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BIEN DANG PAN HOI VA VAN TOC SONG PAN HOI
CUA CAC HOP KIM TAM NGUYEN FeCrSi VA AuCuSi

Nguy&n Quang Hoc*, Nguyén Buc Hién?, Nguyén Thi Hoa®,
Pham Phuong Uyén® va Trinh Hong Ngoc?
'Khoa Vat li, Truong Pai hoc Su pham Ha Ngi
2Trwong Trung hoc phé théng Mac Pinh Chi, Chu Pah, Gia Lai
3Truong Pai hoc Giao thdng vdn tdi

Tom tat. Bai b4o sir dung md hinh hop kim tam nguyén vira thay thé vira xen k& véi ciu tric
lap phuong va diéu kién nong do nguyén tir xen k& nho hon nhiéu so vai ndng do nguyén tur
thay thé va ndng do nguyén tir thay thé nho hon nhidu so véi ndng do nguyén tir kim loai
chinh. Trén co so d6 cung véi li thuyét bién dang dan hoi va séng dan hdi cua hop kim nay
thu dugc béi phuong phap thdng ké moémen, ching toi tién hanh tinh sé d6i voi su phu thudc
nhiét do, ap suat, nong d6 nguyén tur thay thé va nong d6 nguyén ti xen ké cua cic médun
dan hoi E, K, G, cac hang s6 dan hdi Ci1, Ciz, Cas, VAN toc s6ng doc Vg Va van tdc séng ngang
V,» cua FeCrSi va AuCusSi. Céc két qua tinh sé d6i v6i FeCrSi va AuCuSi dugc so sanh voi
cac két qua tinh sb cua Fe,FeCr. FeSi, Au, AuCu, AuSi, cac két qua tinh toan khac va thuc
nghiém. Céc két qua tinh sé déi vai hop kim tam nguyén c6 tinh du bao, dinh huéng cho
cac thyc nghiém trong tuwong lai.

Tirkhéa: hop kim tam nguyén vira thay thé vira xen k&, moédun dan hoi, hang s6 dan hoi, van
téc song doc, van toc séng ngang, phuong phéap théng ké mémen

1. Mé dau

Bién dang dan hdi va van tdc song dan hdi cua cac kim loai Fe, Au va cac hop kim ctia chung
thu hat sy quan tam ctia cac nha nghién ciru.

Fe va cac hop kim xen k& cua n6 nhu FeSi, FeC, FeH, FeS, ... chiém phan 16n 16i cua Tréi
D4t va céc thién thé. Shibazaki va cong su (2016) [1] da chi ra anh huong cua nhiét do 1&n van
téc s6ng dan hdi d6i véi cau tric lap phuong tam khéi (LPTK) cua Fe 16n hon nhiéu so véi cau
tric By ctia hop kim FeSi va van téc am trong cac hop kim cua Fe khdng nhitng phu thudc vao
cau tric tinh thé ma con phu thudc vao ham lwgng nguyén té nhe xen ké&. C4c tinh chit co nhiét
cua cac hop kim xen k& nai trén cung cap cho ching ta hiéu biét day du hon d6i véi thanh phan,
c4u tric, qua trinh van dong cua Trai DAt va cac thién thé. Giam thét thoat ning lwong 12 mot tiéu
chi quan trong dé ché tao c4c thiét bi than thién hon véi méi truong. May bién ap dugc sir dung
pho bién dé truyén tai va phan phéi dién nang. Hiéu suat ciia may bién p duoc cai thién déng ké
bang cach bd sung cac nguyén tu silic vao cac I6i thép cia méy bién &p [2]. Thép ki thuat dién
v6i ham lugng silic cao c6 dién tré suat Ion va do tir thim cao. Do dé, né dugc dung lam réto va
stato trong dong co va may phat dién dé giam bot ton hao do dong dién xoay.
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Bi¢n dang dan hoi va van toc séng dan hoi cua cac hop kim tam nguyén FeCrSi va AuCuSi

Céc két qua nghién cttu cua Psiachos va cong su (2011) [3] vé tinh chat dan hoi cua FeH chi
ra rang khi nong do nguyén tur hidrd xen ke tang thi hang s mang cua FeH ting va cac hang sb
dan hoi cua FeH giam dang ké mot cach tuyén tinh. Thép 1a mot dang hop kim xen k& dién hinh
c6 tam quan trong dac biét trong xay dung, giao thdng van tai, ché tao may,... Mot hop kim xen
k& cua Fe 1a FeC goi la thép cacbon chiém ti trong Ion trong nganh céng nghiép thép. Cac hop
kim cua sit va crom duoc ung dung rong rii nhu trong cac 16 phan tng hat nhan (Olsson va cong
su, 2003) [4]. Céng trinh cua Zhang va cong su (2020) [5] chitng minh ring modun Young cua
FeCrSi tang theo su ting cia nong do Cr.

Céc kim loai chuyén tiép va hop kim xen k& cua ching nhu Au, AuSi,... dugc tng dung
nhiéu trong céng nghé ché tao day siéu dan [6]. Silicua vang 1a mot trong nhiéu hop kim kim loai
duoc ban bdi American Elements dudi tén thwong mai l1a AE Alloys™. Cac hop kim nay c6 san
duéi dang thoi, thanh, ruy bang, day, tim va Ia. Cac dang c6 do tinh khiét siéu cao va do tinh
khiét cao ciing bao gom bot kim loai, bot micrémet, kich thudc nano, bia dé ngung két mang
mang va vién nén cho cac ing dung Iang dong hoi hoa hoc (CVD) va ling dong hoi vat Ii (PVD).
Céc ung dung chinh bao gom Iap rap 6 truc, chan luu, dac, han budc va che chan bic Xa.

Viéc nghién ctru cac tinh chat bién dang cua hop kim xen k& phu thudc ctia vao nhiét do, ap
suét va n6ng d6 nguyén tr xen k& co vai tro to lon dé du doan strc bén vat liéu, su 6n dinh co hoc,
su khuéch tan, ... [7-9].

Phuong phap thong ké moémen (SMM) [10] da dugc ap dung dé nghién ctru bién dang cua
kim loai, hop kim thay thé va hop kim xen k& véi ciu trac 1ap phuong trong cac cong trinh trude
day cua chung t6i [11-20]. Tuy nhién, trong cac cong trinh d6 ching t6i chua tinh dén van toc
song dan h01 va chua c6 nghién ctru bién dang dan hoi ctia hop kim tam nguyén vira thay thé vira
xen k& v6i cdu tric 1ap phuong.

Trong bai bao nay, trén co s& két qua Ii thuyét ciia cac bai bao [10, 16] chling tdi tinh toan cac
dai lugng bién dang dan hoi va song dan hoi cua cac hop kim tam nguyén vira thay thé vira xen
k& FeCrSi va AuCuSi.

2. Noi dung nghién caru

Trong m6 hinh hop kim vira thay thé vua xen k& ABC voi cu trac LPTK va diéu kién nong
do nguyén tu xen k& nho hon nhiéu so véi ndng do nguyén tir thay thé va nong do nguyeén tu thay
thé nho hon nhiéu so Vi nong d6 nguyén tir kim loai chinh, nguyén tir xen k& C nam & tam mit,
nguyén tir thay thé B thay thé nguy@n tir kim loai chinh A goi 1a A; nam & tdm khéi va nguyén ti
kim loai chinh A goi 1a A; nam & dinh cua 6 co sé lap phuong [11-15].

Trong mé hinh hgp kim vira thay thé vira xen k& ABC véi cau trac 1ap phuong tam dién
(LPTD) va diéu kién nong do nguyén tu xen k& nho hon nhiéu so véi ndng do nguyén tir thay thé
va nong do nguyén tu thay thé nho hon nhiéu so véi nong d6 nguyén tie kim loai chinh, nguyén
tr xen k& C nam & tdm khdi, nguyén tir thay thé B thay thé nguyén tir kim loai chinh A goi 12 Ay
nam & tm mit va nguyén tir kim loai chinh A goi 12 Az ndm & dinh cta 6 co so lap phuong [16-20].

Ta tién hanh tinh sb cac dai lugng bién dang dan hoi va séng dan hoi cua hop kim vira thay
thé vira xen k& ABC vai cau tric lap phuong theo trinh tur nhu sau:

(1) Xac dinh khoang Ian can gan nhat r, (P,0) (X=A,A,A,,C) giita hai nguyén tir A trong
kim loai sach A va gitra nguyén tir A; hoac Az hoac C va nguyén tir khéc trong hgp kim xen k&
AC tai &p suat P va nhiét do OK tir phuong trinh trang thai nhu sau [10, 12, 14]:

PV, =t 1 Ouyy +ha)ox ok, . M
6 or 4k, ory
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. T N (A
trong do v, = —X lathe tich 6 co so ing voi mot nguyén tir X caa mang LPTK, v, = 2X lathé

33 V2

tich 6 co s& tng véi mot nguyén tir X caa mang LPTD, Uy, 1a nang lugng lién két d6i véi nguyén

tir X, Ky 1athong s tinh thé diéu hoa déi voi nguyén tie X, w,, = /kx (P.0) 13 tin s6 dao dong
mX

cua nguyeén tir X tai ap suat P va nhiét do OK,, m, 1a khéi lugng ctia nguyén tir X va 7 = 2h,h
T

1a hang s Planck.

(2) Xac dinh thong s tinh thé diu hoa k, (P,0) va cac thong so tinh thé phi diéu hoa
1y (P.0), 7,5 (P.0), 7, (P,0) cta nguyén tir X tai ap suat P va nhiét do OK theo cac cong thic trong
[10, 12, 14].

(3) Xac dinh do doi y, (P,T) cua nguyén tir X tai 4p suat P va nhiét do T tir vi tri can bang
theo cong thuc trong [10, 12, 14].

(4) Xac dinh cac khoang lan can gan nhat r,, (P,T) theo cac cong thuc sau [10, 12, 14]:
(P T)=rc(P,0)+ Ya (P.T),nA(P,T) =1A(P,0)+ y,(P.T),

fa (P T)=1c(P,T), no (P, T)=r, (P,0)+Yy.(P,T). 2

(5) Xac dinh khoang Ian can gan nhat trung binh giira hai nguyén tir A r, (P,T) tai ap suat P
va nhiét do T trong hop kim AC theo cong thac sau [10,12,14]:
La(P.T) =1, (P,0)+ y(P.T),r,(P,0) = (1-cc ) A (P,0)+c 1y (P,0), y(P,T) = Zcx y, (P, T),
X

3)
trong  d6 1,(P,0)=+3r(P,0),C, =1-7Cc,C, =2C.,C, =4C, déi véi mang LPTK,
rl'A(P,O):\/Erlc(P,O),cA =1-15c.,c, =6c.,c, =8¢, d6i véi mang LPTD, r,, (P,0) la khoang
lan can gan nhat trung binh giita hai nguyén tir A trong hop kim AC tai 4p suat P va nhiét do OK,
y(P,T) 1a do dai trung binh ctia nguyén tir A & &p suat P va nhiét do T tir vi tri can bang, r,,(P,0)
la khoang 1an can gan nhét gita hai nguyen tir A trong kim loai sach A tai &p suat P va nhiét do
0K, r/,(P,0) lakhoang lan can gan nhat giira hai nguyén tir A trong vung chira nguyén tir xen ké

C tai 4p suat P va nhiét do OK va c, 1a nng do cua nguyeén tir X.
(6) Xac dinh khoang lan can gan nhat trung binh gitra hai nguyén tir A tai 4p suat P va nhiét
d6 T trong hop kim ABC theo cbng thirc sau [10, 12, 14]:
Brac B

Apgc = Caclnc ?+ Calip ?, B =CucBrac +CsBrgiCac =Cu +Ccr@yc =1,(P.T),

3 3
1 a'OAC 1 r‘OB
Biac == Jac = Bg=— 1z = ’
twe 7 aicl[aZwch B 2p+né1[mj
T T

2P + 3| a2 3| or2
Vac Qe Vg lg
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1(&ys) _1[Sup )|  hop| ks 1 (0K, i @
3l ory ) 6l ond ) Ak | ory 2k \ong ) |

trong d6 nang lugng lién két va cac thong sé tinh thé ddi vai nguyén tir B duge xéac dinh gidng
nhu d6i véi cac nguyeén tir X, Wy, Wy la cac nang luong ty do Helmholtz ting véi mot nguyeén tir X

va tng véi mot nguyén tir B va ¢ dang nhu trong [10, 12, 14].
(7) Xac dinh m6dun Young cua hop kim ABC theo cong thic sau [10, 12, 14]:

82'//x
ZCX 882
EABC = EAC +CB(EA_ EB)’ EAC = EAXZ—,
oY,
og?
2 2 N2
£, —— A =i{1+ 7“19 (1+1YM j(1+\(M )]
7.l A Ky Ky 2

= Ry +
arl%( 2kX 5r1x o

Oy |10y 3hoy | %, 1 (o, i "
og® |2 or5 4 Kk,

+ lauJWLEhcoXcthxx Lok 200y, Xy :ha)", oy = K.
20r, 2 20

o, k
Y, =x, cothx,,M=AB, X, =—>, @, = |—- 5
M M M B 20 m ()

X 1X

B

O day, 6 =kg,T, kg, 1ahing sé Boltzmann.
(8) Xéc dinh modun nén khdi cia hop kim ABC theo cong thirc sau:

E
K. =——28€ 6
e 31— 2vec) ©

trong d6 Vage =CacVac +CsVs ~ CaVa +CaVs = VagsVase 12 1y SO Poisson cua hop kim ABC,
Vs laty s6 Poisson ciia hop kim AB, v, vy, Ia cac ty s Poisson cua cac vat ligu A,B,C.

(9) Xac dinh modun truot cua hgp kim ABC theo cong thac sau [10, 12, 14]:

E
G. = ABC ©)
M 214 Vage )

(10) X4c dinh céc hang sb dan hoi cua hop kim ABC theo cac cdng thie sau [10, 12, 14]:
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Enec (1= Vagc )
C — ABC ABC ' 8
11ABC (1+ VABC )(1_ 2VABC ) ( )

E...v
C — ABC " ABC , 9
12080 = (1 Y (1= 2v,00) ®)

E
C —__ —ABC 10
44 ABC 2 (l-l— VABC ) ( )

(11) Xac dinh cac van téc séng doc va ngang trong hop kim ABC theo cac cong thac sau [10]:

2C +C
VABCd — \/ 44ABC 12ABC, (11)

Prac

/C
VABCn = [, (12)
Pasc

m (
trong 46 Pppe = —2= % Prg Vase = NVage s Opsc 12 Khi lugng riéng cia hop kim ABC, p,,
ABC
la khéi luong riéng cua hop kim AB va N 1 s6 nguyén tir ciia hop kim ABC.
Dé nghién ctru cac hop kim FeCrSi va AuCusi, ching toi str dung thé twong tac cip Mie-

Lennard-Jones (MLJ) m-n[21]
n—m r r

trong do I, 1a khoang cach gitta hai nguyén tir trong img véi thé ning cuc tiéu 1y gia tri- D, m, n la

o(r) =

cac s ¢6 gia tri khac nhau dbi véi cac nguyén tir kim loai khéc nhau va duge xéac dinh bang con
duong kinh nghiém duya trén co s6 s6 liéu thuc nghiém. Cac thong s6 thé MLJ déi véi cac twong
tac Fe-Fe, Cr-Cr, Au-Au, Cu-Cu va Si-Si duoc cho trong Bang 1. Cac thong sb thé dbi voi cac
tuwong tac Au-Si, Cu-Si dugc xac dinh bdi [21]. Céac twong tac A-C, A-B dugc xac dinh bai [22].
Bdng 1. Cac thong sé thé MLJ m-n, ty sé Poisson v va khéi lweng riéng p
doi véi Fe, Cr, Au. Cu va Si [21, 22]

Interaction m n D(10%%rg) ro(10°m) 1% p(g/cm?)
Fe-Fe 7 115 6416,448 2,4775 0,26 7,8672
Cr-Cr 6 15,5 6612,960 2,4950 0,33 72
Au-Au 55 10,5 4683 2,8751 0,39 19,283
Cu-Cu 55 11 6469,518 2,5487 0,37 8,932
Si-Si 6 12 45128,34 2,2950 0,28 2,329

1 1
DA-B =4/ DA—A DB—B 1foas = E(rOA—A +les )v DA»C =4/ DA—A Dc-c 1Toac = E(rOA—A + Tocc ) (14)

Céc két qua tinh sb bjén dang dan hdi va van téc song dan hdi cia FeCrSi dugc tom tit
trong céc bang tir Bang 2 dén Bang 4.
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Bdng 2 E(Trccr)! G(TICCr)! K(T1C(:r)!Cll(T’CCr)’Clz(T’CCr)’CAA(T'C(:r)’vd(T’CCr)Va Vn(T’CCI')
déivéi FeCrSitai P=0, ¢ =1%

T(K) Cer(%) 0 2,5 5 75 10

E(10°Pa) | 18,200 18,336 18.471 18,607 18,742
K(10°Pa) | 14,382 14,505 14,628 14,751 14,874

G(10"°Pa) | 7,059 7111 7,162 7,213 7,265
a0 | Cu(l0°Pa) | 23795 23,986 24,177 24,368 24,560
C1(10%Pa) | 9,675 9,764 9,853 9,942 10,031
Cus(10'%Pa) | 7,059 7111 7,162 7,213 7,265

Va(m/s) 5519 5547 5575 5603 5631

Va(m/s) 3006 3020 3034 3048 3063
E(10%Pa) | 16,347 16,514 16,680 16,846 17,013
K(10©Pa) | 12,918 13,064 13,209 13,355 13,502

G(10'%Pa) | 6,341 6,404 6,467 6,531 6,594
500 | Cu(l0%Pa) | 21372 21,602 21,833 22,063 22,294
C1(10"%Pa) | 8,691 8,794 8,898 9,001 9,106
Cu(10%Pa) | 6,341 6,404 6,467 6,531 6,594

Ve(m/s) 5231 5264 5208 5332 5365

Vo(ms) 2849 2866 2884 2901 2918
E(10'%Pa) | 14,115 14,320 14,526 14,731 14,936
K(10©Pa) | 11,154 11,328 11,503 11,678 11,853

G(10%Pa) | 5,475 5,554 5,632 5711 5,789
oo |Cu(10°Pa) | 18454 18,733 19,013 19,292 19,572
C1(10%Pa) | 7,504 7,626 7,748 7,871 7,994
Cu(10%Pa) | 5,475 5,554 5,632 5711 5,789

Vo(m/s) 4860 4902 4944 4986 5027

Va(m/s) 2647 2669 2691 2712 2734

E(10'%Pa) | 11,634 11,882 12,130 12,379 12,627

K(10°Pa) | 9,193 9,400 9,606 9,814 10,021

G(10Pa) | 4,512 4,608 4,703 4,799 4,894

o0 | Cu(l0°Pa) | 15210 15,543 15,878 16,212 16,547
C1(10%Pa) | 6,185 6,328 6,471 6,614 6,758
Cus(10'%Pa) | 9,103 9,400 9,606 9,814 10,021

Vo(m/s) 4412 4465 4518 4570 4622

Va(m/s) 2403 2431 2459 2487 2514

43



Nguyén Quang Hoc, Nguyén Duc Hién, Nguyén Thi Hoa, Pham Phuong Uyén va Trinh Hong Ngoc

Bang 3. E(T.cq), G(T,c), K(T.5), Cy (T 5). Cp (T 05, Can (T 65).Vi (T 05) V@ Vi (T, C;)
déi véi FeCrSitgi P =0, ¢, =10%

T(K) Csi(%0) 0 1 3 5
E(10%°Pa) 21,111 18,742 14,719 11,466
K(10%Pa) 16,908 14,874 11,472 8,781
G(10%°Pa) 8,171 7,265 5,722 4471
200 Cu(10%Pa) | 27,802 24,560 19,101 14,742
C12(10%Pa) 11,461 10,031 7,658 5,800
Cas(10°°Pa) 8,171 7,265 5,722 4,471
Va(mis) 5970 5631 5002 4427
Vn(m/s) 3236 3063 2738 2438
E(10%°Pa) 19,206 17,013 13,196 10,004
K(10'°Pa) 15,382 13,502 10,285 7,661
G(10'°Pa) 7,433 6,594 5,130 3,901
500 C11(10%Pa) 25,293 22,294 17,125 12,862
C12(10'°Pa) 10,427 9,106 6,865 5,060
Ca4(10%Pa) 7,433 6,594 5,130 3,901
Va(m/s) 5694 5365 4736 4135
Va(m/s) 3087 2918 2592 2277
E(10%°Pa) 16,969 14,936 11,334 8,306
K(10%Pa) 13,591 11,853 8,834 6,361
G(10'°Pa) 6,568 5,789 4,406 3,239
700 C11(10'°Pa) 22,347 19,572 14,708 10,679
C12(10Pa) 9,212 7,994 5,897 4,202
Cu4(10'°Pa) 6,568 5,789 4,406 3,239
Ve(mis) 5352 5027 4389 3768
Vn(m/s) 2902 2734 2402 2075
E(101°Pa) 14,478 12,627 9,349 6,676
K(10'°Pa) 11,596 10,021 7,287 5,112
G(10%%Pa) 5,603 4,894 3,634 2,603
900 C11(10%°Pa) 19,067 16,547 12,132 8,583
C12(10°°Pa) 7,860 6,758 4,864 3.377
C44(10%°Pa) 5,603 4,894 3,634 2,603
Va(m/s) 4944 4622 3987 3378
Va(ms) 2680 2514 2182 1860
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Bdng 4. E(P,cy), G(P.cq), K(P.Cy),Cpy(P.Cq),Cpo (P.Cs), C, (PoC )V, (Pocg ) Va Vi (P, Cg;)
déi véi FeCrSi tgi T = 300K, ¢, =10%

P(GPa) Csi(%0) 0 1 3 5

E(10'°Pa) 21,116 18,808 11,586 11,649

K(10'°Pa) 16,912 14,926 5,778 8,920

G(10'°Pa) 8,173 7,290 19,290 4,542
C11(10*°Pa) 27,809 24,646 7,733 14,976

2 C12(10°Pa) 11,464 10,066 5,778 5,892
C44(10*°Pa) 8,173 7,290 5027 4,542

Va(m/s) 5971 5641 2751 4462

Va(m/s) 3237 3068 15,858 2457

E(10%°Pa) 22,065 19,789 12,361 12,609

K(10'°Pa) 17,672 15,704 6,165 9,655

G(10'°Pa) 8,540 7,670 20,581 4,916
C1(10%°Pa) 29,058 25,931 8,251 16,210

4 C12(10%°Pa) 11,979 10,591 6,165 6,378
C44(10%°Pa) 8,540 7,670 5192 4,916

Va(m/s) 6103 5786 2842 4642

Va(m/s) 3309 3147 2842 2556
E(10%°Pa) 22,999 20,748 16,823 13,538

K(10'°Pa) 18,420 16,466 13,113 10,367

G(10'°Pa) 8,901 8,042 6,540 5,279
C11(10°Pa) 30,289 27,188 21,833 17,405

6 C12(10*°Pa) 12,486 11,104 8,753 6,848
C44(10°Pa) 8,901 8,042 6,540 5,279

Va(m/s) 6231 5925 5348 4810

Va(m/s) 3378 3222 2927 2649
E(10'°Pa) 23,921 21,689 17,765 14,445

K(10'°Pa) 19,158 17,212 13,847 11,061

G(10'°Pa) 9,258 8,407 6,906 5,632
Cu(10%°Pa) 31,502 28,421 23,055 18,570

8 C12(10'°Pa) 12,986 11,608 9,243 7,306
C44(10'°Pa) 9,258 8,407 6,906 5,632

Va(m/s) 6355 6058 5495 4968

Va(m/s) 3445 3295 3008 2736
E(10%°Pa) 24,831 22,614 18,687 15,696

K(10'°Pa) 19,887 17,947 14,566 12,019

G(10'°Pa) 9,610 8,765 7,265 6,120
Cu(10'°Pa) 32,700 29,634 24,252 20,180

10 C12(10'°Pa) 13,480 12,103 9,723 7,939
C44(10'°Pa) 9,610 8,765 7,265 6,120

Va(m/s) 6475 6186 5636 5179

Va(m/s) 3510 3364 3085 2852
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Theo cac bang tir Bang 2 dén Bang 4, modun Young E cua FeCrSi tuan theo mot s6 quy
luat chung. Thir nhat la doi vai FeCrSi ¢ cung ap suat, nong do Cr va nong do Si khi nhiét @6 T
tang thi mddun Young E giam. Chang han nhu ddi véi FeCrSitai P =0, ¢, = 10% va ¢cg = 5% khi
T ting tir 0 dén 1000 K thi E giam tir 12,6997.101°xuéng 5,9488.10" Pa (giam 53,16%). Diéu
nay la do khi nhiét d6 ting, dong ning cua cac nguyén tir ting, tinh phi diéu hoa cua dao dong
mang lam tang khoang lan can trung binh gitra hai nguyén tir va do do, E, K, G, C;,C,,C,,,
V, vaV, déu giam. Tha hai la d6i véi FeCrSi & cuing nhiét do, nong do Cr va nong do Si khi ap
suat P tang thi modun Young E ting. Vi du nhu déi véi FeCrSi tai T =300 K, C., =10% va C
= 5% khi P tang tir 0 dén 10 GPa thi E tang tir 21,114.10'° dén 24,8307.10" Pa (ting 17,62%).
Diéu d6 1a do vi khi 4p suét tang, luc nén tac dung Ién vat liéu tir moi phia tang, cic nguyén tir
xich lai gan nhau hon, khoang l1an can trung binh giira hai nguyén tir giam va do do, E, K, G,
C,., Cp,, Cyy.V, vaV, déu tang. Thi ba la di véi FeCrSi & cling nhiét d, ap suat va nong do
Cr khi ndng do Si tang thi moédun Young E giam. Chang han nhu dbi véi FeCrSi tai T = 300 K,
P=0va c,, =10%khi C; tang tir 0 dén 5%, E giam tir 21,1114.10" dén 11,4664.10° Pa (giam
45,69%). Diéu nay twong tw nhu FeSi va phu hop véi thuc nghiém (TN) cta Takeuchi (1969) [2].
Khi nong d¢ Si tang, khoang l&n céan trung binh gira hai nguyén tur tang va do do, E, K, G,
C,., C,, C,.V, vaV, déu giam. Thir tu 1a ddi véi FeCrSi & ciing nhiét do, ap suét va nong do
Si khi néng d6 Cr tang thi m6édun Young E ting rat cham. Vi du nhu ddi véi FeCrSi tai nhiét o
T =300 K, P =0 vacg = 5% khi c., ting tir 0 dén 10% thi E tang tir 18,2002.10° dén
18,7422.10° Pa (ting 2,98%). Do hing s6 mang cua Cr xap xi bang hing s6 mang cua Fe nén khi
Cr thay thé Fe, mang tinh thé Fe it bi thay doi va do do, tinh chat dan hoi cua FeCrSi it bi thay
doi theo nong do Cr.

Xét trudng hop gidi han cua FeCrSi khi ¢ = 0 va ¢, bién thién tir 0 dén 10%. Két qua thu
dugc déi voi FeCr dugc tong két trong cc bang tir Bang 5 dén Bang 7 va duoc minh hoa trén
Hinh 1, trong d6 c6 so sanh, danh gia sai s6 gitra két qua tinh todn boi SMM, tinh toan ab initio
cua Olsson va cong su (2003) [4], Zhang va cong su (2010) [24], cac TN cua Speich va cong su
(1972) [25], Heintze va cong su (2009) [26].

Bdng 5. E (ccy) doi véi FeCrtgi T =298 K, P =0 tinh bgi SMM, ab initio
cua Zhang (2010) [24] va TN cua Speich (1972) [25]

cer(%) 0 15 25 5 6 75 10
E(GPa)-SMM 2084 | 2088 | 209,1 | 2098 | 210,1 | 2105 | 2113
E(GPa)-TN [25] 2082 | 209 - 211,2 | 209,7 - 214,8

Sonmrizeg (%) 01 01 - 0,7 0,2 - 16
E(GPa)-ab initio [24] - - 241,3 | 254,3 - 2525 | 2583
Osy-pzey (%) - - - 20,4 - - 16,8
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Bdng 6. K(Ccr) ddi véi FeCrtgi T = 298K, P =0 tinh bgi SMM, ab initio

cia Zhang (2010) [24] va TN cda Speich (1972) [25]
Cer (%) 0 15 2,5 5 6 7,5 10
K(GPa)-SMM 165,4 | 166,2 | 166,7 | 168,1 | 168,7 | 169,5 | 170,9
K(GPa)-TN [25] 166,0 | 166,7 - 161,4 | 1476 - 157,1
Osmmnizs; (%0) 0,4 0,3 - 4,2 14,3 - 8,8
K(GPa)-ab initio [24] - - 182,4 | 1779 - 179,3 | 181,2
Oosy iz (%0) - - - 10,2 - - 15,3

Bdng 7. G(c.,) déi véi FeCrtgi T =298K, P =0 tinh bgi SMM, ab initio
cuia Zhang (2010) [24] va TN caa Speich (1972) [25]

Co, (%) 0 15 | 25 5 6 7,5 10
G(GPa)-SMM 80,70 | 80,87 | 80,96 | 81,23 | 81,34 81,50 81,76
G(GPa)-TN [25] 80,65 | 80,86 - 82,38 83,00 - 84,45
Ssmaraizey (%) 01 | 13 : 14 | 20 : 3,4
G(GPa)-ab initio [24] - - 943 | 96,6 ] 99,8 | 102,3
5[25]—TN[26] (%) B - - 17,3 - - 21,1
300 I I I I 240 - I I I I
280 | i 220 |
260 | o 200 |
240 . * h <180 . . . L
5 9 % AAAAA AAAAAAAAAAAAAA ssasssnsssssnass AAAA
i S 2 L aAAAAAAAA pasapasass Ransraa assy ;160 b . 4
200 e suM 140
EmEEaTL B
160 - (a) * l“ zg: gsier;:ﬁ :tt ::((129(;029)) 100} (b) TN cua Heinze et al. (2009)
* TN cua Speich et al.(1972)
o e
Cer (%) Cer (%)
(a) (b)

Hinh 1. (a) E(cq,)Vva (b) K (c,) ddivéi FeCrigi T =298K, P =0 tinh bgi SMM,

ab initio csa Olsson (2003) [4], ab initio cia Zhang (2010) [24] va tir cac TN
cuiia Heintze (2009) [26] va Speich (1972) [25]

Céc tinh toan bai SMM, ab initio va sb liéu thuc nghiém déu chang to rang bién dang dan
hoi ctia FeCr it thay doi theo nong d¢ Cr. Cu thé 1 khi Cc, tang tir 0 dén 10% thi modun Young
cua FeCr ting 1,4% theo tinh todn boi SMM va tang 7% theo tinh toan ab initio cia Zhang va
cong su (2010) [24] trong khi tang 3,2% theo so ligu thuc nghiém cua Speich va cong su (1972) [25].
Céc bang tir Bang 5 dén Bang 7 va Hinh 1 ching t6 rang doi vai cac modun dan hoi E, K, G ctaa

47



Nguyén Quang Hoc, Nguyén Duc Hién, Nguyén Thi Hoa, Pham Phuong Uyén va Trinh Hong Ngoc

FeCr, tinh todn bdi SMM chinh xac hon cac tinh toan ab initio cua Olsson va cong su (2003) [4],
Zhang va cong su (2010) [24]. Su khac nhau giita két qua tinh toan cua Zhang va cong su (2010)
[24] va thyc nghiém 1a do Zhang sir dung biéu thirc niang luong lién két c6 dang

E(r) =a+be™ +ce " cho boi Moruzzi va cong su (1988) [27], trong d6 I 1a béan kinh
Wigner — Seitz, cac dai luong A, a, b va C 1a cac thong sé thé duoc 1am khép tai OK. Do do,
két qua tinh toan ab initio cua Zhang bi rang bugc bai viée lam khép cac thong sd n6i trén ¢ vang
nhiét d6 thap.

30 T T T T

28

26

24 |

T A 4
Y Ay 7]
S 22 %mm“:‘?ﬁﬁ
k=) 7'?!’%%
20t 200 000,
w Ay S T
18 44, %o °
., ° R
16 —4— SMM A

—e— ab initio ciia Sha and Cohen (2006)

14 + @ TN cta Adams (2006)

© TN cla Reed va Clark (1983)

12 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900

T (K)
Hinh 2. E(T) ciia Fe tgi P =0 tinh bgi SMM, ab initio ciia Sha va Cohen (2006) /28],

tar cac TN ciza Adams (2006) [7], Reed va Clark (1983) [30].

Sy phu thudc ciia modun Young E vao nhiét do déi vai kim loai chinh Fe trong hop kim
FeCrSi dugc tinh bai SMM, tinh todn ab initio cta Sha va Chen (20906) [28] va tur cac thuc
nghiém cta Adams va cong su (2006) [29], Reed va Clark (1983) [30] dwoc chi ra trén Hinh 2.
Két qua tinh todn bang SMM phu hop rét tt vai thuc nghiém dic biét trong khoang tir 200 dén
400 K va tét hon nhiéu so véi tinh toan ab initio.

14 T T T T

—®— AlggyClygy,
A AlggyCUioySligs |
8 Algyo,CU;00Sizos

200 400 600 800 1000
T(K)

Hinh 3. E(T,c,) d6i véi AuCuSi tgi P =0, ccu = 10%

Su phu thugc cia médun Young E vao nhiét do dbi voi hop kim xen k& FeSi gidng nhu sy
phu thudc ciia médun Young E vao nhiét do doi voi kim loai Fe nhu dugc chi ra trong cong trinh
trudge day cua chung toi [15].
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Sy phu thudc nhiét do, 4p suit, nong do nguyén tu Xxen ké cua modun Young E ddi véi
AuCuSi duoec minh hoa trén Hinh 3 va Hinh 4. Theo ket qua nay, doi véi AuCuSi ¢ cung ap
suat, nhiét do va nong do Cu khi nong d6 Si tang thi khoang lan can gan nhat trung binh a tang
vadods, E, K,G, C,,C,,C,, V, vaV, gidm. Diéu nay ciing giong nhu AuSi. Ching han
nhu d6i véi AUCUSi tai T = 300 K, P = 70 GPa va ccy =10% khi Cs; ting tir 0 dén 5% thi a ting
tr 2,6359 dén 2,7086.101° m va E giam tir 35,604.10%° dén 12,905.10'° Pa. Doi voi AuCuSi &
cling 4p suat, nhiét do va nong o Si khi néng do Cu tang thi a giam cham va do do, E, K, G,
C,, C,,C,. V, vaV, ting cham. Chang han nhu d6i véi AuCusSi tai P =0, T = 300K va
Csi = 5% khi Ccu ting tir 0 dén 10% thi a giam tir 2,9687 dén 2,8740.10° m va E tang tir 6,911.10%°
t6i 6,966.10'° Pa. Doi vai AuCuSi ¢ cling nhiét do, nong do Cu va nong d6 Si khi ap suat P ting
thi a gigm va do d6, E, K, G, C;;,C,,,C,,, V, vaV, ting. Chang han nhu ddi véi AuCusi tai
T =300 K, ccu=10% va csi= 5% khi P tang tir 0 dén 70GPa thi a giam tir 2,8740 den 2,7086.10°
10 m va E ting tir 0,6966.10 d¢én 1,2950.10 Pa. B4i véi AuCuSi ¢ ciing ap suat, ndng do Si va
nong do Cu khi nhiét do T tang thi a ting va do d¢, E, K, G, C,;,C,,C,,, V, vaV, giam.
Ching han nhu déi v6i AUCUSI tai P =0, ccu=10% va Csi = 3%,khi T tang tir 50 dén 1000K thi
a tang tir 2,8447 den 3,2793.10° m va E giam tir 9,991.10%° dén 7,959.10%° Pa.

—0— Aug,Cuy,

—A— AUggCu,,Siy
30 —&— Aug,Cu,,Si;
—@— AugsCu,,Sig

at®
.'..'.. uoooooonooooooooooo

L L L L L
0 10 20 30 40 50 60 70
P (GPa)

Hinh 4. E(P,cg ) ddivéi AuCuSitgi T = 300K, ccu = 10%

Quy lujt bién ddi ciia khoang Ian can gan nhét trung binh gitra hai nguyén tir theo ap suat
va nong dd nguyén tir xen ké dol v6i AuCuSi gidng nhu quy luat dbi véi AuSi [17]. Con quy luat
bién doi cua khoang lan can gan nhat trung binh giita hai nguyén tur theo ap suat va nong do
nguyén tir thay thé ddi vai AuCusSi gidng nhu quy luat ddi véi AuCu.

18 - —4— SMM

—0— Li (2019)

—&— MD of Cagin (1991)

fran —%— MD of Zahroh (2019)

TN clia Tikhonov va Kononenko (1986)
12 + ® TN clia Chang va Himmel (1966)

L L L L L
0 200 400 600 800 1000

T
Hinh 5. E(T) doi véi ciia Au tai P = 0 tinh boi SMM, Li (2019) [31],
MD ciia Cigin et al. (1991) [32], MD cua Zahroh et al. (2019) [33] va ter cac TN
cua Chang va Himmel (1966) [34], Tikhonov va Kononenko (1986) [24]
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Hinh 5 md ta sy phy thuéc ciia modun Young E vao nhiét d6 dbi véi Au tai P = 0 qua
khoang nhiét do tir 0 dén 1100 K, trong d6 cac két qua tinh s6 bang SMM ph hop tét véi cac
tinh toan khac nhu tinh toan dong luc hoc phén tir (MD) cua Cagin va cong su (1991) [32], tinh
toan cua Li va cong su (2019) [31], tinh todan MD cua Zahroh va cong su (2019) [33] va céac thuc
nghiém cua Chang va Himmel (1966) [34], Tikhonov va Kononenko (1986) [35].

3. Kétluan

Chung t6i dwa ra mo hinh hop kim tam nguyén vira thay thé vira xen ké véi cau trdc 1ap
phuong va chi ra cach xac dinh cac dai lugng bién dang dan hdi va van tdc truyén song dan hoi
nhu cac mo dung dan hoi E, K, G, cac hang s6 dan hdi Cu1, Ciz, Cas, VAN tc s6ng doc Vg va van
toc s6ng ngang Vi cua hop kim nay. Céc dai lugng bién dang dan hoi va van toc truyen séng dan
héi phu thugc vao nhiét do, ap suat, nong do nguyén tu thay thé va nong d6 nguyén tr xen k&.
Trong céc trudng hop gici han, tir Ii thuyét bién dang dan hoi va van toc truyen song dan hoi cua
hop kim tam nguyén vira thay thé vira xen k& véi cau tric lap phuong co thé suy ra Ii thuyét bién
dang dan hoi va van téc truyén séng dan hoi cia hop kim thay thé nhi nguyén, hop kim xen k&
nhi nguyén va kim loai véi ciing cau trdc lap phuong.

Céc két qua Ii thuyét duoc ap dung tinh sé cho hop kim FeCrSi trong khoang nhiét do tir 0
dén 900K, khoang &p suit tir 0 ¢én 10 GPa, khoang ndng d6 nguyén tu thay thé tir 0 dén 10% va
khoang nong d6 nguyén tir xen k& tir 0 dén 5% va cho hop kim AuCusSi trong khoang nhiét do tir
0 dén 1000K, khoang ap suat tir 0 dén 70 GPa, khoang nong do nguyén tir thay thé tir 0 dén 15%
va khoang nong do nguyén tir xen k& tir 0 dén 5%. Céc két qua tinh sb ddi véi FeCrSi va AuCuSi
duoc so sanh véi cac két qua tinh sb cua Fe,FeCr. FeSi, Au, AuCu, AuSi, cac két qua tinh toan
khac va thuc nghiém. Nhiéu két qua tinh sé dbi véi hop kim tam nguyén c6 tinh du bao, dinh
hudng cho cac thyc nghiém trong tuong lai.

Loi cdm on. Bai bao dugc thuc hién véi sy tai tro kinh phi cua dé tai “Nghién cizu bién dang va
khuéch tan cia hop kim nh; nguyén va tam nguyén véi cdu tric ldp phiong ¢ dang vat liéu khai
va mang méng” cta Trudng Pai hoc Giao théng Ha Noi véi ma s6 T2022-CB-010.
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Elastic deformation and elastic wave velocity of ternary alloys FeCrSi and AuCusSi

Nguyen Quang Hoc!, Nguyen Duc Hien?, Nguyen Thi Hoa®,
Pham Phuong Uyen! and Trinh Hong Ngoc!

'Faculty of Physics, Hanoi National University of Education
2Mac Dinh Chi High School, Chu Pah, Gia Lai

SUniversity of Transport and Communications

The paper uses the model of cubic ternary substitutional and interstitial alloy and conditions
in which the interstitial atom concentration is very small compared to the substitutional atom
concentration, the substitutional atom concentration is very small compared to the main metal
atom concentration. On that basis together with the elastic wave and the elastic deformation theory
of this alloy obtained by the statistical moment method, we perform numerical calculations for
temperature, pressure, the concentration of substitutional atoms, and concentration of interstitial
atoms dependences of the elastic moduli E, K, G, the elastic constants Ci1, Ci2, Cas, the
longitudinal wave velocity Vq and the transverse wave velocity V, of alloys FeCrSi and AuCusSi.
Numerical results for FeCrSi and AuCuSi are compared with that of Fe, FeCr, FeSi, Au, AuCu,
AuSI, and other calculations, and experiments. Numerical results for ternary alloys predict
experimental results in the future.

Keywords: ternary substitutional and interstitial alloy, elastic moduli, elastic constants,
longitudinal wave velocity, transverse wave velocity, statistical moment method.
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