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TOM TAT

Trong bai béo dnh huong cia &p suat dén tan sé6 Debye, nhiét @3 Debye va nhiét d@o
nong chdy cua hep kim hai thanh phan da dwoc nghién citu dua trén phwong phap ban
thuc nghiém trong mé hinh Debye. Tinh todan 6 duoc thuc hién cho hop kim sat sillic Fe-
18wt%Si tdi dp suat 120 GPa. Két qud duwoc so sanh véi dir lidu thic nghiém cé san va
cho thdy si phat hop tét. Pay la mét yéu té quan trong dé xac minh tinh ding dan cua ly
thuyét ma chung toi da phat trién va cho phép ching tdi tin rang mé hinh hién tai c6 thé
dwoc phét trién rgng rai dé nghién ciu tinh chat nhiét déng cua céc vat lidu khac.

Tir khda: Nong chady, &p sudt cao, sat sillic (FeSi), dinh lugt Lindemann, mé hinh
Debye, tan so va nhiét @ Debye.

1. PAT VAN BE

Hop kim Fe- Si v6i nong d6 pha tap cao da va dang dugc chap nhan nhu mét vat ligu
tir mém kha thi vé mat thuong mai, du kién s& duoc céc nganh cdng nghiép ap dung rong
rai [1- 3] V6i dic tinh tir mém tuyét voi, hop kim Fe-Si co thé dap ung nhu ciu ngay cang
tang vé san xuit va van chuyén niang luong dién ciing nhu nhu cau gan day déi voi dong
co dién hiéu suat cao va may bién ap dién thé cao.

O tam vi md hon, 15i ngoéi Trai Dat chu yéu dugc cau tao tir sit va hop kim cua sat
vGi ~8% dén 10% cac nguyén t6 nhe (chang han nhu Si, O, S, C va H) [4-6]. Cac nguyen
t6 nhe nay c6 anh huang 16n dén cac tinh chat nhiét dong va tinh chit dién cua sit ciing
nhu su phan chia cua ching giira I13i trong va I8i ngoai trai dat & cac diéu kién (P-T) lién
quan. Nguyén t nhe Si dugc xac dinh 1a chiém tir 5 dén 10% khéi lwong 16i Trai Dat [4]
va la mot trong nhiing vat li¢u hira hen nhét cho nguyén td nhe chinh ¢6 anh hudng dang
ké dén trang thai nhiét caa 16i Trai Dat ciing nhu sy hinh thanh va phat trién cua tir truong
Tréi Dat. Do d6, so d6 pha va phuong trinh trang thai ctiia hop kim Fe-Si da thu hut dugc
su quan tam dic biét trong nhirg nim gan day [4][5].

Trong nhitng nam gan day, hop kim FeSi giau sit da thu hit dwoc nhiéu sy quan tam
tir cac nha nghién ctu [4][7][8], nghién ciu vé cac tinh chat nhiét dong caa hop kim Fe-Si
& diéu kién 4p suat 16i Trai Dat (nhu Fe-7.9wt%Si, Fe-17wt%Si, Fe-18wt%Si, Fe-
33.5%$i,...) [9-11] ciing dd duoc thyc hién. Nho su phat trién cua ki thuat 6 mang dé kim
cuong (Diamond-anvil cell - DAC) ma céc nha thyc nghiém da co thé thuc hién cac phép
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do nhiét do ndng chay cua vat liéu & nhitng &p suét siéu cao (dén hang trim GPa) [12]. Cac
phép do nhiét d6 néng chay, gian d6 pha va phuong trinh trang thai st dung phuong phap
nhidu xa tia X (X-ray diffraction - XRD) trong DAC véi ngudn laser dot nong di duoc
thue hién cho cac hop kim sit Fe—FeSi, Fe—Ni-Si va Fe-Ni-S, Fe-X (X = Si, S, O) [13-
15]. Phuong phap song shock cho hop kim Fe—O-S véi &p suat tir 106 GPa dén 232 GPa
[16] va hop kim Fe-Ni-Si [17] ciing duoc thuc hién. Gan day, Li va cong sy di nghién ciu
mét cach hé thdng anh huéng phi diéu hoa dén tinh chat dan hoi cua sit va cac hop kim
FeixMx (M = Al, V, Cr, Co, va Ni) bang mo phong phlem ham mat d¢ (Density
Functlonal Theory DFT) [18]. Tuy nhién, mét Van dé con ton tai do6 la cac nghién ciu Iy
thuyét vé tinh chat nhiét dong cua hop kim chi yéu 1a trong khoang nhiét d6 va ap suat
thip. O vang nhiét do va ap suat cao, cac két qua tinh toan tir cac phuong phap nghién ctu
ndi trén chua phu hop tot véi thuc nghiém, nhiéu thi nghiém can dugc 1am khép vi chua
dat duoc dén diéu kién nhiét do va ap suat mong muén. Gia tri thu duoc cua cac dai luong
nhiét dong cua horp kim sat & &p suét cao giira c4c nghién ciru van con gay tranh cii, chua
c6 sy thdng nhat, tham chi 1a mau thuin trong cac tinh toan ly thuyét, do dac thuc nghiém
va mo phong, gia tri sai khac cé thé 1én dén hang ngan Kenvin.

Trong bai bao, chdng tdi sir dung phuong phap ban thyc nghiém trong mé hinh
Debye. Sir dung biéu thuc cua hé sé Griineisen trong md hinh Debye do nhém cua
Burakovsky dé xuat chang toi suy ra biéu thirc phu thudc thé tich cua tan s va nhiét do
Debye. DBdng thoi chang toi két hgp md hinh Debye véi dinh luat néng chay Lindemann dé
rat ra biéu thac phu thudc thé tich cua nhiét ¢ nong chay caa hop kim hai thanh phan. Bé
danh gia anh huong cia ap suat dén cac dai lugng nhiét dong dugc dua ra chang toi sir
dung phuong trinh trang thai Vinet. Két qua tinh toan s cho hop kim Fe-18wt%Si dén ap
suit 120 GPa cho thay sy pht hop kha tét véi céc s6 liéu thuc nghiém thu thap duoc.

2. NOI DUNG NGHIEN CUU
2.1. Ly thuyét va phwong phap nghién ciru
2.1.1. Hé s6 Griineisen trong mod hinh Debye

M0 hinh Debye gia thiét rang trong vat ran c6 N nguyén tir dao dong véi tan sé bién
thién tir 0 dén gia tri cuc dai wp. Gia tri tan sb cuc dai wp dugce goi la tan sb Debye. Ciing
trong mé hinh nay, anh huong cua thé tich tinh thé dén tan sé dao dong phonon dugc mo ta
boi mot hé s6 dic trung goi la hé sb Griineisen y,; dudi dang [19]

dnwp (1)
Yo = TGy
trong d6 V 1a thé tich cua tinh thé.

¢ vung ap suit thép, hé sé Griineisen duoc xem nhu 1a héng s0, khoéng phu thudc
vao sy thay d6i ctia ap suat. Tuy nhién, & ving ap sudt cao, cic nghién ctru gan day chi ra
rang, hé sé Griineisen s& giam dan khi ap suat ting [20]. Dé danh gia anh hudng cua thé
tich (4p suat) dén hé s Griineisen, trong thoi gian gan ddy, nhom cua Burakovsky di xdy
dung dugc biéu thuc ciia hé sé Griineisen dudi dang [21]

1 1 (2)

Yo =5+1me+ Y2n°®,
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trong 46, n = VK la hé sé nén, cac tham sé y,,y,, s > 1 1a cac gia tri phu thudc vao vat liéu
0

nghién ctru va c6 thé duoc xac dinh bang cach 1am khép biéu thic (2) véi céc dit liéu thuc
nghiém cua hé s Griineisen.

2.1.2. Tan sé va nhiét dg Debye

bé danh gia anh huong cua thé tich dén tan s Debye, chung t6i dua trén hé )
Griineisen dugc dinh nghia trong m6 hinh Debye két hop dé xuat cua Burakovsky va cong
su vé hé s6 Griineisen. Thay biéu thirc ciia hé s6 Griineisen (2) vao phuong trinh (1) va lay

tich phan ching t6i thu dwoc biéu thic phu thudc thé tich cua tan sb Debye va nhiét do
Debye tuong tng nhu sau

wp() = wopn ™2 exp [ =3y, (n** — 1) - —(n - 1) ®)

h 4
Op(n) = wDB(n) = Oopn /2 exp |3y, (2 — 1) - f(ns - 1) @

, N h , AL Ao ch, AA , sy A
trong d6 wqp Va Byp = % tuong g la tan so va nhiét do Debye cua hop kim & ap suat
B

khong. Cac dai lugng nay cé thé dugc xac dinh tir cac phép do thuc nghiém hodc tir mo
hinh Debye tuwong quan phi diéu hoa [22].

Céc biéu thirc (3) va (4) cho phép chung ta xac dinh duoc anh hudng cua su thay dbi
thé tich dén tan sd va nhiét do Debye.

2.2. Nhiét @9 néng chay

Dé nghién ctru bai toan néng chay cua vat liéu, ching t6i két hgp mo hinh Debye véi
dinh luat néng chay Lindemann [23]. Véi nd luc tién doan diém néng chay cua céc tinh
thé, nam 1910, trong cong trinh “The calculation of molecular vibration frequencies”, F.A.
Lindemann xay dung diéu kién néng chay nhu sau: Qua trinh nong chay cua vat lidu s& bét
dau dién ra khi ti s6 gitta can bac hai cua do dich chuyén binh phuong trung binh (u?) va
khoang céach 1an can gan nhat giira cac nguyén tir a(P, T) tién dén mot gia tri téi han (hay
gié tri nguong) [24].

Diéu kién néng chay Lindemann ciing da dugc nhém ciia Wang va cong su [25] chi
ra la tuong duong vai cong thirc sau:

T,, = const.V?/3.02 (5)
trong do6 thé tich tinh thé V va nhiét d6 Debye 6, 1a cac dai lwong phu thudc vao ap suét.

Két hop phuong trinh (5) véi cac phuong trinh (1) va (2) rdi lay tich phan, chung t6i thu
duoc biéu thic giai tich tudng minh cia nhiét do néng chay T,,, phu thudc vao hé sé nén 7 la

Ton = Ton ™"/ eXP{6V1(1 n'/3) $ 2 (1 ns)} ©)
trong do T, la nhiét 4 ndng chay cua vat lieu ¢ diéu kién thuong co thé duoc thu
thap tur cac phép do thyc nghiém trudce day.

Dé xac dinh dugc anh huong cua ap suat dén cac dai lugng nhiét dong (tan sd, nhiét
do Debye va nhiét do ndng chay) ching ta can biét méi lién hé gitra &4p suat P va hé s6 nén
n, hay phuong trinh trang thai (Equation of state - EOS) cua vat li¢u. Trong bai bao, ching
t6i s& str dung phuong trinh Vinet dé danh gia anh huong cua ap suat dén cac tinh chat
nhiét dong cua vat liéu. Vinet EOS dugc xay dung c6 dang sau [26]
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P = 3Kgn~?/3(1 = n"/3) exp E Kg—1)(1 - 711/3)] ©)

trong d6, Ky, K, tuong tng la cac moédun nén khéi dang nhiét va dao ham bac nhat
theo &p suat cua n6. Cac gia tri Ky, K, c6 thé dugc xac dinh bang do dac thuc nghiém hozc
mo phong DFT.

Nhu vay, bing cach két hop céc biéu thirc giai tich ma chung t6i da rat ra & (3), (4),
(6) vai Vinet EOS (7), ching tdi c¢é thé nghién ciru duoc anh hudéng cua &p suat dén céac
tinh chat nhiét dong (tan sd Debye, nhiét do Debye va nhiét do ndng chay) cua vat liéu.

2.3. Tinh toan s6 va thao luan két qua

Trong phan nay, chdng toi trinh bay két qua nghién ctru anh huéng cua ap suat dén
cac tinh chat nhiét dong cua hop kim Fe-18wt%Si. Bé danh gia dwoc anh hudng cua ap
suit dén tan sé Debye, nhiét a6 Debye va nhiét &6 nong chay, ching ta can biét duoc su
phu thudc thé tich (hay &p suét) cua hé sé Griineisen cua vat liéu. Trong hiéu biét cua
chung t6i, cho dén hién nay, chua c6 cong trinh nghién ctu thyc nghiém (va ca ly thuyet)
nao duogc thyuc hién dé nghién ctu hé s6 Gruneisen cua cac hop kim sat dudi &p suét cao.
Tuy vay, dya trén cac nghién ctiu V& cac tinh chét nhiét dong, dan hoi va phuong trinh
trang thai [26] cac nha khoa hoc cho thdy sur gia ting nong do cua Si trong hop kim Fe-Si
khong lam thay ddi qua nhleu cac tinh chat co-nhiét dong cua hop kim ¢ ap Suat cao [27].
biéu nay dan den gia thiét rang hé sb Grlneisen cua hop kim Fe-Si co thé dugc mo ta gan
dung bang hé s6 Griineisen cua kim loai sit. Gia thiét nay da dugc Lin va cong sy su dung
thanh cong dé nghién cau tinh chit dan hdi cua mot sé hop kim Fe-Si nhu FegsSiis,
Fe71Siz, e-FeSi [10]. Pé xac dinh duoc gia tri ciia bd tham s6 y;,¥,, s cua kim loai sit,
chung t6i thuc hién lam khép phuong trinh (2) véi dir liéu thue nghiém y,; cua sat [28]. Gia
tri 1am khép ciiay,, y, va s cia kim loai st trong gan dung binh phuong tdi thiéu tuong tng
lay, = —0,1603, y, = 1,4092, va s = 1,0003. Dong thoi chang toi ciing sir dung cac
tham s6 co-nhiét dong ciia Fe-17wt%Si (Fer1Sizs) trong cong trinh ciia nhém Edmund [27]
cuthé la K, = 172,1(+1,2) GPa, K, = 4,9(+1), T0 =1473K, 8,, = 421 K (tai P = 0).

Hinh 1 da biéu dién sy phu <10'® 20 40 60 80 100 120

’ ‘ , K 95 T T T - v 400
thudc &p suat cua tan s6 va nhi¢t o
do Debye cua hop kim Fe- M 450
18wt%Si dén 120 GPa. Két qua °°[ o
. T A A A £ X 3N 15003
tinh toan ly thuyét cho thay, tins6 o 8 S 2
va nhiét do Debye cia hop kim 2 7s} {ss08
Fe-18wt%Si tang nhanh theo 4p & _| BN 3
suat. Khi 4p suat ting tir 0 dén 120 + - i 192
GPa, tan sO va nhi¢t do0 Debye e ™ h | P
tang khoang 2,6 lan ¥ 1 e
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Ap suét (GPa)

Hinh 1. Tin s6 Debye (dwong lién nét) va nhiét do
Debye (dwong nét dirt) ciia hgp kim Fe-18wt%Si dwéi
anh hwéng ciia ap suit
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Sy tang nhanh cua tan sb (va nhiét do Debye) c6 thé duoc giai thich do sy han ché
dao dong cua nguyén tur tai nGt mang khi &p suat tang cao, do khong tim thay dir liéu thuc
nghiém (ciing nhu 1y thuyét) cac dai luong nhiét dong cua Fe-18wt%Si, cac phép so séanh
da duoc bo qua.

Trén hinh 2 1a d6 thi nhiét d6 ndng chay cta hop kim Fe-18wt%Si dudi anh huéng
cua &p suat dén 120 GPa. Cac két qua thuc nghiém cua cac nhdm Asanuma va cong su [9]
(hinh tron dam, dwa trén su thay d6i hiéu suat dét nong cua tia laser), Kuwayama and
Hirose [29] (hinh vudng), Yang and Secco [11] (hinh kim cuong d¢am, dya trén su thay doi
dién tro suit caa mau hop kim Fe-Si) ciing dugc ching tdi biéu dién dé so sanh.
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1500 ® Asanuma et al. (2009) 7
O Kuwayama and Hirose (2004)
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1000 . .
0] 20 40 60 80 100 120

Ap suét (GPa)
Hinh 2. Nhiét @8 nong chay cia hop kim Fe-18wt%Si dwéi anh hwéng cia ap suit

Tir hinh vé& c6 thé nhan thay, két qua tinh toan ly thuyét tir mé hinh Debye m6 ta kha
t6t quy luat bién thién cua nhiét d6 nong chay cua hop kim Fe-18wt%Si dudi anh huéng
cua ap suat: Nhiét do nong chay ting dan theo ap suat nhung vai toc do giam dan & ap suat
cao. Cu thé 13, ¢ thoi diém ban dau, tbc do bién thién cua nhiét d6 nong chay theo &p suét
laim = 27 6K/GPa. Tuy nhién & ap suit 120 GPa, d¢ déc ciia dudng cong néng chay chi

ar
con 1A 4 — 2 3K/GPa.
dP

3. KET LUAN

Trong bai bao nay, ching t6i da xay dung dugc biéu thic giai tich twdng minh phu
thuoc vao thé tich (4p suat) cua tan sé Debye, nhiét do Debye va nhiét do ndng chay cua
hop kim FeSi. Két qua tinh s6 cho thay khi ap suat ting s& dan dén sy ting nhanh cta tan
s6 Debye, nhiét d6 Debye va nhiét 6 nong chay. Céac két qua tinh s dat duoc phi hop tot
vé6i thuc nghiém cho thay rang ly thuyét ma chang toi xay dung c6 thé dugc s dung dé
tién doan duogc cac tinh chat nhiét dong cua céac vat liéu khac dudi anh hudng cua ap Sut.
Pay dong thoi ciing la nhitng thdng tin vat li quan trong c6 thé gidp ich cho cac nghién cau
vé thanh phan, dong luc hoc ciing nhu tién hoé cua Trai Dat va cac hanh tinh.
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THE EFFECT OF PRESSURE ON THE THERMODYNAMIC
PROPERTIES OF FeSi ALLOY

Nguyen Thi Hong, Huynh Mai Thuan, Tran Thi Hai, Nguyen Thi Dung,
Nguyen Thi Thao, Nguyen Thi Loan

ABSTRACT

In this paper, we investigate the effects of pressure on the Debye frequency, Debye
temperature, and melting temperature of two-component alloys using a semi-empirical
approach within the Debye model. Numerical calculations were conducted for the Fe-
18wt%Si ferrosilicon alloy up to a pressure of 120 GPa. Our results are compared with
previous experimental and theoretical data, demonstrating good agreement. This validation is
crucial for confirming the accuracy of our developed theory and suggests that the current
model can be extensively applied to study the thermodynamic properties of other materials.

Keywords: Melting, high pressure, ferrosilicon (FeSi), lindemann melting law,
Debye model, Debye frequency and temperature.
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