BO GIAO DUC VA PAO TAO
TRUONG PAI HQOC SU PHAM HA NOI 2

LE HONG VIET

NGHIEN CUU
TINH CHAT NHIET PONG CUA HQP KIM XEN KE
NHI NGUYEN VA TAM NGUYEN CO KHUYET TAT
VOI CAC CAU TRUC LAP PHUONG TAM DIEN
VA LAP PHUONG TAM KHOI

DU THAO LUAN AN TIEN S VAT LI

HA NOI - 2022




BO GIAO DUC VA PAO TAO
TRUONG PAI HOC SU PHAM HA NOI 2

LE HONG VIET

NGHIEN CUU
TINH CHAT NHIET PONG CUA HQP KIM XEN KE
NHI NGUYEN VA TAM NGUYEN CO KHUYET TAT
VOI CAC CAU TRUC LAP PHUONG TAM DIEN
VA LAP PHUONG TAM KHOI

Chuyén nganh: Vat i ly thuyét va Vat Ii toan
Ma s6: 9 44 01 03

DU THAO LUAN AN TIEN SI VAT Li

NGUOI HUONG DAN KHOA HOC:
1. PGS. TS Nguyén Quang Hoc
2. TS Pham Thi Minh Hanh

HA NOI - 2022




LOI CAM POAN

T6i xin cam doan luan 4n “Nghién cizu tinh chdt nhiér déng ciia hep kim xen
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MO AU
1. Li do chon dé tai

Hop kim xen k& (1A) 1a mét trong nhirng vt liéu cé vai trd chién lugc trong
quan sy, khoa hoc ki thuat va céng nghé vat liéu nhu vat liéu siéu dan, dién va dién
tir, hat nhan, vii tru, luyén kim, trang suc va cac thiét bi y té [94] Nhing hop kim
nhe, bén, chiu dugc nhiét do va &p suat cao duoc str dung phd bién trong cac nganh
cong nghiép ché tao vii khi khi tai, tén lira, tau vii try, may bay va 6 td [90]. Hop
kim c6 tinh bén hda hoc va co hoc cao dung dé ché tao cac thiét bi trong céng nghiép
dau mo va cong nghiép hoa chat [14, 15]. Hop kim khong gi dung dé ché tao cac
dung cu y té va dung cu lam bép [118]. Hop kim cua vang véi bac, dong dep va
ctimg dung dé ché tac d6 trang sirc[30].

Nghién ctu vé hop kim nhiéu thanh phan c6 vai trd rat quan trong trong du
doan cac tuong tac gitra CAC nguyén tir, sirc bén vat liéu, su 6n dinh co hoc, cic co
ché chuyén pha, phan tng dong luc va tng dung vat liéu trong cudc song. Hop kim
xen ké& nhi nguyén da dugc cac nha khoa hoc nghién ctru kha day da va di cé nhiéu
ting dung trong khoa hoc vat liéu, doi sbng. Chang han, khi nghién ciru cac IA cia
Fe nhu FeSi, FeC va FeH cho ta biét thong tin vé thanh ph?m, cAu trac, su tién hoa
ctia Trai Dat va cac thién thé [95]. Viéc bo sung silic vao thép 1am ting dién trd suat,
d6 tir thim c6 (mg dung ting hiéu sudt ciia may bién 4p, 1am roto va stato cta dong
co, may phét dién dé giam ton hao do dong dién xoay [82]. FeC goi 1a thép cacbon
chiém ti trong 16n trong nganh coéng nghiép thép. Hop kim thay thé FeCr dugc tng
dung rong rai trong cac 10 phan tmg hat nhin va cac vat liéu ki thuat khong gi chong
mai mon [83, 118]. Hay, khi thém Si vao Au, Cu ta dugc IA hai thanh phan. Cac hop
nay da thu hit sy quan tim cta cac nha nghién ctru trong nhitng nim gan day vi chlng
dugc wng dung nhiéu trong cong nghé ché tao day siéu dan, trang stc, lap rap 6 truc,
chan luu, duc, han budc va che chan buc xa [94]. Nghién ctru hop kim TaSi, WSi tai
P = 0 di dugc xac dinh boi tinh toan gian d6 pha CALPHAD [23]. Viéc biét gian d6

pha va céc tinh chét nhiét dong cua céac h¢ TaSi, WSi c6 vai tro ki thuat quan trong



d6i voi cac tiép xtic kim loai gitta Ta, W, SiC trong céc thiét bi dién va dién tir. Hop
kim xen k& tam nguyén di va dang thu hat sy quan tdm nghién ctu caa nhiéu nha
khoa hoc nhung két qua nghién ciru dugc cong bd chwa nhiéu, méi chi tap trung vao
cac hop kim tam nguyén li tuong [14, 31, 118].

Cac khuyét tat ndi chung va nat khuyét néi riéng c6 anh huong rat quan trong
dén tinh chat cua kim loai va hop kim & viing nhiét do cao. Cac ndng do nat khuyét
can bang tai diém nong chay co bac do 16n khoang 1073 trong cac kim loai co diém
néng chay thap va cé bac do 16n khoang 102 trong cac kim loai c6 diém nong chay
cao. Cé4c anh huang phi tuyén manh trong nhiét dung va su dan no nhiét & cac nhiét
d6 cao cd thé duoc giai thich boi su tao thanh céc khuyét tat diém [48]. O 4p suat cao
trén 100 GPa, mot loai khuyét tat khac 1a léch mang co dong gop dang ké dén nhiét
d6 nong chay cua tinh thé [8].

Nhu vay, nghién ctiu cac kim loai, hop kim thay thé (SA) c6 khuyét tat, IA Ii
tuong da dugc cac nha nghién ctiru trong va ngoai nuéc nghién ciru kha day da va cho
nhitng @ng dung cao. Tuy nhién, nghién cau anh huong cua khuyét tat Ién tinh chat
nhiét dong, ndng chay va chuyén pha cau tric cuaa IA nhi nguyén, 1A tam nguy@n véi
c4c cau triic FCC va BCC con it va nho 1é.

Trong nhitng nim 1960, Nguyén Ting di dé xuit phuong phap thong ké
moémen (SMM) [103]. Pay 1a mot phuong phép vat Ii hién dai cua vat Ii thong ké, c6
thé ap dung dé nghién ciru cac tinh chat nhiét dong, dan hoi, khuéch tan, chuyén pha
cua cac loai tinh thé vai cau tric lap phuong, luc giac trong khoang nhiét d6 tir khong
d6 tuyét ddi dén nhiét @6 nong chay cuaa vat liéu va & &p suat khoéng hodc dudi tac
dung cua ap suit. SMM di duoc 4p dung thanh coéng dé nghién ciu cac kim loai va
hop kim thay thé (SA) c6 khuyét tat. Tuy nhién, viéc nghién ciru anh huong cua
khuyét tat 1&n tinh chat nhiét dong, nong chay va chuyén pha cau tric cua hop kim
xen k& nhi nguyén, hop kim xen k& tam nguyén vai céc cau tric BCC va FCC bang

SMM la mot van dé con bo ngo.



Véi nhitng 1 do trén, tdi chon dé tai “Nghién ciru tinh chat nhiés dong cua
hop kim xen ké nhj nguyén va tam nguyén cé khuyét tat véi cac cdu tric ldp phiong
tam dién va ldp phwong tam khoi .

2. Muc dich, ddi twong va pham vi nghién ciéu

Ap dung SMM dé nghién ciru cac tinh chét nhiét dong, nong chay va chuyén
pha cau tric caa cac hop kim xen k& nhi nguyén va hop kim xen k& tam nguyén c6
khuyét tat véi cau trdc lap phuong tinh dén anh huéng caa nhiét do, ap suat, nong do
nguyeén tir thay thé, nong do nguyén tir xen k& va nong do nat khuyét can bang.

Déi twong nghién ciu 1a cac tinh chat nhiét dong néng chay va chuyén pha
cAu trdc cua cac hop kim xen ké TaSi, WSi, FeC, AuSi, PtSi, FeCrSi, VWSi, AuCuSi
va PtCusSi.

Pham vi nghién ctru trong cac khoang nhiét do, 4p suat, nong do nguyén tu
thay thé, nong do nguyén tir xen k& va ndng do nat khuyét can bang twong tng voi
thuc nghiém. Thong thuong khoang nhiét o nghién ciru tir 0 K dén nhiét do nong
chay cua kim loai chinh cta hop kim, khoang nong do nguyén tir thay thé nghién
ctru tir 0 dén 10%, khoang nong do nguyén ti xen k& nghién ctu tir 0 dén 5% va
khoang ap suat nghién ciru dudi 100 GPa.

3. Phuong phap nghién ctru

Luan &n str dung phuong phap nghién ciru 12 phuwong phap théng ké mémen.
Ngoai ra, trong tinh sb cac két qua giai tich thu dugc ching t6i st dung phan mém
Maple va cac phuong phap gan ding nhu phép lip gan ding.

4. Y nghia khoa hoc va thuc tién cia luan an

Céc két qua tir luan an cung cap nhiéu thdng tin vé cac tinh chat nhiét dong,
nong chay va chuyén pha cau tric caa IA nhu sy phu thudc nhiét do, ap suit, nong
d6 thanh phan va nong do nat khuyét can bang caa hé s6 dan né nhiét, nhiét dung
dang &p, nhiét dd ndng chay, nhiét &6 chuyén pha cau tric.

GOp phan phat trién SMM trong nghién ctiu tinh chat caa vat lidu 1A ciing nhu
cung cap sb liéu tham khao cho céc nghién ciru tuong lai.

Mot sé két qua tinh sb c6 thé dung dé du bao, dinh hudng thuc nghiém.



5. Nhirng dong gop méi cua luan an

Xay dung biéu thuc giai tich cho cac dai lwong nhiét dong, nhiét d6 ndng chay
va nhiét do chuyén pha ciu trdc caa cac IA AC va ABC cd khuyét tat vai cac ciu tric
FCC va BCC biang SMM.

Tur cac két qua giai tich thu dugc, 4p dung tinh sé di vai cac dai lwgng nhiét
dong, nhiét do néng chay va nhiét do chuyén pha cau tric cua mot sé kim loai, 1A
AC va ABC c6 khuyét tat véi cac cu tric FCC va BCC. Két qua tinh s dbi véi vat
lieu 1A duoc so sanh véi thuc nghiém va cac két qua tinh toan bang cac phuong phap
ly thuyét khéc.

Két qua tinh s6 caa mot sb dai lwong nhiét dong, nhiét do néng chay va nhiét
d6 chuyén pha ciu trac dudi tac dung cua ap suat cao, ndng do thanh phan va nong
d6 nat khuyét can bang co thé du doan, dinh huéng céc thi nghiém trong twong lai
dong thoi gop phan bo sung va hoan thién ly thuyét vé nat khuyét can bang va IA c6
cau trac lap phuong.

6. Cau truc caa luan an

Luan an duoc trinh bay trong 141 trang véi 25 bang s6, 71 hinh vé& va d6 thi
cuing 129 tai liéu tham khao. Ngoai phan mg dau, két luan, tai liéu tham khao va phu
luc, phan noi dung cua luan an gém 4 chuong, cu thé nhu sau:

- Chuong 1: Tong quan vé ddi teong nghién ciru va phuong phap nghién ciu;

- Chuong 2: Tinh chat nhiét dong cta hop kim xen k& nhi nguyén c6 khuyét tat
Vi cau tric 1ap phuong;

- Chuong 3: Tinh chét nhiét dong cua hop kim xen k& tam nguyén c6 khuyét
tat vai cau truc lap phuong;

- Chuong 4: Nong chay va chuyén pha ciu trac ciia hop kim xen k& nhi nguyén

va tam nguyén c6 khuyét tat v6i cau trac 1ap phuong.



CHUONG 1
TONG QUAN VE POI TUQONG NGHIEN CUU
VA PHUONG PHAP NGHIEN CUU

Trong chuong nay, chiing toi gidi thiéu vé IA, 1y thuyét nat khuyét va mot s6
phuong phap 1y thuyét trong nghién ctru tinh chat nhiét dong cua kim loai va hop
kim. Cac phuong phap déu c6 danh gia wu, nhuge diém khi ap dung cho kim loai va
hop kim. Bac biét 1a chiing t61 trinh bay phuong phap SMM va giai thich li do tai sao

lua chon phuong phap nay lam phuong phap nghién clru cta luan an.

1.1. Hop kim xen keé

Theo Goldschmidt [21], trong 1A, kim loai 1a thanh phan quan trong nhat
(thuong chiém nong do 90% hozc hon) dugc goi 1a kim loai chinh hay kim loai co
s&. Ngoai ra, 1A con c6 c4c thanh phan khac 1a phi kim. D6 1a tic nhan tao hop kim
va thuong chi chiém ndng do dudi 1%. Cac phi kim quan trong nhat trong IA 1a H,
C, Si, ... Cau trlc tinh thé caa IA do cau trdc tinh thé caa kim loai chinh quyét dinh.
Céc kim loai thuong c6 cau tric FCC, BCC va HCP. Trong 18 kim loai chuyén tiép
tao thanh cac nhom IV, V, VI cia Bang tuan hoan chi c¢6 4 hop chat xen k& (chiém
22%) duoc xép chat, 24 cacbua va nitrua xen ké “giau kim loai nhat” cua ching c6

cac mang kim loai xép chat.
1.1.1. Hep kim xen ké nhi nguyén véi cdu tric ldp phwong

Hop kim xen ké& nhi nguyén da duogc cac nha khoa hoc trong va ngoai nudc
nghién ctru kha day du va di c6 nhiéu ung dung trong khoa hoc vat liéu va doi séng.
Mot vi du quan trong vé kim loai chinh trong IA 13 Fe va c4c IA cua né nhu FeC. Day
1a loai vat liéu phd bién véi nhiéu tinh chat quy bau, gia thanh ré, do tin cay cao va
cd thé thoa man nhu cau cua nhiéu linh vuc ki thuit nhu co khi, xay dung. Nghién
ctru vé Fe va hop kim ctia né nhu FeC, FeH, FeSi I van dé thoi sy thu hit sy quan
tam cua nhiéu nha nghién ciu trén thé gisi. Fe va hop kim caa Fe chiém phan 16n 16i
Trai Dat va cac thién thé. Chlng c6 thé cung cap rat nhiéu théng tin quan trong vé
thanh phan, cau trdc, sy tién hoa cia chinh hanh tinh noi ta dang séng [62, 78]. Pic
biét la trong s céc 1A caa Fe duoc st dung trong cdng nghiép, c6 dén hon 80% san
luogng 14 FeC. FeC c6 do cimg cao, do bén dat yéu cau cing véi nhiéu tinh chat vat Ii



dic biét. Chinh vi thé, gian d6 pha cua Fe va FeC da duoc cac nha thyc nghiém day
cong xay dung [80, 110] va tro thanh mot tai liéu kinh dién ddi véi bat cu ai theo
dudi nganh khoa hoc vat liéu. Viéc nghién ciru cac tinh chat nhiét dong, dan hoi, néng
chay, khuéch tan, chuyén pha cua FeC dugc sy quan tdm cua nhiéu nha nghién cau
do thm quan trong dic biét cua FeC trong tat ca cac hoat dong ciia con ngudi.
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Hinh 1.1. Gian d6 pha cua Fe [110]

Trén thuc té, ngoai cacbon, trong mang tinh thé cua Fe con c6 thé xen k& nhiéu
loai nguyén tir khac dién hinh 12 H. Nhiéu nha nghién cttu cho rang viéc xem xét anh
huong caa H 18n cac tinh chit dic trung cua Fe 1a mot thach thirc day tha vi. Vi vay,
trong thoi gian gan ddy da c6 mot loat cong trinh nghién ciu FeH ran ¢ 4p suat cao
cua Hirao va cong su [27], Mao va cong su [67], Pépin va cong su [86], Shibazaki va
cong su [96], Terasaki va cong su [108] nham cung cap thong tin vé 161 Trai Pat.
Ngoai ra, c6 thé ké dén Kuopanportti va cong su [52] nghién ctiu thé tuong tac cua
FeH trong md phong su chiéu xa. Lee va Jang [58] xem xét thé twong tac giita Cac
nguyén tir ciia phuong phap nguyén tir nhing bién dang cho hé FeH.

Vé mit Iy thuyét, nghién ctiu sy néng chay cua hop kim FeC 1a khong don
gian. Melnykov va Davidchack [70] sir dung md phong dong luc hoc phén tir (MD)
theo cach tiép can cua cac pha ciing ton tai dé khao sat su ndng chay cua FeC tai 4p
suat khéng vai viéc sir dung ba loai thé khac nhau 1a thé EAM duogc dé xuét boi Lau
va cong su [53], thé bac lién két giai tich duoc dé xuét boi Henriksson cling cong su
[25] va thé EAM duoc dé xuét boi Hepburn va cong su [26]. Khi st dung thé EAM
c6 thé thu duoc gian 6 pha néng chay cua hop kim FeC phi hop vé mit dinh tinh

nhung pha »-FeC véi cau tric FCC lai 6n dinh & viing nong do cacbon cao hon thyc
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té. Néu str dung thé bac lién két giai tich caa Henriksson va Nordlund [25], nhiét d6
nong chay cua FeC ting 1én rat cao va do hoa tan cua cachon trong »FeC thap hon
nhiéu so vai tinh thé thyc. Viéc str dung thé EAM cua Hepburn va Ackland [26] c6
vé mang lai két qua tét nhat nhung lai khéng mé ta duoc su ton tai cua pha j-FeC.

DPé khic phuc cac nhuge diém trén, cac nha nghién ctu thuong sir dung
phuong phap tinh gian db pha (CALPHAD) cua Fei va Brosh [19]. Tuy CALPHAD
cung cap cho ching ta mét bac tranh tong thé vé anh huong cua cacbon 18n cau tric
va tinh chat nhiét dong cua st nhung dé st dung CALPHAD doi hoi mot kho dix liéu
cuc 16n tir thue nghiém dé phuc vu cho qua trinh tinh chinh thé nhiét dong Gibbs va
su phéi hop caa nhiéu phan mém khac nhau nham xu 1i cac phép toan phic tap. Hon
nira, gian do pha cua hé Fe-C theo CALPHAD chi duoc xay dung & mot vai ap suat
nhét dinh. Do d6, CALPHAD khong chi ra ddy du anh hudng cua 4p suat Ién sy nong
chay cua hé Fe-C. Vi vay, viéc xac dinh nhiét dd nong chay cua hé Fe-C van la mot
thach thire d6i véi cac nha khoa hoc.

Sy can bang pha va cac tinh chat nhiét dong trong hé Fe-Cr dugc tong két trén
co s& thong tin thyc nghiém, cac mo phong may tinh sin c6 trong cac thang do khéc
nhau cua Xiong va cong su [116]. M0 ta nhiét dong boi CALPHAD c0 nhitng khéac
biét quan trong vé sy can bang pha. Mot vi du la gian db pha cta hé Fe-Cr da duoc
danh gia boi Okamoto [79]. Kluin nghién ctru sy tao thanh cac nat khuyét trong kim
loai va hop kim [47]. Kim dua ra mot ly thuyét vé su tao thanh nat khuyét trong céc
hop kim BCC hop thirc trat ty cao [46]. Ly thuyét nay dya trén co s¢ khai niém
nang lwong lién két 1an can gan nhat va c6 kha niang mo ta cac tinh chat nat khuyét
quan sét thay trong cac hop kim BCC trat tu.

Ngay nay, véi su phat trién cua khoa hoc cong nghé hién dai, dac biét 1a ki
thuat 6 mang dé kim cuong dugc nung néng bai laze (LH DAC), ki thuat gay néng
chay bang song xung kich cing véi phép quan sat nhidu xa tia X (XRD),... Viéc xac
dinh dic tinh nhiét dong cua hé FeC ¢ ving ap suat cao, tham chi 1&n téi hang trim
GPa tuong duong véi &p suat ¢ 16i Trai Dat da tro thanh mot dé tai ndng hoi hon bao
gid hét. Céc thong tin vé sy nong chay cua hé FeC c6 vai trd quan trong trong viéc

ché tao cac thiét bi khoa hoc cong nghé 1am viéc dudi tc dung cua &p suat cuc doan,
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ddng thoi, nang cao hiéu biét cua con ngudi Vé cac linh vire dia vt 1i, vat Ii hanh tinh
va vat Ii chat ngung két. Hién nay, ching ta méi chi tap trung cha yéu vao viéc khao
s&t sy ndng chay cua FesC va Fe;C3 [61, 74], thong tin vé su ndng chay cua cac pha
khac trong hé FeC con mang tinh 1é té, roi rac. Mat khac, giira cac két qua thuc nghiém
thu duoc tir LH DAC d6i khi ty mau thuan véi nhau, giira céc két qua cua LH DAC,
s6ng xung kich va mé phong déi khi khéng co su phi hop tét ngay ca déi vai kim
loai sach Fe [4].

Nong d6 nit khuyét can bang caa cac kim loai Ta va W ¢6 nhiét do nong chay
cao tai cac diém nong chay cua ching khi P = 0 dugc xac dinh bai thuc nghiém tir ki
thuat huy positron cua Maier va cong su [66] va tir cac quan sat vi md cua cac mau
lam nguoi cua Kraftmakher [48]. Pudng cong ndng chay Ta & &p suat Ién toi 80 GPa
thu duoc boi phuong phap nguyén tir nhing lugng tor (QEAM FF) cua Strachan va
cong su [100], ab initio cua Taioli va cong su [102], dinh luat Lindemann cua Wang
va cong su [114] va tir thyc nghiém dung ki thuat 6 mang dé kim cuong (DAC) cua
Errandonea va cong su [17]. Puong cong nong chay cia W ¢ &p suat 1én tgi 80 GPa
thu duoc tinh toan theo phuwong phap nguyén tir nhiing phu thudc ap suat cta dong luc
hoc phan tir MD-PDEAM cuia Liu va cong sy [57], tinh toan ding thé Finnis-Sinclair
mo rong cua dong luc hoc phan tr (MD-EFS) cua Liu va cong su [56] va tinh toan
cua Burakovsky cting cong su [8]. Su phu thudc cua nhiét do ndng chay vao nong do
nguyén tir xen k& di véi cac hop kim TaSi, WSi tai P = 0 di duogc xac dinh bai tinh
toan gian d6 pha CALPHAD cua Guo va cong su [23]. Viéc biét gian d6 pha va céc
tinh chat nhiét dong cua cac hé TaSi, WSi ¢o vai tro ki thuat quan trong ddi voi céc
tiép xuc kim loai giira Ta, W, SiC trong cac thiét bi dién, dién tu.

Céc silicua nhu AuSi va CuSi thu hiit sy quan tdm cua cac nha nghién ctru trong
nhitng nim gan day do cic tmg dung va cac tinh chat vat Ii di thuong ctia chiing. Silicua
vang la mot trong nhiéu hop kim, kim loai dugc ban boi American Elements (AE) dudi
tén thuong mai 1a AE Alloys™. Céac hop kim nay ¢6 san duéi dang thoi, thanh, ruy bing,
day, tim va la. Cac hop kim c6 d6 tinh khiét cao va siéu cao con cd dang bot kim loai,
bot micrémet, kich thudc nano, bia dé ngung két mang mong va vién nén cho cac tng

dung ldng dong hoi hoa hoc va vat Ii. Cac ung dung chinh bao gém Iap rap 6 truc, chan
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luu, dac, han budce va che chin bic xa. Cac kim loai chuyén tiép va 1A cua ching nhu
Cu, Au, CuSi, AuSi dugc tng dung nhiéu trong cong nghé ché tao day siéu dan [94].
Tinh chat nhiét dong, dan hoi va khuéch tan cua AuSi, CuSi, AgC Ii tudng duoc nghién

ctu bang SMM trong céc cong trinh ciia Hoc va cong su.
1.1.2. Hop kim xen ké tam nguyén véi cdu trac ldp phwong

Véi IA tam nguyén, do tinh chat phuc tap cia hé nghién cau va 1 vat liéu moi
nén dang thu hat sy quan tdm nghién ctru cua cac nha khoa hoc trong va ngoai nudc.
Chang han nhu, Zhang va cong su [118] nghién cau anh hudéng cia Si dén nhiét do
Debye va hé sb dan né nhiét caa FeCr. Theo c6ng trinh nay modun Young cua FeCrSi
tang theo sy ting cua ndng do Cr. Su phu thudc cua nhiét do ndng chay caa AlSi vao
nong d6 Si trong khoang tir 0 dén 1,56% va sy phu thudc cua nhiét ¢ nong chay cua
AICu vao nong d6 Cu trong khoang tir 0 dén 5,65% tinh boi SMM phil hop tét voi
thuc nghiém cua Liang va cong su [60]. Su phu thugc cua nhiét @6 nong chay cua
AlICuSiis vao nong d6 Cu trong khoang tir 0 dén 5% va sy phu thudc cua nhiét do
nong chay cua AlCuaySi vao nong do Si trong khoang tir 0 dén 1,2% tinh béi SMM
phu hop tét voi CALPHAD cua Hallstedt va cong su [30]. Gan day nhiéu nha khoa
hoc d3 nghién ctiru vé IA c6 khuyét tat va dua ra duoc nhiéu cdng trinh ¢é tng dung
thuc té, vi du nhu cong trinh [90] nghién ctu ndng d6 nat khuyét can bang dé kiém
soat cac co ché 130 hoa ciia hop kim AIMgSi. DAy 1a hop kim dugc st dung rong rai
nhét caa hop kim nhém vai cac wng dung cong nghiép nhu xay dung, 0 t6, may bay,
tén Iira, tau vii tru va kién tric. Cong trinh [55] nghién ciru anh huong cua nat khuyét
Ién cac vt liéu c6 cdu tric khac nhau nhu vat liéu ché tao dién cuc cua pin liti trong
lwu trit ning lwong sach, ion natri, chat xuc tac dé tach hidrd tir nuée. Cong trinh
[117] nghién ctu vé khuyét tat diém, ndng do nit khuyét can bang nham nang cao
hiéu suat cua cac vat liéu duoc chiéu xa. Céc tinh chat noéng chay ap suat cao cua
AICuSi trong khoang ap suat tir 0 dén 100 GPa duoc nghién ctu béi Cuong va cong
su [15]. Tinh chét nhiét dong, dan hoi va ndng chay cua FeCrSi, FeCrC, AuCuSi va
AuCulLi li twéng duogc nghién ciru bing SMM trong céc cong trinh cia Cuong va
cong su [14], Hoc va cong su [31, 33, 35, 36].
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1.2. Ly thuyét nat khuyét
Trong muc ndy, ching toi trinh bay mot phan bai bao tong quan cua
Kraftmakher [48] vé Iy thuyét nat khuyét va anh huéng cua nit khuyét 18n tinh chat

cua vat liéu. Phan nay duoc trinh bay cho
® @ 6 ¢ 0 6 ¢ ¢ o

dén cong thic (1.9). Su tao thanh céc
® © © © ¢ 0 0 0 O

khuyét tat diém di dwoc du doan boi
Frenkel [20]. Tai cac nhiét do cao, chuyén ( ]|

X " ® © 0 06 06 06 0 0 o0
dong nhiét cua cac nguyén tir tré nén man
Ong HIEt cua cac nguyen i tro nen ma cooccce 0o

© mat <A an to FP

hon. Do @6, moqt Sc-) ngu_yen tor thu duoc 00606000 0 o
nang lugng du de roi khoi cac nat mang va e 00006060600

chiém céc vi tri xen k& giira cac nat mang.
Hinh 1.2. Céc khuyét tat diém trong

T trudng hop nay, mot nat khuyét va ) n
rong truong op nay, mo ye mang tinh thé

mot nguyén tr xen k& goi la mot cap

Frenkel dong thoi xuat hién. Mot cach dé tao ra nit khuyét duoc chi ra boi Wagner
va Schottky [113] nhu sau: cac nguyén tir rdi khoi cac nit mang caa ching va chiém
c4c vj tri tu do trén bé mat hoic tai cac sai hong bén trong cua tinh thé (cac khoang
trbng, bién hat, 1éch mang). Cac nat khuyét nhu vay thuong duoc goi 1a cac khuyét
tat Schottky. Trén Hinh 1.2, V 1a nat khuyét, I 1a nguyén tir xen k&, FP 1a cap Frenkel
va D 1a ntt khuyét kép.

Ta c6 thé diém qua mot s6 mbc quan trong trong nghién ciu khuyét tat diém
cua kim loai va hop kim. Céc tinh toan thong sé khuyét tat diém duoc thuc hién boi
Huntington va Seitz [38]. Carpenter va Pochapsky [11, 89] xac dinh dong gop cua
khuyét tat vao nhiét dung riéng. Ly thuyét vé ndng d6 khuyét tat caa Vineyard va
Dienes [112], su ting phi tuyén cta nhiét dung dbi vi Mo va Ta ciia Rasor va cong
su [93], nhiét dung cua cac kim loai chiu hra cua Cezairliyan va cong su [12], nhiét
dung va nit khuyét trong cac kim loai c6 diém ndng chay thap ciia Kramer va Nolting
[49] va su dé@n na nhiét cua cac kim loai chiu lira cua Miiller va Cezairliyan [72].

Cac khuyét tat diém o6n dinh vé& mat nhiét dong do ching ting cudng entropi
cua tinh thé. Thé nhiét dong Gibbs cua tinh thé khi d6 tién toi cuc tiéu tai mot nong
d6 khuyét tat nao d6 ma ndng do ndy ting nhanh theo nhiét d6. Nong do nat khuyét
can bang c6 dang
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o ool ool ) renl %)
n, =exp| — =exp| —& |exp| — = Aexp| — : (1.2)
[ kBoT kBo kBoT kBoT

trong d6 Gr 1a thé nhiét dong Gibbs tao thanh nat khuyét, Hr 1a entanpi tao thanh
nat khuyét, Se 12 entropi tao thanh nat khuyét (khdng bao ham entrdpi cau hinh),
kso 12 hiang s6 Boltzmann va T 1a nhiét d6 tuyét dbi. Entanpi tao thanh nat khuyét
He = Er + pVF, trong d6 Er 1a nang luong tao thanh nat khuyét va Ve 1a thé tich
nat khuyét. S6 hang pVe tré nén quan trong khi ap sut tién dén mot vai Kbar va
thong thuong entanpi va entropi tao thanh nat khuyét 1a khong khac nhau dang ké.
Entropi tao thanh nat khuyét S c6 ngudn goc tir nhitng thay doi tan sé dao dong
mang do nat khuyét gay ra. Sau khi sinh ra mot nat khuyét, mang tré nén mém
hon va tan s6 dao dong mang giam. Do do, cac entrdpi tao thanh nat khuyét 1a
duong. D4i véi cac nguyén tir xen k&, cac entrdpi tao thanh nat khuyét 1a hoan
toan am.

Cac khuyét tat diém anh huong dén nhiéu tinh chat vat Ii caa cac kim loai. Cac
nGt khuyét 1am tang thé tich va hé s6 dan no nhiét caa mot tinh thé. Su tan xa cta céc
electron dan vai céc khuyét tat diém co dong gop vao dién trg suat. Tinh thé cd mot
entanpi va nhiét dung bé sung. Cac nat khuyét tao thanh cac bay di vai cac pozitron
va hién tuong nay ciing di duoc sir dung dé nghién ctiu su tao thanh nat khuyét. Co
ché khuyét tat diém pho bién trong cac hién twong khuéch tan. Cac nong do khuyét
tat diém bd sung trong mot mau sinh ra sau sy 1am nguoéi, bién dang hoic chiéu xa.
Tai cac nhiét do thap, cac khuyét tat khdng can bang nhu vay c6 thé bi 1am dong
ctring trong mang. Cac mau 1am ngudi c6 mot entanpi, thé tich va dién tro suat bo
sung. Cac tinh chét co va cong suat nhiét cua ching va cac thong sé cua sy hay
pozitron ciing thay doi.

C6 hai quan diém trai nguoc nhau vé cac khuyét tat diém can bang trong kim
loai [48]. Theo quan diém thir nhat, cac dong gop khuyét tat vao cac tinh chat vat Ii
cta kim loai & nhiét @6 cao 1a nho va khong thé duoc tach khoi cac anh huong caa
tinh phi diéu hoa. Céch tiép can nay noi chung 1a sai 1am. Theo quan diém thi hai,
trong nhiéu truong hop, cac déong gop khuyét tat vao nhiét dung kim loai Ién hon

nhiéu so véi cac dong gop phi tuyén cua tinh phi diéu hoa va c6 thé duoc tach ra ma
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khong c6 céc sai s6 mang tinh quyét dinh. Cach tiép can nay la hoan toan thoa dang
trong viéc xac dinh cac thong sb khuyét tat, dic biét 1a cac nong do nat khuyét can
bang. Cac nong do nut khuyét can bang tai diém nong chay co bac 1a 107 trong cac
kim loai c6 diém néng chay thap va cé bac la 102 trong céc kim loai c6 diém nong
chay cao (Hinh 1.3). C4c anh hudng phi tuyén manh trong nhiét dung va su dan no
nhiét & nhiét do cao duoc giai thich boi su tao thanh cac khuyét tat diém. Viéc kiém
tra anh huong caa khuyét tat diém loai trir tinh phi diéu hoa nhu mot ngudn gbc kha
di cua hién twong nay. Thoi gian gan day xuat hién nhiéu Ii do quan trong ung ho
quan diém trén.

n, (107 n, (10

100

1000 Vo Cr Na
W

K

. \ \ ;\u\ RS ) \\
RN \

2 4 6 8 10 10 20 30 40 50
104T (K™Y 104T (K

Hinh 1.3. Nong d6 nit khuyét can bang cia mot sé kim loai [48]

Céc khuyét tat diém la cac bat hoan chinh (sai hong) ciia mang tinh thé c6 kich
thudc vao ¢& kich thudc cia nguyén tir. Cac thdng s chinh cua cac khuyét tat diém Ia
entanpi va entrdpi tao thanh khuyét tat diém. Céc thong s6 chi phdi su phu thudc nhiét
d6 cua cac nong do khuyét tat can bang. Cac entanpi tao thanh nat khuyét nho hon céac
entanpi tao thanh nguyén tir xen k& do d6 cac nat khuyét 1a cac khuyét tat diém chi phdi
& can bang. Céc ndt khuyét don va cac cum nit khuyét véi cac kich thudc khéc nhau c6
thé ton tai trong mang tinh thé & can bang va sau khi lam nguoi.

Sy tao thanh nat khuyét cé thé dugc xem nhu su di chuyén caa nguyén tir &
bén trong ra khoi tinh thé va thay thé nguyén tir trén bé mat tinh thé. Thé nhiét dong
Gibbs tao thanh nat khuyét duoc dinh nghia nhu 13 sy thay déi twong tng cua thé

nhiét dong Gibbs ddi vai toan bo tinh thé. Cho n nguyén tir di chuyén ra khoi tinh thé

16



chaa N vi tri (nGt) nguyén tir va dat ching 18n bé mat, méi mot trong n nit khuyét tao
thanh s& gan véi mot entanpi tao thanh Hr va mot entrdpi dao dong Sk sinh ra tir mot

nhiéu loan cua céc 1an can nat khuyét. Ngoai ra, xuat hién mot entropi cau hinh

B (N +n)t!
SC —_ kBO In{w . (1-2)
Theo cong thuc Stirling:
S, =k, N In(N ’\T ”j+k50n|n('\' : ”j. (1.3)

Su thay d6i thé nhiét dong Gibbs cua tinh thé do su tao thanh nat khuyét
duoc cho boi
AG =nH_ -TS_—nTS,. (1.4)
Su tao thanh nat khuyét ha thap thé nhiét dong Gibbs cua tinh thé cho dén khi
dat duoc nong d6 nat khuyét can bang. Nong do nat khuyét can bang ny thoa man

o(AG)
on

diéu kién =0, nghia la

H- +kg, Inn, —TS. =0. (1.5)

Pai luong G, =H. —TS, la thé nhiét dong Gibbs tao thanh nit khuyét va né

chi phdi nong do nat khuyét can bang. Céac nat khuyét bén viing trong tinh thé & bat ki

nhiét 6 nao trén khong do tuyét ddi va ndong d6 can bang cia chung ting nhanh theo

nhiét do. Entropi tao thanh nit khuyét phan anh nhitng thay doi cc tan s dao dong

cuia c4c nguyén tir xung quanh nit khuyét. Cac tan s nay thap hon so véi trude khi nt

khuyét dugc tao thanh. Nhu vay, entropi tao thanh nat khuyét 1a dwong. Entropi tao
thanh nit khuyét bang

AS, =3nek, T In (ﬂj (1.6)
w

trong d6, » VA o' tuong ung 1 tan s6 dao dong khong nhiéu loan va tan s dao dong
nhiéu loan, & 1a mot dai luogng ti 1& véi thé tich bi nhidu loan bai nat khuyét.

Do bé mit tinh thé va cac khuyét tat bén trong c6 tac dung nhu cac nguon va
bon ddi vai cac nat khuyét nén nong do nat khuyét can bang va nong do nguyén tir
xen k& can bang 1a doc 1ap vai nhau. Trong cac kim loai, entanpi tao thanh nguy@n tu
xen k& 16n hon 3 rét so vai entanpi tao thanh nat khuyét. Hon nita, entrdpi tao thanh
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nguyeén tir xen k& 1a 4m. Do d6, cac nat khuyét duge coi nhu cac khuyét tat diém can
bang chi phéi trong céac kim loai. Tai cac nhiét do trudc ndng chay, nat khuyét kép
c6 déng gop dang ké véi ndng do can bang 1a

n,, :éexp[%]exp(kl_l?r jnvz (1.7)
Bo

Bo

O day, AS,,,H,, z tuong ung la entrdpi két hop, entanpi lién két caa mot nat khuyét
kép va sb toa d6 ciia mot ndt mang.

Tai mot nhiét do ¢b dinh, c4c entanpi va entropi tao thanh nit khuyét c6 thé
dugc xem nhu cac dai lugng doc lap. Tuy nhién, cac dao ham riéng theo nhiét d6 cua

chung tai ap suat khong doi lién hé vai nhau boi

#)-(2)

Khi ting nhiét d0, c&c khoang cach gitra cdc nguyén tir ciing tang va d6 chat
cua mang giam. Sy hdi phuc cua cac nguyén tir gan mot ndt khuyét ting 1én va né
dan t6i sy ting entanpi va entrdpi tao thanh nat khuyét. Mott va Guerney [76] xem
xét su giam tuyén tinh cua entanpi tao thanh nat khuyét theo sy ting nhiét do

H. =H,-aT. (1.9)

a

Su phu thudc nay dong gop exp[k j vao hé sb trudc ham mil trong biéu thirc cua

Bo
nong do khuyét tat can bang.

Ly thuyét nat khuyét xac dinh su phu thudc cia nong do nat khuyét & cac nut
mang tinh thé vao ndng d6 nguyén tir xen k& ddi vai cac mang FCC, BCC va HCP. Ly
thuyét nay ciing dong thoi xac 1ap kha niang ting rat nhanh cua néng do nat khuyét
khi ting ndng d6 nguyén tir xen k& (trong truong hop nong d6 nguyén tir xen ké du
I6n). C6 thé &p dung ly thuyét nat khuyét dé xac dinh kha nang xuat hién nit khuyét
khi c6 sy xen k& caa cac nguyén tir & cac nit mang tham chi ching con duoc phan b
O gitra cac nat khac nhau cua mang.

Nt khuyét trong kim loai va hop kim ton tai trong qué trinh khuéch tan. T
d6 co thé xay dung ly thuyét nat khuyét va xac dinh néng do nut khuyét can bang
trong kim loai, hop kim trat tu va khong trat tu [59].
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Ly thuyét nGt khuyét chung to rang ¢ diéu kién xac dinh hoan toan c6 thé xac
dinh su xuat hién céc nat khuyét trong cac mang hop kim va su phu thudc lién tuc
cua nong do nat khuyét vao cac tham sé va nhiét do. Nong do nit khuyét ting manh
khi ting ndng d6 nguyén tir xen k& va didu d6 dan téi mot trang thai trong d6 toan bo
cac diém giita c4c nGt mang déu c6 cac nguyén tir xen k&. Diéu nay 1a do sy phu thudc
di thuong caa théng sé mang vao nong do nguyén tir xen k& ddi véi mot sé kiéu nat
khuyét. Theo ly thuyét nat khuyét, khi ndng @6 nat khuyét Ién, mang xuét hién trang
thai khdng bén va cd thé xay ra nhiing pha cau trac khac nhau. Diéu nay c6 thé la do
tinh da hinh tap trung trong hop kim c6 ntt khuyét. Cac ly thuyét dugc trinh bay trong
cac cong trinh cua Krivoglaz va Smirnov, Smirnov [50, 99] chu yéu lam rd su phu
thudc ciia ndng do nat khuyét vao nhiét do va nong do nguyén tir xen k&. O day bo
qua su bién hinh kin cia mang va dic tinh lugng tir ciia nguyén tir xen k& ddng thoi
khong xét dén ndng do nat khuyét khong can bang.

Anh huéng caa nong do nguyén tir xen k& Ién ndng do nit khuyét dugc xem xét
trong Krivoglaz va Smirnov [50]. Xét 1A véi mang FCC ¢6 ndng do nguyén tir xen k&
C. rat nho so véi ndng do nguyén tir A. Gia sir IA gdm N, nguyén tir xen k& C, N,

nguyén tir A va n nit khuyét. Nong do nguyén tir xen k& la ¢, = % Céc nguyeén tir A
A

va nut khuyét & cac nit mang. O 13 diém gitra cia doan thang ndi hai nat mang. Cac nit
khuyét c6 thé c6 s6 nguyén tir C bao quanh khac nhau. Su khac nhau vé mic d6 tap trung
cua cac nguyén tir C bao quanh nit khuyét duoc biéu thi qua ¢ ((0<(<6),¢ la sb
nguyén tir C & 1an can nat khuyét) va n, (s6 nat khuyét ¢ 1an can ¢ nguyén ti C). Trong
gan dung bac nhat khi chi tinh dén tuong tac ctia cac nguyén tir [an cin, ning lugng cua
IA véi ndng do ¢, <<1 c6 dang

6 6
E=EQ+U, > n +V,. > M, (1.10)
(=0 (=0

trong d6 E® 1a ning lwong cua hop kim khdng co nut khuyét (n = 0), U , 14 ning luong
hinh thanh ndt khuyét trong kim loai A(U, >0) va V,. la nang lugng tuong tac gitra

cac nguyén tir A va C ¢ khoang céach a/2 (a 1a @6 dai canh 6 co so lap phuong). Do do,
su dut doan xay ra néu nguy@n tir A bi dat khoi nat lién két A-C (thuc té 1a khdng dat
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duoc) khi né nam trén bé mat vi ¢, <<1.0 day khong tinh dén sy dut lién két C-C khi
xuat hién diém giira méi cuia doan thang ndi hai n(t mang kém theo su xuét hién nit méi
khi hinh thanh nat khuyét. Néu W 1 s6 c&c cu hinh khéc nhau ciia nguyén tir A va nit
khuyét & 7 nGt mang va nguyén tir C & diém O 1a diém giita cua doan thiang ndi hai nit

mang (s6 diém gitra nay ciing bang 7) thi khi do,

N,ﬁgnl (NA—S[ZG(;n[J! . LT
" g (g

6
O day, 7=N,+>_n,. Sirdyung cong thic Stirling INW =W (InW —1), biéu thic cua nang

(=0

lwong t do w = E—k, T InW va diéu kién ZT 0(¢=0,1,...,6), ta thu duogc

4

(
D2 JYa)_8 (_VL'C] 1-c. )" 119
N, 1-¢ eXp( 0 ]f!(6—ﬁ)!{c€ P (1-c)" (1.12)

Khi lay tong theo ¢, ta thu dugc ndng d6 nit khuyét can bang trong hop kim

g;—;= e exp(—%){lﬂ {exp(—vécj—l}}e. (1.13)

Nhu vay, ndng do nit khuyét can bing caa IA khéng ti 1 nghich véi nhiét do tuyét

d6i nhu ddi véi mot s kim loai ma phu thudc vao nhiét 6 mot cach phic tap hon.
Ly thuyét trén chi 4p dung trong trudong hop khi ¢, <<1.

Khi ndng do nguyén tir xen k& c. 1a tly y, nang lwong hop kim duoc xac dinh
qua ning luong twong tac trung binh giita cac nguyén tir [99]. Goi N, 1a s6 nguyén

tar A chi & nGt mang, n 1 s6 nat khuyét chi & nat mang va khong c6 nat khuyét & diém

gitta doan thang ndi hai nit mang, N, 1a s6 nguyén tir C véi nong do c. =% tay y,
A

v la ndng do nat khuyét can bing va » 1a sé nGt mang. Khi do,
n=N,+n=N,(1+n,). St dung ki hiéu

a a
AA(r) VAA7VCC(r) cco AC(r) VAC’ 1_E1r2:§- (1-14)
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Ning luong hop kim gan dang bang
E=E,+E, +Eu, (1.15)
trong d6 E, la ndng lugng tuong tic gilta cac nguyén tir A ¢ cac nut mang, E,, la
nang luong tuong tac gitta cc nguyén tir C & cac diém giita caa doan thang ndi hai
nit mang va E,,, la ning lugng twong tic giita cac nguyén tir A va C. Néu coi nit
khuyét khéng mang ning luong va chi tinh ning luong tuong tac véi nguyén tir 1an
can thi

E, =—6N,PNV,,, E,, =—6N.PMV, E,,, =—6N, PV, (1.16)
trong 6 P} ~Na 12 xac sujt tim thdy nguyén tir A & nat mang va PM 1a xac suat
n

thay thé nguyén tir C & diém giita doan thang néi hai nit mang. S6 cau hinh W khéc

nhau bang

n! n!
W = . . 1.17
N,Int N !(7—N)! ( )

Ning luong tu do &ng voi mot nguyén tir A bang

1 6 '
NlA - N_A( E—K, T INW) = _H(VAA FVCe V€2 ) -
-0[2(1+n,)In(1+n,)—n,Inn, —c. Inc. —(1+n,—c. )In(1+n, —c.)]- (1.18)

Tir diéu kién ai(NlJ =0 suy ra néng do nat khuyét can bang trong trudng

\% A

hop c. tuy y nhu sau

2
. (1+n,)

=) exp| ——— (Ve +VICe +V G ) | 1.19
YT 14n, —c. p{ 9(1+nv)2( e CCCC)} (19

Trong trudng hop ndng do nit khuyét nho (n, <<1),

1 6 ,
n, = ic. exp{—g(VAA +V/Co +Vo G2 )} (1.20)

Khi ¢, =1, n, <<1, khdng thé sir dung (1.20). Dac biét 1a khi ¢, =1, n, = o, cang khong

thé sir dung (1.19), (1.20) cho sy phu thudc caa nong d6 nat khuyét can bang vao nhiét
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Z . - . N N X , N 1 - X ’ - A
do. Boi voi kim loai sach, Inn, 1a ham tuyén tinh cua = Khi n, rat I6n, mang tinh thé

s& khdng bén va c6 thé chuyén téi mot cau trac khac. Ly thuyét trong truong hop ndng
d6 nguyén ti xen k& tiry ¥ duoc sir dung rong rii hon so véi ly thuyét trong truong hop
ndng dd nguyén tir xen k& nho va co thé &p dung khi tinh dén twong tac ciia cac nguyén
tir & nhitng khoang cach tuy y. Tuy nhién, két qua tinh toan chi phd hop dinh tinh véi
s6 liéu thyc nghiém.

Xét 1A véi mang BCC chi xét khi nguyén tir xen k& nim & diém gitra doan thang
ndi 2 nGt mang. 1A gdom N, nguyén tar A & cac nit mang, N, nguyén tir C ¢ cac diém
gitta doan thang ndi hai ndt mang va n nat khuyét ¢ cac ndt mang. Néu 7 1a s6 nit mang

thi s diém giita doan thang ndi hai nit mang 1a 77, = 37 =3(N, +n). M3i mot nlt mang

a3

c6 8 nguyén tir bao quanh & khoang céch r, = - Mbi diém giira doan thang ndi hai

nat mang ¢6 2 nguyén tir bao quanh ¢ khoang cach r, = % va c6 4 nguyén tir bao quanh

a

¢ khoang cach r, = g Str dung ki hiéu
VAA (rl) :VAA’VAC (rz) =VAC’VAC (ra) :V/;c ’Vcc (rz) :Vcc- (1-21)

Xéc suat thay thé nit mang bai nguyén tir A va xéac suat thay thé diém giira

doan thang ndi hai nit mang twong tng 1a

py—Na pu_Ne N (1.22)
Mo 31
Nang lugng cua hop kim dugc xéac dinh theo (1.15) trong d6
E, =—4N,PV,,,E,, =2N.PMV_, Em =—-2N.P/ (VAC +2VA'C). (1.23)
Do do,
v.__ 2 ‘:ZVAA +(Vae + V) ) e +lvcccé}—¢9{4(l+ n,)In(1+n,)—n,Inn,—
N, 1+n, 3 (1.24)

—c. Inc, —3(1+nv)ln(1+nv—%cCJ+cC In[3(1+n,)-c ]}.
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Tir didu kign ai(Nlj:o suy ra néng do nat khuyét can bing khi ndng
n A

\

do c. tuy y nhu sau

1
2| XV + (Ve + 2V )Ce +2V, cz}
1 4 [ AA AC ac )bc cclc
n = (L+n,) exp 3 : (1.25)

v 3
0
@+m—;%j

Trong truong hop khi n, <<1,

L —Z{ZVAA +(Vae +2V,c ) +:1),VCCC§}
n, = exp . (1.26)

v 1 3 0
(1‘3%1

Cong thic (1.26) chi sir dung d6i vai ¢, nho. Khi ¢, 16n, can sir dung (1.24). Theo

(1.25) va (1.26), khi c. =3 (toan bo cac diém gitra ciia doan thang ndi hai nit mang
bi chiém day boi cac nguyén tir C) va ¢ nhiét do thap thi n, <<1 va vé phai cta (1.24)
va (1.25) tién dén vo cung. Két qua nay 1a vé i va sy phan tich gidng nhu di vai ly
thuyét nt khuyét cua IA voi mang FCC di trinh bay trén day.
Ly thuyét nat khuyét néi trén c6 thé mao rong dé nghién cau 1A véi mang HCP va
IA véi nguyén ti phi kim cé thé chiém diém giita doan thang ndi nit mang va nit khuyét.
1.3. Mot s6 phwong phép nghién ciru tinh chét nhiét dong ciia kim loai va hop kim
C6 nhiéu phuong phap 1y thuyét khac nhau trong nghién ctu tinh chat nhiét
dong, néng chay va chuyén pha cau tric caa kim loai va hop kim nhu phuong phap
dong luc mang tinh thé, phuong phap trudng phonon tu hop, phuwong phap ham phan
bd maot hat, phuong phap gia thé, phuwong phap dong luc hoc phan ti, ab initio hay
tinh toan tir cac nguyén 1i dau tién, ly thuyét phiém ham mat d6, mé phong Monte
Carlo, phuong phap tinh toan gian d6 pha (CALPHAD), phuong phap ham Green
mang, phuong phap nguyén tir nhing bién dang (MEAM), phuong phap hoc may,....
Phuong phap dong luc hoc mang tinh thé [6] st dung phép gan dung diéu hoa.
Trong gisi han c6 dién, khi khai trién biéu thirc cua cac dai lwong nhiét dong theo
nhiét do, Iy thuyét nay cho céc két qua phu hop vai thuc nghiém trong khoang nhiét
d6 thap con & viing nhiét 6 cao gan nhiét 6 nong chay két qua sai khéac nhiéu. Biéu
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d6 1a do trong ving nhiét d6 cao, tinh phi tuyén manh va phép gan ding chuén diéu
hoa khéng c6 hiéu luc. Hon nita, biéu thirc tinh todn kha cong kénh va chi thu duoc
biéu thuc giai tich twong minh d6i voi mach thang.

Ly thuyét treong phonon tu hop [88] 1a mét 1y thuyét phi diéu hoa. Phuong
phap nay da duoc &p dung dé xac dinh nhiét d6 nong chay cua tinh thé va nghién cau
kim loai. Ly thuyét truong phonon tu hop ciing c6 thé tinh sé hang gan dang bac hai
bd sung vao ning luong tuw do cia mang. Tuy nhién, cach tinh s6 hang nay phuc tap
va viéc tim nghiém cua phuong trinh ty hop gap nhiéu khé khin. Do vay, nguoi ta
thuong chi giéi han tinh t6i s6 hang dau tién. Mac du Iy thuyét nay cho két qua tot
hon phuong phap gan dung chuan diéu hoa nhung & viing gan nhiét do nong chay,
két qua tinh toan chua thuc sy phil hop tdt véi thuc nghiém.

Phuong phap mé phong Monte Carlo (MCS) da dugc xay dung boi Metropolis
va Ulam [71]. P6 1a mot phwong phap mé hinh hoa thong ké trén may tinh dién tir
di voi cac hé c6 nhiéu bac tu do va duoc ap dung cho céc tinh thé phi diéu hda. MCS
c6 ru diém 1a xay dung duoc mot sé 16n cac trang thai phan bd khac nhau caa nguyén
tar. Tir d6 o thé tim duoc gia tri nang luong trung binh caa hé tai mot nhiét do xéac
dinh. Bac biét, MCS con duoc sir dung dé nghién ctru nhiing tinh thé c6 tinh phi diéu
hoa manh vi c6 thé tinh tryc tiép céc tich phan théng k& ma khong can dén diéu kién
ban dau cua bai toan.

Trong phuong phap ab initio (hay con goi la phuong phap tinh toan tur cac
nguyén li dau tién), ham séng nhiéu electron gan ding dugc xay dung tir cac ham
song mot electron trong mot thé hiéu dung phu hop. Phuong phép ab initio khong st
dung céc thong s6 thuc nghiém. Thay vao do, cac tinh toan chu yéu dua vao cac dinh
luat ctia co hoc luong tir, cac hang s6 vat 1i c6 lién quan dén tinh toan nhu khdi luong
va dién tich cta hat nhan va electron, van téc anh sang. Phuong phap nay duoc str dung
khé rong rai trong nghién ciru kim loai va hogp kim. Pong thoi duge sir dung trong tinh
toan dong luc hoc phén tir cia chét ran. Phuong phap ab initio cho phép tinh chinh xac
va linh hoat nhét cac luc tac dung 1én cac nguyén tir trong hé mo hinh. Phuong phép luin
ctia ab initio 1a dua trén co so 1y thuyét phiém ham mat do (DFT). Trong qua trinh sir dung,
phuong phap ab initio da boc 16 ca mat tich cuc va miat han ché. Phuong phép nay c6 kha

nang nghién ctru nhi€u pha vat liéu khac nhau va cé thé mo hinh hoéa cac méi truong lién
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két phtre tap nhu thuy tinh hodc chét vo dinh hinh. N6 ciing c6 thé mé hinh hoa cac vt
liéu khong co san s lidu thuce nghi¢m. Cac tinh chét céu triic, dién tir va dao dong cua cac
vat liéu mo hinh déu co thé tinh dugc nho phuong phap ab initio. Nho céc gia thé thich
hop, phuong phap ab initio cho phép nghién ciru nhiéu loai tinh thé khac nhau. Tuy nhién,
phuong phap ab initio ciing boc 16 nhitng han ché nhu qua trinh tinh toan doi héi gi6i han
cac hé twong d6i nho va cac hé co cau triic don gian, cac s liéu tinh toan thuong tap trung
vao vung nhiét d6 thip va ap suit thap.

Nhu da trinh bay & trén, ngoai cac uu diém thi cac phuwong phap Iy thuyét trong
nghién ctu nat khuyét va tinh chat nhiét dong caa kim loai va hop kim con mot sé
han ché nhu phu thudc vao viéc 1am khép véi sb ligu thuc nghiém, chua nghién ciu
day du céc tinh chat nhiét dong hodc khdng thay rd anh huéng cua nat khuyét 1én tinh
chat nhiét dong cua hop kim. Cac két qua tinh toan chii yéu dé cap dén tinh chat nhiét
d6ng phu thudc nhiét do ¢ ap suat khdng va &p suat thap, khdng thay duoc anh huong
ctia 4p suat cao, nong do nguyén tir xen ké va nong do nguyén tir thay thé.

Trong nhiing nam 1960, P.Ya.Terletsky va Nguyén Ting di dé xuat phuong
phap théng ké mémen (SMM). Pay 1a mot phuong phap vat i Iy thuyét dugc phat
trién trén co s cua co hoc thong ké [103]. Vé nguyén tic, c6 thé ap dung SMM dé
nghién ctiu cé&c tinh chat cau tric, nhiét dong, dan hoi, khuéch tan, chuyén pha, nong
chay,... cho nhiéu loai vat liéu nhu kim loai, hop kim, tinh thé va hop chét ban dan,
tinh thé khi tro, tinh thé phan tir, tinh thé ion, tinh thé luong tr, mang mong, siéu
mang V&i cac cau trdc 1ap phuong don gian, FCC, BCC, HCP, lap phuong kiéu kim
cuong, lap phuong kiéu ZnS va fluorit. Hiéu qua ndi bat caa SMM thé hién ¢ hai
diém chinh. Thix nhat 1a can giai quyét bai toan phi diéu hda cua tinh thé vi trong biéu
thirc ciia Hamiltonian c6 chtra s6 hang phi diéu hoa. Thua hai 1a cac dai luong nhiét
dong, dan hdi dugc mo ta bang cac biéu thuc giai tich thuan tién cho viéc tinh s, dé
dang so sanh véi cac két qua nghién cau thuc nghiém ciing nhu két qua tinh theo cac
phuong phéap khac. Phuong phép nay don gian nhung cho két qua giai tich va két qua
tinh s6 phu hop kha tét véi thuce nghiém.

Trong nhitng thap ki gan day, nhiéu nha khoa hoc sir dung SMM lam céng cu
nghién ctru, nhidu cong trinh dugc cdng bd trén cac tap chi Vat I uy tin trong va ngoai

nuée di khiang dinh su thanh cdng cua phuong phap nghién ciru ndy. Chang han nhu
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cac cong trinh [24, 39, 40, 42, 44, 45, 69, 107] nghién ctu céc vat liéu co khuyét tat,
cac cong trinh [14, 15, 31, 33, 34, 35, 36, 109, 111] nghién cau IA AC va IA ABC li
tudng voi cac cau tric FCC va BCC. Hién nay, viéc nghién ctu anh huéng cua nit
khuyét I&n tinh chét nhiét dong, ndng chay va chuyén pha cau tric caa hop kim xen
k& nhi nguyén, hop kim xen k& tam nguyén véi cac cau tric FCC va BCC bang SMM
con la mot van dé bo ngo. Chinh vi vay, ching toi sit dung SMM dé nghién ctu vé
kim loai va hop kim xen k& c6 khuyét tat trong luan an nay.
1.4. Phwong phap thong ké mémen

Trong Iy thuyét xac suat, mémen cap m (con goi la mémen goc) dugc dinh
nghia nhu sau [103]

(=] [ [4o(4a,..0,)ds.da, (1.27)

(%02 0n)
trong d6 qu, 02, ...gn 12 tap hop céc bién s ngau nhién tuan theo quy luat thong
ké va dugc md ta boi ham phan b a)(quqz, qn). Ham nay thoa mén diéu kién
chuan hoa.

M6men trung tm cap m dugc dinh nghia nhu sau

(@ ~(a)m)=[ ][ (@ —(a)"@(a,0,,q,)da,dq,...dg,. (1.28)

G Oy
Trung binh théng ké (g,) 1a mémen cip mot va phuong sai <(ql—<q1>)>2 chinh 1a
momen trung tam cap 2. Néu biét ham phan b6 w(q,q,, ... g,), ta ¢ thé xéc dinh

dugc mémen céc cap.
Trong vat li théng k&, mémen cap m va mdmen trung tdm cap m duoc dinh

nghia nhu sau

(a™)=Tr(a"), (1.29)
(@—(aN™)=Tr((a—(a)"p), (1.30)
trong d6 p 14 toan tir thong ké tuan theo phwong trinh Liouville lwong tir
P [
i =[H.5]. (1.31)
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O day, [...] 1a ngodc Poisson lugng tir. Nhu vay, néu tim dugc ham théng ké p ta co
thé tim dugc cac mémen. Tuy nhién, dbi voi cac hé can bang nhiét dong, mac du biét
dang cia p nhung viéc tim c&c momen ciing rat phic tap. Dé khic phuc kho khan nay,
can tim cac hé thtic chinh xac biéu dién mdmen cap cao qua cac mémen cap thap hon.

Xét mot hé lwong tir chiu tac dung cua cac ngoai luc ai khong doi theo huéng

toa d6 suy rong Q,. Hamiltonian caa hé c6 dang
i -H,-3 a0, (1.32)

trong @6 H, 1a Hamiltonian caa hé khi khong c6 ngoai lyc tac dung. Duéi tac dung
cua ngoai lyc khong d6i, hé luong tir chuyén sang trang thai can bang nhiét dong moi
duoc mo ta boi phan bé chinh tic

A

ﬁ:exp{u}, 0=Kkg,T, (1.33)

trong d6 y 14 nang luong tu do cua hé. Gia tri trung binh cua toa do suy rong Q, va
nang luong tu do w cua hé lugng tir khi cé ngoai luc a tc dung lién hé vai nhau boi

~ a(//
<Q, > =—72= 1.34
Qk a aak ( )

MoGi lién hé giita toan tir bat ky F vatoa do Q, cua hé véi Hamiltonian H c6 dang

e () a), o ok o5 B ) (%) g

m=0

trong d6 Bam 1a h¢ s6 Bernoulli va (...). biéu thi trung binh theo tap hop can bang
théng ké voi Hamiltonian H . Biéu thuc (1.35) cho phép xac dinh twong quan gitra

dai luong F vatoa do Q, trong do <F> c6 thé xac dinh tir didu kién can bang cua

= (2m)
hé va <6I; > duoc xac dinh tir cac phuong trinh dong luc hoc. Trong truong hop
ak

F =Q, ta thu duoc biéu thtrc clia phuong sai nhu sau

(@) ) 0" @hgg g (B[ g




Vi Q, khdng phu thudc tudng minh vao ax nén déi véi hé co dién, (1.36) ¢ dang

fa-(e.) 5% =

oa,
(1.37) 1a mot cbng thirc quen thude trong co hoc thdng ké ¢ dién. Cong thire (1.35)

con cho phép xac dinh ham tuong quan gitra F va Q, ddi véi hé cd Hamiltonian H,

;<[ Q)- <ﬁ><@k>0[%:k>6l]ao—eg (2;;")(%jzm{<5§;m)>jazo, (1.38)

trong d6 (...) biéu thi trung binh theo tap hop can bang véi Hamiltonian H,. Mot

SO e

Trong truong hop F = ék , ta thu dugc cOng thire thang giang cua xung lugng

(0] (). (1.40)

cong thic (1.35) con duoc s dung dé viét cong thuc truy chimg déi Voi

L

cong thirc khéc lién hé gitta F va Q, la

A[Fa0]) oz

(), =%

momen Cép cao. Ta dua vao toan tir tuong quan cép N nhu sau

e ECA AR (1.41)

Trong cong thirc (1.35) thay F = K_, ta thu duoc

A

@) -{R), 0], o ko B (B e

Taco

%<[Kn,dk l>a = %<Knék +Qkkn>a = <Kn+1>a' (1.43)

bat (1.42) vao (1.43) vathay k=n+1, ta thu dugc cong thirc truy ching sau

8 < © o (2m
(oot ), o oS 0 (KT s

an +1
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(1.44) 1a cdng thirc tong quét cia méomen. N6 cho phép xac dinh mdmen cip cao qua
moémen cap thip hon tham chi co thé biéu dién qua mémen cap mat. Tuy nhién, biéu
thirc thu duoc khé phuc tap. DI véi céc hé cu thé, n6 cd thé ¢ dang don gian hon.
Ning luong tu do y cho ta thong tin day du vé cac tinh chat nhiét dong cua hé
va do d6, né déng mot vai trd rat quan trong. Trong vat Ii théng ké, nang luong tu do

lien hé vaéi tong trang thai boi

w=-0InZ,Z :T{exp[—%ﬂ. (1.45)

Tuy nhién, viéc tim nang lugng tu do y rat phic tap. Poi véi cac hé 1i tuang
c6 thé tim dugc biéu thic chinh xéac caa y, con néi chung chi c¢é thé tim nd dudi
dang gan dang. Hién nay, c6 mot so phuong phap khac nhau dé xac dinh ning luong
tu do nhu phuwong phap bién phan Bogoliubov, phuong phéap ly thuyét nhidu loan,
SMM,... Sau day trinh bay cong thic tong quat tinh ning luong tu do theo SMM.

Xét mot hé luong tir duge dic trung boi Hamiltonian H c6 dang

A

H=H,-aV, (1.46)

trong d6 « 1a thdng so va V 12 mot toan tur tuy y. Tuong tu (1.34), ta cod

5\ _oy(a)
<v>a == (1.47)
Tu do,
w(a)=wo—f<\7> da, (1.48)

trong d6 v, 1a ning lugng tu do cua hé tng voi Hamiltonian H, duoc xem nhu da

biét va <V> duoc xac dinh nho cong thac momen & trén. Néu Hamiltonian H ctia hé

c6 dang phic tap hon thi ta c6 thé phan tich né dudi dang
H=H,-> aV, (1.49)

sao cho H,=H,-aV,>>aV,, H,=H,—a\V,>>aV, ... Khi d6, ta tim dugc v, ung

~ ~

V6i H,, v, tng v6i H,, ... cudi cing tim dugc y ung voi H.
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Két luan chwong 1

Chuong 1 gi6i thiéu tong quan vé IA, 1y thuyét nat khuyét va mot sé phuong
phap 1y thuyét trong nghién ctru tinh chit nhiét dong cua kim loai va hop kim nhu
phuong phap ab initio, phuong phap moé phong Monte Carlo, phuong phap dong luc
hoc phan tir... Ting phuong phap, trong d6 c6 SMM déu c6 danh gia vu, nhuge diém
khi dua ra ap dung cho kim loai va hop kim. Chung t6i giai thich li do tai sao lura chon
SMM lam phuong phap nghién ctru ctia luan an. Trong cac chuong 2, 3 va 4, chung toi
sir dung SMM dé nghién ciru 1y thuyét nhiét dong, nong chay va chuyén pha cau tric
ctia IA AC va IA ABC c6 khuyét tat v6i cac cu tric FCC va BCC.
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CHUONG 2
TINH CHAT NHIET PONG CUA HOP KIM XEN KE NHI NGUYEN
CO KHUYET TAT VOI CAU TRUC LAP PHUONG

Trong chuong 2, ching tdi sit dung SMM va phuong phap quéa cau phdi vi dé
nghién ciru hop kim xen k& nhi nguyén (kim loai A xen k& nguyén tir C) c6 khuyét
tat. Bang cach xay dung cac biéu thire giai tich tong quat cua niang lugng ty do, do
doi ciia hat khoi nit mang, khoang 1an can gan nhat trung binh gitta hai nguyén ti,
ndng do nat khuyét can bang, cac dai lwong nhiét dong. Pé chitng minh sy dung din
ctia CAc biéu thirc giai tich trén ching tdi thyc hién tinh s6 cho cac biéu thuc giai tich
d6. Cu thé tinh s d6i véi nong d6 nit khuyét can bang, hé sé din nd nhiét va nhiét
dung dang ap cta cac hop kim AuSi va PtSi c6 khuyét tat. Két qua thu duoc phu hop
t6t voi két qua tinh s6 cta kim loai va thuc nghiém.

Mot phan noi dung chuong nay duoc cong bd trong [CT2, CT3, CT5] (CT la
cong trinh trong danh muc cdng trinh cong bd cua luan an).

2.1. Hop kim xen ké nhi nguyén Ii twéng véi cau tric lap phuong

2.1.1. Mo hinh hop kim

Hinh 2.1. M0 hinh A AC véi ciu triic FCC  Hinh 2.2. M6 hinh 1A AC véi cu triic BCC

M6 hinh IA AC véi cau tric FCC, cac nguyén tir xen k& C nam ¢ tam khdi cua
6 co so lap phuong, nguyén tir kim loai chinh A goi 12 A1 ndm & tim mat va nguyén tu

kim loai chinh A goi 12 A2 nam & céac dinh cia 6 co sé lap phuong (Hinh 2.1).
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M6 hinh IA AC véi ciu tric BCC, cac nguyén tir xen k& C nam & cac tam mit
cta 6 co s& lap phuong, nguyén tir kim loai chinh A goi 12 A1 nam ¢ tdm khéi va nguyén
tir kim loai chinh A goi 13 A2 nam ¢ cac dinh ctia 6 co s 1ap phuong (Hinh 2.2).

2.1.2. Nang luwong tu do Helmholtz

Ning luong tu do Helmholtz ¢ng véi 1 nguyén tir cua IA AC i teéng mét trat

tu VGi c4c cau tric lap phuong va diéu kién nong do ¢, <<c,c6 dang [103]

Wae =Ny, =N Z Cx¥x _TScAC’
X=AC,A,A,

2
¥, =Ny, =U,, +¥,, +—3E20 |:72xYx2 - zzx (1+Y?Xﬂ+
X

6NO°[4
3

A —y2 Y, (1+Y7Xj—2(yfx + 2913 o )(1+Y7Xj(1+vx )},Yx = xcoth x,
X
¥, :3N¢9[x+ln(1—e’zx)], (2.1)
trong do ¢, =% la néng @6 cua X, X = A, Ay, Az, C (A trong kim loai, A1, Az, C

trong hop kim), N, la s nguyén tir X, N la tong s6 nguyén tir caa hop kim,
Cy =1-7C;,C, =2C.,C, =4c, ddivéi mang BCC, ¢, =1-15¢;, c, =6c., ¢, =8¢, doi
vGi mang FCC, v, la nang lugng tu do Helmholtz cia mét nguyén ta X, T l1a nhiét do,
S. 1a entrdpi cau hinh cua hop kim AC, u,, 13 ning lugng lién két cia mot nguyén tir
X, 0 =kg,T,Kq, 1ahang s6 Boltzmann, K, 7,7, 1acacthong sé tinh thé dbi vai nguyén

tir X, x= "2 _ 1 K n=" hna hang so Planck, @, 1atan s dao dong ciia nguyén
0 9\my 2

tar X va m, 12 khbi lwong caa nguyén tir X [103]. Xem Phuy luc 2 vé ap dung SMM dé
chang minh ¢éng thic cia ¥, va Phu luc 3 vé ap dung SMM dé chitng minh cong
thac cua ¥ ..
2.1.3. Ning lwong lién két va cdc thong sé hop kim

Khi khai trién tuong tac gitta c4c nguyén tir trong thé niang tuong tac dén bac
hai, bac ba trong biéu thuc xuat hién cac théng s 7,,7,,7 . Cac théng sé nay dic trung

cho tinh phi diéu hoa cua tinh thé. Trong IA AC véi cau tric BCC, nang luong lién
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két u, va cac thdng sb hop kim k,7,,7,,7 ddi véi nguyén tir xen k& C duoc xac dinh
trong phép gan dung hai qua cau phdi vi di véi nguyén tir C (hai qua cau phdi vi nay
c6 tam tai vi tri cua nguyén tir C va cac béan kinh 1a r.,r,.). Nang luong lién két u,
va cac thdng sé hop kim Kk, 7,,7,,7 di véi nguyén tir A1 hoic Az duoc xac dinh trong
phép gan dung ba qua cau phdi vi dbi véi cac nguyén tir Arhoac Az (hai qua cau phoi
vi trong s6 ba qua cau nay cd tam tai vi tri caa nguyén tir A trong kim loai sach A va
cac ban kinh 1a r,,,r,, . Qua cau phéi vi thi ba 1a qua cau phdi vi dau tién ddi véi cac
nguyén tr Aiva Az va co tam tai vi tri cua nguyén tir Arhoac Az va ban kinh la r,,
hoac Iy )- Khi cac hat dao dong manh, cé thé khai trién thé nang U, theo do doi ri co

dang [54, 103, 104]

1
Upc :EzgoAc (ri):qDAC(rlC)-'- 20c (rzc)’ e = \/ErlC’ (2.2)
i1
ke :12(az¢;(:} :id(DAC(rlC)+d2¢ACZ(r2C)+id§0AC(r20)1 (2.3)
257 ou o e drc dr,. e drc
Ve :4(710 +7/20)’ (2.4)
_i a4¢Ac _ 1 dz?’Ac(rlc)_ 1 dgac(re) id4¢Ac(rzc)
Yic = Z 4 T qQy2 2 3 + 4 +
48 5\ ouy, . 8r¢ drg 8r. dr. 48  dry
+ 1 d3§0Ac(r2c)_ 3 dz?”Ac(rzc)+ 3 dec(rye) (2.5)
8r, dry  16rZ  drk 16r)  dr,
_E 64§0Ac _ 1 dS(”Ac(rm)_ 1 dz(”Ac(rm) 1 d(PAc(rzc)+
Toc _482 aZoul | a4, dd 22 dii 2 dr
i ieOig o, 1c 1c 1c 1c 1c 1c
+ 1 dB(DAc(rzc)_ 1 d2¢Ac(r2c)+ 1 dgac(rc) (2.6)
4r,.  dr 4rZ  drk 4ef  dr,
Uop, = Upa +30c (rlAi)’ (2.7)
2 d’p.. (T, de.. 1
Ky =Kt 2 Y. (a—q)ﬁ‘:J =k, —"‘2( ) | 2 80ncltn) (28)
257 ol ), - dri, L Ay
7&:4(71A1+72A1)’ (2.9)
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1 o'¢
Vin _71A+EZ{(W€:1J =
r=rs

1d%, 1 d"'qé,;iC+ 3 A’ 3 dgyc

= + — ,
NaT 5, dry  6r, doi o 4ri dii  4r dr,
y —y Z[( 84(0AC j :l —y 1 d3¢AiC (rlAi)
2A, T 12A 2 2 — /2A 3 H
48 5| | ou;,0u;, ol ar,  dr,

24 dr, 12r,  dr

152 1 0o, (r d°p, . (1
71A271A+_Z[[ﬂj ] =Y t— A?C(1A2)+ o Agc(lAz)_
eq

1 dZ(DAzc(rlAz)_'_ 1 d@Azc(rlAz)

8ry,  dri gri, dr,
o +£Z 0" Puc —y +1d4¢A2C(rlAQ)+ 1 d3¢’Agc(rlA2)
2 2A 2A
A, 48| | ouZoul, . 8 dr, 4r, ~ dr,

r=ris,

3 °0uc(ny) 3 dpc(ny)
8rli2 dr, 8rf;2 dr,,,

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)

trong d6 ¢, 1a thé twong tac gitra cac nguyén tt AvaC, r, =r,,, +Y, (T) la khoang

lan can gan nhat gitra nguyén tir X va nguyén tir khac ¢ nhiét do T, r,,, la khoang lan

can gan nhat giira nguyén tir X va nguyén tir khac ¢ nhiét d6 0 K va duogc xac dinh tir

diéu kién cuc tiéu cua nang luong lién két u,, ,y, (T) 1a d6 doi caa nguy@n tir X tir vi

tri can bang ¢ nhiét do T, n; 1a sé nguyeén tir trén qua cau phdi vi thir i, u,, 1a do doi

cua nguyén tu tha i theo hudng B,a,B=X,Y,z,a # B, Uys,Kn, 710, 7,4 12 nang luong

lien két va cac thong sd tinh thé cua nguyén tir A trong kim loai sach A véi cau tric

BCC trong phép gan dung hai qua cau phdi vi [54, 103].
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2

Uon = 40 (fia) + 30aa(2n ) rZAZﬁrlA’ (2.17)
kA:ﬁd2¢AA2(qA)+ 8 d(PAA('lA)+d2(pAA2(r2A)+id(pAA(r2A), (2.18)
3 drlA 3rlA drlA erA F2a erA
10 () 8 8%u(5) 20 () | 20 dous(ra)
54 drd 9, de 92 dri 9 dr,
L8P (0) | 1 A0 (0) 1 A0 () (2.19)
24 dr,, 4r,, dr,, ar;, dry,
:id4¢AA(r1A)+ 5 d3¢,AA(r1A)+ 5 dzgoAA(rlA)_ 5 d(PAA(rlA)+
“Us4 dg o, dg, 18, d  18G,  dr,
3 2
+21 d ¢AA3(r2A)— 92 d wAAz(rZA)'i‘ 93 ngAA(rZA)- (220)
oA erA 8r2A erA 8r2A erA

Trong IA AC vai cau triic FCC, nang luong lién két u, va cac théng sé hop
kim K,7,,7,,7 d6i véi cac nguyén tir C, A1, Az trong phép gan dung hai qua cau phoi
vi d6i véi nguyén tir C va phép gan dung ba quéa cau phdi vi d6i véi cac nguyén tir A
va Az c6 dang [54, 103]

1¢
Uoc =EZ¢AC (r) :?’@Ac(rlc)+ Appc (rzc)' e = \/grlc' (2.21)
i1
" zlz *Pue =d2¢Ac(EC)+£d¢AC(rlc)+ﬂd2¢Ac(r20)+ 8 d¢AC(rZC) (2 22)
© 24 auizﬂ . drg e drc 3 drg 3 dne
Ve =4(rc +7a)s (2.23)
y _1 0" Pac =id4§0AC(rlC)+ 1 d2¢AC(r1c)_ 1 d¢Ac(r1c)+
©484 ou, 24 dr} 4r2  dr2 42 drg
(2.24)

+id4¢AC(r2C)+ 2 ds(pAc(rzc)_ 2 dz(pAc(rzc)+ 2 dg,c(ry)
54 dr. or,, drp. 9  drl oy  dr,

6 84(DAC 1 ds(pAc () 3 dz(pAc (re) 3 deu(re)
Vac 5 + +

184 ou’ ou, W 2 dr’ _4r12c dr? 4r2  dry
(2.25)
+1d4¢AC(r2C)+ 2 dz(”Ac(rzc)_ 2 dp,c(rye)

9 dr 3k drl 3y dr,
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Uoa, =Uoa +@Pac (rlAi)1

1 O’ 1 dwﬁc(n/ﬁ)
ACTA ZZ[( ou, lq] A dr

N :4(7/1/4i +7/2Ai)’

Vin =7 +i2[{84%0j ] e opc(ia) 1 dopc(na)
1n = 1A 1A ,
€4 dr=r,

2 2 3
48| ouy, 8y, dr ar, dr,

1A 1A
Von =7 +£Z Ot
I TP GUiiﬁuizﬁ »

=y

1 d3¢AIC(r1A1)_ 1 d2¢Aic(r1A1)+ 1 d¢A1C(r1A1)

3 2 2 3
4r1A1 drlAi 2r1,3l drl,bl 2|r1,,l dr1A1

=Yt

Uon, =Uon + 4P (rlAz ).

2
k., =k +1§ (GZ(DACJ —k +£d ¢Azc(rlAz)_i_ 8 dCDAgC(rlAZ)
A A ’
ou, eq 3 drliz 3r1A2 drlAz

¥ ¥ 1 Z [84¢ACJ — 7+ 1 d4(pAgc(r1A2)+ 2 d3¢A2C(r1A2)
1A, AT TS A4 =ViAaT =, -
48| ouyy wly 54 dr} o, dr,
_ 2 d2¢AZC(r1A2)+ 2 d¢AQC(r1A2)
9rli2 drliQ 9r13A2 dr,, :
6 o'y 1 d4¢A2C (rlAZ)
Van, _72A+4_8IZ[(auizaaﬁzﬂJ ] :72A+§—dr12 +
2 dzgoAgc (rlAz) ) 2 d§0A2c (rlAZ)
3y, dr} 3, dr,

Upp = 6¢AA(r1A)+ 3(/’AA(r2A)vr2A: \/EGA'

= 290 (1) 4 A0 () Pom(a) | 2 dPu(%n)
’ dr;I.ZA rELA drlA drzzA |’2A dr2A
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(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)

(2.32)

(2.33)

(2.34)

(2.35)

(2.36)

(2.37)



=id4(PAA(r1A)+ 1 d3§0AA(r1A) 1 dz(pAA(rlA)_i_ 1 d¢M(rlA)+

71A 24 dr14A 4r1A dr;l.i ) 8r12A dl’le 8r13A dr;I.A
4 2
+id ¢’AA4(r2A)+ 12 d ¢M2(r2A)_ 13 dgoAA(rZA), (2.38)
24 dr), 4y, dr,  4r, dn,

1 d%u(i), 7 Epu(ia) 31 dpu(t), 31 douln),

728 drt, 8r, dr’ 16rZ  drl 16r5,  dr,
3 2
,.1d ¢’AA3("2A)_ 92 d (DAAZ(rzA)+ 93 d(DAA(rZA), (2.39)
2r2A erA 8r2A erA 8r2A erA

Uoar Kas 7100 724 trong céc cong thiee (2.36) - (2.39) la nang lugng lién két va cac thong sé
tinh thé cua nguyén tir A trong kim loai sach A véi cau tric FCC trong phép gan dung
hai qua cau phdi vi [54, 103]. Xem céac Phu luc 4, 5, 6, 7 vé chtiing minh cac cong thic tir
(2.2) dén (2.39) d6i véi nang luong lién két va cac thong sé tinh thé caa kim loai A va hop
kim xen k& AC Vi cac cau tric BCC va FCC bing phuong phap qua cau phdi vi.
2.1.4. Khodng ldn cdn gan nhit trung binh giiva hai nguyén tir

Khoang lan can gan nhat giira 2 nguyén tir A trong kim loai A va khoang 1an
can gan nhat gitra nguyén tir X (X=A_,A,,C) va nguyén ti khac ¢ nhiét 4o T va ap
suat P trong IA AC véi cau tric lap phuong dugc xac dinh tir phuong trinh trang théi
sau [103, 106],

Pv=-r, 1%+choth xi% : (2.40)
6 or, 2k or,

, 4I’13 Ls o ps \ |'13 Le e — \
trong do, v= doi véi mang BCC va v=—= doi véi mang FCC. Khi T =0 K va

33 2

&p suat P, (2.40) tré thanh [106]

py = —r | 1 | Jreoy 0K (2.41)

6 or, 4k or,

Khi biét thé twong tac giira 2 nguyén tir trong kim loai A va 1A AC thi (2.41)
cho phép xac dinh khoang 1an can gan nhat r,, (P,0) (X=A,A,,A,,C) va cac thong s6
tinh thé k, (P,0), 7, (P.0), 7,4 (P.0), 7, (P,0) tai &p suat P va 0 K. Tir do, ta c6 thé xac
dinh d6 doi vy, (P,T) caa nguyén tir X & &p suat P va nhiét do T tir vi tri can bang. T

d6 suy ra cac khoang lan can gan nhat sau [106]
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ne(P.T)=rc(P.0)+ Ya (PT),A(P.T) =1(P,0) +yA(P.T),
rlpi (P’T) = rlC (P’T)’ r1A2 (P,T) = r1A2 (P,O) + yC(P!T) (242)

Khoang 1an can gan nhét trung binh gitta 2 nguyén tir A trong IA AC véi ciu
trdc lap phuong & &p suat P va nhiét do T dugc xac dinh bai [106]
LA(P.T)=1,(P,0)+y(PT),r,(P,0)= (1_Cc ) 1A(P,0)+c.ry(P,0),

Y(P.T)=C,YA(P.T)+CeYe (P.T)+C, Y (PT)+C, Y, (PLT), (2.43)
trong d6 1,(P,0)=+3r.(P,0),c, =1-7c,,C, =2¢,c, =4c. ddi véi mang BCC,
r,(P.0)=+/2r.(P,0),c, =1-15c. ¢, =6c.,C, =8¢, ddi véi mang FCC, r,(P,0) la
khoang 1an can gan nhat trung binh gitra 2 nguyén tir A trong IA AC tai &p suat P va
nhiét d6 0 K, y(P,T) 1a do doi trung binh cta nguyén tir A & &p suat P va nhiét do T tir
vi tri can bang, r,(P,0) 1a khoang lan can gan nhat giita 2 nguyén ta A trong kim loai
sach A tai ap suat P va nhiét ¢6 0 K, r/,(P,0) 1a khoang 1an can gan nhat giita 2 nguyén
tir A trong viing chira nguy@n tir xen ké C tai 4p suat P va nhiét do 0 K.

2.2. Hop kim xen ké nhi nguyén cé khuyét tit véi ciu tric 1ap phwong
2.2.1. Nang lwong tw do Helmholtz

Trong 1A AC Véi ciu trdc 1ap phuong co6 Na nguyén tir A, Nc nguyén tir C va
s6 nguyén tir tong cong caa hop kim 13 N = Na + Nc. Gia sir

Ce =%<<CA=%. (2.44)

Nang lugng tu do y,. cua IA AC 1i tudng tng vai mot nguyén tir dugce xac dinh tr
(2.1). Khi trong mang c6 n nat khuyét ¢ cac nit mang, ning luong tu do cua IA AC
thuc trng véi mot nguyén tir ¢o dang

TS ¢

Wac =Wac +ngy (AC)— (2.45)

trong d6 S°* la entrdpi cau hinh ctia hdn hop cac nguyén tir A, C va nit khuyét, g (AC)
2 su thay d6i thé nhiét dong Gibbs g véi mot nguyén tir caa A AC c6 khuyét tat dé tao
thanh mot nit khuyét va duoc xac dinh theo su phan bd néng do nguyén tir

0, (AC)= > 9, (X), (2.46)
X=AC,A,A
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trong d6 g (X) la su thay doi thé nhiét dong Gibbs ting véi mot nguyén tir cia vat
licu X ¢ khuyét tat dé tao thanh mot nat khuyét. Phép ldy tong trong (2.46) duoc
thuc hién theo A, C, A,, A,. Trong phép gan diing mot qua cau phdi vi,

u
g, (X):n1<‘//>(<l) _‘//x)"'A‘//x' Ay, =(By ~1)yy, By x1+=2%  (2.47)

X
O day, n1 la s6 nguy@n tir trén qua cau phdi vi thir nhét, ® 1a nang luong tu do cta
mot nguyén tir X trén qua cau phdi vi thir nhat c6 tam la nat khuyét, Ay, 1a su thay
d6i nang lugng ty do caa nguyén tir X khi doi khoi vi tri ndt mang dé tao thanh nut
khuyét. Khi do,

g, (AC) = z Cx [nl(‘//g)_V/x)"'(Bx _1)V/x]' (2.48)
X=AC, AL A,
Do do,
Vi = z Cx¥x _T(SCAC"'ScAC*)‘Fn Z Cx |:nl(‘//§(l)_l/jx)+(BX _1)1//x]' (2.49)
X=AC,A,A, X=A.C.A, A

O diéu kién can bang, n = n,va nang luong tu do cia IA AC thuc Gng voi mot nguyén
tur c6 dang
PR =Nyf =N { > {[1— N+, (By 1) [cwy + nvnlcxz//f)}}—T (84" +5/¢).(2.50)
X=A,C,A A
2.2.2. D¢ doi ciia nguyén tir tiv vi tri cén biang
Do doi nguyén tir tir vi tri can bang trong 1A AC c6 khuyét tat véi cau trdc lap

phuong dugc xac dinh bai,
1
y:W[(N —nln—nzn)yo+nlnyl:|, (2.51)

trong d6 Y, 1a 46 doi cua nguyén tir tir vi tri can bang trong hop kim Ii twong, y, 1a
d6 doi cua nguyén tir trén qua cau phdi vi thir nhat tir vi tri can bang, n1va na 1a s6
nguyeén tir trén qua cau phéi vi thir nhat va tha hai, n 1a sé nat khuyét va N 1a tong sb
nguyeén ti.

Déi véi mang BCC,

yzﬁ[(N ~14n)y, +8ny, |. (2.52)
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Déi véi mang FCC,
1
yzﬁ[(N —~18n)y, +12ny, |. (2.53)

Tur d6, ta co thé xac dinh khoang 1an can gan nhét trung binh trong 1A AC ¢c6
khuyét tat véi cau trac lap phuong. Ta c6 thé 1am gan ding nd véi khoang 1an can
gan nhat trung binh trong IA AC Ii tuéng véi ciu tric lap phuong.

2.2.3. Nong dp niit khuyét cén bang

O viing nhiét do cao, mot s6 nguyén tir dao ddng xung quanh vi tri can bang cua
ching véi bién d6 16n cling vai cac dao dong nhiét ¢ thé 1am cho cac nguyén tir doi
khoi cac nGt mang dé sinh ra cac nat khuyét [48, 84]. Trong md hinh Iy thuyét cua
chiing t6i, mot su lwa chon ngau nhién cta cac ndt mang chira mot ndt khuyét khac véi
mot hat. Ngoai ra, khoang cach gitra hai nat khuyét bat ki duoc gia thiét 1a da 16n dé
bo qua twong tac gitra ching.

Theo dong luc hoc théng ké, dai lugng quan trong nhét dé xac dinh nat khuyét
la thé nhiét dong Gibbs. Co thé lién két truc tiép thé nhiét dong Gibbs cua tinh thé
don nguyén tir ¢ khuyét tatg® (P, T,n) véi dai luong twong tmg g(P,T) cua tinh thé
1i tudng boi

g% (P,T,n)=g(P,T)+ng, (P,T)-TS(n). (2.54)
trong d6 g, la sy thay ddi thé nhiét dong Gibbs cua sy tao thanh mgt nut khuyét nhiét
don va S_1a entropi c4u hinh cta hdn hop N nguyén tir va n nat khuyét. Theo cong
thire Stirling,

S, =Kgo (N +n)[In(N +n)—1]—kg,N (INN —1)—kg,n[In(In N -1)]. (2.55)

Do nut khuyét ton tai & cAn bang nhiét dong, g* (P,T,n) thoa méan diéu kién

R
exp(ag ] =0. (2.56)
an P,T
Tur do, ta thu duoc
n oM
_ _3v | 2.57
& N+n EXp( o j ( )

Trong md hinh li twong cia ching t61, khi nguyén tir thir khong thoat ra khoi

nat mang va di chuyén t6i vi tri tir do trén bé mit tinh thé thi sy di chuyén nay tao ra
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mot nut khuyét. Sy thay doi ning luong tu do Helmholtz cta nguyén tir thir khong va
cac 1an can méi cta nd dugc gia thiét 1a (B—1)w,, trong d6 B 1a mot hé s6 ti 18. Sau khi
khuéch tan toi bé mat, nguyén tir thir khong c6 thé hdi phuc hon mét nira cac lién két
bi pha v& [10] va do d6, B > 1 [43]. Ngoai ra, su c6 mit cia nit khuyét lam giam sb
phéi vi khéi va ting ning luong tir do Helmholtz ctia nguyén tir thi i tir v, dén w,. Do
d6, biéu thirc cua g, taiap sudt khong c6 dang

9, =(B-Dy, + D (Wi —wo), (2.58)

Céc dang diéu hoa cia v, va v, la [43]

v, :%uo +30[+ InL—e )], (2.59)
v, :%(uo 1) +30[x+ In(L— e )], (2.60)

Tu do,
g/ :—u—2°+(B—1)z//0. (2.61)

Do g/ >0 [43], B c6 dang

1<B<ltbo (2.62)
2y,
O day, ta lay
Balt o (2.63)
4y,
Do d6 [43],
uO
n, =exp| — |. 2.64
=e| ] (264

Mot sy phit hop tét giita tinh toan va thuc nghiém [10, 66] chtng t6 hiéu luc
viéc chon gia tri B. Mot cong thie khac dé xac dinh nong do niit khuyét can bang
nhu sau [41]

—PA
n, =exp(Z—;jexp( gvfj (2.65)

trong d6 Av, la thé tich tao thanh nut khuyét. Trong cong trinh [41], cac tac gia chi

str dung (2.65) dé xem xét anh huong cua ndt khuyét 1én sy ndng chay.
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Theo c6ng trinh [41], s6 nat khuyét tai diém nong chay dong vai trd quan trong
trong nghién ctru co ché nong chay do nut khuyét. V& mat hién tuong hoc, sy sinh ra
nut khuyét nhiét gay ra sy dan né khdi trong qua trinh nong chay [18, 51]. Piéu nay
cho phép tinh

AV, =Av_ % (2.66)

trong d6 Av,, 1 su thay doi thé tich khi nong chay, AH,, 1a an nhiét nong chay va AH, la

entanpi tao thanh nit khuyét. Bang cach tap hop s6 lidu thuc nghiém déi voi 35 nguyén t6
tai ap Sut khong, Bollman tim dugc AH, /AH_~8 [5, 16] da thu dugc sO liéu thuc

nghiém LH DAC [17] déi véi Ta théng qua hé thirc don gian ndy va tinh toan ab initio ddi
voi AH, [77]. Do do, ta co thé viét (2.66) dudi dang

Av, =8Av, (2.67)

Twr do, n, doc theo bién rén-léng duoc cho boi

n, = exp (Z—;j exp[_SZAvm j (2.68)

Khi 100 GPa < P < 400 GPa, mot s6 mo phong [3, 56] cho rang thira so

exp(_BF;Avmj trong (2.68) giit gan nhu khong doi va khong nhay véi su nén. Do

d6, (2.64) c6 thé mé ta dinh tinh sy tao thanh nat khuyét doc theo dudng cong
néng chdy & ap suat cao. Tuy nhién, n,thu duoc tir (2.64) 13 quéa cao. Bing cach

—8PAv,,

st dung sé liéu mo phong, ta cd exp( j=0,064 dbi v6i W [56] va

exp[_SPAV"‘ j =0,036 ddi voi Cu [3]. Do d6, khai trién Taylor trong (2.65) khong

¢ gia tri va tinh toan theo SMM trude day theo mo hinh khuyét tat [41] khong
thé du doan tinh chat nong chay cua tinh thé & cac diéu kién cuc doan.

Tir diéu kién cuc tiéu cia nang luong tu do Helmholtz cua hop kim ¢ &p suat
khong hoic thé nhiét dong Gibbs cua hop kim duéi tac dung cua &p suat suy ra nong

d6 n(t khuyét can bang cua IA AC c6 khuyét tat vai cau tric lap phuong nhu sau
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Z CX gvf (X)

f f
nfc =exp| - g, (AC) _ nvA exp| — Cc9y ©) 7 nvA —exp| — X=AC.AA
Ko T Ko T Ko T

Bo Bo

u
9) (X) =Ny (9 =y )+(By —D)wy By x1+ 2%, (2.69)

Wx
2.3. Cac dai lwgng nhiét dong
2.3.1. H¢ s6 nén ding nhiét va médun dan héi ding nhiét

Hé s6 nén dang nhiét va moédun dan hoi dang nhiét (modun nén khoi) ddi vai 1A
AC thuc duoc xac dinh boi [103]

3
iz
B9ac

1
)(TRAC= 2 7R ’BTRAC=T7lPiC=Nl//EC7
e 1 (0¥, TAC
2P + — 5
Ve 3N Gaye ),

aZTiC J [azl// j (azl//(l) ]
—2& | &N 1-n,n+n,(By -1)|c L +nncy | — = | 1
[68.2(2: T X—A;AixAz |: ' ( § )] § arli( T o ar-1()](-)2 T
Yy | 1Sy | ey | O 1 [ 0K i
3l oy ) 6l oy L Ak | oy 2k, \ony ) |

1@ 1)  nol|ok® 1 (ak®Y 270
3l or®2 | Tl arm | Tk | ro7 k@ | e | | (2.70)
X Jr X Jr X 1X X 1X

—4c. d6i voi mang BCC va c,=1-15c,

O day, c,=1-7c.,c, =2¢c;,C,

C, =6cc,C, =8¢, doi véi mang FCC. y@,rQ,ufy kP, of twong tng 1a ning lugng
tu do, khoang 1an can gan nhat giita 2 nguyén tir, nang luong lién két, théng sé tinh
thé va tan sé dao dong ddi véi mot nguyén tir X trén qua cau phdi vi thir nhat c6 tam
la nt khuyét,
2.3.2. H¢ s6 din né nhigt

Hé s6 dn na nhiét d6i voi IA AC thyuc duge xac dinh boi [103]

R z_ﬁkBolﬁACiaZ\PiC
TAC 3a,. 3N ota,.’

2 2 2.1
A TS {[1_nvnl+nv(Bx e, 28 e, 1%}
3N 06Pa,.  x-aTn, 3 060r, 3 060r;
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a z_ﬁkBoZTX 1 O’y
" 3, 3odor,

1%y, 2% o, 29{le ok, (2+YXZ§)—167/1X (44, +22)-

3o06or, 2k, or, k2| 3k, or, 6 or,,

2 ok, O X
| £7ax 9Ky _ O%ax YXZ>2< Z, = —X
Ky oOny, oOny sinh X

al = _N 2Ky 21 1 oy
2 )
3Y?  3o60ry

1% 20?7 ok L 20 Yix kY (2+Y(1)Z(1)2)—
38(9&’&) 2k>(<l) GF&) k)((l)z 3k>((1) ar&) X X

1oyl (4+Y(1)+Z(1)2)— 2753 Ok Oysy Y0702 | 70 _ Xy (2.71)
6 orY <o ke or® on )T T sinhx@

trong d6 o, la hé dan né nhiét cua mot nguyén te X, o) 1a hé dan ng nhiét cia mot
nguyén tir X trén qua cau phdi vi thir nhat c6 tam 1a nat khuyét.
2.3.3. Ning lwong

Khi &p dung phuong trinh Gibbs-Helmholtz va biéu thirc ciia niang luong tu do
(2.50), ta thu duoc nang lugng mang tinh thé cia IA AC thyc nhu sau [103]

Er=N > {[1— nn, +n, (B —1) [y E, +n,nc, E)((l)},
X=AC,A A
3¢

Ey =Uyx +Eox +—— k2

[y % +713X (2+Z>2<)—27/2XYXZ>2(}, E,, =36, ,

36°
W _y® L O
EX - uOX EOX +-07

(@)
e
k(l)z |:7/2(1)2Y)El)2+%(2+z>((1)2) 27/(1)Y(1)Z(1)2j| on :BQY)ED, (272)

trong d6 E, 1a niang lwgng caa mot nguyén tir X, EY 1a niang lwgng cua mot nguyén
tr X trén qua cau phdi vi thir nhat ¢d tam 1a nat khuyét.

2.3.4. Entropi

Ex. —P8

Entropi cua IA AC thuc dugc xac dinh bai SF. = ¢ va bang [103]

Shc=N > [1-nn+n, (B, —1)]c,Sy +n,nc,SY,
X=AC A A
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3Ky, 0
Koo

S, =Sy + {%(4+YX +Z2)-27,Y, zx}, Sex = 3Ka[ Yy —In(2sinhx, )],

X

3k, 0
k)((l)Z

(6]
SO Zs® 4 {%(MY;” +70?)- zyﬂwwzﬂ

sY = 3k809[vx<1> —In(2sinh x )] (2.73)
trong do S, la entropi cia mot nguyén tir X, S la entropi cia mot nguyén tir X trén

qua cau phdi vi thir nhat c6 tdm 1a nat khuyét.
2.3.5. Nhiét dung ding tich

Nhiét dung dang tich d6i véi A AC thuc duoc cho boi C, = (Z—?j va c0 dang [103]
Vv

Chc =N X {[1-nn+n, (B, -1)]c,Cpx +n,0c, CR,

X=AC,A,A

20 V. YV
CVX=3kBO{Z§+E(272x gjv Zy+ 0 (1+Zi)—y2x(z;‘+Y§Z§)}},

@ 1)
9 = 3Kq, {zg’z + kz(fz (zyglx) +%JYX@>Z§”2 +%X(1+Z )-8 (29 +Y>§1’ZZ§”2)}},(2.74)
X

trong d6 C,, la nhiét dung dang tich ciia mot nguyén tir X, C® la nhiét dung dang
tich cia mot nguy@n tir X trén qua cau phdi vi thi nhat c6 tam 1a nat khuyét.
2.3.6. Nhiét dung ding dp
Nhiét dung dang ap cua IA AC thyc bang [103]
Che = Cle + Mactic. (2.75)
Tac
2.3.7. H¢ 56 nén doan nhiét va médun dan héi doan nhiét
Hé s nén doan nhiét va médun dan hoéi doan nhiét d6i véi IA AC thyc 12 [103]
o gﬁz Hrc Bl =~ (2.76)
2.3.8. Thong sé Gruneisen
Thong sé Gruneisen d6i voi IA AC thuc ¢ dang [103]

R SaTACVAC

¥ (2.77)
e TAC C\/AC
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2.4. Két qua tinh sb cac dai hrong nhi¢t dong ciia hop kim xen ké AuSi va PtSi
2.4.1. Thé twong téc giita cdc nguyén tir trong hop kim xen ké
Trudc khi tinh s6 ta xem xét mot s6 loai thé dién hinh giira cac nguyén tir caa kim
loai va hgp kim.
Thé twong tac van der Waals c6 dang [68]

Co G Cuo_ (2.78)

trong d6 C,,C,,Cy,.,... 1a cac hang s6 duwong. Cac sb hang trong (2.78) md ta cac twong
tac ludng cuc, twong tac ludng cuc - ti cuc, ... Thé ndy gan dang c6 dang r® va co hiéu
luc trén khoang cach I6n hon nhiéu kich thudc nguyén tu.

Thé Morse 1a mot thé twong tac cap va co dang [87, 98])

o(r) = D[e*“(”o) - 2e*“<”°>] (2.79)
trong d6 a c6 thir nguyén caa nghich dao khoang cach, D cé thir nguyén cia nang
luong va c6 don vi la eV, D=—¢(r,), , 1a vi tri can bang caa hai nguyén tir. Thé
twong tac cap nay thuong dugc sir dung cho kim loal.

Thé Buckingham di véi nguyén tir d6i xing cau ¢ dang

G R ROl

Thé Lennard-Jones 6-m ddi véi nguyén tir dbi xing cau c6 dang

eme | 1(r )" 1(rY
o(r) = m_6{a(?j —6(?j } (2.81)

Trong (2.80) va (2.81), r, l1a khoang cach twong (g véi cuc tiéu cua thé nang, ¢ 1a do

sau hé thé niang va m 1a théng s6. Mot dang quen thudc la thé Lennard-Jones 6-12

o(r) = 4{(%]12 —(%ﬂ (2.82)

Tong quat hoa cia thé Lennard-Jones 6-12 1a thé Mie-Lennard-Jones (MLJ) n-m

o=ctom)| (2] (2 | aoum =[] {2) 28

Theo cac cdng trinh nghién ctu, n va m 6 thé iy nhiéu gia tri khac nhau nhu
n=12,13,..,18; m=6, 7, 8,... (n > m). (2.83) thudng dugc viét dudi dang [63]
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o= [m(r—;] —n(%” (2.84)

O day, r, 1a khoang cach (ing vai thé ning cyc tiéu bang - D, m, n 1a cac hing sé va dugc
xac dinh bang kinh nghiém dua trén co s& sb liéu thuc nghiém. Thé MLJ n-m gom hai
thanh phan &ng véi tuong tac hat va tuong tac day. Khi r > ro, cc nguyén tir hit nhau,
twong tac hat dong vai trd quan trong. Con khi r < ro, c4c nguyén tir dy nhau, twong tac
day chiém uvu thé. Do 1a thé twong tac cap. Trong hau hét cac tinh todn vé tinh chat nhiét
dong, dan hoi, néng chay caa cac kim loai, hop kim nhi nguyén va tam nguyén bai SMM,
thuong sir dung thé MLJ n-m déi véi cac twong tac gitra cc nguyén tir ciing loai. Con doi
VGi cac tuong tac gitra CAC nguy@n tir khac loai chang han gitra cac nguyén tir A va C trong
IA AC, c6 thé tinh gan ding

1
Ppc = E((PA—A T+ Pc_c ) (2.85)

hoic ciing ding thé MLJ [22]

o(r) = i{m(r_o}n - ﬁ(r_o]m }’ Dpc = \/DA—A'DC—C loac = l(rOA—A *locc ) (2.86)

n—m r r 2

Sy phu hop tét gitra tinh toan boi SMM so véi thuc nghiém va céc tinh toan khac doi
Vvé6i hop kim xen k& chieng to thé twong tac cip la quan trong va thé MLI n-m dua dé
mo ta tinh chat vat Ii cia hop kim xen k&. Hon nira, thé nay da duoc nhiéu nha khoa
hoc &p dung va cho két qua phu hop tét vai thuc nghiém. Chinh vi vay, khi tinh sé
cho cac 1A nhi nguyén va tam nguyén véi cau tric lap phuong, ching t6i str dung
thé Mie-Lennard-Jones (MLJ) n-m (2.84).

Cac thong sb thé MLJ dbi voi cac tuong tac Au-Au, Pt-Pt, Si-Si duoc cho
trong Bang 2.1. Tuong tac gitta cAc nguyén tir khac loai trong hgp kim dugc lam

gan ding nhu sau

1 1
DPny-si = E((/’Au-Au + Psigi ); Drrsi ® E(¢Pt—Pt + @y ) (2-87)

Bang 2.1. Cac thong sb thé MLJ [63]

Twong tac m n D (10% erg) ro (101°m)
Au-Au 55 10,5 4683 2,8751
Pt-Pt 5 9,2 9914,196 2,7689
Si-Si 6 12 45128,34 2,295
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2.4.2. Két qud tinh sé d6i vdi cdc dai lwong nhiét dpng ciia AuSi, PtSi

Dé ap dung tinh s cac dai lwong nhiét dong cua 1A AC cé khuyét tat véi cau
triic FCC theo céc biéu thuc giai tich thu duoc ¢ trén, ta lam nhu sau:

1. Xéc dinh khoang lan cén gan nhat trung binh giira hai nguyén tir kim loai
chinh trong 1A AC c6 khuyét tat & nhiét d6 T va ap suit P gidng nhu ddi véi 1A
AC |i tuong theo cac cong thire tir (2.2) dén (2.20) hodc tir (2.21) dén (2.39) cung
(2.42) va (2.43).

2. Xac dinh néng do nit khuyét can bang cua IA AC c6 khuyét tat theo cong
thirc (2.68).

3. Xac dinh hé sé nén dang nhiét va mdédun dan hoi dang nhiét caa IA AC ¢
khuyét tat theo cong thuc (2.70).

4. Xac dinh hé sé dan no nhiét caa 1A AC c6 khuyét tat theo cong thic (2.71).

5. Xac dinh nhiét dung dang tich cua IA AC c6 khuyét tat theo cong
thic (2.74).

6. Xac dinh nhiét dung dang ap cua IA AC c6 khuyét tat theo cong thic (2.75).

7. Xac dinh h¢ s6 nén doan nhiét va modun dan hoi doan nhiét cia IA AC c6
khuyét tat theo cong thuc (2.76).

8. Xac dinh entrdpi cua IA AC c6 khuyét tat theo cong thirc (2.73).

Trong tinh s6 cho Au, AuSi, Pt, PtSi dé tinh dén anh hudng cua nat khuyét,
khoang nhiét do tinh toan duoc tinh tir 400 K dén 1200 K ddi véi Au, AuSi, tir 400 K
dén 2000 K ddi vai Pt, PtSi (dudi nhiét do nong chay cua kim loai va hop kim),
khoang &p suat nghién ctu tir 0 dén 12 GPa dd i véi Au, AuSi va tir 0 dén 80 GPa doi
V6i Pt, PtSi va khoang nong do nguyén tir xen k& Si tir 0 dén 5%. Trong so sanh
thuong chi ¢d sé liéu thuc nghiém cua hé sé dan nd nhiét va nhiét dung dang ap ¢ ap
suat khong. Thuong cac thong sé thé MLJ n-m dugc lay tir cong trinh [63].

Cac két qua tinh sb di véi cac dai luong nhiét dong cua Au, AuSi, Ptva PtSi
dugc cho trong cac bang tir Bang 2.2 dén Bang 2.6 va duoc minh hoa trén céc hinh

v& tir Hinh 2.3 @&én Hinh 2.14.
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Bang 2.2. Sy phu thudc cua cac dai lugng nhiét dong vao nhiét o, nong do Si va nong do
nat khuyét can bang di véi Au, AuSi li tuong (LT) va Au, AuSi co khuyét tat (KT) 6 P =0

Pai lwgng CS'T(K) 800 900 1000 | 1100 | 1200 1300
:

0 0,0786 | 0,1930 | 0,3942 | 0,7035 | 1,1341 | 1,6892

 (10°) 0,01 | 0,0368 | 0,0989 | 0,2170 | 04112 | 0,6970 | 1,0843

0,03 | 0,0081 | 0,0259 | 0,0657 | 0,1404 | 0,2633 | 0,4467

0,05 | 0,0017 | 0,0068 | 0,0199 | 0,0479 | 0,0995 | 0,1841

0 28756 | 2,8801 | 2,8848 | 2,8897 | 2,8946 | 2,8997

(10 m) 0,01 | 2,8876 | 2,8919 | 2,8962 | 2,9007 | 2,9052 | 2,9099

0,03 | 20119 | 2,9153 | 2,9189 | 2,9226 | 2,9263 | 2,9302

(LT) 0,05 | 2,9360 | 2,9388 | 2,9416 | 2,9445 | 2,9474 | 2,9505

0 28728 | 2,8774 | 2,8821 | 2,8869 | 2,8918 | 2,8969

(10 m) 0,01 | 2,8849 | 2,8891 | 2,8934 | 2,8978 | 2,9024 | 2,9070

0,03 | 20091 | 2,9126 | 2,9162 | 2,9198 | 2,9235 | 2,9273

(KT) 0,05 | 29333 | 2,9360 | 2,9388 | 2,9417 | 2,9446 | 2,9475

0 | 17,1955 | 17,8112 | 18,4664 | 19,1665 | 19,0175 | 20,7268

v (0K 0,01 | 16,2436 | 16,7416 | 17,2641 | 17,8149 | 18,3981 | 19,0180

o 0,03 | 14,5695 | 14,8857 | 15,2073 | 15,5370 | 15,8772 | 16,2299

0,05 | 13,1462 | 13,3324 | 13,5138 | 13,6933 | 13,8728 | 14,0539

0 | 17,2141 | 17,8321 | 18,4909 | 19,1966 | 19,9554 | 20,7751

o(10% K 0,01 | 16,2603 | 16,7597 | 17,2843 | 17,8383 | 18,4261 | 19,0523

) 0,03 | 14,5838 | 14,9005 | 15,2228 | 15,5537 | 15,8956 | 16,2507

0,05 | 13,1586 | 13,3451 | 13,5267 | 13,7067 | 13,8869 | 14,0689

. 0 | 26,7595 | 27,0936 | 27,4498 | 27,8326 | 28,2463 | 28,6959

0,01 | 26,6727 | 26,9912 | 27,3224 | 27,6704 | 28,0385 | 28,4299

(/MOL-K) 003 26,5380 | 26,8413 | 27,1426 | 27,4460 | 27,7570 | 28,0749

(LT 0,05 | 26,4485 | 26,7502 | 27,0411 | 27,3265 | 27,6095 | 27,8923

. 0 | 26,7615 | 27,0987 | 27,4606 | 27,8523 | 28,2787 | 28,7454

” 0,01 | 26,6736 | 26,9938 | 27,3283 | 27,6818 | 28,0580 | 28,4608

(IMOLK) =6 08 [ 26,5391 | 26,8420 | 27,1444 | 27,4507 | 27,7643 | 28,0873

(KD 0,05 | 26,4486 | 26,7504 | 27,0417 | 27,3279 | 27,6123 | 27,8975
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Hinh 2.3. n, (P, cg ) déi véi AuSi (KT)
tai T =1200 K
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Hinh 2.5. a(P, csi) d6i voi AuSi (LT)

va AuSi (KT) tai T = 1200 K
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Hinh 2.7. at(P, csi) dbi voi AuSi (LT) va
AuSi (KT) tai T = 1200 K
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Hinh 2.4. a(T, csi) d6i v&i AuSi (LT)
va AuSi (KT) tai P =12 GPa
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Hinh 2.6. at(T, csi) ddi véi AuSi (LT) va
AuSi (KT) tai P = 12 GPa

27.0

26.8

26.6 1

26.4 1

Cp (J/mol.K)

26.2

26.0

25.81
800

1000 1100 1200

T(K)

900 1300

Hinh 2.8. Cp(T, csi) d6i véi AuSi (LT)
va AuSi (KT) tai P = 12 GPa
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Hinh 2.9. Cp(P, csi) ddi vai AuSi (LT)
va AuSi (KT) tai T = 1200 K

Hinh 2.10. ny (T) ctia mot sb kim loai [37]

Déi va6i kim loai chinh Au trong AuSi tai ap suat khéng trong khoang nhiét
d6 tir 800 K dén 1300 K, nong do nut khuyét can bang ny ting tir 10°° dén 1073,
Piéu nay phu hop voi thuc nghiém va két qua cua [37] (xem Hinh 2.10). Khi
thém nguyén tir xen k& Si, ny giam rd rét theo nong d6 Si. Chang han nhu tai P = 0,
T = 800 K khi csi= 0, n, = 7,86.10° nhung khi csi = 5%, n, = 1,7.10° (Bang 2.2),
nghia 1a ny giam 4 lan. D6 1a do hé s6 xép chat cua AuSi 14 83,5% va né lon hon
nhiéu so va&i hé sé xép chat cia Au 1a 74%. Vi thé, cac nguyén tir sé bi han ché
sy di chuyén trong mot khoang khéng gian hep nén khé dich chuyén hon dé tao
thanh nat khuyét. Bén canh do, ny cua ca Au va AuSi déu bi anh huéng manh cua
&p suat P va nhiét d6 T. Khi P (hoic T) ting, cic thing gidng ting manh hon va
lam cho ny ciing taing manh. Chang han nhu tai P = 0 khi T tang tir 800 K dén
1300 K, ny ctia Au tang hon 100 1an va két qua tuong tu doi vai AuSi. Két qua
nay phu hop véi thyc nghiém. Do & vang T va P thap, ny rat nhoé nén khi dé ¢
thé xem tinh thé 14 Ii twuéng. Nhung & vung T va P cao, anh huang cua ny Ién tinh
chét co nhiét cua tinh thé la dang ké.

Cac két qua noi trén ciing dung d6i véi Pt va PtSi trén Bang 2.3 va céc

hinh vé tir Hinh 2.11 &én Hinh 2.14.
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Bing 2.3. Sy phu thugc cua cac dai luong nhiét dong vao nhiét do, nong d6 Si va nong do
nat khuyét can bang ddi véi Pt, PtSi (LT) va Pt, PtSi (KT) P =0

T(K
Dai lwong (9 800 900 1000 1100 1200 1300
Csi

0 0,0203 | 0,3461 | 2,2748 |8,6705 | 35,2858 | 92,6204

n(10'5) 0,01 | 0,0091 | 0,1843 | 1,3551 |5,5993 | 24,8526 | 69,4550

0,03 | 0,0018 | 0,0522 | 0,4809 |2,3351 | 12,3287 | 39,0569

0,05 | 0,0003 |0,0148 |0,1706 |0,9738 | 6,1159 | 21,9630

0 2,7496 | 2,7556 | 2,7617 |2,7680 | 2,7779 | 2,7882

a(10™m) 0,01 | 2,7624 | 2,7680 | 2,7736 |2,7794 | 2,7885 | 2,7979

(LT) 0,03 | 2,7881 | 2,7927 |2,7974 |2,8022 | 2,8097 | 2,8175

0,05 | 2,8137 | 28174 |2,8211 |2,8249 | 2,8308 | 2,8370

0 2,7460 | 2,7520 | 2,7581 | 2,7643 | 2,7740 | 2,7842

a(10'1°m) 0,01 | 2,7589 |2,7644 |2,7700 |2,7757 | 2,7846 | 2,7940

(KT) 0,03 | 2,7846 | 2,7891 |2,7938 |2,7985 | 2,8059 | 2,8136

0,05 | 28103 | 2,8139 | 28176 |2,8213 | 2,8272 | 2,8332

0 11,1525 11,6347 |12,1486 |12,7023 | 13,6231 | 14,6774

o (L0°K™) [ 70,01 |10,7080 11,1167 |11,5420 |11,9920 | 12,7252 | 13,5447

(LT) 0,03 | 99041 10,1936 |10,4779 |10,7667 | 11,2183 | 11,7010

0,05 | 9,1968 | 9,3958 |9,5753 |9,7477 | 10,0042 | 10,2653

0 11,1672 |11,6500 |12,1648 12,7198 | 13,6445 | 14,7065

ocT(10'6K'1) 0,01 |10,7219 |11,1312 |11,5572 |12,0080 | 12,7439 | 13,5688

(KT) 0,03 | 9,9165 |10,2064 |10,4911 |10,7804 | 11,2334 | 11,7188

0,05 | 9,2080 |9,4072 |9,5870 |9,7596 | 10,0167 | 10,2793

0 25,9063 [26,2641 26,6390 [27,0428 | 27,7205 | 28,5090

C.(J/molK) | 0,01 [258669 |26,2381 26,6108 |26,9998 | 27,6310 | 28,3376

(LT) 0,03 25,7992 |26,2044 |26,5890 (26,9597 | 27,5361 | 28,1418

0,05 25,7440 (26,1911 |26,5741 (26,9379 | 27,5263 | 28,0886

0 25,9063 |26,2642 [26,6397 27,0453 | 27,7306 | 28,5362

CP(J/mOI.K) 0,01 |25,8669 |26,2382 |26,6113 |27,0015 | 27,6382 | 28,3577

(KT) 0,03 25,7992 (26,2045 |26,5894 26,9604 | 27,5397 | 28,1531

0,05 25,7440 (26,1912 |26,5743 |26,9383 | 27,5282 | 28,0949
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Hinh 2.11. o; (T,cg ) d6i v6i PtSi (LT) va  Hinh 2.12. o (P, ¢ ) doi véi PtSi (LT) va

PtSi (KT) tai P = 80 GPa PtSi (KT) tai T=1700 K
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Hinh 2.13.C,, (T,cy ) d6i v6i PtSi (LT)va  Hinh 2.14. C, (P, cg;) doi véi PtSi (LT)
PtSi (KT) tai P = 80 GPa va PtSi (KT) tai T = 1700 K

Diéu khac biét 1a & cuing mot diéu kién vat i thi ny cia PtSi twong ung thap
hon ny ctia AuSi. Cu thé 1a tai cing P =8 GPa, T = 1200 K, csi = 1% thi ny = 9,137.10™
(Hinh 2.3) d6i véi AuSi va ny = 1,582.10°° dbi véi PtSi, nghia l1a ny nho hon 58 1an.
Tai P =0, nhiét d6 nong chay ciia Au la 1337 K va nhiét @6 nong chay cua Pt la 2057 K.
Diéu d6 c6 nghia 14 so va&i cac nguyén tir Au thi cac nguyén tir Pt lién két chat hon
véi mang tinh thé, can trg su hinh thanh nat khuyét. Bén canh d6, viéc thém vao Si
lam cho ny trong PtSi giam manh hon so v&i ny trong AuSi. Chang han nhu ddi véi PtSi
tai P =0, T =800 K khi ¢csi = 0, ny, = 2,03.10" va khi csi = 5%, ny = 3.10° (Bang 2.3)
nghia 13 n, giam 68 lan trong khi & ciing diéu kién ddi véi AuSi (Bang 2.2), ny chi giam
46 1an. Diéu nay 1a do su khac nhau vé hé sb xép chit cua hai hop kim. Hé s6 xép chat
cua AuSi 1a 83,5% va hé sé xép chat cua PtSi 1a 84,5% (xét cac 6 mang co xuat hién
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nguyén tir xen k&). Mac du PtSi c6 ny thap nhung do ta xem xét PtSi trén mot khoang
T va P rét rong Ién toi 2000 K va 80 GPa nén anh hudng cua ndt khuyét Ién tinh chat
co nhiét cua tinh thé 1 quan trong.

Tiép theo, xét anh hudng caa ny 18n khoang 1an can gan nhét trung binh (a), hé
s6 dan no nhiét ar va nhiét dung dang ap Ce cua AuSi va PtSi. Déi véi cac dai luong
nay cia AuSi va PtSi, co6 mot sé quy luat chung. Khi T ting, cac dai luong nay déu
tang, dac biét la ar. Khi P ting, cac dai lugng nay déu giam. Tuy nhién, khi xét dén
anh huong cia ndng do csi va ny thi xuat hién mot sé su khac biét. Khi csi ting, a ting
(nghia 1a mang bi bién dang manh) nhung a7 giam (nghia 14 tinh doi xang cia ham
thé tré nén cao hon) va Cp ciing giam. a cua IA c6 nut khuyét twong ang nho hon a
trong IA Ii twong. Doi voi AuSi, a thay doi tdi da 0,24% con dbi voi PtSi, a thay doi
t6i da 0,37%. ar, Cp cia 1A c6 nat khuyét twong tng 16n hon ar, Cp cuia 1A i tuéng.
ot clia AuSi tang t6i da 0,32%, con ar cua PtSi tang toi da 1,54%. Cp cua AuSi
tang t6i da 0,25%, con Cp cua PtSi tang t6i da 2,91%. Khi T va P cang cao, Csi cang
nho thi anh hudng cua nat khuyét 18n tinh chét co nhiét caa tinh thé cang manh.,

Dé chang to d6 tin cay trong céc két qua tinh sé trén, xét trudng hop gidi han
khi csi —0. Khi d0, cac két qua tinh sb d6i véi AuSi tré thanh céc két qua tinh s6 kim
loai Au nhu trong Bang 2.4 va Bang 2.5

Bang 2.4. Sy phu thudc cua hé sé dan no nhiét vao nhiét do dbi voi Au tai P =0

T (K) 400 | 500 | 600 | 700 | 800 1000 | 1200
at (LT)-SMM (10°%K™) | 15,0 | 155 | 16,0 | 16,6 | 17,1955 | 18,4664 | 19,9175
ar (KT)-SMM (10°K™) | 150 | 155 | 16,0 | 16,6 | 17,2141 | 18,4909 | 19,9554
ar -TN [2] (108 KY) 145 | 15,0 | 154 | 159 | 165 17,9 19,5

Bang 2.5. Sy phu thugc cia nhiét dung dang ap vao nhiét do dbi voi Au tai P =0

T (K) 400 500 600 700 800 1000 1200

Cp (LT)-SMM
25,5642 | 25,8571 | 26,15 | 26,4847 | 26,7595 | 27,4498 | 28,2463

(J/mol.K)

Cp (KT)-SMM
25,5642 | 25,8571 | 26,15 | 26,4847 | 26,7615 | 27,4606 | 28,2787

(J/mol.K)

Cr-TN [2]
25,8571 | 26,2755 | 26,7776 | 27,2797 | 27,8236 | 28,8696 | 29,9156

(J/mol.K)
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Ddi véi Au, sai sé cuc dai giira tinh toan va thuc nghiém [2] 13 4,4% d6i véi
ot tai 700 K va 5,4% d6i véi Cptai 1200 K, nghia 1a c¢6 su ph hop tét gitra tinh toan
va thuc nghiém trong mot khoang nhiét do rong. Két qua tinh toan dbi véi Ce ciia Au
c6 nat khuyét tot hon két qua tinh toan ddi véi Cpcua Au li twong. Tuy nhién, két qua
tinh toan dbi Vi ar cua Au ¢6 ndt khuyét kém hon két qua tinh toan ddi véi ar cua
Au 1i twdng mic du van trong pham vi sai s6 cho phép. Néu lam gan dung toi cac
momen bac cao hon thi mé hinh ly thuyét caa ching t6i s& tét hon.

Bang 2.6. Su phu thudc ciia nhiét dung dang ap vao nhiét do dbi voi Pttai P =0

T (K) 500 600 700 800 1000 1200
Cp (LT)-SMM (J/mol.K) | 25,3132 | 25,5224 | 25,6898 | 25,9063 | 26,6390 | 27,7205
Cp (KT)-SMM (J/mol.K) | 25,3132 | 25,5224 | 25,6898 | 25,9063 | 26,6397 | 27,7306
Cp -TN [100] (J/mol.K) 26,9868 | 27,4889 | 28,0328 | 28,5767 | 29,6645 | 30,7942

Ddi véi Pt ciing co két qua twong tu trén Bang 2.6. Két qua tinh toan ddi véi
Cr cua Pt c6 nat khuyét tét hon két qua tinh toan d6i véi Cp cuia Pt 1i twong. Khi nhiét
d6 cang cao thi sai sb giita tinh toan va thyc nghiém [100] cang 16n nhung sai sé cuc

dai chi dén 15%. Do d6, két qua tinh toan thu dugc dam bao do tin cay.
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Két luan chwong 2

T mo hinh va ly thuyét nhiét dong cua IA AC 1i tudng véi cau tric 1ap
phuong duoc thiét 1ap bai SMM, chdng tdi xay dung ly thuyét nhiét dong cua 1A
AC c6 khuyét tat véi cau tric lap phuong. Cu thé 1a chung toi da rat ra cac biéu
thuc giai tich tong quét caa do doi cua hat khoi nat mang, khoang 1an can gan nhat
trung binh gitta hai nguyén ti, ndong do nat khuyét can bang, ning luong tu do
Helmholtz, cac dai lugng nhiét dong nhu hé sé dan né nhiét, cac hé sb nén dang
nhiét va doan nhiét, cic médun dan hoéi dang nhiét va doan nhiét, nang lugng,
entrdpi, cac nhiét dung dang tich va dang ap, thong sé Gruneisen phu thudc vao
nhiét do, ap suat, nong do6 nguyén tir xen k& va nong do nat khuyét can bang doi
véi cac IA AC c6 khuyét tat véi cau trac lap phuong.

Ap dung két qua Iy thuyét, thé Mie-Lennard-Jones n-m, phwong phap qua cau
phdi vi, ching tdi thuc hién tinh sb ddi véi cac kim loai Au, Pt va cac hop kim AusSi,
PtSi. Cac két qua tinh toan cho cac dai lugng nhiét dong cua hop kim cé khuyét tat
phU hop véi cac két qua tinh todn dbi véi hop kim Ii twuong. Trong truong hop khi
nong do nguyén tir xen k& bang khong, ta thu duoc cac dai lwgng nhiét dong caa Au,
Pt c6 khuyét tat gan vai thuc nghiém hon so vai truong hop cua Au, Pt Ii tuong. D6
1a co s& dé ching to cac két qua tinh toan tinh chét nhiét dong cua cac 1A AuSi, PtSi
c6 khuyét tat 1a phu hop. Di véi 1A c6 khuyét tat, ndng do ndt khuyét can bang ting
theo nhiét 6 va giam khi nong do nguyén tir xen k& ting. Duéi anh huong cua ndng
d6 nat khuyét can bang, cac dai lugng nhiét dong caa 1A c6 khuyét tat van gitr nguyén
tinh chat nhu ddi véi truong hop 1i twong. Tuy nhién cac gia trj cua ching co su thay
d6i nhat dinh so véi truong hop i tuong.

Trén co so cac két qua ly thuyét nhiét dong caa IA AC c6 khuyét tat thu duoc
trong chuong nay, ching t6i xay dung Iy thuyét nhiét dong caa IA ABC cd khuyét tat

VGi cau triic 1ap phuong trong chuong 3.
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CHUONG 3
TINH CHAT NHIET PONG CUA HOP KIM XEN KE TAM NGUYEN
CO KHUYET TAT VOI CAU TRUC LAP PHUONG

Nhu di trinh bay & Chuong 2 d6i véi hé hai thanh phan (IA AC), chuong nay
ching tdi sir dung SMM va phuong phap qua cau phéi vi dé nghién cttu hop kim xen
k& tam nguy@n (hop kim thay thé AB xen k& nguyeén tir C) ¢ khuyét tat. Bang céch xay
dung cé4c biéu thic giai tich tong quét cua ning luong ty do, d doi caa hat khoi nit
mang, khoang 1an can gan nhat trung binh giita hai nguyén tir, nong do nat khuyét
can bang, cac dai lugng nhiét dong caa IA ABC. Khi nong d6 nguyén tir thay thé B
bang khong, ly thuyét nhiét dong caa IA ABC thu dugc trg thanh Iy thuyét nhiét dong
cua IA AC. Bé chiang minh su ding din ciia cac biéu thic giai tich trén, ching toi
thuc hién tinh sé cho cac biéu thirc giai tich d6. Cu thé tinh sé cho 1A AuCusSi, PtCuSi,
FeCrSi va VWS dbi voi ndng do nut khuyét can bang, hé sé dan nd nhiét, nhiét dung
dang ap. Két qua thu duoc phu hop t6t v6i két qua tinh sb ciia kim loai va IA AC.

M6t phan noi dung chuong nay duoc cong bé trong [CT1, CT4, CT6].

3.1. Hop kim xen ké tam nguyén li twéng véi cau tric 1ap phwong
3.1.1. M6 hinh hop kim

Hinh 3.1. M6 hinh IA ABC véi ciu triic FCC

M hinh IA ABC véi cau triic FCC, nguyén ti thay thé B thay thé cho nguyén tu
kim loai chinh A goi 12 A1 nam & tam mat, nguyén tir xen k& C nam ¢ tm khéi va nguyén

tir kim loai chinh A goi 12 A2 nim & cac dinh ciia 6 co so lap phuong (Hinh 3.1).
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Hinh 3.2. M6 hinh 1A ABC véi ciu triic BCC

M6 hinh 1A ABC véi cau tric BCC, nguyén tir thay thé B thay thé cho nguyén tir
kim loai chinh A goi 12 A1 nam & tam khdi, nguyén tir xen k& C nam & tam mat va nguyén
tir kim loai chinh A goi 1a A2 nam & cac dinh cta 6 co so lap phuong (Hinh 3.2).

3.1.2. Nang lwong tw do Helmholtz

Nang luong tu do Helmholtz ciia IA ABC i twong véi cau triic lap phuong tng Voi

mat nguyén tir thoa man diéu kién ndng do ¢, << ¢, << c¢, duogc xac dinh boi [103]
W pge = Pac +NCg ('//B _‘//A)"'TScAC ~TS. =

N (CAV/A TCWe +CA W TCAY A +Cs¥W5 _CBV/A)+TSCAC ~TS/™ =
N

I:(CA —Cq )l//A +CpWp +CclWc +CAWA +CA2V/A2:|+TSCAC ~TS™ =

=N D Gy +TSSC TS/, (3.1)

X=AB,C,A A,

trong d6 N 12 s6 nguyén tir cua IA ABC, W, 13 ning lugng tu do Helmholtz cua 1A
AC Vi cau tric lap phuong va c6 dang (2.1), w, (X=A, B, C, A, A,) 1a ning lugng tur
do Helmholtz ciia mét nguyén tir X, S2° 1a entrdpi cau hinh caa IA ABC, S laentropi
cau hinh cia IA AC, c,=1-c,-7c.,C, =2C;,C, =4c, ddi voi mang BCC va
¢, =1-¢, —15¢., ¢, =1-15¢;, ¢, =6c.,C, =8¢ dbi voi mang FCC.
3.1.3. Ning lwong lién két va cdc thong sé hop kim

Céc biéu thic cua nang luong lién két u, va cac thong so tinh thé k,7,7,,7
dbi vai cac nguyén tir C, Az, Az cua IA AC trong IA ABC véi ciu tric BCC c6 dang
cac cong thic tir (2.2) dén (2.20) [103].

Céc biéu thuc cua niang lugng lién két u, va cac théng so tinh thé k, 7, 7,, 7 ddi
VGi cac nguyén tir C, Ar, A2 caa IA AC trong IA ABC Vi cau tric FCC c6 dang cac
cong thac tir (2.21) dén (2.39) [103].
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3.1.4. Khodng ldn cdn gt’z“n nhat trung binh giita hai nguyén tw
Khoang lan can gan nhat trung binh a,. _m gitta 2 nguyén tu A trong
IA AC véi cau tric lap phuong & ap suat P va nhiét ¢ T dugc xac dinh nhu cac cong
thie tir (2.41) dén (2.43).
Khoang lan can gan nhat trung binh giira 2 nguyén tir A trong 1A ABC thuc

Vi cau tric 1ap phuong tai &p suat P va nhiét d6 T duoc xac dinh boi

a'ABC =CACaAC BERC +C r1B Bﬂ ! BT _CACBTAC +C BTB’ AC _CA+CC' aABC - ABC(P T)l
oy 1 [az\yﬁcj 2P+%1(82W§J
B~ 1 Ve 3N, \ dag. ) BF 1 Ve 3\ org ).
AC — - ’ B — - !
ZTRAC 3( Apc )3 ZTRB 3(%]3
aOAC rOB

ol oy RV
~ N 1-nn +n, (B, -1)|c, | —% | +nnc, | —2-| &,
[ aaicz: ] AC; |: vl v( X ):' X a[ﬁ( i v 1Y X 6'?&)2 i

O’y O’y O’y
( o | _ NB[l—nVn1+nv(BB —1)] - T +n,n, —or K

1B

LSy ) iUy | ey | Ok 1 [0k, i
3l oy ) 6l any ) 4k | oy 2k, \ony ) |

2 (1) 2,,(0) @ | A2, @ @ \?
1(8 y(/nz ] :1(8 l?l%;] + hw();) ‘ i((Sz - 1(1) [ak?n] : (3.2)
3l ony” ). 6lony” | 4k | oy 2kg | on
O day, phép 14y tong trong biéu thirc cua (6 V/AC] dugc thuc hiéntheo A, C, A, A,.
aAC T

2

2
X trong biéu thic cia <[ 2¥< | cothéla A, B, C, A, A,
3\ day ).

3.2. Hop kim xen ké tam nguyén c6 khuyét tat véi cAu tric lap phwong

3.2.1. Nang lwong tw do Helmholtz
Xét IA ABC vai ciu tric 1ap phuong va sé nguyén tir & N =N, +Ng + N,

thoa man
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N N N
ccz—ﬁl<<ch—N§<<cA=—Nﬁ. (3.3)

Nang luong tu do . cia IA ABC li tuong trng véi mot nguyén tir dugc xac dinh
tir (3.1). Khi trong mang c6 n ndt khuyét ¢ cac nit mang, nang luong tu do cua 1A
ABC thuc tng vai mot nguyén tir co dang

- f TS e
Wasc =¥ aec +NY, (ABC) - N (3.4)

trong d6 S*°* la entrpi cau hinh ciia hdn hop cac nguyén tir A, B, C va nit khuyét,
g (ABC) la sy thay doi thé nhiét dong Gibbs ting véi mot nguyén tir caa 1A ABC c6
khuyét tat dé tao thanh mot nat khuyét va duoc xac dinh theo sy phan bd nong do
nguyén tu

g, (ABC)= >, ¢g,(X), (3.5)

X_AB.C.AA,
trong d6 g (X) la su thay doi thé nhiét dong Gibbs ting véi mot nguyén tir ctia vat
licu X c6 khuyét tat dé tao thanh mot nit khuyét. Phép lay tong trong (3.5) duoc thyuc
hién theo A, B, C, A,, A,. Trong phép gan dung mot qua cau phdi vi,

u
g, (X)=nl(%(<1) _‘//x)+A‘//x' Ayy :(Bx _1)‘//X1B>< ~ 1+ (3.6)

Vx
O day, n1 la s6 nguy@n tir trén qua cau phdi vi thir nhét, ® 1a nang luong tu do cua
mot nguyén tir X trén qua cau phdi vi thir nhat c6 tam la nat khuyét, Ay, 1a su thay
d6i nang luong tu do caa nguyén tir X khi doi khoi vi tri ndt mang dé tao thanh nit

khuyét. Khi do,

g, (ABC) = Cx |:n1('//§<1) —¥x )+(Bx _1)l//x ] (3.7)
X=AB.C.ALA
Do do,
Vasc = CxWx _%(ScABC"'ScABC*_ScAC)"'
X=AB.C,A A
+N Cx [nl('//§<l)_‘//x)+(Bx _1)'//x]' (3.8)
X=AB.C,A A
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O diéu kién can bang, n = nyva ning luong tu do cua 1A ABC thyc c6 dang

\Pch = N\Pch =N Z {I:l_ nn, +n, (Bx _1)ch‘//x +nvnch{//§<l)}—
X=AB.C,A,A
=T (S5 + 8% —8/°) (3.9)

3.2.2. P$ doi ciia nguyén tir tiv vi tri cdn bang
Do doi nguyén tir tir vi tri can bang trong 1A ABC c6 khuyét tat véi cau tric 1ap

phuong dugc xac dinh boi
1
y = LIN=nn=nn)y, +nny, ] (3.10)

trong d6 Y, 1a 46 doi cua nguyén ti tir vi tri can bang trong hop kim 1i twong, y, 1a
d6 doi cua nguyén tir trén qua cau phdi vi tht nhat tir vi tri can bang, ni va nz 1a sé
nguyeén tir trén qua cau phéi vi thr nhat va thi hai.

Déi véi mang BCC,
1
y:W[(N ~14n)y, +8ny, ]. (3.11)
Déi véi mang FCC,
1
yzﬁ[(N —~18n)y, +12ny, |. (3.12)

Tir d6, ta c6 thé xac dinh khoang 1an can gan nhat trung binh trong IA ABC c6 khuyét
tat véi cau trdc lap phuong. Ta c6 thé lam gan dung nd vai khoang lan can gan nhat
trung binh trong IA ABC 1i tuéng vai cau trdc lap phuong.
3.2.3. Nong d¢ nut khuyét cin bang
Tir diéu kién cuc tiéu cia ning luong ty do Helmholtz caa hop kim ¢ &p suat
khong hoic thé nhiét dong Gibbs caa hop kim dudi tac dung cua 4p suét suy ra nong
do nat khuyét can bang ciia IA ABC c6 khuyét tat véi cau tric lap phuong nhu sau
n/®¢ = exp[——gvf (ABC)J =n} exp[—MJ exp[—wj,
T Keo T Ko T
Y. 0, (X) (3.13)

= u
n;' =exp — AYA&YA;( T .9y (X):nl(W§<l)_‘//x)+(Bx _1)V/X’Bx 1+
Bo Vx
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3.3. Cac dai lwong nhiét dong
3.3.1. H¢ s6 nén ding nhiét va médun dan héi ding nhiét

Hé sb nén dang nhiét va modun dan hdi dang nhiét ddi véi IA ABC thyc bang [103]

3
3[ aABC]
a, 1
ZTRABC = > = R ’BTRABC ="%R®
2p+mm1(mj
2
Vige 3N\ Galge T
2\ R 2.1
i(”%} ~ {[1—nvnl+n ~1) ]y —( . ] +n,N,C, (6 ‘(Vm] }
3N aaABC T X=ABCAA a1>< 3 a1>< T
LSy ) iUy | ey | Ok 1 [0k, i
3l oy )6l any ) 4k | oy 2Kk, \ony ) |
YFyP) () el | k@ 1 (k@Y | (3.14)
3 8r(1’2 N 6 8!’&)2 N 4k)((1) 6!’&)2 2k>((1) 6r&)

O day, c,=1-C,—7c,, C, =2C;, C, =4c. ddi voi mang BCC va ¢, =1-c, —15¢,,

c, =6c., ¢, =8c. dbi voi mang FCC. Cac dai lugng c6 chi s6 trén 13 1 1a cac dai
lwong caa nguyén tir X trén qua cau phdi vi thir nhat c6 tam 1a nat khuyét.
3.3.2. H¢ 56 diin né nhigt

Hé s6 dan ng nhiét d6i voi IA ABC thyuc ¢ dang [103]

o \/_kBoZTABc 1 aZIPch
™ T 3a,.. 3N odea,

2 2 2 (1)
L OWpee > {[1—nvn1+nv(BX —1)]0X 10y +n,nc, = L 0 }
3N 0fba,,.  x_niCan, 3 o6er,, 3 060

o =_\/EkBOZTX 1 0wy
" 3y 3060n,
2 2 k
}a‘//x:zx akx_l_zza Jix Ky (2 YZ)
3o06or, 2k, on, ki |3k, ony

10y (4+Yx +Z>2<)— 272x OKy 0oy Y, 22 |z, = .Xx ’
6 ory Ky Ony, Ony sinh X

o __\/Ekeolr(lx) 1 0%y

" 3ri? 3odry

62



1% 7297 ok N 20 | 7 okg (2+Y‘1)Z(l)2)—
306 2k® or® kP2 | 3P orY o
1oy W w2y (275 K R Vvarwme | yo X
s ad (4+YX +Z7 )— o oD yhz®2 | 74 = G (3.15)

trong d6 oy, l1a hé ddn no nhiét cia mot nguyén ta X, «f 1a hé dan ng nhiét cua mot
nguyén tir X trén qua cau phdi vi thir nhat c6 tdm 1a nat khuyét.
3.3.3. Nang luong

Nang luong cua IA ABC thuc dugc xac dinh béi [103]
Emc=N Y {[1— n,n,+n, (By —1) |y E, +n,nc, EQ’},
X=A,B,C,A A,

2
E, =Uy +E,, +3;(i2{;/ % +713X (2+z§)—2yzxvxzi}, E,, =30, ,
X

2 @
e -ul B SN (2 207) - 2207 - 200, (3.16)
X

trong d6 E, 1a nang lvgng cua mot nguyén tir X, EY 13 nang lwgng cua mot nguyén
tr X trén qua cau phdi vi thir nhat ¢d tam 1a nat khuyét.
3.3.4. Entropi

Entropi cua IA ABC thyuc dugc cho bai [103]

Ske=N > {[1—nvn1+nV(BX ~1)]c, Sy +nvnchS§l’},

X=AB.C.A.A

S, =S,y +3li<<520¢9{7/1?x(4+Yx +Z5 )= 27, Yy zx}, Sox =3Kkg,0[ Yy —In(2sinhx, )],

X

ke, | 7Y
SP =S% + kg;z {%X(vaﬂuz;l’z) 2y9Y Pz,
X

S5 =3ke, 0] Y ~In(2sinh x?) |, (3.17)
trong d6 S, la entropi cia mot nguyén tr X, S® la entropi cia mot nguyén tir X trén
qua cau phdi vi thir nhat c6 tam 1a nat khuyét.

3.3.5. Nhigt dung ding tich
Nhiét dung dang tich cua 1A ABC thuc c6 dang [103]
Che=N > {[1—nvn1+nV (Bx —1)]cxCyx + 0,0,y (i’}

X=AB.C,A.A

20
Cux =3Ks, {Zz K2 (272x +7/1?ij)<2>2< +7/1?X(1+Z>2< )_72>< (Zf( +Y<Zx )}},
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(6] ()]
X

trong d6 C,, la nhiét dung dang tich ciia mot nguyén tir X, C 1a nhiét dung dang
tich cia mot nguy@n tir X trén qua cau phéi vi thir nhat c6 tam Ia nat khuyét.
3.3.6. Nhigt dung ding dp

Nhiét dung dang ap dbi vai IA ABC thuc bing [103]

CRye =CR 9TVABC“TABC (3.19)

ABC
TABC

3.3.7. H¢ so nén doan nhiét va modun dan hoi doan nhiét

Hé s6 nén doan nhiét va modun dan héi doan nhiét ddi véi 1A ABC thyc 12 [103]

1
Xopsc = g\;ABC Hrasc Borac ="Rr (3.20)
PABC SABC
3.3.8. Théng sé Gruneisen
Thong sé Gruneisen d6i voi IA ABC thyuc dugc xac dinh boi [103]
R 3aTABC ABC (3.21)

onec = ZTABCCVABC

3.4. Két qua tinh s cac dai lwong nhiét déng ciia hop kim xen ké AuCusSi, PtCuSi,
FeCrSi va VWSi

Str dung thé MLJ n-m (2.84) cho cac hop kim AuCuSi, PtCuSi, FeCrSi va
VWSi. Cac thong sb thé MLJ d6i vai cac hop kim nay duoc cho trong Bang 2.1 va
Bang 3.1 thu dugc céc két qua sau:
3.4.1. Két qui tinh sé cdc dai lrpng nhiét dong ciia AuCuSi, PtCuSi c4u triic FCC

Bang 3.1. Cac thong s thé MLJ n-m [63]

Twong tac m n D (1016 erg) ro (101°m)
Cu-Cu 55 11 6469,518 2,5487
Fe-Fe 7 11,5 6416,448 2,4775
Cr-Cr 6 15,5 6612,960 2,4950
V-V 55 9 7979,988 2,6055
W-W 6,5 10,5 15564,744 2,7365

Céac két qua tinh sé dbi voi AuCuSi, PtCuSi duoc cho trong cac bang tir
Bang 3.2 dén Bang 3.5 va duoc minh hoa trén céc hinh v& tir Hinh 3.3 dén Hinh 3.25.
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Bang 3.2. Su phu thugc cua cac dai luwgng nhiét dong vao nhiét do, nE‘)ng do Siva néng do nat
khuyét can bang ddi véi AuCu, AuCuSi (LT) va AuCu, AuCuSi (KT) tai P =0, ¢, = 10%

T (K
Pai lwgng AR 900 1000 | 1100 | 1200 | 1300
Csi

0 0,0668 | 0,1847 | 0,4156 | 0,8053 | 1,3943 | 2,2130

n, (1073 0,01 0,0260 | 0,0798 | 0,1952 | 0,4051 | 0,7428 | 1,2378

0,03 0,0039 | 0,0149 | 0,0431 | 0,1025 | 0,2108 | 0,3873

0,05 0,0006 | 0,0028 | 0,0095 | 0,0259 | 0,0598 | 0,1211

0 2,8337 | 2,8396 | 2,8457 | 2,8521 | 2,8587 | 2,8657

a(10™m) 0,01 2,8457 | 2,8514 | 2,8573 | 2,8635 | 2,8698 | 2,8765

(LT) 0,03 2,8692 | 2,8745 | 2,8798 | 2,8854 | 2,8911 | 2,8970

0,05 2,8923 | 2,8969 | 29016 | 2,9065 | 2,9114 | 2,9165

1 0 2,8318 | 2,8380 | 2,8444 | 2,8510 | 2,8580 | 2,8653
a(lo"m)

001 | 2,8437 | 2,8497 | 2,8559 | 2,8622 | 2,8689 | 2,8759
(KT)

0,03 2,8671 | 2,8729 | 2,8780 | 2,8837 | 2,8896 | 2,8957

0,05 2,8899 | 2,8946 | 2,8993 | 2,9042 | 2,9092 | 2,9144

0 19,7435 | 20,5128 | 21,3380 | 22,2278 | 23,1931 | 24,2477

a; (10° K™) 0,01 | 18,1823 | 18,7722 | 19,3943 | 20,0542 | 20,7583 | 21,5147

(LT) 0,03 | 15,6732 | 16,0206 | 16,3747 | 16,7391 | 17,1170 | 17,5118

0,05 | 13,7456 | 13,9443 | 14,1382 | 14,3308 | 14,5247 | 14,7221

0 20,3025 | 21,1056 | 21,9703 | 22,9081 | 23,9331 | 25,0632

o, (10° K™) 0,01 | 18,6960 | 19,3120 | 19,9632 | 20,6568 | 21,4013 | 22,2071

(KT) 0,03 | 16,1152 | 16,4796 | 16,8517 | 17,2357 | 17,6358 | 18,0564

0,05 | 14,1328 | 14,3432 | 14,5491 | 14,7545 | 14,9625 | 15,1759

0 26,7063 | 27,0355 | 27,3880 | 27,7686 | 28,1822 | 28,6348

Co(J/mol.K) | 0,01 | 26,5778 | 26,8797 | 27,1930 | 27,5215 | 27,8682 | 28,2362

(LT) 0,03 | 26,4065 | 26,6835 | 26,9565 | 27,2291 | 27,5036 | 27,7811

0,05 | 26,3166 | 26,5939 | 26,8580 | 27,1137 | 27,3635 | 27,0688

0 26,7077 | 27,0393 | 27,3961 | 27,7833 | 28,2063 | 28,6703

0,01 | 26,5783 | 26,8813 | 27,1970 | 27,5292 | 27,8818 | 28,2576

C, (J/mol.K)
0,03 | 26,4067 | 26,6839 | 26,9574 | 27,2313 | 27,5078 | 27,7884

(KT)

0,05 | 26,3167 | 26,5940 | 26,8583 | 27,1143 | 27,3648 | 27,6114
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Bing 3.3. Sy phu thudc cua cac dai luong nhiét dong vao nhiét do, nong d6 Cu va nong do
nat khuyét can bang di véi AuSi, AuCuSi (LT) va AuSi, AuCuSi (KT) tai P = 0, csi = 1%

T (K
Pai lwgng ® - g0o 900 1000 | 1100 | 1200 | 1300
Ccu

0 0,0368 | 0,0989 | 0,2170 | 0,4112 | 0,6970 | 1,0843

0 (10%) 0,04 0,0393 | 0,1670 | 0,2674 | 0,4534 | 0,7573 | 1,1093

0,06 0,0427 | 01711 | 0,2762 | 0,4698 | 0,7847 | 1,1506

0,08 0,0443 | 0,753 | 0,2855 | 0,4871 | 0,7931 | 1,1934

0 2,8876 | 2,8919 | 2,8962 | 2,9007 | 2,9052 2,9099

a(10™m) 0,04 2,8867 | 2,8720 | 2,8774 | 2,8829 | 2,8886 | 2,8946

(LT) 0,06 2,8597 | 2,8651 | 2,8707 | 2,8764 | 2,8824 | 2,8886

0,08 2,8526 | 2,8582 | 2,8640 | 2,8699 | 2,8761 | 2,8826

0 2,8849 | 2,8891 | 2,8934 | 2,8978 | 2,9024 2,9070

a(10™m) 0,04 | 2,8646 | 2,8700 | 2,8756 | 2,8814 | 2,8875 | 2,8937

(KT) 0,06 2,8576 | 2,8632 | 2,8690 | 2,8751 | 2,8813 | 2,8878

0,08 2,8506 | 2,8564 | 2,8624 | 2,8686 | 2,8751 | 2,8819

0 16,2436 | 16,7416 | 17,2641 | 17,8149 | 18,3981 | 19,0180

a; (10° K™) 0,04 | 16,1211 | 16,6951 | 17,2916 | 17,9262 | 18,6009 | 19,3220

(LT) 0,06 | 16,1419 | 16,7188 | 17,3262 | 18,1693 | 18,6537 | 19,3866

0,08 | 16,1623 | 16,7457 | 17,3605 | 18,2120 | 19,0062 | 19,4509

0 16,2603 | 16,7597 | 17,2843 | 17,8383 | 18,4261 | 19,0523

a; (10° K™) 0,04 | 16,3261 | 16,9072 | 17,5198 | 17,9698 | 18,8642 | 19,6112

(KT) 0,06 | 16,4496 | 17,0422 | 17,6676 | 18,1321 | 18,9930 | 19,8093

0,08 | 16,5729 | 17,1771 | 17,8154 | 18,3944 | 19,0320 | 20,0079

0 26,6727 | 26,9912 | 27,3224 | 27,6704 | 28,0385 | 28,4299

Co(J/mol.K) | 0,04 | 26,6294 | 26,9366 | 27,2560 | 27,5911 | 27,9451 | 28,3210

(LT) 0,06 | 26,6121 | 26,9176 | 27,2349 | 27,5678 | 27,9193 | 28,2926

0,08 | 26,5949 | 26,8986 | 27,2139 | 27,5446 | 27,8937 | 28,2643

0 26,6736 | 26,9938 | 27,3283 | 27,6818 | 28,0580 | 28,4608

Co(J/mol.K) | 0,04 | 26,6299 | 26,9381 | 27,2594 | 27,5959 | 27,9572 | 28,3405

(KT) 0,06 | 26,6127 | 26,9191 | 27,2384 | 27,5750 | 27,9319 | 28,3127

0,08 | 26,5954 | 26,9001 | 27,2177 | 27,5520 | 27,9067 | 28,2850
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Bing 3.4. Sy phu thugc cua cac dai luong nhiét dong vao nhiét do, nong do6 Si va nong do
nat khuyét can bang ddi véi PtCu, PtCuSi (LT) va PtCu, PtCuSi (KT) tai P = 0, ccu = 10%.

Pai lwgng CS_T(K) 800 1000 1200 1400 1700 2000
i

0 0,0107 | 0,1545 | 0,9089 | 3,2010 | 11,8182 | 23,2395

n (109 0,01 0,0046 | 0,0774 | 0,5094 | 1,9442 | 7,8201 | 16,3406

0,03 0,0009 | 0,0194 | 0,1600 | 0,7172 | 3,4241 | 8,0789

0,05 0,0001 | 0,0049 | 0,0503 | 0,2646 | 1,4992 | 3,9942

0 2,7385 | 2,7456 | 2,7531 | 2,7608 | 2,7733 | 2,7867

a(10™m) 0,01 2,7508 | 2,7577 | 2,7647 | 2,7720 | 2,7838 | 2,7964

(LT) 0,03 2,7756 | 2,7817 | 2,7880 | 2,7945 | 2,8049 | 2,8159

0,05 2,8005 | 2,8059 | 2,8114 | 2,8170 | 2,8260 | 2,8353

0 2,7359 | 2,7433 | 2,7510 | 2,7591 | 2,7721 | 2,7861

a(10™m) 0,01 2,7482 | 2,7552 | 2,7625 | 2,7701 | 2,7823 | 2,7954

(KT) 0,03 2,7729 | 2,7791 | 2,7855 | 2,7921 | 2,8028 | 2,8140

0,05 2,7976 | 2,8030 | 2,8085 | 2,8142 | 2,8232 | 2,8326

0 11,6966 | 12,2482 | 12,8429 | 13,4948 | 14,6188 | 15,9828

o, (10° K™ 0,01 11,2185 | 11,6862 | 12,1787 | 12,7091 | 13,6060 | 14,6695

(LT) 0,03 10,3567 | 10,6889 | 11,0201 | 11,3634 | 11,9236 | 12,5631

0,05 9,6016 | 9,8315 | 10,0437 | 10,2534 | 10,5834 | 10,9490

0 12,0109 | 12,5905 | 13,2188 | 13,9154 | 15,1509 | 16,7472

o, (10°° K™) 0,01 11,5205 | 12,0130 | 12,5349 | 13,1035 | 14,0942 | 15,3559

(KT) 0,03 10,6364 | 10,9885 | 11,3426 | 11,7151 | 12,3458 | 13,1382

0,05 9,8618 | 10,1077 | 10,3381 | 10,5710 | 10,9569 | 11,4467

0 25,8739 | 26,2226 | 26,5814 | 26,9580 | 27,5419 | 27,9882

C, (J/mol.K) 0,01 25,8295 | 26,1884 | 26,5406 | 26,8960 | 27,4176 | 27,7528

(LT) 0,03 25,7532 | 26,1410 | 26,4930 | 26,8254 | 27,2694 | 27,4641

0,05 25,6909 | 26,1167 | 26,4820 | 26,8105 | 27,2213 | 27,3479

0 25,8740 | 26,2229 | 26,5833 | 26,9642 | 27,5619 | 28,0172

C, (J/mol.K) 0,01 25,8296 | 26,1886 | 26,5417 | 26,8998 | 27,4313 | 27,7747

(KT) 0,03 25,7533 | 26,1411 | 26,4934 | 26,8268 | 27,2757 | 27,4762

0,05 25,6910 | 26,1168 | 26,4821 | 26,8111 | 27,2243 | 27,3544
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Bing 3.5. Sy phu thugc cua cac dai luong nhiét dong vao nhiét do, nong d6 Cu va nong do
nat khuyét can bang ddi véi PtSi, PtCuSi (LT) va PtSi, PtCuSi (KT) tai P = 0, csi = 1%.

Pai lwgng CCT (9 800 1000 1400 1700 2000
u

0 0,0091 1,3551 12,748 57,306 | 163,161
\ (109 0,04 0,0098 1,533 15,092 64,894 | 163,259
0,06 0,0143 1,604 16,422 69,057 | 163,308
0,08 0,0199 1,684 17,868 73,487 | 163,357

0 2,7624 2,7736 2,7804 2,7894 | 2,7989

a(10™m) 0,04 2,7585 2,7645 2,7771 2,7873 | 2,7980
(LT) 0,06 2,7560 2,7623 2,7755 2,7861 | 2,7975
0,08 2,7534 2,7599 2,7738 2,7850 | 2,7969

0 2,7589 2,7700 2,7782 2,7876 | 2,7975

a(10™m) 0,04 2,7557 2,7620 2,7750 2,7856 2,7967
(KT) 0,06 2,7533 2,7598 2,7734 2,7845 | 2,7963
0,08 2,7507 2,7575 2,7718 2,7834 | 2,7958
0 10,7080 | 11,5420 | 11,9920 | 12,7252 | 13,5447
o, (10° K™) 0,04 10,9070 | 11,6082 | 12,2696 | 13,0644 | 13,9746
(LT) 0,06 11,0090 | 11,6520 | 12,4129 | 13,2403 | 14,1991
0,08 11,1128 | 11,7680 | 12,5593 | 13,4208 | 14,4306
0 10,7219 | 11,5572 | 11,9939 | 12,7436 | 13,5705
o, (10° K™) 0,04 11,0244 | 11,6651 | 12,4229 | 13,2567 | 14,2518
(KT) 0,06 11,1868 | 11,7442 | 12,6446 | 13,5285 | 14,6084
0,08 11,3521 | 11,8268 | 12,8714 | 13,8076 | 14,9762
0 25,8669 | 26,6108 | 26,9999 | 27,6312 | 28,3377
Cp (J/mol.K) 0,04 25,8514 | 26,2173 | 26,9564 | 27,5423 | 28,0976
(LT) 0,06 25,8439 | 26,2074 | 26,9356 | 27,4996 | 27,9805
0,08 25,8366 | 26,1977 | 26,9154 | 27,4579 | 27,8655
0 25,8669 | 26,6113 | 27,0026 | 27,6421 | 28,3661
C, (J/mol.K) 0,04 25,8515 | 26,2175 | 26,9595 | 27,5543 | 28,1234
(KT) 0,06 25,8440 | 26,2075 | 26,9389 | 27,5121 | 28,0050
0,08 25,8367 | 26,1979 | 26,9190 | 27,4711 | 27,8887
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Hinh 3.23. Cp(T, ccu) d6i v6i PtCuSi(LT)

va PtCusSi (KT) tai P = 80 GPa, csi = 1%
Déi véi AuCusSi, trong khoang
P=0+12GPa, T =800+1300K thi nong
d6 nut khuyét can bang o trong khoang
tir 105 d¢én 1073, Két qua nay phu hop
t6t voi thuc nghiém dbi voi Au & cac
nhiét do va 4p suat cao. Bén canh do,
nv phu thuéc manh vao Tva P. Khi T
va P ting, ny ciing tang. O gan nhiét do
nong chay cua Au, ny tang manh. Do &
T va P thap, ny rat nho nén khi d6 hop
kim duoc coi la li twuong. Con 6 T va P
cao, ny 1a dang ké va khong thé bo qua

Hinh 3.24. Cp(P, csi) dbi véi PtCuSi(LT)
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anh huong caa nat khuyét. ny ciing thay ddi rd rét theo csi. Khi csi tang, ny giam manh.
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Chang han nhu tai ccy = 10%, T = 1300 K, P = 8 GPa khi csi = 0, ny = 2,6867.10° va khi
csi = 1%, n, = 1,5794.10° (Hinh 3.3). Nhu vay, khi csi chi ting 1% thi ny giam 41%.
C6 thé giai thich diéu d6 1a do khi csj ting, mang tinh thé duoc xép chat hon va nguyén
tr kho dich chuyén hon dé hinh thanh nut khuyét.

Xét anh hudng cua ceu 18n ny. Mac du cey Ién hon nhiéu so véi csi nhung ceu
khong lam thay doi I6n dén ny va cac tinh chat khac cua hop kim. Trén Hinh 3.4 va
Hinh 3.6, cac d6 thi cua ny & gan nhau hon nhiéu so véi cac d6 thi caa ny trén Hinh
3.3 va Hinh 3.5. n ting theo ccyu. Do thing giang, nguyén tir & nat mang co6 thé dich
chuyén dé hinh thanh nat khuyét. Khi thay nguyén tir Au trong mang tinh thé bang
nguyén tir Cu, d6 thi ctia nang luong lién két thay doi. Khi hé thé nong hon, cac
nguyén tir lién két voi mang tinh thé yéu hon va diéu d6 tao diéu kién thuan loi
cho viéc hinh thanh nat khuyét. Céac két qua néi trén déi vai ny caa AuCusSi ciing
dung d6i vai ny caa PtCuSi. O cung nhiét do, ap suat va nong d6 nguyén ta pha
tap, nv cua PtCuSi thap hon ny cia AuCuSi. Chang han nhu tai T = 1200 K, P = 0,
Ccu = 8%, Csi = 1%, ny = 0,7131.10° dbi voi AuCusSi va Ién gap 15 lan n, = 0,4603.10*
d6i vai PtCuSi (xem Bang 3.3, Bang 3.5). Bé c6 ny =~ 0,7.10° ddi véi ccu = 8%, Csi = 1%,
c6 thé gitr nguyén P = 0 va tang T cua PtCuSi 1én dén 1700 K hoic giit nguyén
T = 1200 K va tang P tac dung 1én dén 43 GPa, nghia la & T va P cuc cao, nut khuyét
mai ¢6 anh hudng dang ké dén cac tinh chat cia PtCuSi. Diéu nay 1a do nang luong
lien két uo trong PtCuSi 16n hon nhiéu so voi nang luong lién két up trong AuCusSi.
Tai P =0, cac nhiét d6 nong chay cua Pt va Au tuong tng la 2057 K va 1337 K (nho
hon 1,5 1an). C6 thé xem xét tinh chét cua PtCuSi trong khoang T va P rat rong Ién téi
2000 K va 80 GPa. Khi d6, ny c6 thé dat dén 102 va nat khuyét c6 anh huong I6n dén
tinh chat cua PtCusSi.

Xét khoang 1an can gan nhat trung binh a trong AuCuSi va PtCuSi. O cung T, P
va ndng do pha tap, a cua hop kim cé khuyét tat nho hon a cia hop kim Ii tuong. Cu thé
la a giam cuc dai 0,24% d6i voi AuCuSi va 0,42% ddi véi PtCuSi. Lido ny 1am giam a
la khi c6 nat khuyét, day hé thé bi dich chuyén dén gan hon véi géc toa do (xem Hinh
3.8 va Hinh 3.9), s6 phéi vi caa nguyén tir giam, mang tinh thé khong con lién két chat
nhu trudc va ap suat d& 1am cho cac nguyén ti bi ép lai gan nhau hon.

Xeét sy phu thudc cua o, vao T va P. O cling P va nong do pha tap, «; ting theo
T, con & cuing T va ndng do pha tap, e, giam theo P. Diéu nay phu hop véi thuc nghiém.

O cung T va P khi csi ting, o; giam. Néu xét riéng hop kim li twong hoac hop kim ¢
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khuyét tat, tuy su phu thudc ciia a; Vao cey kém hon so véi Csi nhung Ccy €6 Vai trd quan
trong trong viéc tao ra su khac biét gitta o, cta hop kim li twong va o cua hop kim co
khuyét tat ciing nhu cac tinh chat khac. Néu nguyén tir xen k& can tré sy tao thanh nat
khuyét thi nguyén tir thay thé tao diéu kién thuan loi cho sy hinh thanh nut khuyét.
Nguyén tir thay thé va khuyét tat mang lam tang tinh bt d6i xting caa do thi nang lwong
lién két uo va didu d6 1am cho hiéu timg phi diéu hoa ciia mang thé hién rd rang hon. Do
vay, trong cung mot diéu kién vat li, o, ciia hop kim Ii tuong thap hon o caa hop kim
c6 khuyét tat. o, 1a dai luong “nhay” nhat d6i v6i khuyét tat mang. Doi voi AuCusSi khi
P=0, T=800K, ccu = 4%, Csi = 1%, (xem Bang 3.3) cac diéu kién déu bat loi cho su
tao thanh nut khuyét nhung o, vén ting khoang 1,13% so véi truong hop li tuong. Trong
toan b pham vi khao sat, a; cia AuCuSi co khuyét tat tang téi 2,99%, con doi Voi
PtCuSi cting 6 P =0, T = 800 K, ccu = 4%, Csi = 1% (xem Bang 3.5), o, tang khoang
1,08%. Dic biét Ia khi T va P ting t6i 2000 K va 80 GPa, a; ctia PtCUSi c¢6 khuyét tat
tang cuc dai toi 7,02% so véi PtCusSi li tuong. Didu ndy rat quan trong trong ki thuat khi
thiét ké nhitng hé vat li hoat dong trong dai nhiét do va ap suat rong.

Sy phy thudc cia C, vao T, P va nong do pha tap ddi véi AuCuSi va PtCuSi
giéng nhu e, . Tuy nhién, ¢ cing mot ndng do pha tap, C, bién doi theo T va P khong
manh nhu «; . Diéu nay phu hop véi ly thuyét vat Ii thong ké luong tir va thuc nghiém
khi nghién ciru C, cua chat rin ¢ trong ving T va P cao. O cling mét diéu kién vat Ii, C,,
cta hop kim Ii tuang thap hon so véi hop kim cé khuyét tat. Trong pham vi khao sat, C,
cia AuCuSi tang tir 0,0019% dén 0,26%, con C, cua PtCuSi ting tir 0,0004% dén
8,56%. Csi cang thap, T, P va ccy cang cao thi su khac biét cang rd rang va nguoc lai. O
cung mot diéu kién vat i, sy thay doi cia C, ddi véi hop kim PtCuSi li twdng va co
khuyét tat twong (g nho hon C, d6i vai hop kim AuCuSi. Hop kim PtCuSi ¢é thé duoc
nghién ctu, tng dung ¢ vang T va P rat cao do d6 ny rat 16n va cac tinh chat nhiét dong
cua hop kim PtCuSi co khuyét tat thay d6i manh.

3.4.2. Két qua tinh sé cdc dai lrong nhi¢t dong ciia FeCrSi, VWSI c4u tric BCC

Cac két qua tinh sb ddi véi cac dai lwong nhiét dong caa FeCrSi, VWSi duoc
cho trong cé4c bang tir Bang 3.6 dén Bang 3.16 va dugc minh hoa trén cac hinh vé tir
Hinh 3.26 dén Hinh 3.41.
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Bing 3.6. Su phu thugc cua cac dai luong nhiét dong vao nhiét do, nong d6 Si va nong do
nat khuyét can bang ddi véi FeCr, FeCrSi (LT) va FeCr, FeCrSi (KT) tai P = 0, ccr = 10%

Pailwgng | LK1 700 | 800 | 900 | 1000 | 1100 | 1185
0 0,0088 | 0,0176 | 0,1661 | 0,5376 | 1,8726 | 4,5970

n (109 0,01 0,0039 | 0,0078 | 0,0816 | 0,2843 | 1,0529 | 2,7020
0,03 0,0007 | 0,0015 | 0,0197 | 0,0795 | 0,3329 | 0,9335

0,05 0,0001 | 0,0003 | 0,0047 | 0,0222 | 0,1052 | 0,3222

0 2,4536 | 2,4577 | 2,4620 | 2,4665 | 24712 | 2,4753

a(10™m) 0,01 2,4664 | 2,4705 | 2,4748 | 2,4793 | 2,4840 | 2,4881
(LT) 0,03 2,4936 | 2,4976 | 2,5019 | 2,5063 | 2,5109 | 2,5150
0,05 2,5216 | 2,5255 | 2,5297 | 2,5341 | 2,5386 | 2,5427

0 2,4496 | 24541 | 2,4589 | 2,4639 | 2,4692 | 2,4739

a(10™m) 0,01 2,4625 | 2,4670 | 2,4718 | 2,4768 | 2,4820 | 2,4867
(KT) 0,03 2,4896 | 2,4940 | 2,4987 | 2,5036 | 2,5089 | 2,5136

0,05 2,5175 | 2,5218 | 2,5265 | 2,5313 | 2,5365 | 2,5412

0 17,3590 | 18,4228 | 19,7803 | 20,9703 | 22,4940 | 23,9779

o, (10° K™) 0,01 13,6091 | 14,3227 | 15,1569 | 15,9244 | 16,7605 | 17,5395

(LT) 0,03 8,9544 | 9,3246 | 9,7099 | 10,0793 | 10,4708 | 10,8265

0,05 6,1213 | 6,3319 | 6,5060 | 6,7613 | 6,9913 | 7,1996

0 17,9123 | 18,9311 | 20,0644 | 21,3089 | 22,6954 | 24,0160

o, (10°° K™) 0,01 13,7771 | 14,4424 | 15,4138 | 15,9577 | 16,9034 | 17,8029

(KT) 0,03 9,0089 | 9,3560 | 10,0222 | 10,1212 | 10,5626 | 10,9706

0,05 6,2939 | 6,5028 | 6,7088 | 6,9131 | 7,1281 | 7,3198

0 23,6666 | 24,0843 | 24,4549 | 25,1155 | 25,7653 | 26,4207

C, (J/mol.K) 0,01 22,8713 | 23,1152 | 23,3284 | 23,6303 | 23,9320 | 24,2244

(LT) 0,03 21,9073 | 21,9588 | 21,9787 | 21,9898 | 21,9950 | 22,0101

0,05 21,1089 | 21,1708 | 21,2302 | 21,2897 | 21,3998 | 21,4356

0 23,5818 | 23,9923 | 24,3311 | 24,9807 | 25,5915 | 26,1972

C, (J/mol.K) 0,01 22,7693 | 23,0055 | 23,2205 | 23,4883 | 23,7659 | 24,0318

(KT) 0,03 21,8775 | 21,9542 | 21,9554 | 21,9569 | 21,9746 | 21,9839

0,05 20,9671 | 21,0467 | 21,1227 | 21,1988 | 21,3950 | 21,3983
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Bing 3.7. Su phu thugc cua cac dai lugng nhiét dong vao nhiét do, nong d6 Cr va ndng do
nat khuyét can bang di véi FeSi, FeCrSi (LT) va FeSi, FeCrSi (KT) tai P = 0, ¢si = 5%

T (K)
Pai lwgng 700 800 900 1000 1100 1185
Ccr

0 0,0008 | 0,0017 | 0,0220 | 0,0869 | 0,3631 | 1,0172

0,05 0,0003 | 0,0005 | 0,0102 | 0,0439 | 0,1955 | 0,5727

n, (10
0,07 0,0002 0,0004 0,0075 0,0334 0,1526 0,4552

0,1 0,0001 | 0,0003 | 0,0047 | 0,0222 | 0,1052 | 0,3225

0 2,5251 | 2,5291 | 2,5334 | 2,5378 | 2,5425 | 2,5467

a(10™m) 0,05 | 25234 | 25274 | 2,5316 | 2,5360 | 2,5406 | 2,5447

(LT) 0,07 2,5227 | 2,5266 | 2,5309 | 2,5352 | 2,5397 | 2,5439

0,1 2,5216 | 2,5255 | 2,5297 | 2,5341 | 2,5386 | 2,5427

0 2,5213 | 2,5258 | 2,5306 | 2,5356 | 2,5409 | 2,5458

a(10™°m) 0,05 | 2,5194 | 2,5238 | 2,5286 | 2,5335 | 2,5388 | 2,5436

(KT) 0,07 2,5186 | 2,5230 | 2,5277 | 2,5327 | 2,5379 | 2,5426

0,1 2,5175 | 2,5218 | 2,5265 | 2,5313 | 2,5365 | 2,5412

0 6,2529 | 6,3502 | 6,5660 | 6,7819 | 7,0134 | 7,2230

o, (10° K™) 0,05 6,1317 | 6,3429 | 6,5583 | 6,7738 | 7,0047 | 7,2138

(LT) 0,07 6,1299 | 6,3329 | 6,5481 | 6,7634 | 6,9900 | 7,2015

0,1 6,1213 | 6,3319 | 6,5060 | 6,7613 | 6,9913 | 7,1996

0 6,5656 | 6,5216 | 6,7279 | 6,9342 | 7,1505 | 7,3436

o, (10° K™) 0,05 6,3080 | 65142 | 6,7200 | 6,9259 | 7,1417 | 7,3342

(KT) 0,07 6,3010 | 6,5042 | 6,7097 | 6,9153 | 7,1325 | 7,3243

0,1 6,2939 | 6,5028 | 6,7088 | 6,9131 | 7,1281 | 7,3198

0 23,0082 | 22,9247 | 23,0200 | 23,1153 | 23,3723 | 23,4057

C.(I/mol.K) | 0,05 | 22,2031 | 22,1933 | 22,2613 | 22,3294 | 22,4505 | 22,4941

(LT) 0,07 | 21,8011 | 21,7843 | 21,8489 | 21,9136 | 22,0356 | 22,0707

0,1 21,1089 | 21,1708 | 21,2302 | 21,2897 | 21,3998 | 21,4356

0 22,9551 | 22,8507 | 22,9622 | 23,0738 | 23,3581 | 23,3663

Co(I/mol.K) | 0,05 | 22,1152 | 22,0798 | 22,1650 | 22,2502 | 22,4417 | 22,4671

(KT) 0,07 | 21,7074 | 21,6666 | 21,7481 | 21,8297 | 22,0243 | 22,0383

0,1 20,9671 | 21,0467 | 21,1227 | 21,1988 | 21,3950 | 21,3983
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Bing 3.8. Sy phu thugc cua cac dai luong nhiét dong vao nhiét do, nong d6 Si va nong do
nat khuyét can bang ddi véi VW, VWS (LT) va VW, VWSi (KT) tai P = 0, cw = 10%

T(K
DPai lwgng "N 500 | 1650 | 1800 | 1950 | 2100 | 2400
Csi

0 0,5984 | 0,7581 | 09179 | 1,8145 | 2,7112 | 2,9491

0 (109) 0,01 0,1529 | 0,3597 | 0,5665 | 0,9853 | 1,4041 | 1,7885

0,03 0,0099 | 0,1128 | 0,2157 | 0,2962 | 0,3766 | 0,6577

0,05 0,0006 | 0,0123 | 0,0241 | 0,0531 | 0,0821 | 0,1040

0 2,5996 | 2,6097 | 2,6199 | 2,6348 | 2,6497 | 2,7066

a(10™m) 0,01 | 2,6134 | 2,6236 | 2,6338 | 2,6488 | 2,6639 | 2,7212

(LT) 0,03 2,6404 | 2,6507 | 2,6611 | 2,6764 | 2,6918 | 2,7504

0,05 2,6673 | 2,6778 | 2,6883 | 2,7039 | 2,7195 | 2,7796

0 2,5983 | 2,6082 | 2,6181 | 2,6300 | 2,6419 | 2,6845

a(10™m) 0,01 | 2,6120 | 2,6219 | 2,6318 | 2,6437 | 2,6557 | 2,6984

(KT) 0,03 2,6392 | 2,6489 | 2,6587 | 2,6706 | 2,6825 | 2,7254

0,05 2,6663 | 2,6758 | 2,6853 | 2,6972 | 2,7091 | 2,7523

0 29,8754 | 33,0244 | 36,1735 | 41,2973 | 46,4212 | 74,8133

o, (10° K™) 0,01 20,0433 | 21,6047 | 23,1662 | 25,3882 | 27,6103 | 37,5056

(LT) 0,03 11,0635 | 11,6821 | 12,3008 | 13,1826 | 14,0644 | 17,6271

0,05 6,7794 | 7,0444 | 7,3095 | 7,6485 | 7,9875 | 9,0561

0 30,0024 | 33,5298 | 37,0573 | 43,7181 | 50,3789 | 95,8673

o, (10°° K™) 0,01 20,1710 | 21,8341 | 23,4972 | 26,2868 | 29,0765 | 43,1411

(KT) 0,03 11,8843 | 12,4991 | 13,1139 | 13,9473 | 14,7807 | 17,9759

0,05 8,1774 | 8,3912 | 8,6050 | 9,1713 | 9,7376 | 11,2619

0 30,0543 | 32,3626 | 34,6709 | 39,2216 | 43,7724 | 79,5491

C, (J/mol.K) 0,01 26,2920 | 27,0605 | 28,2576 | 29,8736 | 31,4896 | 40,1692

(LT) 0,03 23,2397 | 23,4487 | 23,6578 | 23,9160 | 24,1742 | 24,8813

0,05 21,7666 | 22,0317 | 22,2969 | 22,3118 | 22,3267 | 22,6911

0 29,2576 | 31,2451 | 33,2326 | 36,8046 | 40,3767 | 62,8171

C, (J/mol.K) 0,01 25,8635 | 26,7452 | 27,6270 | 29,0141 | 30,4012 | 37,1237

(KT) 0,03 23,0939 | 23,1439 | 23,1939 | 23,2755 | 23,3571 | 23,5514

0,05 19,4357 | 20,2457 | 21,0557 | 21,3188 | 21,5820 | 21,8223
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Bang 3.9. Su phu thugc cua cac dai lugng nhiét dong vao nhiét d6, ndng d6 W va nong do
nat khuyét can bang déi véi VSi, VWSI (LT) va VSi, VWSi (KT) tai P =0, csi = 1%

T (K
Pai lwgng "1 1500 | 1650 | 1800 | 1950 | 2100 | 2400
Ccw

0 0,0379 | 0,1584 | 0,2657 | 0,7714 | 1,2771 | 2,2016

0 (109) 0,05 0,0146 | 0,0418 | 0,0689 | 0,1014 | 0,1339 | 0,1800

0,07 0,0100 | 0,0183 | 0,0267 | 0,0334 | 0,0401 | 0,0543

0,1 0,0015 | 0,0035 | 0,0056 | 0,0098 | 0,0140 | 0,0178

0 2,6139 | 2,6240 | 2,6342 | 2,6491 | 2,6641 | 2,7216

a(l0™*°m) 0,05 2,6136 | 2,6238 | 2,6340 | 2,6490 | 2,6640 | 2,7213

(LT) 0,07 2,6135 | 2,6237 | 2,6339 | 2,6489 | 2,6640 | 2,7212

0,1 2,6133 | 2,6235 | 2,6338 | 2,6488 | 2,6639 | 2,7211

0 2,6124 | 2,6223 | 2,6323 | 2,6442 | 2,6561 | 2,6983

a(l0™m) 0,05 2,6122 | 2,6221 | 2,6321 | 2,6441 | 2,6559 | 2,6983

(KT) 0,07 2,6121 | 2,6220 | 2,6320 | 2,6439 | 2,6558 | 2,6983

0,1 2,6120 | 2,6219 | 2,6318 | 2,6438 | 2,6557 | 2,6983

0 20,8239 | 22,0615 | 23,2992 | 25,5467 | 27,7943 | 37,5835

o, (10° K™) 0,05 | 20,0517 | 21,6137 | 23,1758 | 25,3976 | 27,6195 | 37,5066

(LT) 0,07 | 20,0484 | 21,6102 | 23,1721 | 25,3940 | 27,6159 | 37,5060

0,1 20,0433 | 21,6047 | 23,1662 | 25,3882 | 27,6103 | 37,5056

0 20,9247 | 22,2376 | 23,5505 | 26,7511 | 29,9517 | 44,0285

a; (10° K™) 0,05 | 20,1795 | 21,8432 | 23,5069 | 26,2965 | 29,0862 | 43,1495

(KT) 0,07 | 20,1762 | 21,8397 | 23,5032 | 26,2928 | 29,0824 | 43,1485

0,1 20,1710 | 21,8341 | 23,4972 | 26,2868 | 29,0765 | 43,1410

0 27,7507 | 28,5814 | 29,4121 | 31,0043 | 32,5965 | 41,0501

C, (J/mol.K) 0,05 | 26,9632 | 27,8362 | 28,7093 | 30,1713 | 31,6333 | 40,6549

(LT) 0,07 | 26,6943 | 27,6115 | 28,5287 | 30,0523 | 31,5759 | 40,4605

0,1 26,2920 | 27,0605 | 28,2576 | 29,8736 | 31,4896 | 40,1692

0 27,2265 | 27,9815 | 28,7365 | 29,7069 | 30,6774 | 38,1322

C., (J/mol.K) 0,05 | 26,5248 | 27,3033 | 28,0818 | 29,3311 | 30,5804 | 37,7749

(KT) 0,07 | 26,2603 | 27,0801 | 27,9000 | 29,2044 | 30,5088 | 37,5170

0,1 25,8635 | 26,7452 | 27,6270 | 29,0141 | 30,4012 | 37,2136
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—=—50 LT
—o— 7% LT
—— 5% KT
—v— 7% KT

80

P (GPa)
Hinh 3.37. Cp(P, ccr) dbi véi FeCrSi
tai T = 1000 K, csi = 5%



23.0 24.0
0% LT 5% LT ——10% LT
22.94

23.81 —— 50 KT —— 10% KT

—— 1% LT
22.84 —— 0% KT 23.64
2274 —v—1%KT 23.4

<206 & o3
o [=]

£ 2251 £ 23.01

3 )

& 2241 J— & 2281

22.3 22.6
229 ] 224 A%’/_H

221 22.2 R — ]
22.0+ T T T T T 22.0 I—__r T T T T T
1500 1650 1800 1950 2100 2250 2400 1500 1650 1800 1950 2100 2250 2400
T (K) T (K)
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Hinh 3.40. Cr(P, Csi) ddi véi VWSI Hinh 3.41. Cr(P, cw) ddi véi VWSI
tai T = 2100 K, cw = 10% tai T=2100 K, csi = 1%

Déi voi FeCrSi, ny phu thudc manh vao P va T. O cling cerva csi khi P (hodc T)
tang, ny ciing ting dang ké. O vang P va T thap, ny rat nhé va hop kim duoc coi la
li twang, con ¢ vang P va T cao, ny ting manh theo ham mii va lam thay dbi tinh
chat caa hop kim. Chang han tai ciing P = 5 GPa, ccr = 10%, ¢si = 1% khi T = 700 K,
nv = 4,2.10°, con tai T = 1000 K, ny=3.2.107 (xem Bang 3.10), nghia la n, tang 76 lan.
Mot vi du khac la tai cing T = 1000 K, ccr = 10%, csi = 1% khi P =0, n,= 2,8435.10°7
(xem Bang 3.6), con khi P =10 GPa, ny =4,1966.10 (xem Bang 3.11), nghia la ny
tang theo P khdng nhanh bang ting theo T nhung sy thay doi ciia ny la rd rét. Két qua

nay phu hop vai thuc nghiém vi khi T va P ting, thing giang cua mang tinh thé ting
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va tao diéu kién thuan loi cho su hinh thanh nut khuyét. Khi pha thém Si hoac Cr vao
mang cua Fe, ny giam manh. O cting P =5 GPa, T = 1000 K, ccr = 10%, khi csi = 1% thi
ny = 3,183.107, con khi csi = 5% thi n, = 2,49.10® (xem Bang 3.10) nghia la n, giam 13
lan khi csitang tir 1% dén 5%. Piéu d6 1a do trong khoang nhiét do tir 700 K dén 1185 K,
Fe c6 hé sb xép chit 1a 68%, con hé s6 xép chat cua hop kim 1a 81,5%. Vi vy,
nguyén tir & nit mang kho dich chuyén hon dé tao thanh nat khuyét. O cing
P =5 GPa, T =1000 K, csi = 5% khi ccr = 5% thi n, = 4,95.10°8, con khi ccr = 10%
thi ny = 2,49.10°8 (xem Bang 3.12), nghia la ny giam khoang 2 lan. Cr thudng duoc
pha thém vao Fe dé tao ra thép co d6 bén va do cang cao, tic 13, nang luong lién két
Up gitra nguy@n tir vGi mang tinh thé tré nén manh hon. Bidu ndy can trg sy tao thanh
nat khuyét. Tuy nhién, ccr khong lam ny giam manh bang csi. Vi Cr va Fe nam gan
nhau trong bang tuan hoan nén chang cé su tuwong dong vé khéi luong, kich thudc
nguy@n tir va chiéu dai lién két giira cac nguyén ta. Do vay, viéc pha thém Cr khéng
lam bién dang mang tinh thé manh bang viéc pha thém Si. Két qua nay ciing dung doi
véi VWSI. Trong cang mot diéu kién vat I, nycaa VWSi nhé hon nhiéu so véi ny cia
FeCrSi. Vi thé, dbi véi VWSi can khao sat ¢ vang T va P rat cao dé thay rd anh huong
caa nat khuyét. Chang han nhu tai ciing csi = 1% Va cor = cw = 10%, dé c6 n,= 4.10°
thi can T = 1185 K va P = 10 GPa d6i voi FeCrSi va can T = 2400 K va P = 80 GPa
d6i voi VWSI (xem Bang 3.11 va Bang 3.13).
Bing 3.10. Nong d6 nat khuyét can bang caa FeCrSi li twong va cé khuyét tat
tai P =5 GPa, ccr = 10%

T (K)
Pai lwong 700 800 900 1000 1100 1185
csi (%
0 0,0095 | 0,0189 | 0,1789 | 0,6015 | 2,1371 | 5,3452
Nv 1 0,0042 | 0,0084 | 0,0633 | 0,3183 1,2024 | 3,1438
(10%) 3 0,0008 | 0,0017 | 0,0152 | 0,0891 | 0,3807 | 1,0875
5 0,0001 | 0,0003 | 0,0036 | 0,0249 | 0,1205 | 0,3762
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Biang 3.11. Nong d6 nat khuyét can bang caa FeCrSi li twong va cé khuyét tat
tai P = 10 GPa, ccr = 10%

T (K)
Pai lwong 700 800 900 1000 1100 1185
csi (%
0 0,0120 | 0,0239 | 0,2174 0,7930 2,9026 | 7,5132
Ny 1 0,0053 | 0,0107 | 0,0576 | 0,4196 | 1,6326 | 4,4150
(10%) 3 0,0010 | 0,0021 | 0,0139 | 0,1175 | 0,5164 | 1,5246
5 0,0002 | 0,0004 | 0,0033 0,0329 0,1633 | 0,5264

Bang 3.12. Nong do nit khuyét can bang caa FeCrSi li twong va cé khuyét tat
tai P =5 GPa, csi = 5%

T (K)
Pai lwgng 700 800 900 1000 1100 1185
cer (%
0 0,0009 | 0,0018 | 0,0369 0,0983 0,4194 | 1,1988
Ny 5 0,0004 | 0,0008 | 0,0079 0,0495 0,2248 | 0,6716
(10%) 7 0,0002 | 0,0005 | 0,0058 | 0,0376 | 0,1752 | 0,5326
10 0,0001 | 0,0003 | 0,0036 0,0249 0,1205 | 0,3762

Bang 3.13. Nong d6 nat khuyét can bang caa VWS li tuong va cé khuyét tat
tai P =80 GPa, cw = 10%

T (K)
Pai lwgng 1500 1650 1800 1950 2100 2400
csi (%
0 0,1665 | 0,4623 | 0,7582 | 1,4797 2,2012 | 5,5144
Ny 1 0,1056 | 0,3145 | 0,5233 | 1,0696 1,6159 | 4,2839
(10%) 3 0,0425 | 0,1459 | 0,2493 | 0,5600 0,8708 | 2,5854
5 0,0171 | 0,0679 | 0,1187 | 0,2940 0,4693 | 1,5603

Bang 3.14 chi ra nhiét d6 nong chay cua cac kim loai Fe, Cr, V va W. Kim loai
c6 nhiét 6 nong chay cang cao thi mang tinh thé cang bén va cac nguyén ti lién két
véi nhau cang manh. Do V va W ¢6 nhiét do nong chay cuc cao nén cac nguyén tir

lien két v6i nhau rat chit va rat khé hinh thanh nat khuyét.

83



Bang 3.14. Nhiét d6 nong chay caa kim loai va ti sb nhiét do nong chay cua kim loai trén

nhiét d6 néng chay cua Fe ddi vai cac kim loai Fe, Cr, V, W tai P = 0 theo TN [110]

Kim loai Fe Cr \ W
Tm (K) 1811 2180 2463 3695
T/ Tm(Fe) 1 1,2 1,4 2

Cac khoang lan can gan nhat trung binh a ctia FeCrSi va VWSi déu ting theo
T, giam theo P, ting theo Csi va giam theo ccr hodc cw. a dbi vaéi hop kim co khuyét
tat nho hon a twong tng ddi véi hop kim 1i tuong. Cu thé I1a a cua FeCrSi co khuyét
tat giam cuc dai 1a 0,2% so véi a cua FeCrSi li tuong, con a cua VWS co khuyét tat
giam cyc dai 1a 0,43% so voi a cua VWSI li tuong.

Xét hé s6 dan né nhiét o, va nhiét dung dang ap C, cua FeCrSi va VWSi theo
cac hinh v& tir Hinh 3.26 dén Hinh 3.41. O cung P, Csi va ccr (hodc cw) khi T ting, o;
tang. Bai vi, khi T tang, cac nguyén tir sé dao dong manh hon, lam cho hiéu ng phi
diéu hoa dugc boc 19 rd nét hon. O cung P, csi va ccr (hodc cw) khi T tang, C, ciing
tang theo T nhung sy ting nay khéng manh nhu su ting ciia o, theo T. Biéu nay phu
hop véi két qua vat Ii thong ké lwong tir. O cling T khi P hoac csi (hoic cw) ting, o va
C, déu giam. C, cua hop kim co khuyét tat nhé hon C, cua hop kim li tuéng. Cu thé
la C, cua FeCrSi co khuyét tat giam cuc dai 1a 0,46% so véi C, cia FeCrSi li twong,
con C, cia VWSI c6 khuyét tat giam cuc dai 1a 2,03% so véi C, cua VWS li tuong.
o cua hop kim co khuyét tat 16n hon o, caa hop kim i twong. Cu thé 12 «; cua
FeCrSi c6 khuyét tat tang cuc dai 1a 3,8% so v6i «, cua FeCrSi li tuong, con o, cua
VWSi c6 khuyét tat ting cuc dai 14 5,32% so véi o, cia VWS li tuong. Nguyén nhan
la do khi tinh thé cé khuyét tat, tinh d6i xrng cia mang tinh thé bi pha v&, mang tinh
thé bi bién dang manh, lam ting e, . ny cang 16n, su khac biét giira cac tinh chét nhiét
dong caa hop kim co khuyét tat va hop kim i twéng cang rd nét va nguoc lai. i voi
cac hé ki thuat hoat dong trong dai T va P rong yéu cau d6 chinh xac cao, can nghién

ctru anh huong caa nat khuyét 18n tinh chit co nhiét cua vat liéu.
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Dé kiém tra do tin cay trong cac két qua tinh sb néi trén, xét mot truong hop
gidi han ddi véi FeCrSi khi cho ccr = csi = 0. Két qua tinh s6 d6i voi FeCrSi khi do
phai tro vé két qua tinh sb ddi véi kim loai sach Fe. Két qua tinh sé cua cac hop kim
FeCr, FeSi va kim loai Fe 1a cac trudng hop gidi han ddi véi két qua tinh sé cua
FeCrSi. Tuong tu, két qua tinh s6 cua cac hop kim VW, VSi va kim loai V 1a céc
treong hop gisi han d6i voi két qua tinh s6 cua VWSI.

Két qua tinh s ddi voi a, trong khoang tir 600 K dén 1000 K va C, trong
khoang tir 600 K dén 800 K cua Fe i twong va co khuyét tat tinh theo SMM phi hop
t6t v6i thuc nghiém (xem Bang 3.15, Bang 3.16).

Bang 3.15. Sy phy thugc cua a, dbi véi Fe (LT), Fe (KT) tinh boi SMM va Fe theo TN [85]

T(K) 600 700 800 900 | 1000

o (10°K™) (LT)-SMM 1537 | 16,12 | 1689 | 17,72 | 18,61
o (10°K™) (KT)-SMM 1541 | 1617 | 1694 | 17,77 | 18,67
o (L0°K™)-TN [85] 155 | 163 | 166 | 179 | 19,2

Bang 3.16. Sy phu thugc caa C, dbi véi Fe (LT), Fe (KT) tinh boi SMM va Fe theo TN [85]

T(K) 600 700 800
C, (J/mol.K) (LT)-SMM 31,31 32,97 34,70
C, (J/mol.K) (KT)-SMM 31,30 32,96 34,69
C, (I/mol.K)-TN [85] 32,08 34,62 37,92

Khi csi = 0, do anh huang cua ny két qua su phu thugc cua o va C, vao T
d6i voi Fe co khuyét tat tinh bang SMM gan véi s liéu thuc nghiém hon so véi Fe li
tuong tinh boi SMM.
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Két luan chwong 3

Trong chuong nay chiing toi nghién ctru vé 1A ABC c¢6 khuyét tat véi cau tric
lap phuong, thu duoc nhitng két qua sau:

Str dung phuong phap thong k& mdmen va md hinh 1A di thu dugc cac biéu thic
giai tich tong quét cua do doi cua hat khoi nit mang, khoang 1an can gan nhat trung binh
gitra hai nguyén tir, ndng do nit khuyét can bing, ning luong tw do Helmholtz va cac dai
lwong nhiét dong cua IA ABC c6 khuyét tat véi cau tric 1ap phuong.

Ap dung két qua Iy thuyét, thé Mie-Lennard-Jones n-m, phuong phap qua cau
phdi vi, ching t6i thuc hién tinh s6 ddi véi hop kim AuCuSi, PtCuSi, FeCrSi va
VWSi. Cac két qua tinh toan cho cac dai lugng nhiét dong cta hop kim khi tinh dén
nGt khuyét phi hop véi cac két qua tinh toan déi véi hop kim i tudng. Trong truong
hop khi ndng d6 nguyén ti xen k& bang khong, ta thu duoc cac dai luong nhiét dong
ctia cac SA AuCu, PtCu, FeCr va VW cd khuyét tat. Trong trudng hop khi nong do
nguyen tir thay thé bang khong, ta thu dugc cc dai lwong nhiét dong cua cac 1A Ausi,
PtSi, FeSi va VSi co khuyét tat. Trong truong hop khi ndng do nguyén tir thay thé va
ndng d6 nguyén tir xen k& bang khong, ta thu duoc cac dai luong nhiét dong cua cac
kim loai Au, Pt, Fe va V c6 khuyét tat. Do 1a co s dé ching to cac két qua tinh toan
tinh chat nhiét dong cua cac hop kim AuCusSi, PtCuSi, FeCrSi va VWSi c6 khuyét
tat 1a phu hop.

Do anh huong cia nong d nat khuyét can bang, cac dai lwong nhiét dong cua
hop kim c6 khuyét tat van giit nguyén tinh chat nhu ddi véi hop kim Ii twong. Tuy
nhién céc gié tri ciia chling thi cd su thay doi nhat dinh so véi trudng hop Ii tuong.

Trén co s& cac két qua ly thuyét thu duoc & chwong 2 va chuong 3 ching t6i xay

dung Iy thuyét nong chay va chuyén pha cau tric cia IA AC va ABC & chuong 4.
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CHUONG 4
NONG CHAY VA CHUYEN PHA CAU TRUC CUA HQP KIM
XEN KE NHI NGUYEN VA TAM NGUYEN CO KHUYET
TAT VOI CAU TRUC LAP PHUONG

Chuong 4, chung toi xay dung ly thuyét néng chay va chuyén pha cau tric cua
cac IA AC va IA ABC c6 khuyét tat vai cau trac 1ap phuong bang SMM dua trén
két qua thu dugc tir chwong 2, chuong 3. Bong thoi, 4p dung ly thuyét ndng chay
va chuyén pha cau trac thu dugc dé tinh nhiét d6 néng chay cua cac hop kim FeC,
TaSi, WSi, nhiét do chuyén pha cau tric cia kim loai Fe. Cac két qua tinh toan theo
mo hinh tinh thé khuyét tat cia chung t6i dugc so sanh véi cac két qua tinh toan
theo mo hinh tinh thé i tuong, sb liéu thuc nghiém va céc két qua tinh toan theo cac
phuong phép khac.

Noi dung chuong 4 dugc cong bd trong [CT3, CT4, CT5].
4.1. Néng chiy va chuyén pha cu triic ciia hop kim xen ké nhi nguyén c6 khuyét tat
v6i ciu tric 1ap phwong
4.1.1. Ly thuyét néng chdy

Dé xé4c dinh diém néng chay cua tinh thé, mot s6 nha nghién ctru thudng xuat

phét tir diéu kién gigi han bén virng tuyét d6i cua trang thai tinh thé [105]

(%P]T_TS _0. 4.1)

Luu y rang day chi 1a mot gia dinh mang tinh thuan tdy Iy thuyét bai vi phuong trinh
(4.1) ngu y rang hé sé nén dang nhiét bang vo cing. Tuy nhién, nhiét d6 téi han Ts
thoa mén phuong trinh (4.1) duoc Ki vong & gan nhiét do ndng chay Tm. Do d6, ngudi
ta ¢d thé dung Ts dé udc tinh Tm thdng qua mot phép hiéu chinh don gian ma khéng

can str dung dén pha long.

Két h h trinh trang thai Pv=-a| = —2+—0 " | ¢ do a=r la
ét hgp phuong trinh trang (6 = I aaj rong do ]

khoang céch 1an can gan nhat giira hai nguyén tir, diéu kién (4.1) cung véi hé thic
nhiét dong
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ERIEE

ta thu duoc biéu thic caa nhiét do téi han Ts

T = a, (auoj +(8TJ p. 4.3)
18k,7 (P.T,) 2 )i, (P ),
, . a ok , o n X . ,
trong d6 as = a(P,Ts) va y; = ok 78 X doéng vai tro nhu thong so Gruneisen cua

vat liéu.
Tiép theo, nhiét d6 ndng chay Tmtim dwgc bang cach khai trién Taylor ham
T(a) 6 lan cana = as

- Pv(P,T 2
Keo?s (P.T;) a, 18|\ da ;¢ oa® ) .

trong d6 Vi am = a(P,Tm). V& nguyén tic, c6 thé dy doan ranh gidi ran-long caa tinh thé

théng qua céach tiép can mot pha nhu da giGi thiéu & trén. Tuy nhién, viéc giai phuong
trinh (4.3) doi hoi nhiéu chi phi tinh toan. Bén canh do, cach don gian nhat dé giai phuong
trinh (4.4) la dya vao gia tri thyc nghiém cua am. Vi vay, chung toi chi s dung hai
phuong trinh (4.3) va (4.4) dé danh gia nhiét do néng chay tai &p suat khong.

Theo Lindemann, quéa trinh ndng chay c6 mdi lién hé mat thiét véi sy bat on
dinh cua cac dao dong mang. Tiéu chuan Lindemann dwoc phét biéu nhu sau: Sy
néng chay bat dau xay ra khi ti s6 & :<:—z>gifxa trung binh cua binh phuong d6 dich
chuyén va binh phuong khoang 1an can gan nhat giita cac nguyén tir dat téi mot gia
tri t&i han & nao d6. Thong thuong, gié tri toi han & duoc coi 1a khong doi trén toan
khoang &p suét khao sat.

Két hop SMM vai tiéu chuan Lindemann, cac nha nghién ctru da xay dung
thanh cong dudng cong néng chay cua mot sé kim loai chuyén tiép nhu Cu, Pd, Pt,
Mn, Ni, Au, Ag va Fe [28, 29].

Dic biét 1a bang phuong phép trudng thé trung binh c6 dién, Wang va cong

su [114] tim duoc dang trong duong cua tiéu chuan Lindemann nhu sau

Tm(P):Tm(o){VV(P’Tm(P))))TL‘%(P,Tm(P)) } | (4.5)

(P=0T,(0 »(P=0,T,(0))
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trong d6 &b la nhiét 6 Debye. Trong nhiéu trudng hop, v va 6 chi thay d6i mot vai phan
tram gitta T = 300 K va T = Tn [84]. Vi vay, c0 thé gia thiét rang vé phai ciia phuong
trinh (4.5) khong phu thudc vao nhiét d6 va 1am xap xi thé tich v(P, Tm) = v(P, 300 K)
cling nhu nhiét d6 Debye 6p(P, Tm) = 0p(P, 300 K). Khi str dung mé hinh Debye, cé
thé viét lai phuong trinh (4.5) dudi dang

a(P,300K) T k(P,300K) (4.6)

Tn(P) =Tm(O)[a(P —0,300K) | k(P =0,300K)
Pay dugc xem nhu biéu thic twong minh cia nhiét do nong chay duoc rit ra bang
cach két hop SMM va phuong phép truong thé trung binh ¢6 dién dé sira doi tiéu
chuan Lindemann.

N6i chung, mé hinh i tuong chi doi hoi nhitng tinh todn don gian dé tinh toan
nhiét 6 néng chay cua tinh thé. Tuy nhién, toc d6 ting cua Tm doi khi qua cao [41].
Do d6, chung t6i mubén mo rong mé hinh nay dé bao ham anh huong caa khuyét tat
Ién sy nong chay cua tinh thé.

Mot sé quan sét thuc nghiém va md phong da goi Y rang trang théi long c6 thé
dugc md ta twong duong nhu mot tinh thé bdo hoa véi cac khuyét tat duong. Quan
diém vat 1i nay da gilp cac nha nghién cau giai thich thanh cong tinh luu dong cua
chat long [97], ning luong tich lity trong cac 151 1éch mang [13] va dong lec hoc cua
qua trinh ndng chay [73, 75, 81]. Vé co ban, hién tugng néng chay caa vat lieu khoi
duogc thiic day manh mé bai su gia ting dot bién cua cac Iéch mang. Trén co sé do,
bang cach sir dung co hoc thdng ké cho céc chudi léch mang khong twong tac,
Burakovsky, Preston va Silbar [8, 9] da tim ra mét biéu thie don gian gitp két ndi truc

tiép nhiét do ndng chay véi cac tinh chat co hoc cuia chat ran ¢ khuyét tat nhu sau

T, (P)=T,(0)

G(P,300K) { B. (P,300K) F @.7)

G(P =0,300K)| B, (P =0,300K)
. v NN L. a2 RN dB,
trong d6 G 1la modun truot, Bt 1a modun khoi dang nhiét va b= R Phuong
P=0

trinh (4.7) ngu y rang tich cuia mat do léch mang téi han véi binh phwong d6 dai cua
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vecto Burgers 1i twong 1a mot hing sb doc theo dudng cong néng chay. G va Br
trong (4.7) dugc xac dinh nho tinh toan theo SMM [92, 109] nhu sau

k5
C ) K 7P (X +1) (X +2) (4.8)
~aPT)(eP) (aP,0))
TS (aaMa(P,T)]’ ()

trong do v lati s6 Poisson va thuong 1a mgt ham thay d6i cham theo nhiét d6 va ap
suat [8, 91, 109].

Ly thuyét léch mang Burakovsky-Preston-Silbar xuat hién trong hau hét cac
cong bé lién quan dén SMM do su don gian vé mit toan hoc, rd rang vé mit vat i

va kha niang mé rong cho cac hé da thanh phan [14, 15, 41, 111]. Tuy nhién, trong

mét sé trudng hop, gradién nong chay Cgl;:“ cho bai ly thuyét nay lai qua cao [41] va

su suy giam caa budc nhay entropi khi nong chay duéi tic dung cua &p suat ciing
chua duoc giai thich day du [8, 9].

Tir diéu kién cuc tiéu caa thé nhiét dong Gibbs, nong do nat khuyét can bang
nv dugc cho boi (2.65). G 1an can diém néng chay, nong d6 nut khuyét can bang dao
dong tir 107 dén 1072 va ¢ anh huong déng ké dén céc tinh chat nhiét dong [48]. Su
Xuat hién caa cac nat khuyét pha v lién két dong nhat trong tinh thé, gia ting do linh
dong ciia nguyén tir va lam suy giam sy 6n dinh tuong déi gitra pha ran va pha long.
Vi vay, khi tinh dén day du dong gop cua cac nat khuyét, nhiét do nong chay cho
boi tinh toan theo SMM dugc Ki vong s& giam di va gan véi thuc té hon. Trong
[41], céc tAc gia quan niém nhiét do T giong nhu mot ham cua &p suét P, thé tich v
va nong do nat khuyét can bang ny. Két qua la nhiét do nong chay TR khi c6 nat

khuyét s& duoc xac dinh bai

R oT T2
_1 _| 9T T m 4.1
Tm Tm [a VJP’V nv(Tm) Tm Tfm%_uio ( 0)
400 4k,

trong d6 Tm dugc tinh tir phwong trinh (4.7). Phuong trinh (4.10) c6 thé cung cap
nhitng két qua dang tin cay trong pham vi &p suit tir 0 dén 100 GPa [41].
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Sau déy, chung t6i trinh bay 1y thuyét ndng chay caa IA AC c6 khuyét tat voi
cau trdc lap phwong duoc xay dung bang SMM [105].
Ap suit dugc xac dinh tir ning luong ty do boi

P:_(Z_\vlfl :_%(%’l_ (4.12)

Déi véi IA AC thyc véi cau truc lap phuong,

1 Upx OUgy
PVie ®—a,c4= > {[1-nn+n,( ]c +n,nCy +
6 X=A,C,A,A, aa.

X

® A ®
+ > {[1—nvnl+n My K nne, D K }} (4.12)
X=A,C,A A

X2k, fa, 1% 2k{ oa,

Dit

yé:—a% > {[1—nvnl+nV(BX —1)]0X
X=A,C,A A

Py Oy, ov® ok
2k, ca, 7 2k{ oa,

}. (4.13)

y& vathong sé Gruneisen caa IA AC. Tir do,

U Vo }+—37 ? (414

a
p=——A 1- By —1)]c, =2
6VAC XA;/\!AQ {I: nvnl ’ nv ( " ):I CX aaX ’ nvnlcx 6aX VAC

Diéu kién gisi han bén viing tuyét ddi cua trang thai hop kim 1a [105]

oP oP
_0 hay [ J —0. (4.15)
(5VAC ]TS Oanc )r,

Do d6, c¢6 thé xac dinh nhiét do bén vitng tuyét déi trang thai hop kim

TS
MS

a2

aZU 2(1)
18 =2PVsc *ix_@,%{[l—”v“ﬁ“v (B 1) Jou g mmes -

X X
2
- > [1—nvnl+nV(BA—l)] Ath AC (ak j aAca—sz +
X=AC,A,A 4kA 2kA aa.A aa.A
@ m\? 21, (1)
+n,nC, i (iAC (1) (ak _aAC% '
kO | 2k | 2a, oa’

2 2 2 0 )2
MS = {I:lnvnl‘f‘nv(Bx _1)]Cx aLkBO akx J +n,N,Cy aACkBo (ﬁj } (4 16)

2
X:AyCyAiyAz 4kX aax
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Do dudng cong gigi han bén viing tuyét ddi cua trang thai hop kim ¢ khéng
xa duong cong néng chay cua hop kim nén nhiét do T, thuong Ion va cé thé coi
Y, =X, cothx, ~1 & nhiétdo T,. Phuong trinh duwong gigi han bén viing tuyét dbi cua

trang thai hop kim nhu sau

-1
2 2 @
> [1-nn+n, (B, -1) ey aLk;“"(%] +n,NCy aAC:I)z (6k ] %
)i 4k: | oay 4k, oa,,

a, oUW
x12PV, +=2& %" Jl1-nn+n, (B ]c OX +n,nc, —2X -
6 X=AC,A,A aa

X

2 2
B Z {[1_ n,n,+n, (By _1)]Cx MOy | Bac (akxj ~xc % +
X=AC.A A 4k, | 2k, | Oay oay,

nnc noPa,. | a,. (kO Y 4 o’k .
R 2k§> da, " oal

&
+ Ve Jp, B > [1—nvnl+n ]c Yox +n,nC, WYox |,
Kao@ac 6V oa

AC X=AC.A.A X

ud )"
x [1-nn +n,(B ]c Yox +nnc, —2X 4t =0, (4.17)
X=AC.A A day
O day, ap suat 1a mot ham caa khoang céch 1an can gan nhat trung binh
P=P(a,.). (4.18)

Déi vé6i hop kim ¢ &p suét thap, ta sir dung hé thirc nhiét dong (4.2). Tur do, ta
thu duoc

o)
T, =a+c > 4[1-nn+n,(B ]c Yox 4 Ny Moy +(gj +un
187k oa, | \oP ),

Bo X=A,C,A A

(4.19)
Nhiét d6 gigi han bén viing tuyét doi trang thai hop kim T, (0) & 4p suat khdng
duoc xac dinh bai

5, Tk > {[1—nvnl+n ]c Yox +N,NCy
Bo X=AC.ALA

ug

T,(0) = —} (4.20)

X

Céc dai lugng a,, a{;{%, 7¢ dugc tinh & T, (0).

X
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Nhiét d6 gisi han bén viing tuyét ddi trang thai hop kim & &p suét P dwoc cho bai

T, ~ T, (0) + VACF;Z(‘SVG) T,. (4.22)
Bkgo (76 ) \ T Jase

Cac dai luongV,., 7% ,8yL 1 8T dugc tinh & T,. Ta lam gan ding T, voi T,.

Dung phép lap gan dung

V(T )P >> V(T )P (a%j T (0). (4.22)
3kg, 7 (T5 (0)) 3kBo7/(23 (T;(0)\ oT °

T, (0)+
Khi do,

T, ~T,(0)+— TP (4.23)
3kBo7 G (Ts )

Dung phép lap gan dung 1an thi hai, ta thu duoc

V(T,,)P V(TP (57/ J
T ~T.(0 st _ s1 Sl T... 4.24
s2 = Ts! )+3kBo7/G(T51) 3k807é (T ot - ( )

Ct nhu vay, ta thu dugc Tg;, Ty, ...

Déi vai hop kim ¢ ap suit cao ta can tinh

2. Q)

= ={ > {[1—nvnl+nv(BX —1)}0X 0 sz +n,NC, 0 W§< }}:
XZACALA 0 o€

2
&
0

2 o?
:{I:l_nvnl-i_nv(BA_l)]CA a;.VZA +C%:Azlil—nvn1+nv(8x _1):|Cx aZZX +

aZl/j(l) aZl//(l) aZW
+Nn,nC, 8—§+ c,%xxz n,n,Cy ?;( = [l_ n,n, +n, (BA _1)] ang {CA +
}+

1 0y N k%
+[1—nvnl+nV(BA—1)] [ﬁj CAZ,AQ[l_nvnl+nV(BX _1)]Cx agzx

o2y o2y -t o2y
+nvnla—§‘ C,+ - A Z cxa—§ =
& & C.ALA &

2 -1 2
=E, {CA +[1-n,n,+n,(B, —1)]1(?”2 j > [1-nn+n,(B, -1)]c, {861//;( j}+
C.A A &

&

o2y -1 82y
+E(l) C. + A C X . 4.25
YA{ A ( Py X—CE,ALAZ x| g2 ( )
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EAC

G =——AC
2(1+v,)

, (4.26)

Vae =CaVp +CoVe BV, (4.27)
trong d6 cac dai luong c6 chi sb trén 1a 1 dd duoc giai thich sau cong thic (2.70),
E,.c 18 médun Young cua hop kim AC, E,, l1a médun Young cua kim loai sach A,
E® 1a médun Young cta kim loai sach A c6 mot n(t khuyét trén qua cau phdi vi thir
nhat, G, 1a moédun truot cua hop kim AC, v,..V,,V. tuong &ng I cac ti s6 Poisson
cua IA AC va cac thanh phan A, C vado ¢, <<c,.

Taco
BT(P):BO+B(;P+%B(;'P2+... (4.28)
Trong gan dung bac nhat,
B, (P) = B, + B[P, (4.29)

trong d6 Bo = Bt (P =0) va

B! =(dﬁ) , Bg:{dz—B;] . (4.30)
P ), P )
Khi do
G(0) T
(B, +B;P)™

4.1.2. Ly thuyét chuyén pha ciu tricc
Khi xay ra can bang pha giita pha o va pha S tai 4p suat P = 0 cia IA AC ¢6
khuyét tat,
Ve =Vt Tae =Tl =Tac ™, (4.32)
T nhiét do chuyén pha a-fcua IA AC thuc. Theo hé thic nhiét dong, v = E —TS.
Do d6, nhiét d6 chuyén pha -4 cua IA AC thuc tai 4p suat P =0 1a

AES.
ASy.

Ra RS
EAC — EAC

Ra RA |
SAC _SAC

TARca_ﬂ(P =0)=

(4.33)
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Vi du nhu khi ¢ = BCC, #= FCC,

Efe= ) {[1— nn,+n, (B, —1)]c,Ex +n,nc, E)((l)}, (4.34)
X=AC A A,

EX = > {[1-nn+n, (B, —1)c Ey +nnc EL ), (4.35)
X=AC.A LA,

Spe= > {[1-nn+n, (B, —1) oSy +n,nc, SP, (4.36)
X=AC.A LA,

S {[1—nvnl+nv(BX ~1) Jc, Sy +nvn1cXS§1’}, (4.37)
X=AC,A,A

trong d6 ¢, =1-7c, ¢, =2c;, ¢, =4c, trong (4.34) va (4.36), ¢, =1-15c;, c, =6cC.,
c,, =8¢, trong (4.35) va (4.37). Mot céch khéc la v& dd thi cua ning luong ty do
cua hai pha o va £ theo nhiét d6 va xac dinh giao diém cua hai d6 thi. N6 cho ta
nhiét d6 chuyén pha a-£ caa hop kim tai P = 0.
Khi xay ra can bang pha giira pha o va pha g caa IA AC thuc tai ap suat P,
Gie =GR T =T =T "\ P =P =P, (4.38)

Theo hé thic nhiét dong, G =y + PV =U —TS + PV. Do d6, nhiét d6 chuyén pha o-3
cua IA AC thuc tai 4p suat P 1a

o AER +PAV,.| |ERS —EN +P (Vi VL)
Toe "(P)= R = Ra RA . (4.39)
ASAC ‘ SAC - SAC ‘
Vi du nhu khi = BCC, 2= FCC,
4(ay J2(a” ’
Ve =Nvi, =N &) VL =Nvi =N (%) . (4.40)

33 2
Céc dai lwong khac trong (4.39) gidng nhu trong (4.34)-(4.37). Mot cach khéc 12 vé
d6 thi caa thé nhiét dong Gibbs cua hai pha o va £ theo nhiét d6 dbi vai hop kim &
&p suat P va xac dinh giao diém cua hai do thi. N6 cho ta nhiét do chuyén pha o-
cua hop kim tai &p suat P.

Tinh nhiét d6 chuyén pha o8 (a, = BCC, FCC, HCP) mét cach twong tu, trong
d6 cac biéu thrc giai tich ciia cac dai luong nhiét dong dbi voi pha HCP gidng nhu dbi véi
pha FCC. Viéc x4c dinh ning luong lién két va cac thong sé hop kim cua cac pha FCC va
HCP I giéng nhau va chi khac nhau khi tinh cac tong mang (xem Phu lyc).
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4.2. Néng chay va chuyén pha ciu tric ciia hop kim xen ké tam nguyén c6 khuyét tat
v6i clu tric lp phuong
4.2.1. Ly thuyét néng chdy

Ta ciing ap dung ly thuyét nong chay dé cap & muc 4.1.1. Béi véi 1A ABC c6
khuyét tat véi cau trac 1ap phuong,

1 ou)
PVge = —8pc { Z [1_ nvn1+n }C Yo +n,nc, —% ¢+
6 x-agc ALA oay
(4.42)
oY, ok oY ok
+ [1-n,n+n, (B, —1)]o, %X +nnec, X=X 10
X=A,B,C,A,A ka 8ax 2kX ﬁax
bat
® A®
7e =B > [1—nvn1+nV(BX —1)]cX Yy Ky +n,nC, Y%& . (4.42)
6 X=A,B,C.A.A, kX aa.x k>(() @ax
y¢ dong vai tro nhu thong s6 Gruneisen cua IA ABC. Khi do,
® T
p—_ Basc {[1— n,n +n, ( ]c Yox n,n,c, Mox }+—37@8. (4.43)
BV sc X day Vaec

Tir diéu kién gidi han bén ving tuyét déi trang thai hop kim [105]

[ o ] -0 hay( P J ~0 (4.44)
6\/ABC Ts aa/—\BC Ts

suy ra nhiét d6 gioi han bén viing tuyét dbi trang thai hop kim T, nhu sau

_TIs
> MS’
2 2(1)
TS = 2PV, + e {[1— nn, +n, ( ]c X 4n,Nncy aU—ZOX}—
6 x-aBTan day

2
- [1— n,n +n, (Bx —1):| Cy haoy Aapc | Aasc (ak ) - 0 kzx n
XABCAR Ak 2k, | day oay
ha)g(l) Ape | Appe [ OKS @) 2%k >((1)
+nv n,Cy Q) 0 —a ABC o | [
4k 2k’ \ oay oas,

2 2
a’ k. ( ok kg, [ OK$
MS = 1-nn +n, (B, —1)|c, 28 Bo| X | 4 nnc, —L8€ (4.45
| {[ (-3 Bt 2 “”4k;m(axJ}( )
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Do duong cong gii han bén viing tuyét ddi cua trang thai hop kim ¢ khéng
xa dudng cong nong chay cua hop kim nén nhiét o Ts thuong 16n va cé thé coi
Yy =X, cothx, =1 & nhi¢tdo T,. Tur d6 suy ra

-1
2 W \?
> [1—nvn1+nV (By —1)} Cy M Ok +n,n,C, aABC(EE" Ok x
X=A,B,C,A,A 4k 6ax 4kx 8ax

2 2(0)

a ouU

ABC [1-nn, +n,( ]c °X +n,nc, —2X -
6 x_aBCAA oa

><{2PVABC +

2
ho,a a ok o’k
- [1-nn +n, (By —1) o, —XA8C | ZABC | =X | g~ X |4
X=A,B,C,A,A 4kX 2kX 83.

® ® 2,) |
mne, hay’a,pe | Apge ak a3 o0’k N
vl 4k® 2k ABC - 5g2
X A X aX

®
1+ Vac {P+ Bgc > {[1— n,n, +n, (B, —1):|cx aaL;OX +n,N,C, _aanx }x

Kgo@asc 6V asc x=ABCT.ALA X X

oU ou® )"
X 1-nn +n,(B, -1)|c X +nnc, —2% 4+t =0. 4.46
L2 e e Pnne L o

X x
Pay 1a phuong trinh duong gigi han bén viing tuyét d6i cia trang thai hop kim. Ta c6
thé xac dinh duoc vé phai ciia phuong trinh nay néu biét thé nang tuong tac. Phuong
trinh nay xac dinh ap suat 1a mot ham cua khoang céch 1an can gan nhét trung binh
P =P(a)- (4.47)
Déi vai IA ABC c6 khuyét tat & ap suat khong, ap suét thap va ap sut cao, ta
cling 1am gidng nhu d6i vai IA AC. Thay cho biéu thirc (4.20) bang biéu thic sau

@
Tg = aATBC > {[1— n,n+n,( ]c Yox +n,n,c, Nox }{G—Tj +...,(4.48)
18y5kKs, X=AB.C.A.A oay oP B

Thay cho biéu thirc (4.21) bang biéu thtc sau

Uy

T, (0) = —asc > {[1—nvnl+n ]c 0X+nnc

:
187cKgo x-aBc.A A

} (4.49)

X
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Thay cho cé4c biéu thuc (4.25)-(4.27) bang céc biéu thie sau

}

E,c =E, {CA +[1-n,n, +n,(B, —1)]1(

Oy,

0&?

2
{[1— n,n,+n, (B, —1)]c, (aalﬂx

2
&

@

0&?

X
X=B,C,A A
2 o\
+EQ {CA+(88W§ j >y
& X=B,C,A.A
1 W 1
E,= AT o’
ma A, ma, Ay
1 2y50° 1
A, =—| 1+ =2 1+ = x,cthx, |[(1+x,cthx,) [, X,
K, k¢ 2
1 1
EB = 1Eé1) = "
magAg magAg
1], 2026*(, 1 ]
Ag =—| 1+ =B 1+ = x cthx, |(1+Xxcthxg)
Kk, Kk 2 |
Fyy 10Uy Bhoy |0k, 1 (K, i
os |2 o 4k, | o2 2k, \ar,
10U 3 1 ok ho
+(Ear—0x+§ha)xcthx>< 2k ar—XJZrmx,xx :2_6;(
1X X 1X
1], 2y®207 (1 |
W _ O ohy® O athy®
Al _kTAl)_l_'_ kASM 1+§xA cthx; (1+ X, cthx; ) , X
o2yt |
W _ O oty ® Oethy®
Az @ 1+W 1+§XB cthxg (1+ X5’ cthxg )_,x
Sy |18 3hef | Kk 1 (oK
o> |2 a2 4 kO | ok 2k or,
(@) )
(LU 3, e LAY,
2 or, 2k$) or,

G

EABC

T 2(14 Vpge )
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[azl//x

)
)

how,

20

Ii

0
o _hol o _

X

2
rOlX +

k(l)
2 (4.50)
m

(4.51)



Vage =CaVa +CgVp +CoVe ® Ve, (4.52)
trong d6 ¢, =1-c, —7c;, ¢, =2¢;, C, =4C; d6i voi mang BCC, c, =1-c, —15¢,,
C, =6Cc, C, =8C. ddi V6i Mang FCC, Vyge,Vac, Vi, Vg, Ve tuong Gng la cac ti sb
Poisson cua IA ABC, IA AC, cac thanh phan A, B, Cvado ¢, << ¢, <<v,. Ec, Ey,
EQ, G, da duoc giai thich sau cong thic (4.27).

4.2.2. Ly thuyét chuyén pha ciu triic

Ly thuyét chuyén pha ciu tric cua IA ABC c6 khuyét tat voi cau tric lap
phuong dugc cong bd trong [CT4].

Ddi véi IA ABC c6 khuyét tat khi xay ra can bang pha gitta pha « va pha S
tai 4p suat P = 0,

Waae =Vnee Tase = Tase = Taac” s (4.53)

trong 6 T2%# 12 nhiét do chuyén pha a-fcia IA ABC thuc. Theo hé thic nhiét
dong, w = E-TS. Do d6, nhiét do chuyén pha a-8 cua IA ABC thuc tai 4p suat

P = 0 ¢6 thé duogc xac dinh tir cdng thac sau

. AER.| |ER —ERL|
TRe-(p = 0) = | 2A8C | _ | =asc ~ Enec |- 4.54
e ( ) ASEBC | Sigc - SEBﬂc | ( )
Vi du nhu khi ¢ = BCC, #= FCC,
Ere= >, {[1— n,n, +n, (By —1) Je Ey +n,nc, ES)}, (4.55)
X=A,B,C A A,
Ene = > {[1— nn, +n, (By —1) Je, Ey +n,nc, EQ’}, (4.56)
X=AB.C.A.A
Sk = >, {[1—nvn1+nv (By —1) Jey Sy +nvn1cXS§(1)}, (4.57)
X=A,B,C,A A,
SHL= ) {[1—nvn1+nV (By —1) Jey Sy +nvnchS§(1)}, (4.58)

XA BT AL,
trong d6 ¢, =1-c, —7c.,Cc, =2C.,C, =4c;, trong (4.55)va (4.57), ¢, =1-c; —15¢,
¢, =6¢c,c, =8c. trong (4.56) va (4.58). Mot cach khac la ve dd thi cta niang luong
tu do y cua hai pha o va S theo nhiét do va xac dinh giao diém cua hai d6 thi. N6
cho ta nhiét d6 chuyén pha -4 cua hop kim tai P = 0.

Khi xay ra can bang pha giira pha o va pha 4 cta A ABC thuyc tai &p suét P,

Gpsc =G Thac = Tase =Tasc” + Pasc = Pasc =P (4.59)
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trong d6 G la thé nhiét dong Gibbs. Theo hé thac nhiét dong,
G=y+PV =U-TS+PV. Do dé, nhiét do chuyén pha o-f cua hop kim ABC thuc

tai 4p suat P c6 thé duoc xac dinh tir cdng thirc sau

TRaA (PY AES . +PAV g B Enec —Enbc + P(V:!Bc _V£3c) 4.60
ABC ( )_ ASR - SRa _SRﬂ ( . )
ABC ABC ABC
Vi du nhu khi ¢ = BCC, #= FCC,
3
a a 4 aZBC \/E aﬁBC
Vi =Nvi. =N (:g—Jg)’VA%C =NV =N % (4.61)

Céc dai luong khac trong (4.60) duoc xac dinh giéng nhu trong (4.55)- (4.58). Mot
cach khac 1a vé db thi cua thé nhiét dong Gibbs cua hai pha o va S theo nhiét do doi
v6i hop Kim o &p suat P va xac dinh giao diém cia hai do thi. N6 cho ta nhiét do
chuyén pha a-f cua hop kim tai &p suat P.

Viéc xac dinh nhiét do chuyén pha a-Strong d6 a, = BCC, FCC, HCP dugc
lam twong tu, trong d6 biéu thirc giai tich cua cac dai lwong nhiét dong cua pha HCP
giong nhu pha FCC. Tuy nhién, viéc x4c dinh nang luong lién két va cac thong s6 hop
kim cua cac pha FCC va HCP 1 gidng nhau va chi khac nhau khi tinh cac tong mang.
4.3. Tinh sb nhiét @9 nong chay va nhiét do chuyén pha cau truc
4.3.1. Két qud tinh s6 nhiét dp néng chdy ciia cac hop kim xen ké TaSi, WSi, FeC

Chng t6i tiép tuc st dung thé MLJ n-m (2.84) ddi vai cac hop kim TaSi, WS,
FeC va kim loai trong hop kim. Céc théng sb thé MLJ dbi vai céc vat liéu nay duoc
cho trong Bang 2.1, Bang 3.1 va Bang 4.1.

Bang 4.1. Cac thong sé thé MLJ n-m [63]

Twong tac m n D (10%6 erg) ro (101°m)
Ta-Ta 5,5 11,5 11741,178 2,8648
Fe-Fe [65] 2,12 8,26 8384,467 2,5445
C-C [64] 4 6 42820,625 1,54
a-Fe 12576,7 8,25 3,94 2,4775
r-Fe 8384,467 8,26 2,12 2,5445
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TaSi va WSi véi cau tric BCC
Trudc hét, ta xét su néng chay caa cac hop kim TaSi va WSi véi cau tric BCC.
Déi véi cac twong tac Ta-Si, W-Si, ta str dung (2.86).
Két qua tinh s6 thu duoc dugc tong két trong Bang 4.2, Bang 4.3 va duoc minh
hoa trén cac hinh vé tir Hinh 4.1 dén Hinh 4.6. Trong truong hop giéi han khi ¢, — 0,
ny trong cac kim loai sach Ta va W tai cac diém nong chay tai P = 0 duoc tinh bai
SMM phu hop tét vai sé liéu thue nghiém (xem Bang 4.2).

Bang 4.2. ny tai cac diém ndng chay caa Ta va W tai P = 0 tinh bai SMM va theo TN [48, 66]

. ny (10°%)
Vit lidu
SMM TN
Ta 4 3,5 [66]
w 1,5 1+3 [48]

Hinh 4.1 chi ra duong cong néng chay cua Ta tai cac ap suat 1én téi 80 GPa
thu duoc boi cac phuong phap khac nhau.

7000 7500

Binh luat Lindermann ctia Wang (2001) [114] o —— Ly thuyét léch mang cta Burakovsky (2000)[8]
65004 © TN tlr DAC cla Errandonea (2001) [17] -_,.i'" 7000 4 TN tlr DAC cUa Errandonea (2001)[17]
e gEAM FF cua Strachan (2004) [100] o~ | —— SMM theo mé hinh li tufyng’
6000 " abinitio cia Taioli (2007) [102] __..-" o] 6500 1 —— SMM theo mé hinh c6 khuyét tat

=MD va PDEAM cua Liu (2017)[57]

—— SMM theo mé hinh c6 khuyét tat o e o
° —— MD va EFS ciia Liu (2012)[56]

—=— SMM theo mé hinh li twdng _a""qe®
" e®
-5
"
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gg 5000 gE 5500 -
= -
4500 A 5000 ~
4000+ 45001
3500 ettt 4000+
3000 + T T T T T T T 3500 T T T T T T T
0 10 20 30 40 50 60 70 80 0O 10 20 30 40 50 60 70 80
P (GPa) P (GPa)
Hinh 4.1. Tr (P) cta Ta thu dugc béi SMM, Hinh 4.2. Ty (P) cua W thu dugc bai
cac tinh toan khac va theo TN SMM, cac tinh toan khac va TN

P6i véi Ta li tuong, nhiét do nong chay Tm ting rat manh theo &p suét do
vat liéu bi nén rat chat. Hon nira, niang luong lién két ciing ting manh. Trong
khoang &p suat tir 0 dén 80 GPa, Tm theo tinh toan SMM di v&i mé hinh Ta Ii
tuéng ting tir 3210 K dén 6772 K. Téc d6 tang nay chénh léch nhiéu so véi thuc
nghiém DAC [17] va so véi cac két qua Iy thuyét khac nhu tinh toan qEAM FF
[100], tinh toan ab initio [102] va tinh toan theo dinh luat Lindermann [114]. Tuy
nhién, Tm theo tinh toan SMM ddi véi mé hinh Ta c6 khuyét tat chi tang tir 3031 K
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dén 5864 K do cac s6 phdi vi nho hon khi ¢6 cac nat khuyét. Buong cong néng
chay cua Ta cd khuyét tat thu duoc boi SMM phu hop rat tét vai cac két qua ly
thuyét khéac [100, 102, 114]. Do ny ting theo ham mii theo nhiét do nén su khac
biét gitta duong cong nong chay cua Ta li tuong va duong cong néng chay cua Ta
c6 khuyét tat cang tro nén rd nét khi nhiét do cang cao. Sai sb cuc dai c6 thé Ién
t6i 13,4% trong vung khao sat.

Twong tu nhu Hinh 4.1, Hinh 4.2 so sanh céc tinh todn cia SMM vi tinh
toan cia phuong phap nguyén tir nhing phu thudc &p suat caa dong luc hoc phan
tir (MD-PDEAM) cua Liu va cong su [57], tinh toan thé Finnis-Sinclair ma rong
ctia dong luc hoc phan tir (MD-EFS) cua Liu va cong su [56], Iy thuyét 1éch mang
cua Burakovsky va cong su [8] va két qua thyc nghiém DAC cua Errandonea va
cong su [17] ddi véi su ndng chay cua W dudi tac dung cua &p suat. Khi P tang
tir 0 dén 80 GPa, T theo tinh toan SMM ddi véi mo hinh W 1i tudng tang tir 3810 K
dén 6629 K nhung Tm theo tinh toan SMM d6i véi md hinh W ¢6 khuyét tat chi
tang tir 3609 K dén 5984 K. P6i véi W 1i tuong, ¢b thé thu duoc cing duong cong
néng chay nhu da thu duoc bang cac tinh toan khac [8, 56, 57] ma khong phai chiu
cac chi phi tinh toan 16n. Hon nita, khi bao ham cac nat khuyét vao trong mo
hinh tinh toan, duong cong néng chay cua W ¢ khuyét tat phi hop véi thuc
nghiém [17] tot hon so v&i cac tinh toan khac [8, 56, 57]. Sai s6 cuc dai giira T

cia W c6 khuyét tat va Tm ciia W 1i tuong la khoang 9,7% trong khoang khao sét.

4000 x x T 4000 , , :
+ SMM theo mé hinh Ii twéng . = SMM theo m6 hinh li twéng
37501 < SMM theo mé hinh c6 khuyét tat 3750 "=, * SMM theo mé hinh c6 khuyét tat
35004 + CALPHAD clia Guo(2000)[23] 3500;-'::::;:--.__: CALPHAD ciia Guo(2000)[23]
3280 1ree,., 3250
< 3000 4+-..,. o
éE I = 3000
2750+ e el H
] 2750+
2500 iy,
| celirgy ]
2250 2500 -y
2000 - 2250+
1750 T T T T T T 2000 T T T T T T T T T T
0 1 2 3 4 5 6 7 0.0 05 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0 55
Csi (%) Csi (%)
Hinh 4.3. Tm(csi) cta TaSi tai P =0 thu Hinh 4.4. Tm(csi) cia WSi tai P =0 thu
duoc boi SMM va CALPHAD [23] duoc boi SMM va CALPHAD [23]
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Xét anh huong cua nguyén tir xen k& Si Ién nhiét do ndng chay cua TaSi va
WSi tai P = 0 trén Hinh 4.3 va Hinh 4.4. Céc nhiét d nong chay cua cac hop kim
nay la cac ham giam cua csi. Theo Hinh 4.3, khi csi tang tir 0 dén 7%, Tm cua TaSi
giam tir 3210 K dén 2423 K theo tinh toan cua SMM d6i véi md hinh hop kim Ii
tuong, tir 3031 K dén 2310 K theo tinh todn cua SMM d6i vi md hinh hop kim c6
khuyét tat va tir 3247 K dén 2533 K theo tinh toan gian d6 pha (CALPHAD) cua Guo
va cong su [23]. Theo Hinh 4.4, khi csi tang tir 0 dén 5,5%, Tm ctia WS giam tir 3810 K
dén 2459 K theo tinh toan cia SMM ddi véi mé hinh hop kim 1i tuang, tir 3609 K
dén 2366 K theo tinh toan cua SMM dbi voi mé hinh hop kim c6 khuyét tat va tur
3695 K dén 2460 K theo CALPHAD ctia Guo va cong su [23]. Nguyén tir xen k& lam
cho hé sb xép chit cua tinh thé 16n hon va ny tai diém néng chay giam theo su ting
cua csi. Nhitng Ii do nay dan téi mot gia tri nho hon ddi véi do doc cua duong cong
nong chay (xem Bang 4.3). Céc tinh toan SMM d6i véi d6 doc dudng cong nong chay
cua tinh thé ¢ khuyét tat phu hop tét vai cac két qua twong ng tir CALPHAD.

Bang 4.3. Cac d6 dbc duong cong nong chay doi véi TaSi va WSi tai P =0

tinh boi SMM va CALPHAD [23]

AT
™ (K/%)
Hop kim Acg
SMM (LT) SMM (KT) CALPHAD [23]
TaSi 112,4 103 102
WSi 245,6 226 2245
6500 T T T . 6500 T T T
= SMM theo mé hinh |i twéng T * SMM theo m6 hinh li twéng
60004 =« SMM theo mé hinh cé khuyét tat __-". 60004 * SMM theo md hinh c6 khuyét tat -
ss01 T e 5500 - oot
5000 e _
2 e £ 50001
= 4500 e E
H e 4500
4000 T
e 4000 -
35001 .
...l..o' . ...o
3000 .+ 3500 1,
2500 3000

0

10 20 30 40 50 60 70

80

0

10 20 30 40 50 60 70 80

P (GPa) P (GPa)
Hinh 4.5. Tm(P) cua TaSi vdi csi=1%  Hinh 4.6. Tm(P) cua WSi véi csi = 1%
tinh béi SMM tinh boi SMM
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Hinh 4.5 va Hinh 4.6 chi ra sy phu thudc caa nhiét dé nong chay vao ap suat
d6i Voi TagewSiin VA WaeoewSiin. Trong khoang &p suat tir 0 ¢én 80 GPa, T ting tir
3098 K dén 6405 K dbi véi TagewSiiw 1i twong, tir 2928 K dén 5590 K ddi voi
TagewSi1es cO Khuyét tat, tir 3564 K dén 6088 K ddi v6i WaewSie 1i tudng, tir 3383 K
dén 5534 K d6i Vi WogesSis c6 khuyét tat. Trén co s cac két qua thu duoc trén cac
hinh v& tir Hinh 4.1 d&én Hinh 4.6, chiing tdi tin twdng rang cac két qua thu duoc ddi
vé6i cac nhiét do nong chay cua TaSi va WSi c6 khuyét tat véi cau tric BCC 1a twrong
d6i chinh xac.

FeC véi cau tric FCC
Nghién ciru sy néng chay caa hop kim »FeC. Déi véi twong tac Fe-C ta sir dung
(2.86). Két qua tinh s duogc minh hoa trén cac hinh vé tir Hinh 4.7 dén Hinh 4.9.

5500

T T T
TN tir XRD nhanh cta Anzellini (2013)[4]
50004 — TN tr DAC cta Williams (1987)[115]

—=— SMM déi véi mé hinh i twéng

—— SMM theo m6 hinh cé khuyét tat
45009 . apinitio clia Alfe (2002)[1]

4000+

T (K)

3500 4
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2000 47~
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Hinh 4.7. Buong cong ndng chay cua j-Fe

Xét truedng hop gisi han khi ¢ — 0, Hinh 4.7 chi ra anh hudng cua &p suét lén
nhiét do ndng chay Tm cta kim loai sach y<Fe duoc tinh toan boi SMM, ab initio initio
cua Alfe va cong su [1] va thuc nghiém DAC cta Anzellini va cong su [4] , Williams
va cong su [115]. Khi &p suét tang tir 0 dén 100 GPa, Tm tinh toan boi SMM dbi voi
mé hinh jFe 1i tuong tang tir 2115 K dén 4857 K. Do téc d6 ting qua nhanh nhu vay
nén céac két qua tinh sb thu duoc bang SMM déi véi sy ndng chay cua »Fe 1i tuong
léch nhiéu so vai thyc nghiém va tinh toan ab initio. Tuy nhién, khi nt khuyét xuat
hién, s6 phdi vi giam dang ké, cac nguyén ti trong mang tinh thé tré nén linh dong
hon do lién két khong diy du thi Tmtheo tinh toan SMM ddi véi md hinh Fe ¢6
khuyét tat chi tang tir 1982 K dén 4095 K trong toan khoang ap suat khao sat.
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Theo dinh luat Arrhenius, ny ting nhanh theo nhiét do theo kiéu ham mii do tinh
phi diéu hoa caa dao dong mang. Vi vay, su khac biét caa tinh chat nhiét dong gitra
hop kim 1i twong va hop kim cé khuyét tat cang ré hon khi nhiét do cang cao. Cuy thé
la d6i vai nhiét do ndng chay cua j-Fe, su khac biét nay co thé 1én tsi 15,7%.

Diéu d6 1am cho dudng cong néng chay caa yFe co khuyét tat tinh bang SMM
phu hgp hon véi thuc nghiém so véi cac duong cong ndng chay khéc cua j~Fe li tuong
tinh bang SMM va tinh toan khéac. Moi sai s6 giita tinh toan bang SMM cho mé hinh
hop kim c6 khuyét tat so végi thuc nghiém DAC [115] déu dudi 10% trong diéu kién
&p suat thay doi tir 0 dén 100 GPa.

2200 T T : : 2400
2115 —— SMM theo mé hinh Ii twdng 2306
2100 —— SMM theo mé hinh cé khuyét tat 2300 A
—— TN cta Lord (2009)[61]

T T T
—s— SMM theo mé hinh Ii twéng
—— SMM theo mé hinh c6 khuyét tat
—— TN cua Lord (2009)[61]
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Hinh 4.8. Anh hudng caa nguyén tir xen k& C Ién nhiét do nong chay cua y-FeC
tai P = 0 (Hinh a) va P = 5 GPa (Hinh b) thu duoc boi SMM va TN

Theo Hinh 4.8, nguyén tir xen k& C lam cho nhiét do nong chay cua j~Fe giam di

rd rét. Trén Hinh 4.8a ddi véi -FeC tai P = 0, iT”‘ =-50,33K/% tinh theo SMM déi

Cc

véi y-FeC 1i tudng, il-m =—44,33K/% tinh theo SMM dbi véi »FeC c6 khuyét tat

C

va il-m =-42,67K/% theo thyc nghiém cua Lord va cong su [61]. Trén Hinh
C
A= r: - AT , X - , .
4.8b doi voi p-FeC tai P =5 GPa, A M =—51,22K/% tinh theo SMM doi véi y-FeC
CC

li twong, izm ——44,56K/% tinh theo SMM d6i véi »FeC c6 khuyét tat va

C
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AT,
Ac,

=—44,44K/% theo thuc nghiém cua Lord va cong su [61].

Nhu vay, téc d6 bién thién trung binh caa nhiét d6 ndng chay theo néng do
nguyén tir xen k& dbi vai »FeC c6 khuyét tat ludn ludn nhé hon tdc do bién thién trung
binh caia nhiét d6 ndng chay theo nong do nguyén tir xen k& dbi véi »FeC i tuong.
Diéu nay 1a do nguyén ti xen k& C vira lam giam nhiét do ndng chay vira lam ting hé
sb xép chat cua mang tinh thé. Vi thé, khi di doc theo dudng cong ndng chay vé phia
ting cua nong do nguyén tir xen k& C, cac nat khuyét kho hinh thanh hon va sy khéc
biét giita j<FeC li twong va »FeC c6 khuyét tat ngay cang thu hep. Khi tinh dén anh

huong caa nit khuyét, duong cong ndng chay cua yFeC tot hon vé dinh lugng ciing

nhu dinh tinh.
5000 T T T 5000 T T T T
—s— SMM theo mé hinh |i twéng —=— SMM theo m6 hinh Ii twong.
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4000 - 4000
—
! ~~
~~ 3500 X, 3500+
E N
= £
3000 4 — 30004
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—s=— SMM theo mé hinh li tu«’yng’ —=— SMM theo mé hinh li twdng
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Hinh 4.9. Buong cong nong chay cua y-FeC tai cc =0, 3, 6 va 9% theo SMM
Hinh 4.9 cho céac két qua du doan cia SMM déi véi sy néng chay cua
hop kim »-FeC ¢ ving ap suat cao. Tuwong tu nhu quy luat bién d6i cua kim
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loai chinh y~Fe da duoc phéan tich trén Hinh 4.9, nhiét d6 néng chay cua céc

hop Kim y-Feg79,Cass, y-FeoussCoo VA y-Feg1sCa cling tang manh theo 4p suat. Ngoai

(T -TFR C L . . \ .
ra, ti s6 ”‘T o (T, lanhiét d6 ndng chay caa hop kim li twong, T} 1a nhiét d6 nong

m

chay ctia hop kim c6 khuyét tat) lan luot dat gia tri cuc dai 1a 15,7%, 14,5%, 12,6% va
10,6% twong ung Vi cac truong hop cta hgp kim y<FeC ing vaéi cc = 0, 3%, 6% va 9%.
Diéu d6 c6 nghia la su khac biét gitra cac dudng cong néng chay T, (P) va TX(P) ngay
cang kém tuong minh hon theo sy gia ting ctia ndong d6 nguyén ti xen k& C. Két
qua nay phu hop véi cac quy luat duoc chi ra trén Hinh 4.9. Cin ctr vao céc két qua
d6, chiing t6i tin rang cac gia tri cua T duoc trinh bay trén Hinh 4.9 s& c6 db tin cay
cao. Piéu d6 gop phan chang minh hiéu qua cua ly thuyét nit khuyét trén co s6 SMM
trong nghién citu cac tinh chat nhiét dong caa tinh thé & ving nhiét d6 cao gan nhiét
d6 nong chay.

4.3.2. Két qud tinh sé nhiét dp chuyén pha ciu tric a-ycua Fe

Cac két qua tinh s6 dugc mo ta trén cac hinh vé tir Hinh 4.10 d¢én Hinh 4.13.

-11.74 , . ; ; -11.36 :
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] a-Fe ]
-11.76+ —Fe -11.38
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Hinh 4.10. Su phu thuéc nhiét @6 cua thé  Hinh 4.11. Su phu thudc nhiét d6 caa thé
nhiét dong Gibbs ddi v6i a-Fe va p-Fe tai  nhiét dong Gibbs dbi véi a-Fe va y-Fe tai

P =0 cho boéi SMM P =5 GPa cho boi SMM

Theo Hinh 4.10, nhiét d¢6 chuyén pha cau trdc theo tinh toan 1a 1156 K. Tai
P = 0 va & dudi nhiét d6 1156 K, pha « bén viig hon pha » va do d6, Fe s& ¢ cau
trdc BCC. Con trén nhiét do 1156 K, Fe s& chuyén sang céu tric FCC.

Theo Hinh 4.11, nhiét 6 chuyén pha cau trdc theo tinh toan 1a 956 K. Tai
P = 5 GPa va ¢ duéi nhiét do 956 K, pha a bén viing hon pha » do d6, Fe s& c6

cau tric BCC, con trén nhiét do 956 K, Fe s& chuyén sang cau triic FCC.
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Hinh 4.12. Sy phu thudc nhiét do cua thé Hinh 4.13. Buong chuyén pha ciu tric

nhigt do; g; ?abgspgogh\éoégi'ziﬂ\/&y":e tal gitta a-Fe va y-Fe cho béi SMM va TN

Theo Hinh 4.12, nhiét &6 chuyén pha ciu tric theo tinh toan 1a 728 K. Tai
P = 10 GPa va ¢ dudi nhiét 46 728 K, pha « bén viing hon pha » do do, Fe c6 cau
triic BCC, con trén nhiét 6 728 K, Fe s& chuyén sang cau tric FCC.

Theo Hinh 4.13, két qua tinh toan theo SMM ph hop tét véi thuc nghiém [7, 101].

Moi sai s6 déu dudi 10% trong khoang &p suat tuong déi rong, tir 0 dén 11 GPa.
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Két luan chwong 4

Trén co s& ca&c md hinh va ly thuyét nhiét dong cua IA AC va IA ABC c6
khuyét tat véi cau trac 1ap phuong dugc thiét 1ap béi SMM 6 chuong 2 va chuong 3
chung t6i tim dugc nhiét do gidi han bén viing tuyét d6i, nhiét do ndng chay va nhiét
d6 chuyén pha céu tric cung véi phuong trinh dwdng gigi han bén viing tuyét doi
trang thai hop kim phu thudc vao &p suat, nong do nguyén tir thay thé, nong do nguyén
tr xen k& va ndng d6 nat khuyét can bang cua cac IA AC va IA ABC ndi trén. Ly
thuyét nong chay thu dugc co thé ap dung dé xac dinh nhiét do néng chay cua hop
kim & ap suat khdng, ap suat thap va &p suat cao. Ly thuyét chuyén pha cau tric c6
thé &p dung dé xac dinh nhiét &6 chuyén pha cau tric gitra cc pha FCC, BCC va HCP.

Ap dung két qua ly thuyét, thé Mie-Lennard-Jones n-m va thé Morse, phuong
phap qua cau phdi vi, ching toi thyuc hién tinh sé dbi vai nhiét do ndng chay cua cac
hop kim TaSi, WSi, FeC li twong va c6 khuyét tat phu thuoc vao ap suat, nong do
nguyen tir xen k& va nong do nat khuyét can bang; nhiét d6 chuyén pha cau tric « —
(BCC - FCC) cua Fe Ii tuong. Céc két qua tinh sé bang SMM cua ching tdi phi hop
t6t vai s6 lidu thuc nghiém va cac két qua tinh toan theo cac phwong phap khac nhu

MD, ab initio, dinh luat Lindemann.
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KET LUAN CHUNG

Luan 4n sit dung SMM dé nghién ctru céc tinh chat nhiét dong, néng chay va
chuyén pha céu triic ciia cac 1A AC va IA ABC c6 khuyét tit v6i cu trac 1ap phuong &
ap suat khong va dudi tac dung cta ap sut. Luan an da dat duoc két qua chinh nhu sau:

1. Trén co s6 md hinh IA AC va IA ABC li twong véi cau tric 1ap phuong rit
ra cac biéu thirc giai tich tong quat do doi cua hat khoi nit mang, khoang 1an can gan
nhat trung binh giira hai nguyén tir, ndng d6 nat khuyét can bang, ning luong ty do
Helmholtz, cac dai luong nhiét dong, nhiét o bén viing tuyét dbi trang thai hop kim,
nhiét d6 ndng chay caa hop kim, nhiét d6 chuyén pha cau tric phu thudc vao nhiét do,
&p suat, ndng do nguyén tir thay thé, ndng d6 nguyén tir xen k& va ndng do nat khuyét
can bang cua IA AC va IA ABC c6 khuyét tat véi cu tric 1ap phuong. Ly thuyét nhiét
dong, ndng chay va chuyén pha cau tric caa kim loai A, IA AC va SA AB c6 khuyét
tat 1a cac truong hop giéi han cua ly thuyét nhiét dong, nong chay, chuyén pha cau tric
cua |A ABC c6 khuyét tat twong ung khi nong do nguyén tir xen k& va nong do nguyén
tir thay thé bang khong, khi néng d6 nguyén tir thay thé bang khdng va khi néng do
nguyén tir xen k& bang khong.

2. Ap dung tinh s6 va thao luan cac két qua ly thuyét thu duoc cho mét sé dai
lugng nhiét dong cua AusSi, PtSi, AuCusSi, PtCusSi, FeCrSi, VWSI, nhiét d6 nong chay
cua TaSi, WSi, -FeC va nhiét ¢6 chuyén pha BCC - FCC cua Fe vai cé4c loai thé cap
1a thé Mie-Lennard-Jones n-m va thé Morse phu thudc vao nhiét o, ap suat, nong do
nguyeén tir xen k&, ndng do nguyén tir thay thé va ndng do nat khuyét can bang. Cac
két qua thu duoc bang SMM phu hop tét véi céc tinh toan khéc ding ab initio, dinh
luat Lindemann, MD va sé liéu thuc nghiém. Céc két qua tinh toan chua c6 so sanh c6
tinh tién doan, du bao cho cac két qua thyc nghiém trong twong lai.

Nhiéu két qua tinh s6 bang SMM c6 su phut hop véi thyc nghiém va trong nhiéu
truong hop ¢ su phit hop tét hon so véi cac tinh toan bang cac phuwong phéap khéc. Sai
s0 so v6i thuc nghiém chi khoang dudi 10%. Diéu dé ching to ring phuong phap ma
chung t6i di str dung dé nghién ctru trong lun 4n c6 do tin ciy cao.

Su thanh cong cia luan 4n gop phan hoan thién va phat trién viéc ap dung
SMM dé nghién ciru tinh chét ciia vat lidu IA c6 tinh dén anh huéng ctia hiéu Gmg phi

diéu hoa cua dao dong mang.
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HUONG NGHIEN CUU TIEP THEO

Cac 1A nhi nguyén cd khuyét tat véi cau tric HCP. Ap dung cac két qua ly
thuyét caa luan an dé tinh sb cho céac 1A nhi nguyén va IA tam nguyén khac vai céc

hop kim da tinh sé trong luan &n.
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PHU LUC

Phu luc 1. Chitng minh céng thirc d§ doi clia nguyén tir ra khéi vi tri cin bing
bang SMM

Xét tinh thé 1ap phuong 3 chiéu vai N hat. Ddi véi kim loai va hop kim, trong
tac chu yéu gitra cac nguy@n tir trong tinh thé 1a trong tac cap. Sir dung phuong phap
qua cau phdi vi, thé ning tuvong tac U cua tinh thé c6 thé viét duéi dang

:%ngio (Jr +ul), (PL1)
trong d6 r, 1a vi tri can bang cua hat tha i, u, 1a d6 doi cua hat tha i khoi vi tri can
bang, ¢, 1a thé ning twong tac giita hat thir i va hat thir 0 duogc chon lam géc. Nhiét
do cao, cac hat & nit mang dao dong manh, ta c6 the khai trien thé nang ¢, (|r, +u;])
theo d6 doi u, va khi d6 phai ké dén sé hang cao hon bac 2. Trong gan dung dén bac

4, thé nang ¢, (|r, +u;|) ¢ dang

— 1 82qoio 1 83¢io
Po |6+ u) = oo (e + 2;‘ {auiaauw lq ' 6.5, Lau. ou,,0u,;, lq el

1 M)
+— io U Ui U U + .y 0, By, =X, Y, 20 (PL2)
24“;”7 LaﬁaauiﬁéuwéumJ ’

Néu hat thir 0 con chiu tac dung cua luc phu khong ddi a thi & trang thai can bang
nhiét dong, tong luc tac dung Ién hat d6 bang 0. Khi d6, diéu kién can bang di véi
hat thir O la:

- a q)IO l 83(pi0
z(@u ou ] e * 4 i-az-}’La\uiaﬁuiﬂauiY L <Uiauv >a "

4
+i 0 Dio <uiaui u, > _aﬂ =0 (PL3)
12,57, 0u, 0u,0u;,0u,, ) T

Do tinh chéat d6i xiing cua tinh thé 1ap phwong, cac s6 hang sau day déu bang 0

2 3 4 4
Z 0 Dio ,Z 0 Dio ,Z 83 Dio 'z 28 Dio 1 (PL4)
| ou;,0u;, | ou;,0u;,0u;, | oug,0u;, | ou;,0u;,0u;,
eq eq eq €q

trong 46 a = B+ y . Do d6, c6 thé viét (PL3) thanh
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—Z (5 %J <,ﬁ>a+éz [{%@J *6[55 P ] }<u;>a-aﬁ_o (PL5)

Ap dung cdng thirc tong quat cua mémen (1.44), ta biéu dién mdmen cip 3
(uf;). quamémen cap 1 (uy,) nhu sau

(), =0y +30(u,), a2 P

aa P o (xcthx-1),  (PL6)
ho h |k
t d6 x=—=—,|—. bat
one o o T 20 \m !
2 4 4
k:l {8 (pzioJ :ma)21 7:iz (6 (ﬁioJ +6( 82¢i02J ’
257 ouy, . 1245 OU;y . ou; ,0u; .
y:<uiﬁ>a, BEy=XY, (PL7)
Thay (PL6) vao (PL5) va chu y téi (PL7) ta tim dugc
,d%y dy
7 6° = 2+37¢9yd—+yy +ky+—(xcothx Ny—-a=0. (PL8)

Pay 1a phuong trinh vi phan phi tuyén bac 2. Giai phuong trinh nay, cic tac
gia da thu duoc biéu thie xac dinh do doi yo cta hat ¢ nhiét d6 T trong truong hop
khong c6 ngoai luc tac dung Ién hé

2y0°

5 (02 i
3 AZ“E[%) i

a1:1+1,a2_§ Ay Byey EY"’,

2 6 6 2
S é gly @YZ 16Y +EY4 ’
3 6 3 3 2
a, = E %Y @YZ 83Y Qy“ EY5,
3 2 3 3 3 2

+ 0V Y
3 6 2 3 3

a, = 65+ 0Ly +14§9Y2+9§7Y3+723Y4+1;5Y5+%1Y6+%Y7,Y = xcothx. (PL9)

__(@+749Y+363Y2 301,; 148, 53 +1Y6j’

Str dung (PL9) dé xac dinh do doi ciia nguyén tar X (X = A, C, Ag, Az) trong kim loai
A vatrong IA AC. Tir d6 xac dinh cac khoang 1an can gan nhat (2.42).
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Phu luc 2. Chitng minh cdng thire niing lwong tw do Helmholts caa tinh thé mét
loai nguyén tir c6 cau truc lap phwong baing SMM
Thay (PL2) vao (PL1), ta co

3N 82(Dio
U== Z[{Aod )+ Z(mlq+

4
W1 > T Uy U Uy, +— ! > %o u,au,ﬁu, u, | (PL10)
6 apy\ OU,0u 00U, 24 O, OU; ;O 0L, ) !

a.Byn

Do (PL4), c6 thé viét (PL10) thanh

3N 0 2
U- 2[2 ou((E)+ Z(aug.%lq“‘“

1 ‘o , 6 oo -
ol | Wt 7| Ul PL1L
244 (6u.“ lq PYE (aufﬁau; L (PL1L)

Dit

B o',
Z(p.o(l ), k= Z[au L,

i8

1 «f g 6 o',
_1 o| , -6 o | PL12
AP [6u.4 L 27 yg 4 {8ui2x6ufy . (PL12)

va Coi <uiﬁ>r :<ui7>r =(u)_, ta thu dugc biéu thirc xac dinh thé ning tuong tic trung

binh cua tinh thé 1ap phuong nhu sau
<U >=U0+3N{g<u2 >4y, <U* >+y, <U? >2} : (PL13)

Dé xé4c dinh ning luong tu do y cua hé, ta 4p dung cong thirc (1.48). Mudn vay,
ta phai tinh céc tich phan:

72 7

[ (W) drs [ (u)dy, . (PL14)

0 0

Ta lai bicu dién cac mdmen cép 2 (u*) vamdmen cap 4 (u*) qua momen cap

1 (u), . Theo cdng thic tong quat ciia momen (1.44), ta tim dugc

<u2>r:< ) +98<u> iz(v—l),

or mo
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), ={s -0 0 Tl - i%se{%%ﬂ

' or roor or
a°(u P2 6% ou

Thay (PL15) vao (PL14) va lay tich phan, ta thu duoc biéu thic gan dang cua ning
luong ty do Helmholtz déi véi tinh thé 1ap phuong
3NG? 2v. (. Y
Y ~U, +y, o {]/ZYZ —?1(1+ EJ}JF

3
+6':40 {%ygv (1+9—2(yf +2717/2)[1+Y5j(1+Y)}, Wo =3NO|x+In(l—e > )|.(PL16)

Ta da chirng minh cong thac tht 2 trong (2.1).
Phu luc 3. Ching minh c6ng thire nang lweng tw do Helmholts ciaa hgp kim xen
ké nhi nguyén c6 ciu tric lap phwong
Gia sir IA AC véi cau triic BCC véi nong do nguy@n tir C nho hon nhiéu So Véi
ndng do nguyén tir A gém N nguy@n tir trong d6 ¢6 Nc nguyén tir xen k& C, Naz nguyén
tir A1, Na2 nguyén tir A2 va Na = N- Na1 — Na2 — Nc nguyén tir A. Cho y, 1a nang
lugng tu do Helmholtz ing véi mot nguyén tir X. N6 ¢o dang nhu cong thic thir 2 cua
(2.1). Niang luong tu do Helmholtz caa A AC hoan toan mét trat tu bang
Yo =N +Newe + Ny, + N, —TS/C, (PL17)
trong d6 S/ 1a entropi cau hinh ciia IA AC. Trong mo hinh IA AC cta chidng t6i véi
cau tric BCC, tng Vi mot nguyén tir C & thm mat ¢6 2 nguyén tar A; ¢ tam khéi va
4 nguyén tir A2 ¢ dinh cua 6 co sé 1ap phuong. Do do,
N, =2N¢,N, =4Ng,N, =N —(N; +2Ng +4N.)=N-7N..  (PL18)
T do,
e =(N=7Ne )y, + Newg +2Ney, +4Ngy, —TSC =

7N N 2N 4N TSAC
=N|[|[1-— |y, +— . +—Cy, +—y, ——— | =
{[ N jl//A N Ve N Ya N Ya, N }

TSAC

\ }: N> c,wy TS/, (PL19)
X

=N [(l—?cc YW +CeWe + 20y, +4Cy, —
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4 N Y A A 9 A 9
trong d6 ¢, =1-7c.,c, =2C.,C, =4c;,Cy :WX la nong d¢ cua nguyén tir X. Tuong

ty, d6i véi hop kim FCC, ta thu duoc c, =1-15c,,c, =6¢.,C, =8c.. Nhu vay, ta
ching minh duoc cong thic thir nhét trong (2.1). Twong tu dbi véi 1A AC véi cau
tric FCC véi ndng d6 nguyén tir C nho hon nhiéu so véi ndng do nguyén tir A, ta
cting thu dugc (PL19) nhung trong d6 ¢, =1-15¢.,c, =6c;,c, =8c..
Phu luc 4. Chietng minh c6ng thirc ciia ning lwong lién két va cac théng sé tinh
thé ciia kim loai A c6 cau truc lap phwong

Trong phép gan ding hai qua cau phéi vi dau tién véi thm tai vi tri ciia nguyén

243

te Avacacbankinhla r,,r,, = = r,, d6i vai nguyén tir A trong kim loai BCC, ning

luong lién két va cac théng sé tinh thé cé dang

Uoa :%|:8§0AA(r1A)+6¢AA (% GAJ} = 4¢’AA(r1A)+3§0AA (% I’1AJ . (PL20)

=K K,
@ <331 [ o a)- 3 o(ea) | Lo
3 - (e o5 S ti(n) -
508 (50) 3O () 0Bl (50) = 30 (50)+ 2 5)

do 8 nguyén tir trén qua cau phéi vi dau tién véi ban kinh r,, d6i vai nguyén tir & dinh

cO toa do X la
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1 & 1 1 1
ki\z) = EZKV_Z%&? (rzA)_rT(/’/(-a (rZA)j r22Ax +r_§9/(xl/i (rZA)} =

i=1 2A 2A 2A

1( 1 1 16
:—(Tgoﬁ)(rz )—rTgof/i(rZA)J(rZZAJrr22A+02+02+02+02)+§—(p,‘§,§(r2A)=

rZA 2A 2A

_ ) 2\/§ ﬁ (€] 2\/§
=Ppa | hia 3 + Ppa| lia )
fia 3
23

do 6 nguyén tir trén qua cau phdi vi thir hai véi ban kinh r,, = = dbi véi nguyén

tr & dinh c6 toa do x la

4 8 2J3) 3 243
=k =20 (1) + 3o (1) + 02| T 3= [+ 5 |
3 3, 3 1A 3
kA:idzcoAAz(ﬁA)+ 8 OI(p“’*(r“*)+O|2(p’*’*2(r”‘)+i—d(’)’*’*(r2’*), (PL21)
3 drlA 3rlA drlA erA F2a erA

1 & 1 6 15 15
=l ) SR B0 Beti(a) s

4
487 || 1A Iia 1A 1A

1 3 3 1 1
+6{—3¢553(rlA)——mzz<r1A>+—5¢;az(rlA)}lix+3[—2¢,&?<m)——3¢3(m)}}=
r;I.A rlA riA rlA rlA
11 1 3] 15 15 1 1 1 1
:4_8{3@&?("1”_&(/7;32(rlA)‘*'aq’/(jx)(rl )_E¢gﬁ)\(rlA):|(§rli+§rli+§rli+§r:&+

1 1 1 1 6|1 3 3
el die e 2l a0~ S (6 e (00

9 9 9 48 r-1A r;LA 1A
1 1 1 1 1 1 1 1 38| 1 1
x(grli+§rli+§ﬁi+§ﬂz;\+§ﬁi+§rli+§r12A+§Eij+ﬁ[a¢/ﬁ)(GA)—E(PE\%(EA)}:
1 8 20 5 20
:a¢A§-\ (rlA)+9r1A §0A3;A (rlA)_grli ¢Ai (rlA)+ﬁ¢)AlA(rlA)’
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1 & 1 6 15 15
7/1(/2\) z_z {_4(023\) (rZA)_T(D/(jZ (rZA)+_6§0,(£-\) (rzA)_T(/’/(xlf)\(rZA)} r24Ax +
48T || La G G Ioa
1 3 3 1 1
+6|:T(/’/(52 (rZA)_TqD,(Ai) (rZA)+T¢,(AlA)(r2A)j| r22Ax +3[_2(/’SA) (rZA)_Tqal(AlA)(rZA)j|} =
oA 2A oA G oA
:i¢(Ai) GA& + 32 gD,(B\ZA) rlA& _3—\/§¢(A]2 rlA& ,
24 3 16r, 3 32r;, 3

1
7in = g 0 (5) + g0k (1) gz okl () + g3 A () + 5 282 | a5

3 <2>£r &J_ﬁ m[r &J

16r3 M 3 ) 325 "M 3

zid4¢AA(r-lA)+ 8 d3§0AA(r1A)_ 20 dzgoAA(rlA)+ 20 ngAA(rlA).F

T ar, en,  dr,  op  dp 9, dn,
4 2
+id §0AA(r2A)+ 12 d ¢M2(r2A)_ 13 d(PAA(rzA)’ (PL22)
24 dr), ar?,  dr}, 4r,  dr,,
72A=751A)+7§2/3’
1 & 1 6 15 15
yéjg=_Z{|:T¢£\?(rlA)__5¢g(rlA)+_5¢£\2A)(rlA)__7¢/(-\];L)\(rlA):|rlixr12Ay+
48T || A A lia fia
1 3 3 1 1
+6{—3¢§33(rlA>——4¢>ﬁsz<rlA)+—5¢;2<qA>}(rlix+rliy)+3[—2¢;i>(nA)——gcozaz(qA)}}z
r:I.A 1A r;I.A r;l.A r;I.A
11 6 15 o 15 1,1
- )-SR ) e ) B (n e b
61 3 3 2, 38[1 1 1
R - o () S o (5 o2 2 Lo ) T o6 |- St (50
O (h ) 0 (5,) e g (1) + =2 0 () — e @ () 4~ 2 (5,) +
9[;[ AA 1A 18"11 AA 1A l8rli AA 1A 3rlA AA 1A 2r12A AA 1A 2"1?/; AA 1A
1 1 1 5 5 5
+Tli¢/(jx)(rlA)_ﬁ(D(Al/i(rm):a(o/(;?(rlA)"'E(Pg(rlA)+M(p/(Ai)(r1A)_l8rli (ofxl/i(rm)v
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do 8 nguyén tur trén qua cau phdi vi dau tién véi ban kinh r, d6i voi nguyén tir ¢

dinh co cactoado x vay la

el e
1A |? 1A |2 31A’31A 3lA’ 31A’

(rle’rlAy):[?rlA’?r 3 W3

R R S e
1A | 1A |? 31 31A 31A’ 31A

?EA,?V ?GA, 3

1 & 1 6 15 15
@ {[_ (4)(r2A) @E\?( )+rT§0/(5x)(r2A) r7 goi\l%)\(rZA)} r22AXr22AY+

Vaa —E . AA A

] ) o ) S )| (o ) o0 -

rZA 2A 2A 2A

2A 2A

" 48 5 O

r2A 2A 2A

1] 1 6 15 15
{ w (2a) === 2 (1 )+r7<p;i>(r2A) = (pﬂ(rZA)}(Af.OZ.rZZA+2.02.02)+

6l 1 3 3 36| 1 1
+4_8|:rT S\)(rZA) rzA(/)/(xi)( ) l’2A¢/(xl/z( )}4"2A+4_8{_(/’/(42A)(r2A) rZAqo/(g/i( )}:

1 3 3 3 3
= ,(Ai)(rZA) (9/(-\?( 2A) (D;(Al,i( ZA) 8rZ, ¢/&?( ZA) 81, (0/&12\( 2A)

21, 2r7, 2r;,
B o, 28] 9B o, 2M3) 83 o 243
=S———Om| a5 Ppa| La—5— Ppa| la—5—
4r,, 3 ) 1612 3 64rlA 3

do 6 nguyén tir trén qua cau phdi vi thir hai véi ban kinh r,, = % r,, doivainguyén

tr & dinh cé cac toa do x vay la
(Fomeo Tony ) = (1200),(-12,0), (0, 124 ), (0,12, ), (0,0), (0,0)

1 5 5 5
7/2A_5_4<0,(5:1A)( ) E(D(Ai)( ) 182<0£3A)(1A) 183¢»&2(1A)+

J3 (3{ ZIJ 93 (2)( 2f} 81:/3 (1,[ 2@}
Na Na ? rlAT '

+_
ar, (T3 T1e M T3 ) T eard

y :id4¢AA(r1A)+ 5 d3¢AA(r1A)+ 5 dzq)AA(r;LA)_ 5 d@AA(riA)+
A 54 drf o, dr} 18r2  drd 18r3  dr,

d3 d2 d
L Gouli) 9 Gl 5 Seil iz
AP erA 8Ma erA 8l erA
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Céc cdng thic tir (PL20) dén (PL23) chinh la cac cong thic tir (2.17) dén (2.20). Twong
tu, ta ¢d thé ching minh cac cong thic tir (2.36) dén (2.39) dbi véi kim loai FCC.
Phu luc 5. Chitng minh céng thirc ciia ning lwong lién két va cac théng sé tinh
thé ciia hep kim xen ké AC c6 ciu tric BBC

Khi chon nguyén tir xen k& C ¢ thm mat cta 6 co sé lap phuong lam gbc, hé
toa d6 Oxyz c6 truc Ox hudng tur trai qua phai, truc Oy hudng tir dudi 1€n trén va truc
Oz huéng tir phia sau ra phia truéc mat gidy, nang lugng lién két caa nguyén tir C
VGi cac nguyén tir khac trong mang tinh thé trong gan dung hai qua cau phdi vi Véi
cac ban kinh r,r,. =+/2r. (trén qua ciu phdi vi thir nhat ¢6 2 nguyén tir A, trén qua

cau phdi vi tha hai c6 4 nguyén tir A) c¢6 dang
1
Upc = §|:2¢AC (rlC ) +49,c (rZC )] = Pac (rlc ) + 204 (rzc )’ (PL24)
Qua cau phéi vi thir nhat c6 2 nguyén tir A c6 cac toa dd (1,5, ) =(0.5c ). (0,—1c ),
Qua cau phdi vi thir hai c6 4 nguyén tir A c6 cac toa do
r r r
Py = 0 2C10 ’ _ﬁao ' _Al '
(o) =[S0} S0} (-0 )-S5 0)

n

1|1 1
kél)2—2|:( (p,(Azc)(rlc)_r_a(/’g\l():(rlc)J 1ax T - ¢)(Al<)2(rlc)}
1B

2 i=1 1(; 1C

11 (2 () 2\, 12 @ 1 d("Ac (rlc)
= - r, +0° )+ —— r, —_——,
2{'1(: Pac (i) Gf:(p c(fe) ( ) 2r1c¢ c(he) = . dr,
KO = 11 o ® ®
c __Z 2 Pac (rzc)_ 3~ Pa (rzc) 2Ax (”Ac(rzc)
27| e Ioc Ioc
111 (1) 22c 14 d 2(/’AB (rzc) 1 dgye (rzc)
=— - r. A4+ —— = +— :
5 ( 2 @ac (e ) rzgc —5 Pne () 21, Pne (he) dr. o dr,
K :id(/)Ac(rlc)_'_dz(PAc(rzc)_'_id(PAc(rzc)
T re  dr, dr2 e dr. (PL25)

7e :4(71(: +72c)-
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1 15 15
N | RCICRER VTR RN TR
i=1 lC rlC 1C rlC

1 3
G{rs (/’E\?( 1c)_r_4(/’(2)(r1c)+ 5 (0(1) (Gc)} 1AX +3{I’ (05\28( 1c)_r_3§0(1) (rlc)}}
1c 1c 1c

1Cc 1B

111 15
48|: (/)rc)( c)_r_5¢7(3)(rc)+r ¢£\Zg(rc)_r_7(0(l)(rlc)i|( +04)+

1c 1c ic
111

32| 1
(3) (2) (@) 2 (2)
+§|:r1c Pac 10)_¥(0 (rm)"'rlzgp (rlc):|( +0 ) 48{ Pac

1c

g) __3¢’(1) (rlC):| =
I

_ 1 dz(/’Ac(rlc)_ 1 d(PAc(rlc)
8rg dri  8rg drg

1< 6
7’1(? = 4 ¢/(:::)( Mc §0/(432 () + 6 CD(Z)(rzc) 7 ¢/(-\1()3 () r24Ax +
48T || e r r

2C 2C 2C

1 3 3 1
+6|:rT(p,(A3C) (rzc)_ p (/)/(Azc)(rzc)+ 5 §0£\lé(rzc)} r22Ax +3{rT¢/&Zg(rzc)_ (p/(xlg (rzc)}}
2C 2C

2C 2C 2C

111 15 15
48{ 2 (Pfc)(zc)_rT(D(s)(rzc)"'re ¢(2)(r2c)_ 7 (P(l) 2c):| <44

2C 2C 2C

|~

1 (3) (2) @ 2 3 41 (2)
+= - he)+— @ (r
|:r2c Ppe (he) r24C —0nc (Ke) rzc (pAc( o) |7 48 ¢AC 2

(20)_ 3 (ﬂ(l) (rzc)}
r.
(4)(2c)_

5
(3) (2) 1)
8, §9A3c(2c)+ 161 2 ¢2(2C)_ 6r23c ¢7Alc(zc)+

1 3)
4r2c Pnc

3
(e)— ar 2 (p/(xzc)(rzc)+4r23c (/7(1) (L) +— rzzc §0/(Azc)(r2c)_4 23(: g”fxlc)( o) =
=id4¢’AC(rzc)+ 1 d3¢AC(r2c)_ 3 d2¢AC(rzc)+ 3 d@Ac(rzc)
48  dry, 8r,, dr. 1617,

drZ 16r),  dr,

Vi 7(1)+7/(2)_ 1 dZ(PAc(rlc)_ 1 d¢AC(r].C)+id4¢AC(r2C)
O e dg 8g dn 48

4
dr,.

+ 1 dSQ’Ac (rzc) _ 3 dz(/’Ac (rzc) 4 3 do, (rzc)
8r,. dr. 16ry  drZ 161,

, PL26
dr,. ( )
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(6] 6 o 1 (4) (3) 15 (2) (€]
YVoc = p (PAc(lc)_rg, Pac (rlC)+ r: (PAc(rlc)_ry Pae () |1 1Ax 1Ay

48 i=1 1C 1C 1c 1C

1 3 1
- 2o S |G| - e -
1C

1c 1c 1c 1c
1)1 15

{ ¢5A@(rlc)_ 3 (0(3)(r13)+ §0/(A2c)(r1c)_ 7 (0(1) (rlc):|02 rlC
8 rlC lc rlC fc

11 1 3 21 1
[ () -2 )+ 2 qofg(nc)}nzm—[ qofg(rlc)—ggowrm)}
8 r;I.C r;l.C r;I.C 8 1C '?I.C

1)

(3)(1c)_ (‘7/(\2(:)(1(:) §0Ac 1c) ar 2 —

1
4r1c (2)(1c)_4 3 (/7/&1(): fe) =
1 d3§0Ac(r1c)_ 1 dZ(PAc(rlc)+ 1 d(DAc(rlc)

4re  drg 2rg  drg 2rg  dr

6 & 1 15 15
}/é? =7 {{ (0/&40)( zc)_ 5 (P(S)(rzc) +— r6 §0(2)(rzc) - r7 ‘P(l) (rzc)} 2Axr22Ay +

48 i=1 2C 2C 2C 2C

1 3 1
{I’ (A ) ¢E\Zg(rzc)+ 5 Q’E\l(): (rzc):|( 2A 2Ay) {I’z P (Ne) — =N (0(1) (rzc):|} =
2¢

2C 2C 2C 2C

1] 1 15
8{!’ (D/g‘g(rzc)_rT(”@)(rzc)""ra (9(2)(rzc)_r7 (”(1)(rzc)} <024+

2C 2C 2C 2C
1] 1 4| 1 1
""{T(D/(\s)(rzc)_ 2 ¢7(2)(rzc)+ @ﬁ\lg (rzc):| 2 4‘*‘_{7@\2)("&)_ 3 ¢7/(A1<): (rzc)}
8| e Ioc rzc 8 e Ioc
1 @) W @) &
4r2c(pA3C( c)_42 (02( c)+43 (DAlc(rc)+22 (02(r : ) =
_ 1 d3§0AC (rzc)_ 1 d2§0AC (rzc)+ 1 do,e (rzc)
4r,.  dr 4rr  drk 4ry  dr,
Vo — 0 4 7/(2) _ 1 ds(”Ac (rlC ) _ 1d 2¢AC (rlC ) N 1 doye (rlC ) N
T ne drg o 2rg dig 2 dr
N 1 d3¢Ac3( Fac ) _ 12 d 2("Acz( Ioc ) 4 13 dosc ( 2c ) (PL27)
4r,. dry. 4r,. dr,. 4r,e  dr,
Ve :4(71c+72c)- (PL28)
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Chon nguyén tir A & tam khdi cua 6 co so lap phuong (ki hiéu A;) c6 chira
nguyeén tir xen k& C & qua cau phdi vi thir nhat 1am gbc. Qua cau phdi vi tha nhét cé

ban kinh r,, va co 6 nguyén tu C véi cac toa do
(rlCX’ 1Cy) (0 g ) (0’_r1/ﬁ)’(r1/ﬂ'0)’( 1/\'0)’(0 0).(0,0).
Ugn, ZUOA+%'6¢A1C(rlﬂ):u0A+3¢A1C(r1Ai)’ (PL29)

kﬁzkﬁ;iﬂg(p@(nﬂ) ik )}fcx =i >}=

1A 1A1 Al
:kA%{%(p@(rﬂi) %cofi’c( )} 2+26 ohe (ny ) =
1A 1A1 1A1

_k +M+£M (PL30)
A

2 )
dr, hy  drn,

7o =414 +721):

1A ) _:-Ts(p/(i)c (rlﬁl ):lrléx +

s>y EE TN TN INE
] ) 0 )] o2 n)- o ) -
1A 1A 1A 1A 1A

O | IOV SEICNIE STENE NN R
1A 1A 1A

) et ) ot 0a) 2028 Lot a)- ()|

ST >—ﬁwzfa< o o () o (5 )+

(3)(1/*1) 412 40/(@(1@)““413 Wg)c(la) 832 ‘/’5@(1&) 833 g”g)c(la)

12

1 d(pAic(lAi) 1 dS(P/slc(rlAl)Jr 3 dz%ic(rl/\)_ 3 d(pﬁc(rlfi), (PL31)

AT dr, br,  dr 4ry  drl 45, dr,
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S>3 P RCTN RS TINE SETONE TN 2

1A 1Cx"1Cy
1A 1A 1A 1A
{%w@(m—%{p@(rm)%gogz;(rm)}(qg+rlay>{ré¢:g(q&)-ré¢gg(rm)}
1A 1A 1A 1A 1A
Wm%{écoﬁ%(h)-%ﬁé(m%%@f&(n )—%@2&(%)}&2-02-%

] o 5 o i ot o) 2| ) 3
8| % [ Fia 8| Ha i

ot g 08 ()~ o 082 (4 o 0B (1 g 2 (1)~ (1) -
1A

i 4, ar, ar;,
d? r
oyt — go“i( ) (PL32)
ar,  dr,
Va :4(7154'725)' (PL33)

Chon nguyén tur A ¢ dinh cua 6 co sd lap phuong (ki hiéu Az) ¢ chira nguyén
tir xen k& C ¢ qua cau phéi vi thir nhat lam gbc. Qua cau phéi vi thir nhat ¢ ban kinh
r,, Va c0 12 nguyén tu C véi cac toa do

(rm,rmy)=(%,OJ,[%,OJ,[—%,o],(—%,o}[o,r_z

S R E SRS
V2 U V2) (V2 V2 S\ V2 L V22 L V2T N2

H
g
;ﬁ/
VR
=
ey
RE
%/

Ugp, :L%A-f%n12¢%c(q%)::u0A4—6¢%C(q%), (PL34)
L]
, kA+§z{%¢;§a(n%)—%¢&(q%)}rfcx+ri<o,a1>c(r1 )}
=L ey 1A, 14,

2

o d ot ) ok (i) [0 22 ot 1)

1A, Ma, 2 2r1A2

K, +2d2¢A2c (rlA2 ) N 4 d(”AQc (rlAz)

A Y (PL35)
dr’, L, dn,
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7, :4(7/1A2 +7/2A2)'

V1, :71A+4i8i{[%¢/&:)c (EAZ)—%(DSE: (EAQ)"':-TS(D/&?: (GAQ)_:-T5¢£\12)C (rlA2 )j|r1éx +

i=1 1A, 1A, 1A 14,
+6{%¢5§3: (%a )—r%@(«f)c (GAQ)+%‘P3<: (1 )} e +3{%(p& (5 )_r%(p’(*?C (5 )}} )
1A, 1A, 1A, 1A, 1A,

4

111 6 15 2 15 lia,
=71A+48 7 (DAjc(rlAz)_ 5 §0A2c(r1A2)+ 5 ¢A2c(r1A2)_ 7 (DAlzc(rlAz) 4 8+
i, i, li, i,

2
%{%@gé(GAZ)_%¢$>C(GA2)+%,93C(rlAz)}%.m%{éqﬁé(G%)—é(/ﬁc(%)}:

1 1 5 5
= 71a 5 Pht (rl%)—ﬁgog)c (rlAz)J“@‘P/@ (%)‘@402)0 (%, )+

3 3 3 3
o (i)~ (5 )+ g (5 )+ 02 (5 ) o (5 ) =

1d%0c(he) 5 dpuc(ny) 1 d2¢A2c(r1A2)+ 1 douc(ny)

24 dr 12r, dr, 8ry,  dri 8r5,  dr,

1A, 1A

(PL36)

6 & 1 6 15 15
Von, =7an +—Z {T?’,(A:)c (GA2 )—T(l’i)c (rlA2 )+T(/’/(§)c (EA2 )—7(05\1 (rlAQ ):|r12er1?:y +
4853 || N, Fin, Fin, Fin,

*[%@&ia ()= 2 (1 ) + o 08 (5, )}(réx +néy)+{%¢,&§é ()~ =92 (1 )}}

1A, 1A, 1A, 1A, rlAz
1 (4) (3) 5 (2) 15 )
=y, = r, )-—— L, )+— r, )-— r, )+
V2n 8¢A2c(1A2) ar,, §0A2c(1A2) 8[_12;\2 (DAQC(lAQ) 8[’13,;2 ¢7A2c<1A2)

1 3 3 3 3
+K¢5«fé(%)‘a¢@("w) +€(P§)c('ﬁ/«2)+ﬁ(/’i?c(%)‘ﬂ¢§%(GAQ)

B 1 d4¢Azc(r1A2) 1 dS(”AQc(rlAZ) 3 d2§0Azc(r1A2) 3 d(”AQc(rlAz) PL37
7T a4, df, e dg en - (PL3D)
i, i, i, i, i, i, i,

Va =47 +72m, ) (PL38)
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Nhu vay, ta dd chirng minh cac cong thuc tir (2.2) dén (2.16) dbi véi 1A AC c6 cau
trac BCC. Tuong tu, ta ¢d thé ching minh cac cong thic tir (2.21) dén (2.35) d6i voi
IA AC c6 cau tric FCC.

Phu luc 6. Ching minh cong thirc ctia nang lwong tw do Helmholtz caa hgp kim

xen k& ABC véi céu truc lap phuong

Ning luong tu do Helmholtz caa 1A ABC véi céu tric BCC ¢é dang
¥ e = Ngwg ++(N,y=6N¢ )y, + Newe + 2Ny, +4Ncw, ~TS/5¢
=Nz, +(N -N; —7Nc)l//A + Newe +2Ney, +4Ney ~-TS/5¢
=Ng (w5 —wa)+(N=7N¢ )y, + Ny + 2Ny, +4Ncy, ~TS/C +TS/C —TS/eC
= N[ (e —wa)+(1=7Cc )Wy +Cowe + 260, +ACy, |-TSIC +T8/C ~Ts/*

=NCy (Wg —Wa)+ W + TSI =TS =ND cypy + TS -TSEC, (PL39)
X

trong d6 S’°,S/%° la cac entropi cdu hinh coa IA AC va IA ABC,
€, =1-cy —7c;,C, =2¢;,C, =4c. Tuong ty, ta chung minh cong thirc nang lugng ty

do cia IA ABC V6i ciu tric FCC c¢6 dang (PL39) trong d6

¢, =1-¢5 —15¢, ¢, =6¢,c, =8c..Nhu vdy, ta dd chung minh cong thuc (3.1).

Phu luc 7. Chitng minh cong thikc ciia nang lwong tw do Helmholtz caa hgp kim
xen ké AC va hep kim ABC c6 khuyét tat véi cau trac 1ap phwong
PR =W, +Nng, (AC)-TS " =N c,p, — TS/ +
X

+ NI’IVZCX |:n1(l//>(<1) —VYx )+(Bx _1)‘//x ]_TScAC* =
X

=N {Z{[l—nvnl +n, (By —1) ey + nvnlcxy/§(1)}}—T (82 +82°)  (PLAO)
X

\Pch = \PABC + Nnvgvf (ABC) _TScABC* =

=N Cuwry —T (S +8/°7 =S/°)+Nn, Y ¢, [nl(z//il) —pr ) +(By ~ 1)y, } -
X X

- NZ{D— n,n, +n, (B, —1)] C, Wy +NNC, %((l’}—T (SCABC* +8/%¢ —SCAC) (PL41)
X
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Nhu vay, ta d3 chung minh cdng thtc (3.9). Tir biéu thie nang lwong tu do Helmholtz
cua tinh thé cé khuyét tat va cac hé thirc nhiét dong va lam gan dung c6 thé thu dugc
cac dai lrong nhiét dong cua cac 1A AC va IA ABC ¢ chuong 2 va chuong 3.

Phu luc 8. Chitng minh céng thirc ctia modun Young cua IA AC va IA ABC co

khuyét tat véi cau trac 1ap phwong

E _82W§c R _\Pic E _GZWE*_LGZ\Pi
e g T N T der N, g

G
og?

P =N,[1-nn+n,(B,-1) ]y, E, =[1-nn+n, (B, -1)]

\Pic = NAC{ Z {[l_nvn1+nv(Bx _1)]Cxl//x +nvn1Cxl//§<l)}}_T (ScAC*"'ScAC)y
AC.ALA

2. Q)

0? 0
EYAC :{ z {[1_ nn +n, ( Bx _1)] Cyx ai/;zx +N,N,Cy al/g/;( }}

X=AC,A A

2

0 0°
GZ/ZA +MZA2 [1— nn +n, (B, —1)]cx 6? +

- {[1— nn,+n,(B,-1)]c,

~ 82 -1 82
=E, {CA +[1-n,n+n,(B,-1)] l(?l//;‘j C;AQ [1-n,n,+n, (B, -1) Jc, L 8? j}+
D2y ® -1 22y
e {(aL] > o2 (pLe2)

X=C,A,A

Nhu vay, ta chimg minh duoc cdng thire dau caa (4.25).
e FyR. . PR E - X 1 YR £ _ Pyd 1 W

YT 0 T TN e oe? N, 0g2 " 9g? N, o0e?’
R 82‘/fA

PR =NA|:1—nvn1+nV(BA—1)]l//A,EYA=[1—nvnl+nV(BA—1)] 7

R aZV/B

lPs :NBI:l_nvn1+nv(BB _1)]WB'EYB:[1_nvn1+nv(BB _1)] oe?

Pec = Nogc P hae = Noge z {I:l_nvn1+nv(BX _1)]Cx‘//x +nvn1Cx‘//§<l)}_

X=A,B,C,A A,

—T(S8%7 +805¢ —8L€),
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2 -1
Epec = EA{CA +[1-n,n, +n,(B, —1)]‘1(‘382’;} }x

O*yy
oe’

x Y {[1—nvnl+nv(3X —1)]cx( j}+ (PL43)

X=B,C,A,A

2 @\ 2, ()
+E/(xl) CA+[8L2AJ z Cx (6 l//;( j ,
oe¢ X=B.C.A LA o¢

D6 1a cong thire dau cua (4.50)

Phu luc 9. Sw khac nhau vé tong mang giira cic cdu triic BCC, FCC khi tinh cac
tong mang dé xac dinh niing lwong lién két va cac thong so tinh thé ciia kim loai
Khi str dung thé MLJ n-m (2.84), nang luong lién két u, va cac thong sé tinh

thé k, }/15 7/2! }/ Cé dang

Uy = %{mﬁh U—:} —NnA, U—‘l’j ] (PL44)

k ﬂ{[(nﬂ) "*i—ﬁm](r—‘)jn—[(mﬂ) ""§4An+z}(:—0jm}(PL45)

- 2r2(n—m) n 1

Dnm

1= 48r* (n—m)

[(n+2)(n+a)(n-+6) %, ~6(n-+2)(n-+4) A +
ca(n-2)A ] & -[(me2)meemeo)at-
~6(m+2)(m 4 a%6+s<m+zmn+41[;—jjm}, L6)
=g 1+ 2)(n+ )0+ )RS ~2(n+2)(n+4) A +

8t (n—m)

=2 2] e e (64T -

I

—2(m+2)(m+4) a§6+(m+2)%+4}(r—ojm}, (PLAT)
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=ﬂ{[(n+z)(n+4)(n+e)( oA |-18(n+2)

126*(n—m)

(ned) a§6+9(n+2)m]ﬁ_ﬂn{(m+z)(m+4)(m+6)( 46 Fxfyj_

m
~18(m+2)(m+4) a§6+3(m+2)%+4][:—0) } (PL48)
1
Trong cac cong thuc tir (PL44) dén (PL48), A, Ah,... la c4c tong mang
Z Zi a2
A-To A TR AR - A
1 1 1 I |

Z. .at 2a
] alxal
IXIX’ y _ 42 |x nx ’ (PL49)

af _ 1
A a4i2

trong d6 Z; 1a sb hat trén qua cau phdi vi thir i, Z;, 1a s6 hat trén qua cau phéi vi thir

n
Ui

i ¢6 thanh phan trén truc x khac khong, Z; ,, 1a s6 hat trén qua cau phoi vi thu i c6

thanh phan trén ca truc x va truc y khac khéng, v, 1a thira s6 ciu triic dugc xac dinh

. I; \ <z . b ST Ap N il s
bai v; = (ri1va rila bén kinh qua cau phoi vi thir nhat va thi i).
h

Déi véi mang FCC,

A =12+ 0 —+ 24n+%+..., A?iZX=4+ 4 —+ 24n+$+...,
(V2) (V3) 2 (V2) (V3] 2
: 8 36 32 ala’ 18 16
A?fX=2+ —+ —+— ., APV =140+ —+— (PL50)
(V2) (\3) 2 (¥3)
DP6i mang BCC,
~ 6 12 24 2 8 8 32 88
A, =8+ —+ —+ e A =t —+ —+ —+...,
(Var3) (VBr3) (11/3) 3 3(v473)  3(v873) 3(\i1/3)
b 8, % 128 . 664 e B, 64 182
9 o(Ja73)' 9(\BI3) 9(vi1/3) °  9(\BI3) 9(\i1/3)
(PL51)
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