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Current Movements in Molecular Dynamics Study with Regard to Its

Application to Materials Science and Engineering
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WFEETHH., —F, EI10 A+ -5 FTHESL
72 ASM O Z S o TEME S 17z “Computer
Simulation in Materials Science” & 3 % ASM Mate-
rials Science Seminor (2B W T, BFHANFIIED
WAEB, EREOHRERD, Z5EC K DB OM
2, SFEEEIC X AR, KRS 0T, B
DR MEORTE, BIEORHE, BALOEFHEDT I 2
L—3a YD EiFshTwh, MRS - THEodh
WCEEWE - LFORKBRS T SICRtGs L) &
LTWABYEH L. £IT, FTFENFEOREADOE)N
FXHOLBAPOBHEL, BELTARALWERS.

2. FEHFEOBRE L BRADER

SFEHFEIET I D= 2 — b v oEE R
REMIOHEL, BTEOPOESERIKLALZLT,
ZOHE L O EE RN LW OHE LD B D, H
BEOHB BRI THALDTHEDHEICE> THHAT
5, 8C, Za— b roOEEHBEXNIEFOEET m;,

MEE r, TOBRFICEHE F & LTRANTRIAS
ns.
mi-dzri/dt’=Fi .............................. (1)

COFBALERF i (i:1~N, N: BEFE) icon»
TIRNT, BEFOMNE r, EE v, ¥l 1 B2 T

SHETL, ChPEDFEHHFEL I2L—3 3y D—XK7
ThTy hTHBH, TRLOHDO—RTI My b 2HFET

BEENICEWEOBERFADL LA TE, BESMYE
¥, 3HOHBEBENEEsRL. R (), vl %
WHWLAIT LT, HAtHFHERICESHTEEDY
PEE2EHRTHEHNTED (Table 1). XHICEEL
DiF, YWEEFEETLBEL, 57 EE - o EBoT
KBETAI LN TE, BICEAEZHB L CPHEET
NEVTAI LN TELETHA. TOHEICEL T,
AL, EEELWHBEND Y I 2L -3 a V27O T,
EFLNVTORELITHY 2 LI, Z0HEOBEHEH
NDOBERVPEFEENE G T, HER EFERNDL I 2 b —
TarEDbWnOFEIBETHA.

BWELEERDY I aL—2 3 VIEEF, LhHko#k
A VoFIzBE A 100~10000 BOFEF 2 ANT,

Table 1.

ZOEBEBITAH. BEREVICEETLL T DL
NOFIIZHRBOEFEEROEEE L TbHLEZ
T, YIalb—2a VOBPTEERLNVOER» LB
LN A DENVICRFITTITL &, ZOXFHOBER»
SEXOLV T ARG, HTiT2 /] F & [T,
[ U % FFo 2T AAEICADTLAE L
T, R VAOETHY —ZBIRH o5& £kt
5. COEREMHIRAMBEREG LIRS, RORE,
% 53 2 5313 Aranam O FEY |26 2 1T K5
L T Direct renormalization, Stochastic dynamics # X
Uf Constrained dynamics £ $ 5 L F 2 5. HADH
FEix, (2)RCTHEshLEE THARE L VIRE Ty
LRENEEMFEEIL JT/T 2L CEELZBIE
L, £72(3) )X TEEShBESN PHHIB L ZWED
PriZBBEIICROEE VEELSEEY HETh
A ZOB, SRTHEOEMSESL, BRI TRE-—
HERTELE S, KR TEIRLVY 2V EBTHA.

3/2-NkT=Zi.’(1/2~m,-vf) .................. (2)

PV =NkT —{=Zr(—F)}/3 e (3)
“EHBoOFETIRRERNEEL LT, HLHEETRAD
BT % EAES AT, FOETFOEBEYRE T T
RNV =2 M LT % EBE D S BIES ITRA 725ES)
BICRBBCHDEZ S, EOHEC TR, 58K
BEECROBEL 7 v V2B LS R TAHAT, 208
GUETERIANF—OEILE oE L HRHEE (V' —
V), —BOESOEAE S/S L7 6(4)NTRIE S
o AWHKBETHI R OERBELEZITAR, AW
MWIETHNIE exp{— AW/ ET) ODHEETCRIRT L E VT
ANTER R TR LS.

AW =0E + P(V' — V)+3NkTIn(S/S)

=EEXFHOHFELELTE, EHHEHIBEIIZD W TR
Anpersen®, Evans 5, PaLLinero 58, Nose 59 o %
HEEENH B A, T ZTid Asranam DIRIE, FEH OB
TALE Ty, Pr 2B LAY I 2 L= 3 ¥ HEO 26
BT D. b B A Tr=0, P=0 LI§E LT, BRE—E,
EH—ETHDILI2Lb—2ar® )2 TEL, %
AFERIE(5), (6 )KTHDH, KD g e d(7)~

Material’s properties which can be calculated by molecular dynamic simulations.

Structural properties

Thermodynamic properties

Dynamical properties

Pair distribution function Equation of state data
Structure factor
Enthalpy
Specific heat at constant pressure
Specific heat at constant volume

Isothermal compressibility

Isobaric thermal expansion coefficient

Velocity autocorrelation function
Power spectum

Transport properties

Microscopic information of the atomic distribution

Optical prperties™

Diffusion constant
Shear viscosity
Electric conductivity ™
Thermal conductivity ™

Distribution of volumes of Voronoi polyhedra
Distribution of shape parameters of Voronoi polyhedra
Distribution of selected of Volonoi polyhedra

RAMAN scattering
BRILLOUIN scattering
Neutron inelastic scatteving

% : From ref. 3 Others : From ref. 2
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(10)RXcHrbhs. (2), (3)ROBMBITELOT
(5), (6)X&MATHE T=Ty P=P; Az 8N C
WhZEDHERENDS.
Ari/ dt =Pi/ M + €1, cooverereesrerneasannees (5)
AP,/ dit = F, — € P+ L P, -eeorevrerenveeesunenns (6)
{:(;Fipi_g/z.kaR) ..................... (7)
§=(3NEKT —3VPr+ QN )/ QD -++-rveeeeeess (8)
QN = _1/2'mi§j(rij'Pu)
(¢U”_ ¢u'/ Fgj) srrererereeeaneetaeenietiennis (9)
QD= 1/2'£j Ti($s” + '/ 1) +IPV - (10)

2T P AT i 0EBE, ¢, i KTFE jRTFHOZ
WRT TN, ¢, ¢ by D P, jRTEIEERE ;2
BT %—K, KMy ERT. $72 Py i3 P—P, Th 5.

KRIZBEFIERT2D F LTI, RLEMTH
DICHWONADIEZHRTF ¥+ VIEPTH S, ¥
bbb, ZO0RF i, jBOKF Iy LTl F—
B2EFEOBEE r;, ORI TEERDELT,
2IEFEICHERT AN F s COMBPICXDETET 5.
ZLC, BF i MERAT A F, 3R OFTF jH o1
HTAHNOMTHHETHEMUTH A,

8% i
.H;t a’r” r,—r
SIC, BN i BETELS —EHMUANICH BT
WKOWTEBOLEENRYEBTHHA, 7—arHizon
TR ICOT > TEENINKEVWDT, Ewaro DF
EVELHCC, EREAMNOBEFOREDL, kAL
VHOBFEEXL 7)) he T ICEHNIcEY RS
NoLLT, FEEINS, “AKEFyI v VOFELT
¥ Lennarp-Jones &l Born-Maver %I, Morse B A%
Foh, 77 F7T7—NVREEG, 414+ FEEIFLT
HEBHMEWALBTH L. L L, EESOHEEITIZ
BEOHPELTE 20, HATEZEL-=4KEF
Ty VIS HWSRBIDTI bty HAHEFIC
ERTHET ¥ ¥ v VOSBEOEF & O E#E OB~
T <, RABEO 2BOBEF 2 LEFIG L TR AE
CHEETAHAILEFRMDRAATVS, EHIIHEEOBV
RBFy Ve LCERFEOEBEFEESMICEDS W
bOTHA. FTWWIZIGFENFARE S FHERE L
HMAEDLET, PFEIFHBEDOI A LT » T LIS
ZORFEINCESWCETFHEELEE L CHEF Ik
HIAN%2 835879 T8NFE 32—~ a3 v T
HhH., ZOHESL—HORTETREICLD>OHS. L

L, —HEICIZ %475 ICIIFHEREEN 7 2R+
FTHAHDOT, HEUIHWENL. # %13 Embeded
atom method Tl3, HAHET { D& f@%??ﬁ“}%&i?‘]
BOET O (RTFHEATH) BEFEESMOERSGDLY
oni EFEZAD. FLTC, CONBREF i *BETHOD
WKHELZIANY—% ZOBFHMICKT D5 & 5T
BREDRECET AL OMTHD EZT, H&

F,= Zf,,

3

HKOLANF— E,, ¥ (12)RTET.
i RFONMNE

ETF @I
X9 % Ey O % &2 T(13)5 T

BrEsNhS.
Ei = ZL‘ F;(p.,) + ;' iz; Do (1) oo (12)
f; =1§1(F5,P,~,+ Fip/ + Qij,)'(rj —r)/
|y — 1y | e (13)

ST F: R LEAEEFOEFLEOMTAL B R
FTYYANIANE=, §y: i B JIEHWEJ@&%
FNF—THY, p, ()X TERERD. F/', F’
F;, E, D Py, Ph.j T A%, pj,y Pi’, Qij’ X Pja(j
BT DEFEEDA), 05 &5 D r; IOV TOME %
AN I

tom-zloj(”'u) (14)
= OFEE Baskes 510 12 ko TRI% sh, (12)iL TR
SNBERF VA NE aERTF T NTHD. TD
KPPV V3IEFEEERMLTCWE0T, BTHE
GARGDSNN 7 L LK B HREOG- AR, WA,
SHPSOFMEBESZD Y IaL—Ya Y iZ@ELTW
H. BRI TRIOFFRIEBEBRESBIIOVWTERSATY
618)19).

.................................

3. DFEAZEOBERTE

3-1 WEOMKIT

Ny AT VA ) R RLHBIEN T A 120w TIREE
WWLEMHE 2 S E L TRITS LT b ps202h)
Fe-B 42?, Fe-P 4%, Ni-P 4%, Cu-Zn &
EB DT ENT 7 AR, B Si OHE'®, Ge DAL
FAEE (Fig. 2)%Y %, TEHEHC Ew%%ivbsﬂgz& 7
DTETCWS, £/, % Embeded atom method T
BEOMELTEED LT, KHH, RROHEE, 50z
P, MRBEOHEESEBRAICHNOR TS, B2
EDNT NI FE N FEOMICE v Fh v gD KL
HubontTws, fl 2 NisAl ORRIZHE TS Ni 08
B2, ZILOSMHMIKES, Ni-Cu 54D Cu DEH
Tt (Fig. 3)2728, #fv ORI (Fig. 4)%2 »H~5

Fig. 2. X 5 grain boundary structure of
germanium®®,
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Ni7jCugg (111) face T=800K --Ni —Cu
Fig. 3. Calculated atomic number density of Cu
(solid line) and Ni (dotted line) averaged over
planes parallel to the (111) surface as a function of
the distance from the center of the computational

slab. These result for a Cu concentration of 29 at
% at T=800 K27,

Fig. 4. Calculated Cu concentration of a (a
/2)[110] edge dislocation in NiCu(5%) at T=2800K
as a function of position perpendicular to the dis-
location core. The length of the [111] axis is 50 A
and the length of the [110] axis is 62.5 A. Note that
the Cu enrichment occurs predominantly at the par-
tial dislocation cores on the expansive side of the
slip plane?®,

nNTwab. Ni-Cu EE&CEHEmME—JRFEIC Cu T1E
R L, E2~4BTRELANVZBEELD KL
HoTWAI EAbd s (Fig 3). 72, BAE D T,
T CESEEM O 2 TS T BRI A,
Cu MR LTWwBZ bbb (Fig. 4). Li 25RE -
EHicky, ik, FCC,BCCOWTFhoMiZhksb
PESTFENFES I2L—a v LHED D DHO
Gopparp LV RV ITFL DY Ialb—Ta v EFRE
2EZTIT2T, HBOE—2723Bh5 400°C %5
LT, BRAITES Y 708DV M L— PRI
HhY, BRAITEF LV IOEVHEICELILERLT

Mean square displacements (A%

Time (ps)

Fig. 5. Mean square displacements for cations
(dashed line) and anions (solid line) for simulated
CaF,. Diffusion coefficients can be calculated from
the slopes of these lines®.

Fig. 6. Correlated trajectories associated with
hopping of ions in simulated CaF, at 1657 K. Ex-
posure time is 0.6 ps®®.
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ISR TW 5.
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3-2-1 ILEAREK

A A BB AgPY, CaF3% 0 1 + ¥ OILEFRE
MEFE s h (Fig. 5), FOWHOBEIBHIL>>
5. WLEURKEY D, BB t OMICA 4 X HBE
LB 2 f0FH Y X2 L4hE, HETHES
X2=6Dt DRI EBESNS. £ T, Fig. 5 DD
8 x2S EEURKIRD O S, K& Ca DILEREK
AT F OEBREFTBO TREVI EFDRS.
Fig. 6 38D FAF DT+ »77%0.6 ps DREITHE
IR E ST E I ab—Ta yRICES BT
H5H.

3:2:2 ¥R

BB PEOSTENFES I 2L —Y a YIlED
WTHEET A LD TELA, EBRICHKE L O
32 b= MY BEFESFENIFEICEIOTHHION
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Fig. 7. (a) Microscopic visualisation of a small
element containing spherical molecules being
sheared by the relative motion of two boundaries
moving in the opposite direction with x-velocities
+ V,. (b) The transfer of this configuration with a
MD scheme®®.
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ERICOWTIE, AL VEERER T2 TH? SROH
LkFicwLe, #h®Eh +V,, =V, D « FIEF
HEETHORE T, TOT T AT 2 VHRICHED 2
BLEE S 2 TEEEVICET EVIBECED, oy
MASIWIHE L $% « FIAOBIKRIDS S I 2 b— P&
N5, ZOFBEILDEE 317 Lewaro-Jones kD
KOKEM L Fig. 8 DX ) ICHIMEAEEAH 1.2~100
T TREFLLEBY TS, COEBTIIEAEE LI
e 5 ESMAETTA4R1CH 50T, SRR
Fig. 9 ISRT X ICBELTWA. %28, Fig. 9 T
i -z AT RVEC R TS, F5 rOEiR
B AMEOEAEERTFSEIFE SR, EREL X

= 2
01 . Fig. 8. Shear viscosity against
251 . shear rate on a log-log plot: solid
\, circles, N (number of particles used
~ \ X _J ] in the simulation)=108; open circles,
0.01F ] \"’d—ttﬂl N=256; triangles, N=500; plus, N=
\ o [ 2 048. The insert shows the shear
001" ! ] 1 1 1 1 O\ ] ] . o -
0 0.4,.,08 1.2 </ viscosity plotted against the square
] ] ] 1 | I ol f the . -
0.01 5 5 10 100 root o shear rate. Other sym
. bols refer to values taken from other
Y work>®.
0.96{ S . ) :
0.80 “- - . £« .
0.64 . RS
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052 .’. ‘ R .
0-164, ., ) . .“ e e e
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(a) 2y projection (b) xy projection (c) xz projection

Fig. 9. Instantaneous configurations for the N= 2 048 states at density of 0.8442 and T= 0.722. The
points are the centers of the molecules. Shear rate=>5. Units of density, temperature and shear rate used

are normalized unites. xz plane is the shear plane

35)
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(=B LTwBHEHEDLH B,
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HEHILANF-OEE S FEHIEETITI N0
T, ROWTFhAr2EECELL, T2bb, KRS
V5 AR R P OB F OB SISV TCHBHT &
NEF—DHIEL KD TN EEEICT B H»I® 5
HWit, BRIZBWTIEANLVLARLVLYOHBIZ AL F—
PEFBEDO—RHEETHDr 7 Ay —RETHENTE S
DT, TOZELEFHALCEIELZBHI A VY%
XPEOFKEEIZY 23D, FLC, hHEECcOoRRT X
NFE—FI o Ea—F—Huyx )= LiFEhzk
ECELOLODREILBTIAEHI ANV F—% b
LAV LRECEFERT Yy VORLZL - OD%
OEBETANF—-#4RKDT, LBROKEHFEHAAED
BTEETA3®, Hz0vid, THEOBS TETLT,
HHEEL N— 2 EEORE, EHCBIFLHHT AV
F—%2RKOB, 20D NODOBESEERL
3BT ONFENFEY Iab—2a v 2EET #
HVEEZTETL, A ALT— U FEHPEXK
DTBLUENEH 5.

F1—Fz=*I]Ud(ln T) wvevvvernmarnnananaenins 15)

Stravs 537 13 Z D FET Na OFEEK, WA T5
HHZAVF-2FMEL, MBEBLETLZL1I2XD,
WA OBER % £ - REFi LR Tw B A, EBRE
EXL—HLTwA. Fig 10 &E7)V 2 THREEKICD
WTEHE S BRI EHI AV F— %2R, 578
NEEERAERIBDFHEBHHEBICIL2B8BE XA
BHLTWBZ EXFbhnb.
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$E/ET
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Fig. 10. Excess Gibbs free energies of binary
mixtures of WCA-repulsive soft sphere3®. Points
are MD simulation results. Lines are from the
empirical equation fit to the result from thermo-
dynamic perturbation theory.

BRZECEMEL, S 2VEHOBEBI AV —2
PORMROBHIALVF-DBRKDLNTVWBY, 72,
Fig. 11 IRT &9 (1) AERREM LR 208
BT R T Yy VRS2 THITL, (2)FBRCHAE
WL, KRIC(3 )W S vk &k s & oliR T
YR NERL LSS 00, BAHE ORISR &N
L3y, 2ROBFMBREG DL, BEIC(4)
GWIRT 22 NELDDFLLEWIBELITHI &I
&0, COEREORNIBOBHIA LY -DEL RO L
L, BEREHOBHI AV F—FFtE s B,

FH T 3L — 3T, L5252 00 R 0
RThHoHL, FHERZANVF—LHERE, T, WEES%
DEVIIFHBIICARTRTH D Z L IdDTk~NB T
LHEWIETHS.

3-3 BOMENIIalL—-ar

STEHFEEOR MO O &> 3B E, BN
ELAIZ, RETEGREL, LBURE, BAMREEZ OB

4

g

{c [ Ly 1434 ¢ ] L

7{( 3

ag — g

¢

C+L 42— 4 c %Ly

- o <>
g N g - —o—

Fig. 11. Diagramatic representation of the re-
versible path pursued in the evaluation of solid/
liquid interface energy. C and L represent crystal
and liquid, respectively. Arrows represent bound-
ary conditions. Boxes represent a two dimensional
xz slice through the systems. Dotted line repre-

sent the positions of the cleaving potentials*’.

Hydride fractures at a lower
stress than the pure metal

[111]
[110]

Hydride l Metal

Fig. 12. Simulation of fracture in iron. Open cir-
cles show iron atoms and solid circles show hy-
drogen atoms*?,
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EXEFEENDLZ ETHEN, RKOFETERL 72X
S, BB ETFOLANVTHRETELILTHA.
3-3-1 WHEE - WHAK

MuLLins 542 i3 24K EF ~ 2 v v & BT oMb
ZonT, BE, KEORELRFIII2Lb—MLT
w5, Fig. 12 13 Baskes 5*® % Embeded atom method
2HWT, Ni OKEICLBBILOFFE*T I 21—}
L72bDTH%H. Baskes 5id He 2 L5 Ni Offpfb*?,
Ni 0 He BFICEBEMOY v = v 74, @&
RO, BEEIICXAELY 20 L 05D,
SBEEETEORENRHOND 2 L ITEIR -
5. EBHZROMIC Ocoa 5% 13 Si0, 7T A DOMEE%
BT LCVA, F2AAGY, Kaona 5% 3HF % &
R TOWMMERY L I 2b— b LTHABENEILE
BEL WD, KEOEGHD 32— areLlTid
A OEBIOMIZ, CoO H1DZ2fL*®, NaCl, AgCl H D
ZZILEBABET L OFKE%, SrCl, @ Franker B
REGOBEY DI 2l —2arbfThbhTunb,
3:3:2 MBE - RHWAE - £H TORE

ScunemmER S 12 MBE 12 BT A5 5 O AEED
BToEBEEICLLEVEEHTLY, 72, TE A
DREMERIZITE A BOESEEHRESELBEOK&
BEILS 22 A BTEOKESOEVCOEELR

Fig. 13. Arrangement of atoms after the deposi-
tion of 680 particles at T=0 and a cirtain deposi-
tion rate. (a) Atoms in the first deposited layer on
top of the substrate layer. (b) Atoms in the fifth
deposited layer on top of the fourth layer. The
closed-pack structures contain grain boundaries
and voids®".

N5 BT OHENRE BT ODOFMIGERRE
FEVIE, KEEDBVYPHLBEUTTHAZI L%
R L7-. Fig. 13 3BE 0K OB A0EBOGIBEERE %
R, BBURPABEEICESTYEA, ML LS

\d Y'Y
o 10 ] 1@
000 @
by 9@ L C)

Fig. 14. Arrangement of atoms within layers with
0.9 in the size ratio of A and B molecules. (a) First
deposited layer with 224 atoms. (b) Second de-
posited layer with 233 atoms. Particles of type A
are drawn with open circles, those of type B with
solid circles®?.

Fig. 15. Calculated geometry of a small helium
cluster on a grain boundary nickel. The grain
boundary is located on a horizontal plane through
the center of the cluster. The larger circles are
nickel atoms, shaded to show their depth. The clus-
ter of helium atoms (small circles) is concentrated
in an elongated region along the grain boundary*?.
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ZEILAHFIELTwA. F72 Fig 14 3T LR 1.
0.9 CHH2MWMDFTAFEBSEGEGD, BBISE
—J&, BEZRBORBOKRTOIERAREERL TS, §
—JG 2 224 HOETAY, E R 233 O FETA
BEshTuws,

Josut 513275 7 7 4 PEREAD 0, DY %5,
TaiBor HE Ny DIEHE 2 I 2 L— P LTWB,
Baskes H b 75 X< b BELOTHEH L LT, KkFE
DBEVX T % EZE-BET, BESY DT T2 T 5.
2 ZTC%, Embeded atom method ZSFRITdH 5.

3-3-3 B - BAEK

Fig. 15 & Ni o He O#iih% > 32 L— P L 72D
DTHbH., WhRD He 7 525 —%XOT, ok
W CEE 2 FEARICKRY DD, 75927 -3 0OkR
DB DICETOTVBE I ENbRs. 4y
FENFEDL IR TORKRS HEHIE, 0L %
TR - B OBAER THL EEDLNE. Z0EE, L
DREIHEZT, BAEKICEEDZWAKEE2EAT
75 Super cell IFEIE S B, kiZ, Fig. 16 125k
4 k5 RS % B v T Lenvarp-Jones F7 3 O
o0 (100) ATORSEREN Y Iab—rah, @
HEERERE L OBBIHENLON, BREHRE v 13K
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Fig. 16. Schematic diagram of the crystallization
system. Quenched liquid is fed into the dynamic
zone according to the crystal growth rate through
the heat bath, where the molecule temperature is
controled at a desired value. Cyclic boundary con-

ditions are used for planes prallel to the crystal
growth direction®?.

Quenched liquid
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B L Twb (Fig 17)%. M, EHOBVEBIIER
MERT. FREBMOKFDOINS D22 ) —HENT
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Fig. 17. Trajectory plots of thin slice through
(111) and (100) systems covering elapsed time
ranges of (a) (15-20)X103At, (b) (25-30X10°A¢, (c)
(45-50) X 103At and (d) (95-100)X 103A%%, In each
figure, four regions are shown, including two
white-look regions in both sides. These correspond
to vapor, liguid, solid and vapor phases, respective-
ly, from left to right.
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Fig. 18.
plane after solidification at slow cooling rate

Projection of all particles onto the y-z
63)

Fig. 19. Atomic configuration in each of ten
layers in the system described in Fig. 18°%.
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Fig. 20. Nucleation and growth of crystal phase in
undercooled liquid. Figures show projections of
particles onto the xy plane at various time steps
elapsed after the system is cooled to 54 K. One
time step is 5 femtseconds.
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