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SU KHUECH TAN TRONG CAC KIM LOAI Au, Cu
VA CAC HOP KIM XEN KE AusSi, CuSi

Nguy&n Quang Hoc?, Nguyén Buc Hién?, Nguyén Thi Hoa",
Lé Lan Huong! va Nguyén Ngoc Lé!
'Khoa Vat li, Truong Dai hoc Suw pham Ha Ngi
2Trirong Trung hoc phé thong Mac Dinh Chi, Chu Pah, Gia Lai
$Truong Pai hoc Giao théng vdn tdi

Tom tit. Bai béo thuc hién tinh sé ddi véi thé tich kich hoat, nang lwong kich hoat, hé s6
trude ham mii va hé s6 khuéeh tan dbi véi cac kim loai Au, Cu va cac hop kim xen k& Ausi,
CuSi trong khoang nong d nguyén tir xen k& tir 0 dén 4%, trong khoang nhiét do tir 700 dén
1873 K, trong khoang ap suét tir 0 dén 180 GPa va trong khoang dé bién dang tir 0 dén 5%.
Bai bao xac dinh sy phu thudc cua hé s6 khuéch tan vao ap suat va do bién dang ddi vei cac
kim loai va hop kim néi trén. Két qua tinh s6 bang SMM d ching to rang dinh luat Arrhenius
dugc nghiém dung ddi voi kim loai va hop kim xen k& tai cac ap sudt va ndng do nguyén tur
xen ké& khac nhau. Cac két qua tinh s6 bang phuong phap thong ké momen (SMM) déi véi
Au ¢ T=1000 K va T = 1250 K va p suat khong phu hop tét voi thuc nghiém dbi véi nang
lwong kich hoat (sai sé duéi 10%) va phu hop vé bac do 16n ddi vai hé s6 trude ham mi va
hé s6 khuéch tan. Céc két qua tinh s6 hé s6 khuéch tan bang SMM ddi vai Au trong khoang
tir 977 dén 1321 K va ddi véi Cu trong khoang tir 933,95 dén 1336,15 K duoc so sanh véi
v6i thuc nghiém va tinh todn khac va cho sy pht hop kha tét vé bac do I6n. Cac két qua tinh
s thé tich kich hoat bang SMM déi véi Au va Cu phi hop tét véi cac tinh toan khac. Céc
két qua tinh s6 bing SMM ddi véi cac dai luong khuéch tan cua cac hop kim xen k& AuSi,
CusSi & c4c nhiét do, &p suat, (g suat va ndng d6 nguyeén tir xen k& khac nhau c6 tinh du bao,
dinh hudng cho cac thuc nghiém trong twong lai.

Tir khéa: hop kim xen k&, nang lugng kich hoat, hé sé truée ham mii, hé sé khuéch tan, thé
tich kich hoat, (g suat, phuong phéap thong ké mémen.

1. Mé dau

Céc silicua nhu AuSi va CuSi thu hiit su quan tdm ctia cdc nha nghién ctru trong nhiing nam
gan day do cac tmg dung chirc ning va cac tinh chat vat Ii dj thuong cta ching. Silicua vang la
mot trong nhiéu hop kim kim loai dugc ban boi American Elements dudi tén thuong mai la AE
Alloys™. Cac hop kim nay c6 sin dudi dang théi, thanh, ruy bang, day, tim va la. Céc dang c6
do tinh khiét siéu cao va d¢ tinh khiét cao cung bao gbm bot kim loai, bot micromet, kich thudc
nano, bia dé ngung két mang mong va vién nén cho cac g dung Iang dong hoi hoa hoc (CVD)
va Iang dong hoi vat li (PVD). Cac ing dung chinh bao gom lap rap 6 truc, chan luu, dac, han
budc va che chin buc xa.
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C6 nhiéu két qua nghién ctu li thuyét va thuc nghiém vé cac ddc trung khuéch tan nhu ning
lugng kich hoat, hé sb truéc ham mii va hé s6 khuéch tan ciia cac kim loai Au, Cu va cac  hop
kim xen k& AusSi, CuSi véi cau trac lap phuong tam dién (LPTD) chang han nhu trong céc cong
trinh [1-13].

Phuong phap thong ké mémen (SMM) da duoc ap dung dé nghién ctru sy khuéch tan ciia
cac hop kim xen k& nhi nguyén, hop kim tam nguyén vira thay thé vira xen k& vdi cac cdu triic
LPTD va lap phuong tam khéi (LPTK) trong cac cong trinh trude ddy cia chung toi [14-18].
Trong bai bao gan day [17], ching t6i xay dung li thuyet khuéch tan cho hop kim xen k& nhi
nguyén véi cu trac LPTD, trong do6 ching t6i rit ra biéu thirc gidi tich ciia ning luong tu do
Helmholtz, khoang 1an cin gan nhét giita hai nguyén tu, nang luong lién két va cac thong sO hop
kim ddi v6i nguyén tir xen k& cung voi cac dac trung khuéch tan nhu tan sd budc nhay, do dai
budce nhay hiéu dung, thira sd twong quan, nang luong Kich hoat, h¢ s6 trude ham mi va hé s6 khuéch
tan d6i véi hop kim xen k& véi cau trac LPTD dudi tac dung cua ap suat. Trong bai bao 18] ching
t6i tim duoc su phu thudc cta hé s6 khuéch tan vao tung suat, d6 bién dang va ap suat dbi véi loai
hop kim nay.

Trong bai bdo nay, trén co s& két qua Ii thuyét cua cac bai bao [17,18] ching tdi tinh toan
ning luong kich hoat va hé sé khuéch tan cua cac kim loai Au, Cu va cac hop kim xen k& AuSi,
CuSi ¢6 ciu tric LPTD & cac nhiét d6 khac nhau tir héng tram d6 K dén gén nhiét d§ nong chay
& 4p suat khong va dudi tac dung ciia ap suat va do bién dang.

2. Noi dung nghién cau

) Dé nghién ctru cac kim loai Au, Cu va cac hop kim xen k& AuSi, CuSi, chung t6i sir dung
thé tuong tac cap Mie-Lennard-Jones (MLJ) m-n [19]

¢(r)=i{m(r—°jn —n(i)m}, ®
n—m r r

trong do6 I, la khoang cach giira hai nguyén tir twong ung voi thé nang cuc tiéu ldy gia tri -
D, m, n 1a cac sb c6 gia tri khac nhau dbi voi cac nguyén tir kim loai khac nhau va dugc xac dinh
bang con dudng kinh nghiém dua trén co so s6 lidu thue nghiém. Cac thong sé thé MLJ dbi véi
cac twong tac Au-Au, Cu-Cu, Si-Si dugc cho trong Bang 1. Cac thong s6 thé ddi véi cac twong
tdc Au-Si, Cu-Si dugc xac dinh boi [21].

Bdng 1. Céc thong sé thé Mie-Lennard-Jones doi Vdi cic twong tic Au-Au, Cu-Cu va Si-Si

Twong tac D/ks(K) ro (102 m) m N
Au-Au [20] 74115 2,8751 1,96 15,56
Cu-Cu [20] 6841,3 2,5487 3,03 8,37
Si-Si [19] 32701,7 2,295 6 12
1
DAu(Cu)—Si = \/ DAu(Cu)—Au(Cu) DSi—Si 1 Toaucu)-si = E(rOAu(Cu)—Au(Cu) + losisi ) (2

Ching t6i tim Mag-si, Nau-si, Mcu-si VA Neu-si bang cach 1am khop két qua 1i thuyét vai s6 ligu
thuc nghiém modun Young ctia c&c hop kim  AuSisy, va CuSias tai nhiét do phong.

Cac két qua tinh toan ctia h¢ s6 trudc ham mii Do, nang lugng kich hoat Q va hé s6 khuéch
tdn D cua cac kim loai Au va Cu dugc trinh bay trong cac bang tir Bang 2 t¢i Bang 3 va dugc
minh hoa bang d6 thi trén Hinh 1 va Hinh 2.
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Bing 2. H¢ sé Do(Cm?>s™), ning hrong kich hoat Q (kcal.mol™) va hé sé khuéch tin D
(cm?s™) tgi T =1000 K va T = 1250 K, P = 0 di véi Au tinh béi SMM va cac thec nghigm [1-5]

Nguon Do Q D(1000K) | D(1250K)
SMM (bai bao nay) 013 | 41,76 | 9,76.10™ | 7,68.10°
TN cuia Sagrubskii (1937) [1] 0,16 53,0 4,14.10 8,52.10!
TN ciia McKay (1938) [2] 210 | 50,3 | 2,02.10M | 3,23.10°
Tinh toan cua McKay (1938) [2] 0,050 40,8 5,97.10 3,64.10°
TN cua Gatos and Kurtz (1954) [3] 0,265 45,3 3,32.101¢ 3,18.10°
TN cita OKkerse (1956) [4] 0031 | 394 | 7,58.10% | 4,00.10°
TN ctia Makin et al. (1957) [5] 0,087 | 4165 | 6,86.10% | 454107
TN2 cita Makin et al. (1957) [5] 0091 | 41,7 | 6,99.10% | 4,65.10°

Bang 2 dua ra cac gia tri tinh toan SMM cua hé s6 trude ham mil Do, nang luong kich hoat Q
va hé s khuéch tan D ciia cac kim loai Au va Cu, nang luong kich hoat Q va hé s6 khuéch tan D
clia cac kim loai Au va Cu & nhiét d6 gan nhiét d6 nong chay va ap suat khong. Cac két qua nay
dugc so sanh véi s6 liéu thyc nghiém [1-5] va tinh toan khéc [2]. Hau hét cac két qua tinh ning
lugng kich hoat Q béi SMM phui hop tot voi thuc nghiém (sai s6 déu dudi 10%). Dbi véi hé s6
truéc ham mii Do, sai s6 gitra tinh toan SMM véi thuc nghiém 16n hon so véi sai s6 ddi v6i ning
lwong kich hoat Q. Cac gia tri Do thu dugc cua chung t6i déu 16n hon gia tri thuc nghiém. Luu y
rang cac két qua tinh Do bang SMM s& phul hop voi thuc nghiém hon néu ké dén sy phu thudc
nhiét 6 cua thira s6 tuong quan f (cu thé 1a f s& giam khi nhiét d¢ ting). Piéu d6 dan dén sy giam

dang ké cua Dy.
Bdng 3. H¢ sé khuéch tan D(T csi) (cm?s™) ciia Cu, CuSi tgi P = 0 dwec tinh béi SMM

va Kumar (2017) [6] va ter thec nghiém (TN) ciza Kuper et al (1954) [7]

Csi=0
T (K) . csi = 1% csi = 3%
SMM Kumar [6] Kuper [7]
933,95 3,6909.10* | 1,10366.10*? | 2,53.10?%? | 3,5544.107"2 3,2990.10*2
957,95 6,4701.10* | 2,13051.10*%? | 3,71.10%* | 6,2368.10"2 5,7995.10*2
988,95 12,8321.10%? | 4,62409.10*? | 7,92.10?%? | 12,3831.10 11,5407.102
1038,35 3,5118.10* | 1,47118.10* | 2,210 3,3943.10 3,1733.10"
1085,35 8,4070.10 | 3,98704.10*! | 6,8.10™ 8,1362.10™* 7,6261.101*
1100,00 1,0869.100 1,0523.10° 9,8705.10*
1112,15 1,3382.10%° | 6,77891.10" | 1,05.10%° | 1,2959.10%° 1,2162.10°1°
1150,00 2,4867.101° 2,4102.101° 2,2658.101°
1209,85 6,1228.10%° | 3,84603.10%° | 5,91.10%° | 59412.10%° 5,5978.10°
1250,00 1,0680.10° 1,0370.10° 9,7832.101°
1300,00 2,0358.10° 1,9781.10° 1,8687.10°
1336,15 3,1502.10° | 2,48982.10° | 4,12.10° 3,0621.10° 2,8953.10°
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Bang 3 va Bang 4 cho hé s6 khuéch tan ctiia Cu,CuSi va Au.AuSi tai cac nhiét do va néng do
khac nhau & ap suat khong theo tinh toan SMM ciia chiing tdi trong so sanh véi cac két qua tinh
toan ctia Kumar (2017) [6] va tir thuc nghiém ctia Kuper et al. (1954) [7]. Déi véi tat ca cac kim
loai, gia tri cia hé s6 khuéch tan chi dang ké & vung nhiét d¢ cao. Con ¢ vung nhiét do th?ip, cac
gia tri nay rat nho. Piéu nay chimg t6 ring qua trinh khuéch tan ciia cac nguyén tir kim loai chi
xay ra manh & viing nhiét d cao. Sy phu thudc nhiét do cia hé s6 khuéch tan ddi véi Cu tai P =0
tinh boi SMM, Kumar (2017) [6] va tir thuc nghiém cua Kuper et al. (1954) [7] dugc minh hoa
trén Hinh 1. Sy phu thudc nhiét d6 va nong do Si ctia hé s6 khuéch tan dbi véi Au, AuSi tai P =0
tinh bai SMM va tir thuc nghiém ctia Markin et al. (1957) [5] dugc minh hoa trén Hinh 2.

1800

4000 ‘ ‘ ‘ /
® Cu (Kumar 2017) 1600F —=— Au
3500 —=— Cu (Kuper 1954) —e— Au (Markin 1957) I
—+— Cu (SMM) 1400 - M
3000} —4— AuSiyy,
0 —A— Cu (Kumar 2017) 1200
°E 2500
N% , £ 1000
HQ 000 - 3 soof
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T (K) T(K)

Hinh 1. D(T) ddi véi Cu tai P = 0 dwpc tinh  Hinh 2. D(T,csi) déi véi AuSi tai P =0
b#i SMM, Kumar [6] va tr TN caa Kuper [7] dwoc tinh bgi SMM va Markin [5]

Bang 4. Hé sé khuéch tan D (cm®s™) ciia Au, AuSi tai cac nhiér dg khac nhau
& &p sudt khéng dwoc tinh bgi SMM va Markin et al.(1957) [5]

T(K) ) ¢ =0 Csi=1% Csi = 3%
Markin [5] SMM
977,0 4,22.101t 5,34.101! 7,35.10*2 1,27.108
1000,0 - 8,95.10" 1,29.10 2,42.1013
1015,5 9,76.10! 1,25.101° 1,85.101* 3,67.10%
1045,0 1,08.101° 2,30.10°10 3,78.10'" 7,85.1013
1075,0 3,01.10%0 4,13.10% 6,74.10! 1,63.1012
1100,0 - 6,55.101° 1,11.10%° 2,90.10%
1109,5 5,56.1010 7,76.10°10 1,34.10°10 3,60.102
11815 1,66.10° 2,57.10° 4,88.101° 1,59.10' 1
1186,5 1,81.10° 2,78.10° 5,31.1010 1,75.101
1200,0 - 3,41.10° 6,64.101° 2,27.101
12215 3,29.10° 4,70.10° 9,37.10°10 3,37.10"
1284,0 7,26.10° 11,14.10° 2,39.10° 9,89.10t
1300,0 - 1,37.10°® 2,99.10° 1,28.1010
1321,0 1,15.10°® 1,77.10°8 3,98.10° 1,78.10%
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Gid tri cta thé tich kich hoat V* cua cac kim loai Au, Cu va cac hop kim AuSi, CuSi dugc
tinh béi SMM va céc tinh toan khac cua Ehrhar et al. (1991) [8], Ackland et al. (1987),
Rosato et al. (1989) dugc trinh bay trong Bang 5. O day ta thay co6 sy phu hop tot gitta SMM véi
cac tinh toan khac.

a

.z Vv . )
Bdng 5. Ti so thé tich — doi voi Au, Cu, AuSi va CuSi ¢ gan nhiét dp nong chdy

\'
dwoc tinh béi SMM va cdc tinh todn khdc [8-10]
, Csi= 0 Ccsi= 1% Csi= 2%
Phuong phap 1= o 7 T Ackland [9] | Rosato [10] | SMM | SMM | SMM
CusSi 0,75 0,77 0,80 0,87 0,89 0,91
AuSi 0,85 0,73 0,72 0,86 0,88 0,90

Anh hudng cia néng dd nguyén tir xen k&, nhiét d6 va do bién dang 1én hé s6 trude ham
mil Do cia AuSi va CuSi tinh boéi SMM duoc tong két trong Bang 6, Bang 8 va dugc minh hoa
trén Hinh 3 va Hinh 5. Anh hudng cta ndng d6 nguyén tir xen k&, nhiét d6 va do bién dang 1én
hé sb khuéch tan D ctia AuSi va CuSi tinh boi SMM duoc tong két trong Bang 7, Bang 9 va duoc
minh hoa trén Hinh 4 va Hinh 6.
Bing 6. Sw phu thujc nong dé Si, nhiét dp T va dj bién dang &
cia hé so trwde ham mii Do (cm?/s) doi véi Au, AuSi tai P = 0 tinh béi SMM

&%)
Csi(%0) T(K) 1 2 3 4 5

700 0,0027 0,0025 0,0022 0,0020 0,0017

0 900 0,0491 0,0444 0,0394 0,0338 0,0258
1100 0,1960 0,1754 0,1524 0,221 0,0631
700 0,6170.10° | 0,5638.10° | 0,5090.10° | 0,4506.10° | 0,3839.10°

1 900 0,0204 0,0185 0,0165 0,0142 0,0111
1100 0,1116 0,1002 0,0875 0,0712 0,0409
700 0,0253.10° | 0,0231.10° | 0,0209.10° | 0,0186.10° | 0,0161.103

3 900 0,0031 0,0028 0,0025 0,0022 0,0018
1100 0,0330 0,0297 0,0263 0,0221 0,0151

Bing 7. Sw phu thujc nong dé Si, nhiét dp T va dj bién dang &
ctia h¢ sé khuéch tan D (cm?/s) déi véi Au, AuSi tgi P = 0 tinh béi SMM

£(%)
Csi(%0) T(K) 1 2 3 4 5

700 6,3361.10 | 5,7862.10"° | 5,2164.10° | 4,6059.10%° | 3,8989.101°
0 900 7,0534.10" | 6,3841.10" | 5,6714.10** | 4,8552.10"'% | 3,7053.10*2
1100 5,8946.101° | 52761.10%° | 4,5839.10%° | 3,6729.10°%° 1,8983.10°%°
700 0,4158.10% | 0,3800.10%° | 0,3430.10% | 0,3037.10*® | 0,2587.10%°
1 900 0,8295.10"2 | 0,7520.10** | 0,6699.10** | 0,5771.10* | 0,4497.10"°
1100 1,0027.10%° | 0,8999.10° | 0,7861.10° | 0,6396.10° | 0,3673.101°
700 0,0016.10% | 0,0015.10 | 0,0014.10% | 0,0012.10** | 0,0010.10°%°
3 900 0,0104.10*2 | 0,0095.10** | 0,0085.10*2 | 0,0074.10** | 0,0060.10*
1100 0,0263.10%° | 0,0237.10%° | 0,0209.10%° | 0,0176.10° | 0,0120.101°
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Bing 8. Sw phu thupc nong dé Si, nhi¢t dp T va dp bién dang &

ciia h¢ so trwéc ham mi Do (cm?%/s) doi véi Cu, CuSi tai P =0

(%) | 140 £ (%) 1 2 3 4 5
700 3,8998.10® | 3,7623.10% | 3,6264.108 | 3,4898.10° | 3,3504.108
0 900 0,6996.10% | 0,6713.10* | 0,6429.10* | 0,6140.10* | 0,5841.10*
1100 0,2936.102 | 0,2804.102 | 0,2670.102 | 0,2532.102 | 0,2386.102
700 3,4701.10° | 3,3646.10°® | 3,2889.10% | 3,2370.10° | 3,2048.10°8
1 900 0,6548.10“ | 0,6293.10* | 0,6070.10* | 0,5870.10 | 0,5683.10*
1100 0,2825.102 | 0,2699.102 | 0,2581.102 | 0,2467.102 | 0,2352.102
700 2,7113.10® | 2,6550.10® | 2,6683.10% | 2,7459.10% | 2,8891.10°
3 900 0,5660.10“ | 0,5457.10* | 0,5338.10* | 0,5290.10 | 0,5302.10*
1100 0,2583.102 | 0,2469.102 | 0,2381.102 | 0,2311.102 | 0,2256.102
Bing 9. Sw phu thujc nong dé Si, nhiét dp T va dj bién dang &
ciia h¢ sé khuéch tdn D(cm%s) déi véi Cu, CuSi tgi P =0
si(%) | ) &%) 1 2 3 4 5

0 700 2,1614.10%5 | 2,0787.10%5 | 1,9904.10% | 1,8967.10°%5 | 1,7980.105

900 1,6557.10%2 | 1,5863.10"2 | 1,5137.10%2 | 1,4374.102 | 1,3571.10°%2

1100 | 1,1303.10% | 1,0787.10° | 1,0251.10%° | 0,9688.10"° | 0,9088.102°

1% 700 2,0463.10%5 | 19713.10%5 | 1,8992.107%5 | 1,8288.10°%5 | 1,7593.105

900 1,5885.10%2 | 1,5229.10"2 | 1,4588.10%2 | 1,3951.10"2 | 1,3309.10°%2

1100 | 1,0923.10%° | 1,0428.10° | 0,9938.10%° | 0,9443.10° | 0,8931.10%

3% 700 1,8357.10%5 | 1,7744.105 | 1,7309.1075 | 1,7025.10"5 | 1,6876.10°%5

900 1,4630.10%2 | 1,4044.10"2 | 1,3561.10%2 | 1,3158.10"2 | 1,2820.10°%2

1100 | 1,0208.10% | 0,9750.10° | 0,9346.10%° | 0,8979.10° | 0,8635.102

Theo Hinh 4 va Hinh 6, khi d¢ bién dang ting hay tmg suit kéo ting thi h¢ s6 khuéch tan
giam. DPiéu nay hoan toan phu hgp véi cac du doan cua Aziz (1997) [11].

Su phu thudc cua hé s6 khuéch tan D vao nhiét 6 T va su phu thudc cua InD vao nghich dédo
ctia nhiét d6 T dbi voi Au tai P = 10 GPa dugc tinh boi SMM va tir thuc nghiém cua Dickenson
(1954) [13] duoc chi ra trong Bang 10, Bang 11 va Hinh 7. Két qua trong Bang 11 va trén Hinh 7
chimg t6 rang dinh luat Arrhenius dugc nghiém ding ddi v6i kim loai Au va hop kim xen k& AuSi.

Bang 12, Bang 13 va Bang 14 chi ra sy phu thudc 4p suét va ndng do nguyén tir Si ciia ning
lugng kich hoat va h¢ s6 khuéch tan cua cac kim loai Au, Cu va cac hop kim AuSi, CuSi tai cac
nhiét d6 xac dinh tinh béi SMM.
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Bing 10. Sw phu thujc nhi¢t dp ciia hé sé khuéch tin D(cm?/s) doi véi Au tgi P =10 GPa
dwoc tinh boi SMM va tir TN ciia Dickerson (1954) [13]

T(K) D(cm?/s) (SMM) D(cm?s) (Dickerson [13])
1473 4,15.10! 5,27.101
1673 5,67.10°1° 8,32.10°1%°
1873 4,41.10° 3,14.10°

. 1000
Bing 11. Su phu thuéc ciia InD (D(cm?ls)) vao

dwoc tinh béi SMM va tir TN ciia Dickerson (1954) [13]

0 doi véi Au va AuSi tai P =10 GPa

10000 Csi=0 Csi= 1% Csi=2% Csi= 3%

T(K) T SMM Dickerson [13] SMM SMM SMM
1473 6,79 - 10,3822 - 10,2782 - 10,9494 -11,5288 -12,1205
1500 6,67 - 10,2108 - 10,7689 -11,3393 -11,9219
1600 6,25 - 9,6276 - 10,1548 - 10,6944 - 11,2463
1673 5,98 - 9,2465 -9,0799 -9,7538 - 10,2736 - 10,8059
1700 5,88 -9,1139 -9,6144 -10,1275 | -10,6530
1800 5,56 - 8,6579 -9,1353 -9,6254 - 10,1281
1873 5,34 - 8,3558 - 8,5031 - 8,8184 -9,2938 -9,7820

o . A o ‘ ‘ T el

" | ]

£ o |

15 2,0 25 3,0 3,5
& (%)

Hinh 3. Do (Csi, &) déi véi Au, AuSi

tai T =900 K va P = 0 dwoc tinh béi SMM

1,0 15 2,0

25 3,0 35

€ (%)

4,0 45 5,0

Hinh 4. D(csi, &) déi véi Au, AuSi

tai T =700 K va P = 0 dwoc tinh béi SMM
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0,29 [ T T T 2.2 T T T T
0,28 s sy
= —o—CuSiyy, | 21 . —e— CuSiyy,| |
A~ CuSiy, b —=— CuSig,

10 15 20 25 30 35 40 45 50 1 2 3 4 5
& (%) & (%)

Hinh 5. Do (Csi, &) déi véi Cu, CuSi Hinh 6. D(csi, &) ddi véi Cu, CuSi
tai T=1100 Kva P =0 dwgc tinh b6i SMM  tai T = 700 K va P = 0 dwoc tinh béi SMM

Bdng 12. Sw phu thujc dap sud't'P (GPa) ciia ning lwong kich hoat Q (kcal/mol) va hé so
khuéch tan D (cm%/s) déi véi Au, AuSi tai T = 1673 K dwoc tinh béi SMM

Ccsi=0 Csi=2% Csi=4%

Q D InD Q D InD Q D InD

0 | 47,14 | 577107 | -6,24 | 54,24 | 4,67.10% | -7,33 | 61.64 | 3,22.10° -8,49

10 | 48,50 | 5,67.10%° | -9,25 | 54,76 | 533.10%! | -10,27 | 61,25 | 4,46.10?%% | -11,35

20 | 48.15 | 1,69.107%2 | -11,77 | 53,32 | 2,22.10%® | -12,65 | 58,64 | 2,68.10%* | -13,57

40 | 45.83 | 7,05.10%" | -16,15 | 48,67 | 1,93.10% | -16,71 | 51,49 | 5,12.10"8 | -17,29

60 | 42,53 | 8,98.10% | -20,05 | 43,08 | 4,63.10% | -20,33 | 43,39 | 2,42.10% | -20,62

80 | 38,67 | 2,26.10% | -23,65 | 34,19 | 4,30.10%* | -23,37 | 29,94 | 7,06.10% | -23,15

100 | 34,43 | 9,07.10% | -27,04 | 29,10 | 2,13.10% | -26,67 | 22,63 | 5,60.10%" | -26,25

120 | 29,86 | 5,17.10% | -30,29 | 20,87 | 2,63.10% | -29,58 | 10,63 | 1,30.10%° | -28,89

8,5 [0 >,

In(D)

[ @ Au(Watson 2003)
—r— Au

[—&— AuSiy,

12,0 =% AUSiy,

—o— AuSiy,

-11,5

L L 1 1 1
54 5,6 58 6,0 6,2 6,4 6,6 6,8

10000/T (K%

-12,5

. 10000 |,
Hinh 7. Sw phu thujc ciia InD (D(cm?/s)) vao doi voi Au, AuSi

tai csi=1, 2 va 3% va P = 10 GPa dwoc tinh béi SMM va tiv TN [12]
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Bdng 13. Sw phu thujc dap sud’t,P (kbar) ciia ning lwong kich hoat Q (kcal/mol) va hé sé
khuéch tin D (cm®/s) d@oi véi Au, AuSi tai T =1673 K dwoc tinh béi SMM

Csi = 0 Csi = 2% Csi= 4%
P Dickerson [13] SMM SMM SMM
D InD D InD D InD D InD

0 1,80.10° | -8,74 | 2,721.10° | -8,57 | 0,953.107%° | -10,02 | 0,292.10** | -11,53

2 1,5.10° | -8,82 | 2,193.10° | -8.66 | 0,762.10%° | -10,12 | 0,232.10"* | -11,63

4,05 | 1,32.10° | -8,88 | 1,760.10° | -8,75 | 0,608.10"° | -10,22 | 0,184.10" | -11,74

6,06 | 1,18.10° | -8,93 | 1,421.10° | -8,85 | 0,488.10"° | -10,31 | 0,147.10** | -11,83

7,57 | 9,08.10%° | -9,04 | 1,211.10° | -8,92 | 0,414.10%° | -10,38 | 0,124.10"* | -11,91

9,08 | 9,19.10% | -9,04 | 1,032.10° | -8,99 | 0,352.10"° | -10,45 | 0,105.10** | -11,98

(TN cua Dickerson (1954) [13] do & nhiét dé tir 1181 dén 1194K, con SMM tinh ¢ 1183 K)
Bdng 14. Sw phu thujc ap sudt P (GPa) ciia nang lwong kich hoat Q (kcal/mol) va h¢ 0
khuéch tin D (cm?/s) doi véi Cu, CusSi tai T = 1400 K tinh béi SMM

Gsi=0 Csi=2% Csi = 4%

Q D InD Q D InD Q D InD
0 43,92 7,10.10° -8,15 44,00 | 6,68.10° -8,17 44,03 | 6,30.10° -8,20
10 4399 | 3,20.10 | -10,49 | 43,95 | 3,10.10* | -10,51 | 43,82 | 3,00.10* | -10,52
20 43,82 | 3,04.10% | -1252 | 43,53 | 3,42.101% | -12,47 | 43,13 | 3,82.101% | -12,42
40 43,16 | 9,02.10Y | -16,04 | 42,31 | 1,46.10% | -15,83 | 41,19 | 2,31.10% | -15,64
60 4227 | 6,81.10% | -19,17 | 40,89 | 1,62.10° | -18,78 | 38,90 | 3,77.10%° | -18,42
80 41,23 | 9,26.10% | -22,03 | 40,88 | 1,75.10% | -20,76 | 36,21 | 1,68.10%° | -19,77

100 | 40,05 | 1,91.10% | -24,72 | 35,38 | 8,61.10% | -24,06 | 30,25 | 3,68.10% | -23,43

120 | 38,76 | 5,45.1028 | -27,26 | 33,34 | 3,95.10% | -26,40 | 26,76 | 2,48.10% | -25,60

140 | 37,36 | 2,01.10°% | -29,70 | 30,31 | 1,95.10% | -28,71 | 21,81 | 1,70.10% | -27,77

160 | 35,85 | 9,12.10% | -32,04 | 27,22 | 2,30.10°% | -30,89 | 16,58 | 1,60.10%° | -29,80

180 | 34,23 | 4,96.10% | -34,30 | 24,00 | 9,06.10°% | -33,04 | 10,35 | 1,75.10°% | -31,76

P

3. Kétluan

Chung t6i da thuc hién tinh sb ddi vai thé tich kich hoat nat khuyét V2, nang luong kich hoat
Q, hé s6 trude ham mii Do, hé sb khuéch tan D dbi véi cac kim loai Au, Cu va cac hop kim xen
k& AusSi, CuSi trong khoang ndng do nguyén tir xen k& tir 0 dén 4%, trong khoang nhiét 6 tir 700
dén 1873 K, trong khoang &p suat tir 0 dén 180 GPa va trong khoang do bién dang tir 0 dén 5%.
Chung t6i d tim sy phu thudc cta hé sé khuéch tan vao ap suit va do bién dang ddi vai cac kim
loai va hop kim néi trén. Két qua tinh s6 cia ching t6i da ching t6 rang dudng phu thudc cia InD
vao nghich dao cua nhiét @6 T 1a mot duong don diéu giam va nhu véy, dinh luat khuéch tan
Arrhenius dugc nghiém dting d6i v6i kim loai va hop kim xen k& tai cic ap suat va nong do
nguyén tir xen k& khac nhau. Cac két qua tinh s6 béng SMM  d6i vai kim loai Au & cac nhiét do
cao (1000 va 1250 K) va ap suat khong phu hop t6t voi thuc nghiém d6i voi nang luong kich hoat
(sai s6 dudi 10%) va phu hop vé bac d6 16n ddi véi hé s6 trude ham mii va hé s6 khuéch tan. Cac
két qua tinh sb hé s6 khuéch tan bang SMM déi voi kim loai Au trong khoang nhiét do tir 977 dén 1321 K
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va ddi véi Cu trong khoang nhiét do tir 933,95 dén 1336,15 K duoc so sanh vai véi thuc nghiém va
tinh todn khéc va cho su phu hop kha tét vé bac do I6n. Cac két qua tinh sb thé tich kich hoat
bang SMM ddi voi Au va Cu phil hop tot vai cac tinh toan khéc. Céc két qua tinh s6 bang SMM
dbi véi cac dai lugng khuéch tan cua cac hop kim xen k& AuSi, CuSi & cac nhiét do, ap suat, ing
suat va nong do nguyén tir xen k& khac nhau c6 tinh du bao, dinh huéng cho céc thuc nghiém
trong tuong lai.

Loi cam on. Bai bao duoc thuc hién véi sy tai tro cua dé tai “Nghién cizu bién dang va khuéch
tan cia hep kim nhj nguyén va tam nguyén véi cau trac ldp phirong ¢ dang vat liéu khoi va mang
mong” cia Truong Pai hoc Giao théng van tai voi ma s T2022-CB-010.
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ABSTRACT

Diffusion in metals Au, Cu, and interstitial alloys AuSi, CuSi

Nguyn Quang Hoc', Nguyen Duc Hien?, Nguyen Thi Hoa>",
Le Lan Phuong! and Nguyen Ngoc Le!

'Faculty of Physics, Hanoi National University of Education
2Mac Dinh Chi High School, Chu Pah, Gia Lai
3University of Transport and Communications

The paper performs numerically the vacancy activation volume, the activation energy, the
pre-exponential factor, and the diffusion coefficient for metals Au, Cu, and alloys AuSi, CuSi in
the interval of the concentration of interstitial atoms from zero to 4%, in the interval of temperature
from 700 to 1873 K, in the interval of pressure from zero to 180 GPa and the interval of strain
from zero to 5%. The paper determines the dependence of the diffusion coefficient on pressure
and stress for above mentioned metals and alloys. SMM numerical results show that the Arrhenius
law is satisfied for metals and interstitial alloys at different pressures and concentrations of interstitial
atoms. SMM numerical results for Auat T =1000 Kand T = 1250 K and at zero pressure are in good
agreement with experiments for the activation energy (errors are below 10%) and agree in terms
of magnitude for the pre-exponential factor and the diffusion coefficient. SMM numerical results
of the diffusion coefficient for Au in the interval of temperature from 977 to 1321 K and for Cu
in the interval of temperature from 933.95 to 1336.15 K are compared with experiments and other
calculations and there are rather good agreement in terms of magnitude. SMM numerical results
of the activation volume of Au and Cu agree well with other calculations. SMM numerical results
for diffusion quantities of interstitial alloys AuSi, CuSi in different temperatures, pressures,
stresses, and concentrations of interstitial atoms anticipate and orient experiments in the future.

Keywords: interstitial alloy, activation energy, pre-exponential factor, diffusion coefficient,
activation volume, stress, statistical moment method.
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