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Phase diagram of pure uranium
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U-Mo alloys
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Anisotropy of the U-Mo alloy
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Выступающий
Заметки для презентации
Изменение парной-корреляционнной функции рассматривается через кажlую 0.1 пс. При охлаждении расплава высота первого пика увеличивается, он сужается и смещается его положение. Здесь представлено изменение ПКФ при охлаждении К со скоростью 4 на 10 в 13 К/с. 
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U-Mo alloy structures
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v? structures
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Preparing the equilibrium y° U-Mo structure
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Выступающий
Заметки для презентации
В данной работе с помощью метода молекулярной динамики рассматривается влияние скорости охлаждения на положение точки стеклования расплава алюминия. Для МД моделирования алюминия используется потенциал погруженного атома (Foiles et al.,1998). Расчеты проводятся в ячейке кубической формы, для устранения поверхностных эффектов используются периодические граничные условия. Для получения аморфного состояния используется режим быстрого (10 в 12-13 К/с ) охлаждения расплава алюминия (1500К), находящегося  при постоянном объеме. 


Preparing the equilibrium y% U-Mo structure




Preparing the equilibrium y% U-Mo structure

liquid

Random distribution of Mo atoms

P=0

A

There is no long-range ordering by the type of atoms in crystal lattice. The lattice parameters and the
local structure of the alloy are independent of short range order




Radial distribution functions of y° phase
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Radial distribution function of y° phase
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v? structure
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Anisotropy of yY
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Anisotropy of yY
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Radial distribution function of y phase
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Radial distribution function of y phase
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Calculated areas of phase stability on T-x
diagram for various structures
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Calculated areas of phase stability on T-x
diagram for various structures
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Calculated areas of phase stability on T-x
diagram for various structures
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Calculated areas of phase stability on T-x
diagram for various structures
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Structure transitions by irradiation effects




Moving of high energy ion through matter

E > 100 keV/n

ion >




Thermal conductivity equation for
ELECTRONS:
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A w0

Electron heat capacity Electron thermal Electron-ion
conductivity relaxation




MD simulation for IONS :

—

ﬁz—@U/8ﬁ+F —VPB, /n

lang
Interionic Electron-ion relaxation Electron
potential Langevin thermostat pressure

Norman G E, Starikov SV, Stegailov V' V et al. 2013 Contrib. Plasma Phys. 53 129-139
Pisarev V V and Starikov S V 2014 J. Phys.: Condens. Matter 26 475401
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Thermal spike model
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Radiation defects formation after
melting
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Radiation defects formation without
melting

''''''' vV Vv w$ WV w ¥y
UQGQOQQQII'-QOQQO
P & © € @ ¢ ¢ 0 ¢ © ¢ & o § ©
® ¢ © &€ © ¢ ¢ 6 O ¢ © o 0 ¢ © ¢
g ¢ 6 ¢ 6 @ ¢ 6 ¢ @ ¢ © @ & ©
® ¢ © ¢ © ¢ © ¢ ¢ @ ¢ © ¢ ©¢ ¢ ¢
® © 6 @ © ¢ © 6 6 @ ¢ © € & ©
® & ¢ @ ¢ € 6 ¢ 6 ¢ © ©6 o 0 ¢ ¢
¢ © ¢ ¢ ¢ © © 9 © @ © § © ¢ ¢
6 ©¢ ¢ © & @ © ©® © ¢ © @ ® @ o «
" @ 8 © © e ® e & © e © 6 ¢ o ¢
€ ¢ #§ © © @ © €6 @ ©¢ @ ©6 ¢ p & ¢
® 6 © & ¢ © P ¢ @ ¢ @ © ¢ 6 ©
® © 6 @ & © © ¢ ¢ 9 © ¢ © ¢ ¢ €
® ©¢ © ¢ © ¢ © @ 6 © @ 6 6 ¢ o
® & ¢ © © 6 © ¢ € ¢ © § ¢ o © ¢
® © 6 © ¢ © 06 @ © © & ® © © ©
®© ® ¢ ¢ ©¢ & ¢ © ¢ © ¢ © © 6 9 @
€ © ¢ © &6 0 © ® 2 § © ® ¢ ¢ 9
® © © © © 06 ¢ © © & € © ¢ 9o € o
® © 0 @ 0 © ¢  © ¢ © © © ¢ &
@ © @ ©¢ @ 0 6 € ® 6 ¢ ¢ © & © ¢
®© ¢ © 6 9 © © 0O ¢ © ¢ @ © ¢ ¢
® 06 ¢ © ¢ ¢ P e ¢ ©¢ ¢ @ 0 H O &
© 0 & & ¢ © ¢ @ @ 0 § ¢ @ © ¢
© ® © ©¢ @6 ¢ © ® § © © ¢ © ¢ S ¢
® €& & § & © ©C & © © 66 © © @ ¢
®© © ¢ 6 ¢ ¢ © € ¢ ¢ ¢ © o 6 ¢ ¢




Radiation defects formation without
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Pressure profiles along the radial direction to
the axis of the track
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Pressure profiles along the radial direction to
the axis of the track
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Formation of radiation detects Iin the

atomistic simulation
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atomistic simulation
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High temperature U-Mo alloy vy structure
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The threshold stopping power of swift ions
dependence on temperature
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The threshold stopping power of swift ions
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The threshold stopping power of swift ions
dependence on temperature
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The threshold stopping power of swift ions
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The number of Frenkel pairs dependence on
temperature
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The number of Frenkel pairs dependence on
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The number of Frenkel pairs dependence on
temperature
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TTM parameters

/ Test \ / Main \
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g, = 4,5 10Y7 BmiK gp = 6,5 10% BmiK™

[ P, = 0,625 eA3 } Co = yTe

Y = 1,37 10-° aBK2e! Y = 4,0 10° aBK?e™
[Ke = Depece}
D, =25 A2 et D, =10 A2 e

Niand W [F} = —V;U(r1,..mn) + F;mg(Te - Ti)}

Lin Z, Zhigilei L V et al 2008 Z. Li, C. Wang et al 2017
J. Phys. Rev. B 77 075133 / \\ J. Phys. Plasmas 24 022703

/\mpT_ € ynr




TTM parameters

45 T T T T T - T I PE
. e Klein 1962 / e
40k ~ McGeary 1955 7 /_/ i
t A Touloukian1970 , /,f'
35 * Roy1973 7 e . A
/ e - -
- © Saller1956 P
— 30 ~ rd /vo ,_-‘ . - -
M1 | Vs o Py '_f
‘-! / & ,% L 7
— 25| o - .
E / . _Q ) "
g I el A e
T 20r // L '}f’_,.." Pt - D, =35 A?/dc
r T e ~ - - D.=40 A*/¢c
15F /gy —-e= D, =20 A/dc
L/ 0*_',%.,.- 7 e D, =25 A?/dc
10 F. e ~==- D, =30 A%/bc
1:'./‘":}’, | ) | ] 1 1 -
200 400 600 800 1000 1200 1400
T (K)

S (keV/nm)

40 ] I 1 1 1 1 I
35 F .
30 | ®a
25 | or
i _..' I”f";’
20 ke
- ..'" f”
15 L o
- " o Test
10k . = Main |
s -
’ 1 1 1 1 1 1
04 06 08 10 12 14 16

The threshold stopping power




The track formation in a-phase
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The track formation in a-phase

Threshold stopping power

dE/dz = 16 keV/nm




The track formation in a-phase

Threshold stopping power

dE/dz = 16 keV/nm
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Conclusions

v' The structure of high-temperature y-phase
locally reflects features of y°—phase

v The martensitic transformation y > y° is
qguite similar to an atoms rearrangement at
ferro- to paraelastic transition of order-

disorder type ok
Mo concentration (%)

v' The simulation results indicate that the AN @
defects formation in U-Mo may be produced LA SR
without melting and subsequent I b e e r
crystallization RN

v' The number of primary radiation defects — 8 & & & =
formed at stage of thermal spike is of L.

comparable to the number of primary
radiation defects formed in collision
cascades, but the number of such defects is
weakly dependent on temperature
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Radial distribution functions of y-U
(T=1000K)
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[loTeHuman ansa onncaHus
cuctembl U-Mo:

ADP — Angular-dependent potential:

1 1 : 1
) Fri Z&’)aﬁ Tij) + 52(#-?)2 + 52(/’*?)2 = gﬂf

J?L’i 8t

ADP: Y. Mishin, Mehl et al 2005 Acta Mater 53 4029

; 0 !

u Al | u
wi TN T,
i | 2N 4 :

3l i

015
| Z ap (Tij)T;
T ; )\ E T_Uctﬁ Tij 1} 1}
R - 0.00} - ~ > é ji
e e S S—
r(A) r(A) v, = Z)\?S



[loTeHuman ansa onncaHus
cuctembl U-Mo:

ADP — Angular-dependent potential:

1 1 i
Ei = Fu (Z pa(Ti5) ) i Z%ﬁ (73) t3 +=3 () + 2 > 8 = gf-’f
ji 2 7 s 8.t
ADP: Y. Mishin, Mehl et al 2005 Acta Mater 53 4029
o= > uap(ri)ri;
AF, % i
i ? | | | | | . [ EAM U-M
% Mo X' =) waslri)riTy;
J7i

v = SN

8
N - -
1 Finp — Fppr)?
hp = 1S [Eoe —Foer? o o
N i=1 (Foer)

EAM: Smirnova D. E., Kuksin A. Y., Starikov S. V. et
al. // MSM Sci. Eng. 2013. V. 21. P. 035011.

ADP: Smirnova D. E., Kuksin A. Y., Starikov S. V.
/IINM. 2015. V. 458. Pp. 304-311.

a-U y-U U, liq. U-Mo Mo Mo,liq. U,Mo



MeToa «cornacoBaHUsA No cune»:

VASP
opo#sod [ €0 Gl & 6 ¢ F__CE
:°f°5o :00 ‘:0- 9:0:926 g%;“ ' OR,
:gﬁ::.B ' 000 O © o ¢ : «E%Q'DEJ%\H\CDJ
¢ |0 @® ® Q ¢ <¢n o))

PacnnaB U a-U y—U {_m

potfit N
ZF:Z Z \I[F;DP_FL;FT}Z

i=l a=x.y.z {FLEZ'FT)Z

lMomeHyuan mexxamomMHo20 83aumodetcmeusi (ADP):

1 1 1 2 1
E; = F, (Z pﬁ(?‘a‘j)) T3 > bap(ris) + 2 () + 2 2 ) - éyf
i ’ ¥

J7Fi
Bepudukaumus noteHumana nyteM pacyeta 60nbLIOro Habopa xapakTepucTuk
mMaTepuana 1 conocTaBneHusi pe3ynbraTtoB C dKCnepuMeHTanbHbIMU JaHHbIMK

Force-matching: F. Ercolessi, J.B. Adams 1994 EPL 26 583 VASP 5.2: G. Kresse 1996 Phys. Rev. B 54 11169
Potfit: P. Brommer, F. Gahler F 2006 Phil. Mag. 86 753 ADP: Y. Mishin, Mehl et al 2005 Acta Mater 53 4029



Verification of created ADP potential (pure U)

Cl1 | C22 C33 C12 Cl13 | C23
a-U a(A) |bA)|c@
(GPa) | (GPa) | (GPa) | (GPa) | (GPa) | (GPa)

ADP U.-Mo | 2849 | 5.841[4.993| 253 | 199 [ 265 | 93 90 | 105

2.854 (5.87014.955| 215 199 267 46 22 108

Experiments*

* C. Barrett et al. Phes. Rev. 129 (1963) 625

B-U symmetry [ a(A) c (A) | Eg-E (eV/atom) T, (K)
[~ - ‘ -
o °° ADP U-Mo P4,nm | 10.612 | 5.603 0.089 780
3 ° 3
. ° S oo ©, Experiments P4,nm 10.590 | 5.634 >0 1045
o
$ o ° g|| Coloulations (GA) | P4;nm | 10460 | 5.660 0.099 —
Experiment: C. Tucker and P. Senio, Acta Crystallographica 6 (1953) 753760 GGA: Y. Li etal. INM 475 (2016)
Y-U (T::I'OOOK) a (A) B (GPa) Ebcc'Eq (eV/atom) Tmelt (K) Efvac (EV)
® & P O ADP U-Mo 352 | 120 0.072 1330 2.1
.. ® Experiments 3.47 113 >0 1408 0.9 -1.45
© © Calculations (GGA) 3.43 136 0.28 — 1.2

Experiment: C.-S. Yoo et al. Phys. Rev. B. 57 (1998) 10359. GGA: Y. Li etal. INM 475 (2016)
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Energy hierarchy of phases in pure uranium

E - E, (eV/atom)

bce 5,4 008 DFT[Y. Li etal. INM 475 (2016)]
[C. Taylor PRB 77 (2008)]

!
!

0.15 | DFT[R.Q. Hood et al. PRB 78 (2008)]
[J.P. Crocombette et al. PRB 64 (2001)]

0.1 | DFT[Y.Li etal. JNM 475 (2016)]

_ _ Experimentally observed phase for the alloys
B 0.89 |— ADP potential (this work) [K. Tangri and G.I. Williams, JNM 4 (1961)]

[B.W. Howlett , JNM 35 (1970)]
[H.L. Yakel, JNM 33 (1969)]

bcc 072 ADP potential (this work) [N.T. Chebotarev et al. Atomnaya Enerigya 48 (1980)]
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]_) B ()6})&1‘[1()1\-[ HpoCTpallCcTBe 3a1acTCd CeTRKa pacuCTHLIX TOYCK.

2) Hurencusuoctn paccedlnd PaCCHuTbIBAIOTCA B Vi3/1daX CCTKH. Ecin pacHeTHad TOYKA
e coBliajia ¢ V3JI0M ()6})%1'1'1](”“1 PCHICTKH (I‘,J_l(.‘. HNHTEHCUBIOCTD B(.‘..-’IHKHJ\)._ TO BECOMOI'O BKJIa /14
B IIVHOKTC 3 ona ne AdacT.

3) H])()H(IX(),L[HT CYMMHUPpOBallne 110 y3JjaM ¢ paBHBLIMH VIVIAMH PDacCeAITd.

—1) 2-3 MOBTOPAIOTCHA ITa 3a/dallllblX HIalraX HITCrpupoBalind, MMpoucxXognT yCpeAHCeHne.

CLINpC S L

(a,b,c)’ m’ K;., = hA + kB + [C

— B =2n
k —k' = Kj
[=P(0) FF

I = Z i (0) exp{—=2imr; - Kpp } = Z [ (0) exp{—2im(z;h + y;k + 1)} .
j=1

j=1

r; = r;a+ yjb + z;C sin (#) = > = 3
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Enthalpy of mixing of U-Mo alloy
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Conclusions

v The simulation results indicate that the [ilelfeiates P
defects formation in U-Mo may be produced [<3»"%: ]l "% [Fo/] |fe
without melting and subsequent [l Tet e | g
crystallization P TR e

o .:.j'..j.:.. ansl
s - & % ® c

v' The threshold stopping power of swift ions WL

dependence on temperature was obtained = =7 )
s . .
i’ 1ol Coe

v' The number of primary radiation defects st
formed at stage of thermal spike s — =
comparable to the number of primary -
radiation defects formed in collision
cascades, but the number of such defectsis g> .
weakly dependent on temperature * af 1
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