in the

next section.

(f) Comparison of orientation between non-strain and constant-strain conditions
1) Change in directions at 1200 K

Direction change is shown in Figure 2.2.30 as a function of time at 1200 K. The left
column presents results without strain, while the right column under constant uniaxial 1.0%
strain. The last 20 data points were averaged. The fractions most affected by applied stress
for <1 1 1> and <1 1 0> are shown respectively in Figure 2.2.31 and Figure 2.2.32. The
theoretical values obtained using equation (2.2.1) are also shown as dotted lines. The
theoretical values for applied 1% strain are approximately 1 for almost all cluster sizes. The
fraction of interstitial clusters with size 3 corresponded well to the theoretical values either
with or without strain.

The fraction with size 7 also corresponded well to the theoretical values. For clusters

larger than 7, however, the MD results differed greatly from the theoretical values.
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Figure 2.2.30 Directions of interstitial clusters as a function of time at 1200 K:

(Left column) without strain; (Right column) under uniaxial 1.0% tensile strain;
g

(a) Size 3, (b) Size 7, (c) Size 19, and (d) Size 37
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Figure 2.2.31 Fractions of [1 1 1] clusters on <1 1 1> clusters as a function of cluster size at

1200 K
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Figure 2.2.32 Fractions of [1 1 0], [0 1 1], [1 0 1] clusters on <1 1 0> clusters as a function of
cluster size at 1200 K
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To clarify the effect of strain rate, further analysis was conducted using the two
additional data presented in section @(c)Further analysis of change in direction.
(b) Figure 2.2.10 (c) at a strain rate of 0.5 x 109 [/s] with waiting time 100 ps is used for
clusters of size 19 at 1200 K.
(c) Figure 2.2.11 (b) at a strain rate of 0.1 x 109 [/s] is used for clusters of size 37 at 1200K
Direction change in those conditions is shown in Figure 2.2.33 and Figure 2.2.34.
Figure 2.2.35 and Figure 2.2.36 respectively show the results of Figure 2.2.31 and Figure
2.2.32 with plots of those two additional data. Difference between MD results and the
theoretical values did not change even with additional data at 1200 K.
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Figure 2.2.33 Directions of interstitial clusters as a function of time for size 19 at 1200 K at a
strain rate of 0.5 x 109 [/s] with waiting time 100 ps:

(Left column) without strain; (Right column) under uniaxial 1.0% tensile strain
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Figure 2.2.34 Directions of interstitial clusters as a function of time for size 37 at 1200K at a
strain rate of 0.1 x 10° [/s]:

(Left column) without strain; (Right column) under uniaxial 1.0% tensile strain
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Figure 2.2.35 Fractions of [1 1 1] clusters on <1 1 1> clusters as a function of cluster size at

1200 K with the data obtained at different strain rate and/or waiting time
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Figure 2.2.36 Fractions of [1 1 0], [0 1 1], [1 0 1] clusters on <1 1 0> clusters as a function of

cluster size at 1200 K with the data obtained at different strain rate and/or waiting time
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2) Change in directions of interstitial clusters at 600 K

Direction change as a function of time at 600 K either with or without strain is
shown in Figure 2.2.37. The left column shows results without strain, while the right column
shows results under constant uniaxial 1.0% strain. The final 20 data points were averaged.
Then the fractions mostly affected by applied stress are presented in Figure 2.2.38 and
Figure 2.2.39. The theoretical values obtained using equation (2.2.1) are also shown as dotted
lines.

Directions of interstitial clusters with size 3 corresponded well to the theoretical
values either with or without strain. Directions of interstitial clusters with size 7 were also
similar to the theoretical values for <1 1 1> clusters. This is the same tendency as that shown
for the case at 1200K. However, the MD results did not correspond to the theoretical values
for <1 1 0> clusters, even for clusters with size 7. It can be expected that this result is
attributable to limited rotation because the direction of <1 1 0> interstitial clusters with size
7 corresponded to the theoretical value at 1200 K. The MD results differ greatly from the

theoretical values for for 19 or larger.
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Figure 2.2.37 Directions of interstitial clusters as a function of time at 600 K:

(Left column) without strain; (Right column) under uniaxial 1.0% tensile strain;
g

(a) Size 3, (b) Size 7, (c) Size 19, and (d) Size 37

,47,



0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Fraction of [111] in <111> interstitial clusters

JAEA-Review 2014-001

—&— Uni-axial 1.0%

—— Without_strain

------- Uni-axial 1.0% (Theory)
------- Without_strain (Theory)

AN

40 60 80
Cluster size

100

Figure 2.2.38 Fractions of [1 1 1] clusters on <1 1 1> clusters as a function of cluster size at

1
A
a
- 0.9
v
c
= 0.8
=
=2 o7
1%}
— 3
92 06
o @
~E
— 3
S
- 2
—_ e
o £ 0.4
o
S 0.3
=
(%]
® 0.2
[N
0.1
0

600 K
=—@— Uni-axial 1.0%
I —e— Without_strain
-y emmemes Uni-axial 1.0% (Theory)
------- Without_strain (Theory)
0 20 40 60 80
Cluster size

100

Figure 2.2.39 Fractions of [1 1 0], [0 1 1], [1 0 1] clusters on <1 1 0> clusters as a function of

cluster size at 600 K

,48,



JAEA-Review 2014-001

To clarify the effect of strain rate, further analysis was conducted using the two
additional data presented in section 4.3.
(d) Figure 2.2.12 (c) at a strain rate 0.2 x 109 [/s] is used for clusters with size 7 at 600 K
(e) Figure 2.2.13 (d) at a strain rate 0.1 x 10° [/s] is used for clusters with size 19 at 600 K
Direction change of interstitial clusters in those conditions is portrayed in Figure
2.2.40 and Figure 2.2.41. Results shown in Figure 2.2.38 and Figure 2.2.39 with additional
data are shown in Figure 2.2.42 and Figure 2.2.43. The difference between the MD results
and theoretical values is smaller with additional data for <1 1 0> clusters. However, results
for <1 1 1> did not change markedly even with additional data at a constant strain rate 0.1 x
109 [/s].
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Figure 2.2.40 Directions of size 7 interstitial clusters as a function of time at 600K with
additional data at a strain rate 0.2 x 109 [/s]: (left column) without strain; (right column)

under uniaxial 1.0% tensile strain
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Figure 2.2.41 Directions of size 19 interstitial clusters as a function of time at 600K with
additional data at a strain rate 0.1 x 109 [/s]: (left column) without strain; (right column)

under uniaxial 1.0% tensile strain
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Figure 2.2.42 Fractions of [1 1 1] clusters on <1 1 1> clusters as a function of cluster size at

600 K
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Figure 2.2.43 Fractions of [1 1 0], [0 1 1], [1 0 1] clusters on <1 1 0> clusters as a function of
cluster size at 600 K
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@ Discussion of dominant parameters related to direction change
1) Dependence of direction change on various parameters

Direction change is enhanced considerably by the application of uniaxial strain.
However, no marked change in direction was observed for size 37 or larger with high strain
and high temperature conditions. These results indicate that the dependence of direction
change on cluster size is considerably stronger than the dependence on stress or temperature.
Therefore, it 1s expected that the direction change is limited for cluster size larger than a
certain size. The orientation of interstitial clusters is maintained when they become larger
than a certain size.

2) Role of SIPN and SIPO model to determine the orientation of interstitial clusters

There are two possible formation processes of interstitial clusters in irradiated
materials, namely diffusion of mono-interstitials and direct formation during a cascade.
Orientation of the clusters is determined through a change in direction, although the initial
orientation depends on the formation process.

We clarified that large interstitial clusters cannot change direction easily even under
high-stress and high temperature conditions. Therefore, when large clusters are formed
directly during cascade process, the cluster orientation is maintained for a long time and
grown with the initial direction, which indicates that the orientation of large clusters is
determined mainly by the SIPN model.

However, results show that small clusters change their direction frequently. In this
case, differences in their formation process and their initial direction do not affect the actual
direction in materials. Interstitial clusters change their direction to stable direction
depending on the stress at each size, and directions of interstitials are fixed from a certain
size. This behavior is defined mainly by SIPO model.

Results obtained through this research contributed to the development of an
integrated model of SIPN/SIPO mechanisms using the same method: MD method.

® Summary

Change in directions of interstitial clusters were analyzed using the MD simulations,
yielding the following results.
1) Change in orientation of interstitial clusters occurred by external stress and strain. The
direction of interstitial clusters tends to be parallel to the stress direction.
2) MD results for orientation of <1 1 0> interstitial clusters well corresponded well to the
theoretical values based on the thermal equilibrium model at 1200 K.
3) MD results for orientation of <1 1 1> interstitial clusters were slightly different from the
theoretical values based on the thermal equilibrium model at 1200 K.
4) No marked change in directions of interstitial clusters was not observed for size 37 or
larger clusters without strain at 1200 K.

5) No marked change in directions of interstitial clusters was observed for size 91 or larger
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even under 1% uniaxial tensile strain at 1200 K.

6) Change in direction was limited even for size 3 at 600 K and lower temperatures.
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IKFEWaAL D A T = X DO TIEN L DOEGEAA B S TR Y . fla%0 5 LRk
[18-20], &2 COERNLAERROIFHI21], RA RARK[22]. F7- hydrogen enhanced localized
plasticity (HELP) & ML 2D A 1 = X A[28]738 5, HELP A 1 = X AR EE S 7= & E LT,
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Nd> D, RDIDEEE DN DR FAREEIL 7 L% o 7 VB REE[28] 2 VT 147 JF1 CHEE
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