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Tom tat. Trong cong nghe due, dac biet la trong cong nghi due ban long, viec khdng chi nhiet dp la 
hit sire quan trong di dam bao vdt due dat dupe co tinh tdt nhdt. Do dd viec xdc dinh nhiet dp. tdc dp 
ngudi va tdc dp ddng dac la hit sire can thiet. Viec md phong sd cho phep ta xdc dinh nhirng thong sd 
co ban ciia qua trinh ddng dac nhu trudng nhiet dp, dudng ngudi ciia kim loai trong qua trinh dong 
dac, tdc dd ngudi, ty phan pha long, tir do cd the tinh ra ty phan pha ran (fs = l - f i ) vd tdc dp ddng 
dac (dfs/dt hoac dfs/dT). 

I. GIOI THIEU 

Ddng dac la mot mdn khoa hoc lien nganh, bao gdm khoa hoc vat lieu va luyen kim, nhiet 
ddng hoc, co hoc chat ran va chat long, truyen nhiet, chuyin chat va cac bd mdn khac [1-7]. 
Hien tugng ddng dac va ndng chay lien quan din van d l "bien chuyin ddng" ma d dd vi tri 
ciia bien phai dugc xac dinh nhu ham ciia thdi gian va khdng gian. 

Hinh 1. Cdc muc md phong qua trinh ddng dac Hinh 2. Md hinh hi khudn - mdu vd chia ludi 
trong md phong sd 

' Trudc day cac phuong phap giai tich [8] gan nhu la kha nang duy nhat de md ta cac van 
de cd lien quan tdi bien chuyen ddng, song do mot sd han chi chiing chi cd the giai dugc cac 
bai toan mot chieu trong khdng gian vd han hoac ban vd han, vdi nhung dieu kien bien don 
gian va cac tinh chat nhiet ly khdng thay ddi (kha xa vdi thuc te). Tu khi cac may tinh tdc do 
cao xuat hien, md hinh hda va md phong sd [9-11] da trd thanh mot each tiep can nhanh nhat 
vdi cac qua trinh thuc te cd lien quan tdi bien chuyen ddng. Dieu nay giai thich vi sao md 
hinh hoa va md phong sd qua trinh ddng dac dang trd thanh mot linh vuc phat trien nhanh 
chdng va cac nghien cuu ve van de nay ngay cang tang. Theo kich thudc viec md hinh hoa va 
md phong sd qua trinh ddng dac dugc thuc hien d cac muc tir vi md den vi md dugc trinh bay 
tren hinh 1. 
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n . MO HTNH HOA VA MO PHONG SO 

Mo hinh toan cua qua trinh truyen nhiet 
Mo hinh toan qua trinh truyen nhiet ciia kimloai trong qua trinh dong dac gdm 3 thanh 

phan: i) phucrng trinh nang lugng ca ban, thudng la phuang trinh dan nhiet Fourier, ii) cac 
dieu kien bien, thudng la su phdi hop giua phuang trinh din nhiet Fourier, phuang trinh 
truyen nhiet bang ddi luu Newton va phuang trinh buc xa nhiet Stefan-Boltzmann va iii) cac 
dieu kien ban dau (t = 0). 

i) q = -X.gradT (D 

"J qb = OCeiTb-Tm) 

iii) q0 = CTT0

4 

Phuang trinh nang lugng ca ban ciia qua trinh truyen nhiet trong khdi kim loai dang 
ddng dac la phuong trinh din nhiet Fourier dugc viet dudi dang sai phan hoac tich phan [12]: 

Hay: 

dT(Xj) 
dt 

dT(X,t) 
dt 

d r , dT(X,t) 
dx dx 

dT(X,t) 
dy dz 4 

dT(X,t) 
dz 

(2) 

div{XgradT) 
(3) 

Cdc dieu kien bien la dieu kien gidi han tai bien ciia vat the dugc tao nen bdi quy luat 
phan bd nhiet dd. Cac dieu kien bien md ta qua trinh trao ddi nhiet xay ra tren bien.Trong cac 
bai toan truyen nhiet nhin chung cd 5 loai dieu kien bien (loai 1, 2, 3, 4 va 5) [13] 

Dieu kien ban ddu cho biet phan bd nhiet dd trong vat tai thai diem ban dlu t = 0. Khi t 
= 0 ta cd T = (x,y,z,0). 

Md hinh toan ndi tren cd the giai bang cac phuang phap md phong sd, ma trong cac bai 
toan truyen nhiet thi cac phuong phap md phong sd thudng dugc su dung nhit la Phan tir him 
han (FEM) hoac Sai plidn huu han (FDM). Hien nay rat nhieu phan mem md phong qua trinh 
truyen nhiet nhu ANSYS, ABAQUS, MAGMA, FLUENT, Z-Cast v.v. Trong bai bao nay 
phan mem Fluent [14] dugc sir dung vao viec md phong sd qua trinh ddng dac ciia hgp kim 
nhdm A356. Qua trinh xay dung mo hinh hinh hoc ciia he vat diic va khudn cung nhu chia 
ludi dugc thuc hien tren chuong trinh chuyen dung GAMBIT [15]. 

Chuong trinh Fluent 
Fluentla mot chuong trinh md phong 2D & 3D dugc phat trien bdi cong ty Fluent.Inc. 

Day la mot chuong trinh md phong rat manh, dugc sir dung nhieu trong nghien cuu, san xuit 
cung nhu phuc vu cho giang day d cac trudng dai hoc ldn tren the gidi. Chuong trinh Fluent 
dac biet thich hgp cho nhirng noi ma dieu kien vat chat phuc vu cho viec t i ln hanh thuc 
nghiem con han che. Mot diem manh nira ciia Fluent la ho trg nhieu dang du lieu nhap vao tir 
nhieu ngudn chuong trinh CAD khac nhau: GAMBIT, ANSYS, NASTRAN, PATRAN 
Turbo GRID. Pro-Engineer..., dieu nay lam tang tinh tuong thich cua chuong trinh. Mat 
khac, giao dien ciia chuong trinh la giao dien do hoa nen viec sir dung cung de dang hon vdi 
cac chuong trinh sir dung giao dien dung lenh (Text command). Ket qua chuong trinh xuit ra 
cung kha true quan va cd the sir dung true tiep dugc khdng can phai qua cong doan xir ly. 
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Fluent sir dung kT thuat enthalpy-porosity de md hinh hoa qua trinh ndng chay/ddng dac. 
Trong k i thuat nay, ty phin chit long (tir dd tinh ra ty phan pha ran) dugc tinh tai mdi budc 
lap, dua tren ca sd can bang enthalpy. Vung chao nhuyln la vung cd ty phan chat long nam 
trong khoang 0 va 1. Vung chao nhuyen dugc md hinh la mot rd xdp gia vira phai trong do do 
xdp giam tir 1 tdi 0 khi vat lieu ddng dac. Khi vat lieu ddng dac day trong d, do rd bang 0 va 
vi vay van tdc cung giam tdi 0. 

Phirong trinh nang luong trong Fluent: Fluent sir dung enthalpy la ham muc tieu. Enthalpy 
ciia mot chit dugc tinh bang tdng enthalpy nhan biet dugc, h (va an nhiet AH; vdi hr ef la 
enthalpy tham chieu, Tr ef nhiet dd tham chieu v a c p nhiet dung rieng dang ap 

H = h + AH (4) 
7 (5) 

d day h = href + \cpdT 
r"> 

Ty phan pha long /? cd thi xac dinh la: 
fi = 0 nlu T < Tsolidus va J3 = 1 neu T > Tliqmdus (6) 

T-T 
R = —-—zjsMm— n g u T <T <T 

T - T S°lidUS liquidus 
liquidus solidus 

An nhiet AH cd the dugc viet dudi dang: 
AH='fiL ' (7) 
trong do L la an nhiet ket tinh ciia kim loai. Gia tri an nhiet cd the bien ddi tir 0 (ddi vdi 

chat ran) va L (ddi vdi chat long). Trong trudng hop ddng dac cua hop kim da nguyen, nhiet 
dd dudng long hay dudng ran dugc tinh theo l i thuyet: 

solutes 

TUqu^=Tmel,+ Z m i Y i ( 9 ) 

solutes 
a day Ki la he sd phan bd chat tan tai be mat, Yi la ti phan khdi lugng ciia chat tan i , m\ la 

dd cong ciia be mat long ddi vdi Y\. Vdi bai toan ndng chay/ddng dac, phuong trinh nang 
lugng dugc viet la; vdi H la enthalp,/?la ty trong, t>la van tdc chat long va S la nang luong 
nguon 

— (pH) + V.(pvH) = V.(kVT) + S (10) 

dt 
Ldi giai vdi nhiet dd la loi giai lap ciia phuang trinh nang luong (10) va phuang trinh ty 

phan pha long (6). Trong Fluent, phuang phap dugc de nghi bdi Voller va Swaminathan dugc 
sir dung de cap nhat ty phan pha long. 

Trd nhiet tai bien: Md hinh ndng chay/ddng dac ciia Fluent cd thi xet tdi su cd mat ciia 
khe hd khi giua thanh khudn va kim loai dang ddng dac, tao ra trd nhiet tai bien. Trd nhiet 
nay xet tdi su giam do dan nhiet ciia chat long gan bien. V i vay, ddng nhiet qua bien dugc chi 
ra tren hinh 5 la: 

(T-Tw) (11) 
q (l/k + Rc(l-fi)) 
a day T, Tw, va I dugc xac dinh nhu tren hinh 5, k la he sd dan nhiet ciia chat long, /? la 

ty phan pha long, va Rc la trd nhiet, cd cirng don vi vdi nghich dao ciia he sd trao ddi nhiet. 
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1. Quy trinh mo phong va thuc nghiem 

Mo hinh hinh hoc dugc thiet ke tren phan m l m chuyen dung GAMBIT, sau khi thiet ke 
cac tep tin nay dugc nhap vao cho chucrng trinh tinh toan. Phan mlm Fuluent se chuyin ddi 
cac tep tin nay thanh cac du lieu dau vao ciia chucrng trinh. Trong nghien ciru nay, mau tinh 
toan dugc chon la khdi hinh tru co kich thudc dudng kinh la 50 mm va chilu cao la 250 mm. 
Sd lugng cac phan tu trong ludi bao gdm 35329 phin tu trong mien va 3710 phan tu bien 
(hinh 2). Viec md phong dugc t i l n hanh cho hgp kim A356 cd thanh phan hoa hoc dugc cho 
trong bang 1 va cac tinh chit nhiet ly dugc trinh bay tren bang 2 [16]: 

Bang 1. Thanh phdn hda hoc ciia hap kim A356 

Nguj^n te Cu Mg M n Si Fe Zn T i 

% <0.2 0.25-0.45 <0.1 6.5-7.5 <0.2 <0.1 <0.2 

Bang 2, Tinh chdt nhiet ly cua hap kim A356 vd vdt lieu lam khudn 

Thong sd nhiet ly 
Khudn 

AISI1010 
Vat due A356 

Pha ran Pha long 
Nhiet dd ndng chay, UC 
Nhiet dd ddng dac, °C 
Khdi luong rieng, kg.m3 

Nhiet dung, J.kg'.K1 

He sd dan nhiet, W.m'.K1 

An nhiet kit tinh, J.kg'1 

He sd truyen nhiet mdu-khudn, W.m .K 
He sd truyen nhiet khudn-mdi trudng, W.m'.K -2 TS-1 

7670 
850 
52 

0.02 

555 
2670 
900 
126 

50 
397480 

615 

2380 
1200 

94 

50 

Bdng 3. Cdc thong sd ddu vao thuc nghiem vd md phong 

Cac thong so dau vao Khudn M l u Moi trudng 

Nhiet dp rot, °C 
Nhiet dp khuay, °C 
Nhiet dp khudn, °C 
Nhiet dp mdi trudng, °C 
Thdi gian khuay, s 

700 

700 
599 

120 

30 

May Temp Scan Day can nhiet Khudn 
— — • i — 

Hinh 3. So do he thong do, ghi nhiet do trong thuc nghiem 
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Kim loai long d nhiet do 700 °C dugc rot vao cdc khuay da dugc nung ndng d 700 °C va 
each nhiet vdi mdi trudng xung quanh. Thdi gian khuay la 120 s (2 phut), khi nhiet do kim 
loai d nhiet dd 590 °C (trang thai ban long) dugc rot vao khudn va lam ngudi bang gid tu 
nhien den khi kim loai ddng dac hoan toan. 

Viec do nhiet dd dugc t i ln hanh bang may he thing OMEGA TEMPS CAN 1100 cd kha 
nang ghi nhan tin hieu tir can nhiet va truyen d£r lieu vao may tinh thdng qua chuong trinh 
CHARTVIEW (hinh 3). Cac budc tien hanh thi nghiem cung nhu cac thdng sd nay ciing la ca 
sd cho du kien dau vao trong qua trinh md phong sd. 

IV. KET QUA VA THAO LUAN 

Hinh 4 (a), (b), (c) va (d) la ket qua phan bd trudng nhiet do ciia vat due sau 60 s, 120 s, 
240 s va 360 s, nhan thay tat ca cac trudng hgp tren khoang nhiet do trong mlu dlu nam d 
vung nhiet do chay long ciia hop kim A356. Nhiet dd cao nhlt d vung tam mlu va cd xu 
hudng giam dan theo chieu tir trong ra ngoai va tir dudi len tren. Di lu nay hoan toan phu hgp 
vdi cac md hinh toan hoc va vat ly ciia qua trinh truyen nhiet. Gia tri nhiet dd cao nhat tai tam 
d phin day ciia mlu khao sat d thai diem 60 s la 618 °C va 120 s la 608 °C, 240 s la 591 °C va 
360 s la 576 °C. Nhiet dd thap nhat tai be mat vung be mat tren ciia mlu tuong ung cd gia tri 
la 614 °C (60 s), 605 °C (120 s), 588 °C (240 s) va 572 °C (360 s). Muc chenh nay khdng 
nhieu do cdc khuay dugc each nhiet vdi mdi trudng. 

Sau 120 s la thdi gian de he kim loai long - cdc rot on djnh v i mat nhiet ddng hoc, t i lp 
den la giai doan khuay d nhiet do 599-600 °C cung dugc thuc hien trong khoang thai gian la 2 
phut (giai doan sau 120s den 360 s). Giai doan nay chua cd hien tugng chuyen pha (vai trd 
ciia i n nhiet ket tinh va dieu kien bien loai 5 chua tham gia vao qua trinh truyen nhiet) nen 
qua trinh truyen nhiet tuong ddi on dinh, gan nhu chi xay giua hai pha long (mlu) va pha ran 
(cdc rot da each nhiet). Dan tdi gia tri nay hoan toan cd the tinh toan bang phuang phap giai 
tich thdng qua phuong trinh truyen nhiet (phuang trinh (1)). 

Ket qua phan bd trudng nhiet dd ciia vat due trong giai doan ket tinh, chuyen pha sau 420 
s (a) va 540 s (b) dugc trinh bay tren hinh 5 (a) va (b). Giai doan nay sau khi kim loai long 
dugc khuay trong cdc rot, nhiet dd kim loai long xudng tdi vung ban long (590 °C) dugc rot 
vao khudn kim loai va lam mat bang gid tu nhien. Sir phan bd nhiet do cung tuong tu nhu d 
cac giai doan trudc la nhiet dd cao nhat d vung tam mau va cd xu hudng giam dan theo chieu 
tir trong ra ngoai va tir dudi len tren. Gia tri nhiet dd tai tam d phan day ciia mau khao sat d 
thdi di im 420 s la 568 °C va 540 s la 548 °C, tuong irng tai b l mat noi nhiet dd thip nhat la 
565 °C (420 s) va 534 °C (540 s). D l nhan thly sau 420 s kim loai trong vung nhiet do ban 
long, luc nay qua trinh truyen nhiet vd ciing phuc tap bdi su tham gia ciia thanh phan pha 
long, pha dac va pha ban long, cd the ndi day la giai doan truyen nhiet khdng on dinh va phirc 
tap. Luc nay phuong trinh nang luong cd them dai lugng an nhiet ket tinh (phuong trinh (4)), 
dd chinh xac ciia bai toan phu thudc rat nhieu vao md hinh toan hoc cung nhu vat ly va cac 
dieu kien bien khi dat bai toan ban dau. 
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6.18*'62 
6.1 8*-.2 
6.16*-12 
6.l8e-12 
6.18*'12 
6.176-E2 
6,l7e-B2 
6.176-E2 
6.176-B2 
S.17e-E2 
6.166-D2 
6.l6e-t2 
6.1&6-62 
6.166-12 
6.16*-12 
6.156-B2 
6.l£e-B2 
6.15*'82 
6.15f 12 
6.15*-B2 
6.Hc='!2x7\ 
£.9 I f 12 
6.91e-12 
5.916-12 
£.916-12 
5.916-12 
5,9 Be-12 
£.9 Be-12 
£.9!e-12 
5.916-12 
S3 Be-12 
£.9le-l2 
£39e-l2 
£39e-l2 
£.89e-I2 
£39e-E2 
S39e-I2 
53&e-l2 
£38e-l2 
£3Se-12 
53&e-f2 
£^Se-E2r7\ 

S.8 8e-I2 
e.BSe-12 
eU8e-I2 
6-i 7e-I2 
6.l7e-t2 
6.5 7e-!2 
6.17e-f2 
6.176-12 
6.t7e-l2 
6.i6e-E2 
6.t6e-I2 
6.16s-12 
6.t6e-12 
6.E66-.2 
6.16e- £2 
6.15e-l2 
6.l£e-l2 j 
6.156-12 | 
6.t£e-f2 <| 
6.156-12 
6.{£*-l2x^\ 

5.72f I2X^\ 

Hinh 4. Trudng nhiet do ciia mdu sau 60 giay (a) vd 120 giay (b), 240 s (c) vd 360 s (d) 

£.686-12 
£.68»- E2 
£38e-B2 
5.68e-B2 
£.66e-E2 
5.68e-B 2 
£.676-12 
£.67e-l2 
£37e-B2 
£37e-12 
£.67e-l2 
£366-12 
£.666-12 
£366-12 
£.666-12 
£.666-12 
5366-12 
£.656-12 
£3£e-12 
£3£e-!2 
£.6Se-!2X^\ 

SA «e-l2 
£-<3e-l2 
5̂ 3e-l2 
5̂ 2e-l2 
5.<2e-12 
5,« 16-12 
5.U6-I2 
5.< Ie-12 
5.4H-12 
S3 9e-E2 
5.396-12 
5.J96-12 
5J&6-I2 
Wis-12 
5.376-12 
5.37e-12 
5.36e-l2 
5.3 Be-12 
5.356-12 
535t-12 
5-3«e-l2JĈ \ 

Hinh 5. Trudng nhiet do ciia mdu sau 420 s (a)vd 540 giay (b) 
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l.lle-ll 
l.lle-ll 
l.lle-ll 
9496-11 
943*-11 
9.99*-11 
9.99*-11 
948*-|! 
9.98*-II 
9-98e-U 
948*-II 
9486-11 
947e-U 
947e-ll 
9476-11 
947e-ll 
946e-ll 
946e-II 
946e-ll 
9466-11 
9466-11 

1 

(a) 

l.lle-ll 
I.II6-II 
I.I 16-11 
8.1 le-ll 
l.llc-ll 
i.l le-H 
1.1.6-!! 
1.1 le-ll 
1.1 le-ll 
B.IEe-ll 
1.116-1! 
E.I le-ll 
E.1H-I1 
S.I le-ll 
l.lle-ll 
l.lle-ll 
l.lle-ll 
l.lle-ll 
l.lle-ll 
l.lle-ll 

l . l le-l lx^\ 

Hinh 6. Ty phan phan bd pha long sau thdi gian 60 giay (a), 420 giay (b) va 540 giay (c) 

Sau 540 s truang nhiet do hoan toan nam trong vung ddng dac, giai doan ket tinh da ket 
thuc. Qua trinh truyen nhiet thuan tuy trong pha ran, gradient nhiet do hoan toan phu thudc 
vao tinh chat nhiet ly nhu nhiet dung, he sd din nhiet,... va cac he sd truyen nhiet ddi vdi 
khudn va mdi trudng (phuang trinh (5)). 

Hinh 6 (a), (h) va (c) la ket qua ty phan phan bd pha long tren mlu tai thai diem 60 s (a), 
420 s (b) va 540 s (c). Cd the thay ty phan pha long tai thai diem 60 s gan nhu 100% (phan bd 
tu 99,6 din 100%) va 0 % (trang thai ran) tai thai diem sau 540 s (hinh 6 (a) va (c). Ty phin 
pha long phan bd tir 16.8% den 22.5% tai thai diem 420 s (hinh 6 (b)). Ket qua nay hoan toan 
phu hop vdi ket qua phan bd trudng nhiet dd qua tirng giai doan da xet d tren. 

-i—i—i—'—i—'—i—<—i—1—i ' i ' i 1 r— 
0 60 120 180 240 300 360 420 480 

Time, s 

Hinh 7. Dd thi so sanh dudng ngudi tu nhien khuay md phong vd thuc nghiem tai 590 °C 

Tren hinh 7 la ket qua do dac thuc nghiem va ket qua md phong cd the trich xuat gia tri 
nhiet dd tai tam vat due theo thai gian. De thay ring trong giai doan qua nhiet (nhiet dd > 615 
°C) thi tdc dd ngudi rat ldn. Trong giai doan toa nhiet k i t tinh (khoang nhiet do 615-555 °C) 
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tdc do ngudi cham hern do an nhiet ket tinh toa ra. Khi da ddng dac hoan toan ( nhiet dd < 555 
°C) thi tdc do ngudi lai tang mot chut. Cung tren dd thi nay k i t qua md phdng va do dac trong 
thuc nghiem kha trung hop cho thay dd tin cay ciia cac k i t qua md phdng la tucmg ddi cao. 

IV. KET LUAN 

Trong cong nghe due, dac biet la trong cong nghe due ban long [17-19], viec khdng che 
nhiet do la het sue quan trong de dam bao vat due dat dugc co tinh tdt nhat. Do dd viec xac 
dinh nhiet dp, tdc dp ngudi va tdc dp ddng dac la het sue can thiet. Tuy nhien viec do dac 
trong dieu kien thiet bi lam viec d nhiet dp cao thudng gap nhieu khd khan. V i vay su ket hop 
giua thuc nghiem va md phdng la phuong phap tdt de xac dinh cac dieu kien due tdi uu. 
Trong nghien cuu nay, viec md phdng cho phep ta xac dinh nhirng thdng sd ca ban ciia qua 
trinh ddng dac nhu trudng nhiet dp (nhiet dp tai mdi diem tai d cac thdi gian khac nhau), 
dudng ngudi ciia kim loai trong qua" trinh ddng dac, tdc dp ngudi, ty phan pha long, tu dd cd 
the tinh ra ty phan pha ran (fs = 1 - fi) va tdc dp ddng dac (dfs/dt hoac dfs/dT) [20,21]. Cac 
ket qua md phdng tren dupe so sanh vdi ket qua thuc nghiem de qua dd danh gia tinh xac thuc 
cung nhu dp tin cay ciia chung. 
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