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TOM TAT LUAN AN

Trong nhitng nam gan day, sy phat trién vuot bac cta cong nghé laser da dan dan
thay thé cic cong nghé truyén théng néi chung, va han laser sir dung trong céc
nganh cong nghi¢p khac nhau da tang 1én nhanh chong véi cac tinh nang doc dao.
Chat luong mdi han duoge dic trung boi hinh hoc mdi han, anh huong dén viéc xéc
dinh tinh chéat co hoc ctia méi han. Piéu d6 duoc thé hién thong qua mdi quan hé
mat thiét gitta cac thong sd dau vao: vat liéu, bé day vat han, laser power (cong suit
laser), welding speed (téc do han), fiber diameter (dudng kinh soi quang) va thong
s6 dau ra: hé sd hép thu, thong s6 dic trung hinh hoc méi han: weld zone width (bé
rong moi han), weld penetration depth (6 ngdu mdi han). Trong qua trinh tién hanh
thi nghiém hay trong thuc té san xuat, viéc tiét kiém vat liéu, cong strc, thoi gian la
hét strc can thiét, doi hoi giai phap dem lai hiéu qua, ning suit cao. Trén tinh than
d6, dé tai luan an da thyc hién mot s6 dong gop nhu sau:

+ Phuwong phap tuidn tw (sequential method) duoc st dung dé xac dinh
nguoc gia tri hé s6 hap thu va kich thuéc mdi han diém bang laser. Trong phuong
phap nay, tai mdi bude thoi gian, vong lip Modified Newton — Raphson két hop véi
khai niém budc thoi gian ké tiép (concept of future time) duoc st dung dé xac dinh
nguoc gia tri hé sé hap thu. Diém thuan loi ciia phuong phap nay 1a gia tri hé sb hap
thu chua biét va qua trinh xac dinh gia tri hé¢ $6 hép thu dugc thuc hi¢n ting budc
thoi gian cho dén thoi diém két thuc khao sat. Hai ing dung voi gia tri hé s6 hap thu
la hing s6 va hé sb hép thu 13 ham sé mii theo thoi gian gia nhi¢t dugc thuc hién,
cho thay viéc xdc dinh ngwoc hé sé nay bang phwong phdap dé xudt dat sai sé nho
hon 1.5%. Pong thoi, gid tri kich thude moi han: chiéu réng va chiéu sau moi han
dat sai sé lan luot la nhé hon 0.3% va 0.5 % so voi gia tri mong muon.

+ Thuat toan tién héa vi sai cai tién (MDE - Modified Differential
Evolution), thuit toan di truyén (GA — Genetic Algorithm) va thuit toan
JAYA duoc st dung dé thuc hién #6i wu héa ngwee théng sé dau vao ciia moi han

laser cho thép khong gi AISI 416 va AIS| 440FSe nham dat dwoc kich thiede moi



han (kich thieée méi han dwoc cai dit trude): Weld Zone Width “WZW,e” (um) va
Weld Penetration Depth ‘WPD ¢’ (um). Két qua tdi wu cac tham sb dau vao: Laser
Power ‘LP* (W), Welding Speed ‘WS’ (m/min), va Fiber Diameter ‘FD’ (um) cua
thuat toan GA véi trong s6 A = 0.1 duoc so sanh véi véi két qua thyc nghiém do dat
bo1 Khan [31] voi sai ) tuong ung 1a 1,89%, 4,80% va 2,92%. Bén canh do6, luan
an ciing trinh bay so sanh két qua toi wu giita ba thut toan ngau nhién néu trén:
Thuét toan MDE c¢6 chat luong va hi¢u qua vuot troi so véi cac thuat toan JAY A va
GA. Két qua tdi vu cta thuat toan MDE tiép tuc dugc so sanh vai voi két qua thuc
nghiém do dat bi Khan [31] vdi sai sb dudi 10%.

+ Thuit toan ty dong phat sinh ludi va tu dong ting bac da thirc xép xi duogc
thuc hién gitp cho cong viéc tinh toan linh hoat va da dang. Phwong phap phin tir
hiru han véi h- refinement va p-refinement duoc st dung trong luan an nay. Két

qua gia tri sai s6 chuan nang luong bién dang 7 cho bai todn 16 vuong trong

extra
tam vo han chiu kéo bang phuong phap phan tir hitu han voi h- p- refinement dat
gia tri 1an can 3%. Pong thoi, viéc ddnh gid dp tin cdy phwong phdp phdn tir hitu
han véi h- refinement va p-refinement cho méi han gidp moi thép AISI 1018 bang
laser da dem lai két qua rat kha quan. S6 luong ludi duoc khao sat cho h- va p-
refinement 1an luot 13 11 (bac da thirc p = 1) va 6 (bac da thic p = 3 + 8). Két qua
gi4 tri sai s6 twong d6i nam trong pham vi cho phép, duéi 10%. Ngoai ra, v6i ki

thuat ngoai suy Richardson da dat duoc gia tri rat kha thi: sai sb tuong ddi

7™ (%) =3.756475407 & 7""(%)=0.815296901, chi sé hiéu dung

extra

O, rinenen = 0-535667 & 6 = =0.506616 va chi s6 déu SD, . =~=0.019528
& SD, uinenen = 0.103834, théa mén: 1 <7 (%) <10, 6<1.2, SD <0.2[94] .

Két qua d¢ tai luan an 1a co s dé phat trién cac bai toan phirc tap hon, thim chi
ca bai toan 3D, ciing nhu 4p dung ¢ cac vat liéu khac nhau. Pdng thoi, luan an
cling gép phan raut ngan khoang cach giita moé phong va thuc nghiém; nham tiét
kiém vat li¢u, cong strc, thoi gian; dem lai hi€u qua, nadng suét cao trong tién hanh

thi nghiém va thuc té san xuat.



SUMMARY

The rapid development of laser technology in recent years has gradually replaced
traditional technologies in general, and laser welding used in various industries has
increased rapidly with unique features. The weld quality is characterized by weld
geometry, which affects the determination of the mechanical properties of the weld.
This is shown through the close relationship between the input parameters: material,
welding thickness, laser power (laser power), welding speed (welding speed), fiber
diameter (fiber diameter). ) and output parameters: absorption coefficient, weld
geometry characteristics: weld zone width, weld penetration depth (weld
penetration). In the process of conducting experiments or in production practice,
saving materials, effort and time are essential, requiring solutions to bring about
efficiency and high productivity.

In this thesis, the Ph.D. student performed inverse determination of the
absorption coefficient and weld size in spot laser welding by the sequential method:
at each time step is solved by the modified Newton-Raphson method combined with
the concept of future time used to establish the absorption coefficient value. The
advantages of this method are that the functional form for the unknown absorption
coefficient is not necessary to preselect and nonlinear least-square do not need in
the algorithm. Two examples have been fulfilled to demonstrate the proposed
method. The obtained results can be concluded that the proposed method is an
accurate and stable method to inversely determine the absorption coefficient in the
spot laser welding, and weld size (weld width and depth) are also very close to the
desired value.

Secondly, the inverse optimization of input parameters (Laser Power 'LP' (W),
Welding Speed 'WS' (m / min), and Fiber Diameter 'FD' (um)) of laser weld for the
AISI 416 and AISI 440FSe stainless steel to control the reached weld size (weld
size is pre-set): Weld Zone Width '"WZW,' (um) and Weld Penetration Depth
'WPD e (um) by the three meta-heuristic optimization algorithms: the Modified

Vi



Differential Evolution (MDE) algorithm, the Genetic Algorithm (GA) and the
JAYA algorithm. The result of the GA algorithm with A = 0.1 is compared with
Khan’s affirmation experiment result [25]: the error of the input parameters LP,
WS, and FD, respectively, were 1.89 %, 4.80 %, and 2.92 %. Besides, the thesis
also presents the effect of three different meta-heuristic algorithms: GA, JAYA and
MDE. The MDE algorithm showed better efficiency and the result of this algorithm
Is compared with Khan’s affirmation experiment result [25] with errors below 10%.

The representation of a continuous field of the problem domain with several
piecewise fields results in discretization error in the finite element solution. This
error can be reduced by two approaches: by decreasing the sizes of the elements: h-
version, or by using higher-order approximation fields: p- version with the objective
of obtaining solutions with prespecified accuracy and minimum cost of model
preparation and computation. The value of the relative error of the strain energy

for an unstressed square hole in an infinite plate subjected to unidirectional

nextra

tension by the h- p- refinement of the FEM reaches a neighboring value of 3%. At
the same time, according to the Ph. D. student's knowledge, there have not been
many studies evaluating the reliability of this method for welding in general and
laser welding in particular. Another novelty of the thesis is that performing the
reliability evaluation of the finite element method with h- refinement and p-
refinement for AISI 1080 steel butt welded joints by the laser has brought very
satisfactory results. Specifically, with h- refinement, the effective index & is in the
range (0.653 - 0.446), 6 = 0.535 and the index SD = 0.019; and with p-refinement, &
is in the range (0.977 - 0.236), 6 = 0.506 and SD = 0.103. The value of the result
satisfies the requirement in [88]: 1 <7 (%) <10,<1.2,SD <0.2.
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DANH SACH CAC CHU VIET TAT

Laser Ligth amplification by stimulated emission of radiation
CGM Conjugate Gradient Method
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TRIP Transformation Induced plasticity
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AISI American Iron and Steel Institute
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SEM Scanning Electron Microscopy
PSO Particle Swarm Optimization
PSO-BPNN  Back Propagation Neural Network
GA Genetic Algorithm

NSGA-II Non-dominated Sorting Genetic Algorithm-II
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MO-Jaya Multi-Objective Jaya
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NURBS Non-Uniform Rational B-Splines
JAYA JAY A optimization algorithm

DE Differential Evolution

MDE Modified Differential Evolution
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WS Welding Speed

FD Fiber Diameter

WzW Weld Zone Width

WPD Weld Penetration Depth

FEM Finite Element Method
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DANH SACH CAC KY HIEU

Chuwong 2
T(X,y,z,t): Truong nhiét d6 trong chi tiét (°C hodc K)
w

k: Hé sb dan nhiét ( W hodc )
m°C mK

p: khéi lugng riéng (k—gs)
m

kJ .k

C,: nhiét dung rién
p: nhi¢t dung riéng (kg c KoK

Js, Os(r): mat d6 dong nhiét bé mit (ﬂz)
m

. , W
qy: mat do dong nhiét the tich (—)
m
h: 1a hé sb trao d6i nhiét chung trong truyén nhiét phirc hop (bao gdm cé truyén dan

W,
m?K

* A \ A * A A A A A [N A W -
nhi€t va trao doi nhi¢t doi luu)/h€ s6 trao doi nhiét doi luu (—,— hoac
m

n: phap tuyén ciia bé mat bién

. . w
o: hang so Stefan- Boltzmann (—; oC hoac
m

& hé sb chiéu xa/do phat xa cta vat xam
To: nhiét d6 moi truong (°C hodc K)
m

v: van toc tia laser di chuyén (S)

&: khoang cach cua vi tri tia laser so voi mdt diém chuan (mm)

C: hé sb diéu chinh do rong phan bb (mm™)
A A A A 1A e 1 L L W
lo: mét do dong nhié¢t bé mét 16n nhat cua tia laser (—)
m

n: hé s6 hap thu
P: cong suit cua tia laser (W)

I'y: ban kinh cua tia laser (mm)

Xii



[Ni]: ham dang

{Ti}: vector nhiét do nut phan tu

[C]: ma tran chuyén doi, [K]: ma tran nhiét

{R}: vector ngudn nhiét

A trong s6

O(At): sai s6 do roi rac thoi gian bang phuong phép sai phan
H: Enthalpy (J)

kJ
kg °C kgK

Cerr: Nhiét dung riéng hiéu dung (

Cs, Cr, €. nhiét dung riéng trong thé ran, (trung binh) rin-léng va long tuong tng

kJ
kg °C kgK

(

L: 4n nhiét

T,, Ti: nhiét d6 dong dac/két tinh va néng chay (°C hodc K)

Ne, Ng: Vector phap tuyén trén mit trao d6i nhiét I'. va mat nhan mat ¢ dong nhiét
Iy

Q: Mién khao sét

griT, glstas, glotac glviav: thong s6 chua biét cua nhiét do, mat o dong nhiét bé
mat, trao d6i nhiét tai bién, va mat do dong nhiét thé tich tuong tng

c: chi sb biéu hién vi trf cua nhitng cam bién

@,: nhigt do tinh toan tir bai toan thuan (°C hoac K)

@,,,: nhiét @6 do luvong (°C hoac K)

r: bude thoi gian ké tiép

p % r: s6 phuong trinh cia hé

Y: do nhay

d va gg: gia tri dung

A0 sai s6 voi o 1a sai s6 chuan va A, 1a sé ngau nhién

Xiii



Chuong 3
N: s6 c4 thé trong mot quan thé
D: dic trung ciia mdi ca thé
X = [X1, X3, ..., Xn]": quin thé khéi tao ban du
CF: h¢ s0 lai tao
MF: h¢ sb dot bién
Fk=1 (Xik), Vi : gia tri ham muc tiéu cua ting ca thé trong thé hé thr k
F: s6 dot bién
CR: x4c xuét lai ghép

WZW._.,WPD,, : bé rong mdi han va do ngau mdi han dugc dat trude (mm)
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MO PAU

1. Gigi thiéu

Laser (Ligth amplification by stimulated emission of radiation) la tia sang co
cudng do tap trung ning luong cao duoc tao ra boi qua trinh khuéch dai 4nh sang
bang phét xa kich thich, dwoc gigi thiéu dau tién boi nha khoa hoc Schawlow va
Townes vao nam 1960. Trong nhimg nim gan day, su phét trién vuot bac cua cong
nghé laser da dan dan thay thé cac cong nghé truyén thdng. Vai nhitng thuan loi
nhu: gid tri cudng d6 niang luong duoc diéu chinh linh hoat, d6 chinh xac cao, téc
do xtr Iy nhanh, va viing anh huéng nhiét nho, khong 6 nhiém, ... vi vay, nhitng ang
dung cua laser dugc wu tién va st dung rong rai trong nhitng nganh céng nghiép
hién dai: cdng nghiép 0 td va hang khdng, cong nghiép dién tur va cdng nghiép san
xuat thiét bi y té [1, 2]. Trong d6, viéc st dung han laser trong cac ung dung cong
nghiép khac nhau di ting 1én nhanh chéng véi cac tinh ning doc dédo nhu ngudn
nhiét d¢au vao thap va chinh xac, viing anh huong nhiét nho, chiéu rong mdi han
hep, d6 ngau mdi han sau, tng suat thap, bién dang nho, téc do han cao [2, 3.

Dye-Laser

Argon-lonic
Eximer-Laser Laser He-Ne-Laser
e.g. 193, 248, 308 nm |488, 514 nm 632 nm

600

700 800 900 1000
wavelength ), —

frequency doubled
Nd:YAG-Laser
532 nm Ho: YAG-Laser

2,1
frequency trebled o

Nd:YAG-Laser
355 nm

Hinh 1. Buéc song cua laser CO,, Nd:YAG va mot s6 loai khac [4]

Hai loai tia laser dugc st dung rong rdi trong qua trinh han va xu ly vat liéu la tia
laser Carbon Dioxide (CO,) va Neodymium-Doped Yttrium Aluminium Garnet
(Nd:YGA), c6 budc séng ngoai budc song nhin thady cua mat nguoi lan luot 13
10.6 um va 1.06 um (Hinh 1).

D6i véi qué trinh han va xir ly vat liéu, laser dugc xem 14 mot ngudn nhiét co
ning luong cao. Cudng d6 ning luong cua tia laser co thé diéu chinh trong mot



khoang gi4 tri tir vai mW dén hang trim kW bang cach diéu chinh sy hoi tu va phan
ky cua tia laser. Vi vy, tia laser duoc xem nhu mot ngudn nhiét cé ning luong rat
l6n véi khoang diéu chinh cuong d6 nang luong rat rong la linh hoat. Hay noi cach
khéc, tia laser cd thé 1am bdc hoi bt ky loai vat liéu nao va ciing c¢6 thé cung cap
mét lwgng nhiét mong muédn cho mot vat nao d6. bac biét, laser dugc xem 1a mot
nguon nhiét dé tao ra va rat linh hoat trong nganh céng nghiép tu dong. Do vay,
laser dwoc nhin nhan nhu mot cdng nghé hién dai dbi véi cac qua trinh gia cong va
xtr ly vat liéu nhu: toi cng bé mat, han, khoan, tao hinh, ...[3].
2. Ly do chon dé tai

Han tia laser ciing 1a mdt qué trinh han véi mat do nang lugng cao, trong do su
dung hién tuong phong dong dién cao ap dé kich thich hdn hop khi He, N, va CO,
nham tao ra tia sang c6 budc song khong ddi. Tia laser nay con duoc khuéch dai boi
phan xa lién tiép giira hai guwong song song. Mot trong hai gwong nay sé& truyén mot
phan va cho phép tia thoat ra, tao nén chum tia laser. B¢ tranh qua nhiét, hon hop
khi dugc bo sung lién tuc. Cac tng dung cong nghiép doi hoi chum tia laser c6 cong
suit dén 5 kW. Chum tia laser dugc hoi tu vao vét han béi mot guong hoi tu va dé
c6 dat dugc chat luong han can thiét, mat d6 ning luong va téc d6 han phai twong
tng v6i loai vat ligu can han va chiéu day tam. Kich thuéc nho cua diem hoi tu doj
hoi kiém soét chinh x4c viéc ga lép truoc khi han. Ta ¢6 thé st dung day han bé
sung, mic du day 1a qua trinh cho phép han ngiu khong can vat liéu bo sung cac
tam cd chiéu day khé Ién. Khi han can st dung khi bao vé d6i véi viing han, tuy
nhién chi c6 nhitng loai khi bao vé cd thé ning ion hoéa cao nhu helium méi cho
phép ngan dugc viéc hinh thanh cac dam may hoi plasma phia trén viing han, ma c6
thé 1am giam mat do ning luong cua tia laser. Han tia laser c6 nhiéu dic diém giéng
Vv6i han tia dién tir, ké ca chi phi mua sam thiét bi cao. Tuy nhién c6 thé dua tia laser
di xa vai mét tir ngudn tia ma khong co ton that ning lwong, voi do linh hoat cao,
cho phép tng dung cao trong han ty dong ning suit cao. Han tia laser c6 thé sanh
véi han ho quang bang dién cuc khéng néng chay trong méi truong khi bao vé dbi
vé6i chiéu day tAm dudi 10 mm va voi han tia dién tir d6i voi chiéu day tim dudi 25
mm. Tuy nhién so vé&i han tia dién ta, han tia laser ¢6 loi hon do khong can chan

khéng va doi hoi do chinh xac gé lap ciing nho hon.



Trong linh virc nghién ctru ciing nhu trong thuc té san xuat cua qua trinh han, van
dé hét stc quan tam 1 viéc lya chon, kiém soét thong sé dau vao (vat liéu, bé day
vat han, cong suat, hé s6 hap thy, tc d6 han, ..) va danh gia sy anh hudéng cua céc
thong sé d6 dén hinh hoc méi han (bé rong ving han, d6 ngau méi han), dic trung
cho chét lwong méi han, lién quan tinh chat co hoc ctia méi han [5]:

Thong s6 dau vao: Vat liéu, bé day vat han, cong suat laser, hé sé hap thu, toc do
han, dwong Kinh sgi quang, .....

Elliptical reflecting cavity | _ I};?](;Ih ﬁ
I [ ] ‘15;-;;13; | |
rT:l::lningI Lasing material (]
I __Fldshlamm I e | .
Fixture
I—H::im"g l——lf;;?: | P":':’EE:;”I |~---- HAZ  Unchanged structure
Nguyén ly han laser [6] Quaé trinh thuc hién mdi han laser [7]

M@t s6 san pham &ng dung han laser
= o— 5

- na— ‘

Positioner
table

8]
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Position (mm)

Biéu db thur kéo méi han laser [11]



3. Muc dich dé tai
> Chon giai phap danh gia chinh xac thong s6 dau vao nham dam bao méi han
dat yéu cau vé co tinh, dap ung diéu kién 1am viéc. Néu khdng: méi han
khéng ngau, bi thang, .....
> Chon giai phap dénh gia do tin cay phuong phap s6 cho méi han cu thé
4. Pdi twong nghién ciru
> MOi han laser cho thép AISI 304, AISI 416 va AISI 440FSe, AISI 1018
> Phuong phap tuan tu, thuét toan tdi vu hoa ngiu nhién, phuong phap phan tu
htru han véi h- refinement va p- refinement
5. Pham vi nghién ctu
+ Phuong phép tuan tu dugc st dung trong viéc xac dinh nguoc gié tri hé sb
hap thu ctia mdi han diém laser cho thép khdng gi AISI 304
+ Ba thuat toan GA, Jaya & MDE ap dung cho viéc ti wu hoa thong sb dau
vao (cong suat laser, toc d6 han, duong kinh soi quang) cia mdi han laser
cho thép khong gi AISI 416 va AISI 440FSe dé dat duoc bé rong & d6 ngiu
cuia mbi han (bé rong & do ngau cia mdi han duoc cai dit trudc)
+ Danh gia do tin cay phuwong phap phan tir hitu han vai h- refinement va p-
refinement cho méi han giap mai thép AISI 1018 bing laser
6. Y nghia khoa hoc va thuc tién
Nhiam tan dung tinh doc ddo, wu thé cua cong nghé han laser, va 1a co s& phat
trién ky thuat han laser hon nita trong céng nghiép, van dé danh gia chat luong moi
han duoc xem xét dudi goc d6 thong qua viéc phan tich mdi han ¢ trang thai téi han
va danh gia d¢6 tin cay.
Dé tai luan 4n da stir dung phuong phap tuan tu dé xac dinh nguoc gia tri hap thu
& tién doan kich thuéc mdi han diém laser; thuat toan téi vu GA, Jaya & MDE thuc
hién lya chon théng sé dau vao nhu cong suét laser, toc d6 han, duong kinh soi
quang duoc téi wu nham dat duoc kich thuéc mdi han theo mong muébn; va phuong
phap phan tir hitu han véi h- refinement, p- refinement trong viéc giai quyét bai toan

danh gia do tin cay cho mdi han giap thép bang laser.



Két qua dé tai luan an 13 co s dé phét trién cac bai toan phuc tap hon, tham chi
ca bai toan 3D, ciing nhu ap dung ¢ c&c vat liéu khac nhau. Pong thoi, luan &n
cling gop phan rdt ngan khoang céch giita mé phong va thuc nghiém; nham tiét
kiém vat liéu, cdng sirc, thoi gian; dem lai hiéu qua, ning suit cao trong tién hanh
thi nghiém va thyuc té san xuat.



Chuong 1
TONG QUAN

1.1. Téng quan veé tinh hinh nghién cieu
1.1.1. Téng quan vé tinh hinh nghién ciu danh gia mat dé dong nhiét laser
ciia moi han diém bang phwong phap tuan tw

Trong nhitng thap nién gan day, cung véi nghién ctu thuc nghiém, nhiéu
nghién ciru da dé xuat nhitng mé hinh ly thuyét (mé hinh todn hoc) trong tién doan
(md phong) su phan b nhiét va chu ky nhiét caa nhitng qua trinh han va xa ly vat
liu bang laser. Mot trong nhitng kho khan 16n nhat ddi vai viéc mé hinh toan hoc
han laser 1a xay dung ham phan bd ning luong cua tia laser. Pau tién, dua trén ly
thuyét co ban vé dong nhiét (heat flow) cua nguon nhiét di chuyén, Rosenthal [12]
d3 dua ra mo hinh Iy thuyét véi ngudn nhiét dang dudng va diém dé tién doan sy
phan bd nhiét va chu ky nhiét caa mot vat duoc tia laser gia nhiét. Tuy nhién, mo
hinh cua Rosenthal [12] ton tai sai s6 rat [on ddi véi thong sé nhiét do tai nhitng vi
tri gan tia laser gia nhiét, sat va bén trong viing han (weld pool). Pé khic phuc
nhuoc diém nay, Pavelic va cong su [13]; Friedman [14] di dua ra mo hinh dia
(disc model) véi sy phan b nhiét theo phan bé Gauss trén bé mat caa chi tiét (duoc
gia nhiét boi tia laser) két hop véi phuong phap phan tir hiru han (finite element
method — FEM). Nhitng két qua md phong cho thiy rang d6 chinh xac cua sy phan
bd nhiét do trong hé han duoc cai thién rat 16n so véi két qua tr md hinh cua
Rosenthal. Sau d6, Goldak et al. [15, 16] da dé xuat md hinh ngudn nhiét thé tich
gom 2 phan elip (double ellipsoidal volumetric heat source model). Md hinh nay c6
d6 chinh xac cao va duoc sir dung rong rai. Di véi qué trinh han laser ¢6 chiéu sau
tham 16n, md hinh ngudn nhiét thé tich phan b Gauss hinh non (the volume heat
source with Gaussian conical profile) dugc st dung [17, 18]. Gan day, Yadaiah va
Bag [19] d3 d& xuat mot md hinh ngudn nhiét hinh qua triing (egg-configuration
heat source model). M hinh nay c6 thé xem 1a mét dang tong quat cua tit ca ngudn
nhiét trude do.

Bén canh d6, viéc nghién ctu céc thong sé quan trong cua qué trinh han hoic
xur ly vat liéu bang laser ciing duoc cac nha khoa hoc quan tim. Nhu dwoc trinh bay
trong [3], cdng suét tia laser, hé sé hap thu, kiéu tia laser, tbc do tién, budc séng
laser va diéu kién bé mat cua chi tiét 1a nhitng théng sé quan trong cua qué trinh han
va xir Iy vat liéu bang laser. Cu thé nhu, Dinesh Babu va cong su [20] da nghién



ctru nhitng thong sé dau vao gdm cdng suét tia laser va téc do di chuyén dén chiéu
rong va chiéu sau tham cua qué trinh toi ctng thép carbon hop kim thip co do bén
cao (high-strength low-alloy medium carbon steel). Két qua cho thiy rang céng suat
laser 12 thdng sé ¢ anh huong 16n nhat dén profile toi cung. El-Batahgy va Abdel-
Monem [21] di nghién ctu nhitng anh huéng cua thdng sé dau vao cua han laser
dén hinh dang cia viing néng chay (fusion zone). Két qua thé hién rang ting toc do
han dan dén tang ty 1é d6 ngau ddi vai chiéu rong méi han, trong khi do ngau caa
mbi han ting khi ting cong suat han. Benyounis va cong su [22] d3 str dung phuong
phap dap ung bé mat (Respone Surface Methodology - RSM) dé nghién cau anh
huong cua cdng suat han, te dd han va vi tri hoi tu cua tia laser dén ngudn nhiét,
chiéu sau tham, chiéu rong ving han va chiéu rong ving anh huoéng nhiét. Mot
trong nhitng két qua quan trong trong nghién ctu caa Benyounis va cong su [22] 1a
ngudn nhiét gitr vai trd quan trong trong sy hinh thanh kich thudc méi han.

Tur nhitng nghién ciu trén cho thay rang cong suat tia laser va ngudn nhiét la
nhitng théng s quan trong trong qua trinh han laser. Trong d6, ngudn nhiét duoc
dic trung bai hé sd hap thu (absorption coefficient). Hay ndi cach khéc, cong suat
tia laser va hé sé hap thu 13 hai thdng sé rat quan trong trong han va xu ly vat liéu
bang laser. Hon nita, trong trudng hop ciu hinh han duoc cho trudce, nghia 1a kiéu
tia, toc do tién, kich thudc song laser, diéu kién bé mat vat han 1a biét trudc, cong
suat va hé s6 hap thu cua tia laser 12 hai thong sb can phai diéu chinh (hay xac dinh)
dé dat duoc chat luong méi han.

Trong thuc té, cong suét tia laser c6 thé diéu chinh mét cach truc tiép tir may
han laser. Trong khi d6, gia tri hé sé hap thu rat kho xac dinh tryc tiép. Mot giai
phap dé xac dinh hé sb nay la sir dung phwong phap nguoc (inverse method). Trong
phuong phap nguoc, st dung dir liéu v& sy thay dbi nhiét do tai mot hay vai diém
nao do trong vat han dé tinh nguoc lai hé s nay. Phuong phap nguoc co thé goi la
phuong phap ”mo” (ill-posed method). Loi giai cua phuong phap ngugc doi khi
chua 6n dinh va kha nhay vai sai sé [23, 24]. Do vay, dé tai luan an can phai st
dung mot phuong phap hiéu qua va 6n dinh dé xac dinh gié tri hé sé hap thu.

Trong qua kht, vai nha nghién ctu di st dung phuong phap nguoc dé xéac
dinh gia tri hé s6 hap thu trong qua trinh lién quan bing laser. Chang han, Sun va
cong su [25] xac dinh gi4 tri hé s hap thu cua qué trinh tdi cing bé mat bang tia
laser boi st dung md hinh truyén nhiét din nhiét 6n dinh hai chiéu (two
dimensional quasi-static IHCP model). Wang va cong su [26] st dung phuong phap



Gradient lién hop (Conjugate gradient method — CGM) dé tién doan gié tri hé sb
hip thu cta qua trinh tdi cing bé mat bang laser. Chen va Wu [27] da dé& xuat ki
thuat lai (hybrid technique) dé xac dinh nhiét d6 bé mat, xung nhiét va gia tri hé sb
hap thu trong qua trinh tdi cirng bé mat bang laser.

Tuy nhién, cac nghién ctu trén chi dirng lai & qué trinh t6i cang bé mat. Trong
qué trinh nay, nhiét do cao nhat cua vat liéu nam trong khoang nhiét do két tinh cua
vat liéu. Gia tri & nhiét do nay van con rat thap so véi qua trinh han. Do vay, nhiing
dic tinh nhiét cua vat liéu cd thé xap xi 12 hang s6. N6i mot cach khéc, cac van dé
trong cac nghién cau [25-27] dugc xem nhu 1 nhitng van dé tuyén tinh. Doi véi
qua trinh han, vat liéu chuyén tir trang thai rin sang trang thai long. Vi vay, dic tinh
nhiét cua vat liéu ¢ nhitng trang thai nay rat khac nhau, khong thé xap xi hing sb
cho nhiing dac tinh nhiét cua vat liéu trong qua trinh han. Hon nita, dac tinh nhiét
gitta pha ran va pha long c6 su thay doi rat dot ngot. Co thé ndi, nhitng van dé lién
quan dén qué trinh han 1a nhitng bai toan c6 tinh phi tuyén rat cao. Do vay, cac
phuong phap trong [25-27] ¢6 thé khong thé ma rong dé sir dung cho cac qué trinh
han dugc. Gan day, Nguyen va Yang [28] di dé& xuat mot phuong phép tuan ty
(sequential method) dé xac dinh gid tri hé s hap thu trong mé hinh nhiét mot chiéu.

1.1.2. Téng quan vé tinh hinh nghién citu t6i wu héa thong sé qua trinh ciaa
méi han laser bang thuat toan ngiu nhién

Nhin chung, chat lwong mdi han duoc dic trung bai hinh hoc méi han, anh
huong dén viéc xac dinh tinh chat co hoc cia mdi han [5]. Vi vay, viéc chon va
kiém soat cac thdng sé qua trinh han: cong sut tia laser, tbc d6 han, duong kinh tia
laser, vi tri han, khi bao vé I1a hét strc can thiét va doi hoi chinh xac. Bén canh do, d6
chinh xéc cua céac thong s dé con phy thudc vao ky niang va kinh nghiém cua cac
Kk st hodc ngudi van hanh may. D6 1a thach thirc quan trong dbi véi cac nha san
Xuit hién nay. Gan day, nhiéu nghién ctru duogc thuc hién bai cac tac gia voi nhiéu
goc d6 khac nhau trong cong nghé han laser. Benyounis va cong su [29] da nghién
cttu mdi han gidp méi bang laser cho thép khong gi AISI 304. Bé dat mdi han tt,
co tinh cua vat liéu duoc kiém soat mot cach hiéu qua. Do bén kéo, do dai va dap va
chi phi van hanh cta mdi han laser duoc xem 14 yéu té dau ra. Trong nghién cau
nay, céc thong sé dau vao bao gom: cong suat laser, vi tri tiéu diém va tbc do han.
Phuong phap dap tng bé miat va xac suat thong ké duoc sir dung hiéu qua dé tim
thong sb ti vu chiu anh hudng caa cac bién dau vao. Viéc két hop phén tich db hoa
va ANOVA di tim ra yéu t6 qué trinh quan trong nhat gép phan dat dap ung tbi uu.



Két qua phén tich: twong tng véi toe d6 han trong khoang 35 to 39 cm/min thi tiéu
diém 1a -0.2 mm va khi téc 6 han 60 cm/min, tiéu diém la 0.8 mm. Cong suat laser
t6i vu tim duoc trong khoang 1.2 to 1.23 kW. Viéc sir dung k§ thuat toi wu hoa do
hoa gitp tim nhanh b théng s6 mdi han téi wu. Nhu vay, voi diéu kién han téi vu
cho tng dung cu thé s& giam chi phi khoang 43% khi thuc hién mdi han. Anawa va
cong su [30] da tién hanh nghién ctu méi ghép cho 2 vat liéu phd bién
ferritic/austenitic (F/A) duoc st dung trong nhiéu tng dung. Xap xi Taguchi duoc
st dung tao ra ma tran L25 cua céc théng sé qué trinh: tiéu diém, cdng suét laser va
téc do han, véi hé sé dap ang 1a dd bén kéo va ti Ié tin hiéu nhidu caa méi han laser
cho thép carbon thap va thép khong gi AISI 316. Két qua phan tich cho thay thong
s6 dau vao cdng suat laser anh huang manh nhat, ké tiép 1a toc do han nhung focus
point position khéng c6 anh huong dang ké trong pham vi cac tham s duoc ap
dung. M6 hinh méi duoc phat trién trong phan mém thiét ké tha nghiém (Design
Expert software) cho thay gia tri do bén kéo tbi uu 1a 656 MPa tuong (ng cac thong
s6 dau vao téi wu: toc d6 han 1000mm/min, cong suat laser 1.31kW va tiéu diém
0.67mm. Khan va cong su [31] da thuc hién tdi wu hoa thong sé qua trinh méi han
laser cho thép khéng gi AISI 416 va AISI 440 FSe, day 0.55 mm. Thiét ké thu
nghiém day da nhan té/yéu té (Full factorial Design Of Experiment - Full factorial
DOE) dugc xac dinh bang phan mém thiét ké thir nghiém (Design Expert software)
phién ban 7.0 bao gdm 18 thuc nghiém véi 3 mirc cdng suat laser va téc do han, 2
muc dudng kinh soi quang. Thong s dap ung dugc xét dén: bé rong méi han, do
ngau mdi han va luc cat. ANOVA duoc sir dung dé tim thong sé qua trinh. Két qua
cho thay hai thong sé quan trong nhat anh huong dén hinh hoc méi han va luc cat 1a
cong suat laser va toc do han. Gia tri thong sé dau vao téi wu cho vt liéu da chon 1a
cdng suat laser 800-840 W, toc do han 4.75-5.37 m/min va duong kinh soi quang
300 um. Nghién ctu cua Yangyang Zhao va cong su [32] da tién hanh danh gi4 anh
huong cua théng sé dau vao mdi han chdng méi bang laser cho thép SAE1004, day
0.4 mm: téc do han, khe ho, tiéu diém, va cong suat laser d&én hinh hoc méi han. M
hinh toan cho céc théng s dap ang (bé rong mdi han, d6 ngau mdi han va 1dm bé
mat) da duoc xay dung bang phuong phap dap tng bé mat (RSM). Cong suat laser
va téc do han anh huong rd rét dét tit ca thong sé dau ra. RSM di dua ra cac gia tri
thong s6 dau vao ti wu: te d6 han 34.7 mm/s, chiéu dai laser 0.12 mm, tiéu cu -
0.12 mm va cbng suat laser 628 W. Reisgen va cong su [33] di dé cap chat luong
mdi han laser CO, cho thép song pha (Dual phase - DP) va thép du tng luc



(Transformation induced plasticity - TRIP). Md hinh toan thé hién mdi lién quan
gitta thong sb qua trinh: tiéu diém, cong suat laser va téc d6 han va thong sb dap
rng: ngudn nhiét dau vao, d6 ngau mdi han, bé rong mdi han, d6 bén kéo va chiéu
cao mdi han da dugc phat trién bang phuong phap dap tng bé mat (RSM) trén nén
tang thiét ké Box-Behnken. Két qua nghién ctiru cho thay cd thé dat chit lugng mbi
han va giam chi phi bang cach st dung cac diéu kién han téi wu. V&i cac muc tiéu
can dat, thdng qua cac phuong phép t6i vu hoa d6 hoa va md phong s (numerical
va graphical optimization methods), cho thay chi phi thuc hién méi han giam 11.7
% va nang sudt san xuat ting khi tbc d6 han dat gan ti da. Trong nghién cau cua
Mingjun Zhang va cong su [34], mdi han laser cho thép khdng gi AISI 304, day 12
mm véi d6 ngau sau dugc danh gia thong qua bo théng sé qua trinh: focus lens,
focus size, toc do han, cong suat laser, 3 khi bao vé khac nhau (Ar , N,, va He) va
thong s6 dau ra: 6 ngau mdi han, bé rong méi han. Sau khi thuc hién theo tiéu
chuan cong nghiép, miu han duoc cat bang EDM, kiém tra kim tuong trén kinh
hién qui quang hoc, kiém tra d6 bén kéo trén may thir kéo va kiém tra cac mat gay
bang kinh hién vi dién ta quét (SEM). Két qua cho thay: toc do han va tiéu diém
lien quan truc tiép véi nhau; va voéi tiéu diém tuong tmg, do ngau khong dat hoan
toan trong trudng hop tim day, va dat toi da khi stir dung khi He, sau d6 13 khi N,
cudi cung 1a khi Ar. Bai bao cua Yuewei Ai va cong su [35] da trinh bay cac
phuong phap dé t6i wu hoa thong sé qua trinh nham dat kich thugc méi han theo
yéu cau va it khuyét tat. Tuong @ng cho mdi bién dau vao (cong suat laser, toc do
han, tiéu diém va chiéu dai laser), phuong phap Taguchi dugc st dung tao ra thiét
ké thar nghiém (DOE) véi 5 mirc tac dong. M6 hinh toan phi tuyén duoc giai quyét
bang thuat todn t6i wu hoa bay dan (Particle Swarm Optimization - PSO), mang than
kinh lan truyén nguoc két hop téi uu hoa bay dan (Back PSO-Propagation Neural
Network — PSO-BPNN) va thuat toan di truyén (Genetic Algorithm — GA). Thong
s6 dau vao duoc toi wu bang thuat todn GA dat hiéu qua nhat va gan dang véi két
qua thuc nghiém. Trong nghién ciu cia Ahn va cong su [36], mdi han laser cho
hop kim Ti-6Al-4V véi d6 ngau siu dugc nghién ciu thdng qua bo thdng sé dau
vao: cong suat laser, tbc d6 han, tiéu diém va thdng sb dau ra: cu trac vi md,
khuyét tat, ving anh hudéng nhiét va ving han. Trong nghién ctu ndy, phuong phap
truyén théng duoc s dung véi hai bién sé qua trinh duoc xem 1a hang s6. Két qua
cho thay bé rong méi han ting khi ting cong suit laser va tiéu cu; giam téc do han.
Muc tiéu caa nghién ciru cia Zhongmei Gao va cong sy [37] 1a ti vu hoa hinh hoc
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mdi han laser hd quang cho thép khong gi AISI 316L. Phuong phap Taguchi ma
tran truc giao L25 (25 bo) duogc sir dung thiét ké 5 muc 4 tac dong dé khao sat théng
s6 qua trinh. M6 hinh Kriging duoc lya chon thiét 1ap mdi quan hé giira théng sb
qua trinh (cuong do han, cdng suat laser, toc d6 han va khoang cach hé quang-laser)
va thong sé dap ung (bé rong méi han, dd ngdu mdi han). Téac gia thuc hién tbi uvu
hoa di truyén (Genetic Algorithm — GA). Két qua cho thay: cong suat laser, cuong
d6 han, va toc @6 han anh huong manh dén d6 ngau méi han, bé rong méi han. Véi
thong sé da duoc tdi wu, cau tric vi md dong déu hon, d6 cimg vi mo ting tir ving
han dén viing kim loai nén. Shanmugarajan va cong su [38] nghién ctu viéc téi uu
hoa cho méi han laser cho thép P92 (CSEF). Md hinh Taguchi dua trén phan tich
quan hé Xam (Grey relational analysis — GRA) duoc sir dung dé thiét 1ap mé hinh
toan véi thong sb dau vao: cong suat laser, toc do han, tiéu diém va thong sb dau ra:
bé rong mbi han, dé ngdu mdi han va ving anh huong nhiét. Két qua phan tich
ANOVA cho thay téc do han anh huong 74.39 %, cong suat laser 14.63 % va tiéu
cu 10.97 % Vi cac gid tri toi wu 1an luot 1a 3kW, 1 m/min va 4 mm cho vat liéu da
sir dung. Trong bai bao cua Rao va cong su [39], thuat todn Jaya da muc tiéu
(Multi-Objective Jaya — MO-Jaya) da giai quyét bai toan ti wu hoa trong truong
hop md phong mét cach don gian cho 4 quéa trinh gia céng phi co dién: gia cong
bang tia lta dién (EDM), cat bang laser, gia cong dién-hda, phay micro bang chim
tia ion. Két qua cua thuat toan so sanh véi cac thuat toan khac: GA, NSGA, NSGA-
II, BBO, NSTLBO, PSO, SQP; va m6 phong Monte Carlo. Nghién ciru cua
Vijayanin va cong su [40] da trinh bay két qua trong viéc t6i vu hoa thong s6 moi
han laser khuéch tan ngudi CO, cho thép carbon thip. Phuong phap dap tng bé
mat (RSM) va thuat todn Genetic Algorithm (GA) duoc sir dung dé so sanh. Mo
hinh toan thé hién hai théng s dau ra (hinh hoc mdi han va ving anh huéng nhiét)
duoc thiét 1ap theo ba théng sb dau vao (cong suat laser, toc d6 han va tiéu diém).
Yang va cong su [41] da thuc hién tich hop gitra mé hinh Kriging vai thuat toan di
truyén véi co ché tim kiém ca thé khong troi (Non-dominated Sorting Genetic
Algorithm-11 — NSGA-11) cho viéc t6i wu hoa thong sé qué trinh mdi han hdn hop
gitta laser va tir tinh, nham lam giam khuyét tat, ting d6 ngdu va chat luong méi
han. Trudc khi thiét 1ap mbi quan hé gitra thong sé dau vao (mat do tir thdng, cong
suit laser va téc do han) va bién dang méi han caa qué trinh han bang Kriging
meta-model, mét thi nghiém nim mwc ba yéu té sir dung Taguchi ma tran truc giao
L25 duoc trién khai. Sau khi t6i wu hoa cac thong sé quy trinh da muyc tiéu bang

11



NSGA-II va dudng cong Pareto, thdng sé dau ra duoc xac nhan théng qua kiém tra
macro, micro va do cing vi md. Két qua cho thay su tich hop da dem lai hiéu qua
cao.

1.1.3. Tong quan vé tinh hinh nghién ciru phwong phap phan tir hitu han véi
h- refinement, p- refinement cho bai toan hai chiéu

Ngay nay, phuong phap phan tich phan tir hitu han dugc st dung ngay cang
nhiéu va viéc phét trién mot quy trinh dang tin cay va nhanh chong cho céc k¥ su 1a
can thiét. Phuong phap phan tir hitu han ludi twong thich da 1a cha dé duoc danh gia
mé rong véi muc tiéu dat d6 chinh xac cao va chi phi tinh toan thap. Véi h-
refinement, ludi phan tir hitu han dwgc nang cap lién tuc theo cach giam 15i roi rac.
Phuong phép nay tuy thudc vao so dd lam min, chuan sai s6 danh gia, cach giai
phuong trinh va k¥ thuat 1ap trinh may tinh. Hién tai, mot vai chuong trinh phan ti
hitu han thuong mai da tich hop h- refinement dem lai két qua chinh xéac cao. Tuy
nhién, hiéu qua tinh toan cua phuong phap dé cip chua dat dén diém tdi wu. Muc
tiéu caa nghién ciu nay 1a nghién ciru sau hon va phat trién mot phuong phap hiéu
qua hon cho cac bai toan co hoc dan hdi hai chiéu, khéng chi 1a h- refinement ma ca
p- refinement va h-p- refinement.

Véi h-refinement thi dé cap dén viéc giam d6 dai dic trung (h) caa cac phan
tar, cai thién két qua vai ludi min hon cho cung loai phan tir; con p-refinement cho
thdy viéc ting mtrc d6 da thirc hoan chinh cao nhat (p) trong mot phan tir ma khong
thay d6i s6 luong phan tir duoc st dung. Tuy nhién, bac da thirc p cua cac ham dang
duoc 1am giau bang cach thém cac s hang bac cao hon ma khong 1am thay d6i ham
dang bac thap hon hién cd. Bac thyc té cua ham chay tir p = 2 dén p = 8. Cac ham
hinh dang nay duoc tao tir da thirc Legendre va duoc goi la ham dang Hierarchical
[42]. Viéc két ndi h-refinement va p-refinement duoc goi 1a h-p-refinement cho két
qua tdc do hoi tu theo cap sb nhan [43]. Viéc hoan tit tinh toan cua giai phap nay
goi 13 phwong phap phan ti hitu han véi h-refinement, p-refinement, va h-p-
refinement.

Trong khi ca hai phwong phap h- refinement, p- refinement cho két qua chinh
X4C cao, mot mot van dé dit ra 1 1am thé nao dé cac tha tuc ndy so sanh vai nhau?
h- refinement c6 thé dugce tich hop vao céac code ph?m tir htru han hién c6. Do do, h-
refinement d3 phd bién rong rdi trong cac chwong trinh thuong mai so véi p-
refinement. Tuy nhién, cac tai liu toan xdp xi va md phong sd cho thiy p-

refinement c6 nhiéu lgi thé hon. Néu xét cung s6 bac tu do, toc dd hoi tu cua p-
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refinement hon hai 1an so v6i h- refinement, bao gém su ¢ mit caa cac diém ky di
[43]. Diéu kién ma trin d6 cing cta phan tir loai p it hon phan tir loai h (phan tir
Lagrange). Diéu nay cho phép sir dung mét bo giai 1ap trong hé phuong trinh cua
phuong phap p-refinement [44], va viéc chia lu6i d6i véi p-refinement don gian hon
h-refinement [43]. Cac ham dang Hierarchical cho phép str dung cac gia tri cia ma
tran d6 cimg trong 1an lap ké tiép. Két qua cho thiy p-refinement 13 giai phap tiép
can tbt hon.

Phan tich p- refinement c6 2 loai co ban:

% Phan tich p dong nhit: Trong trudng hop nay, thir tw caa ham hinh dang

trong ludi phan ta hiru han duoc ting dong déu cho dén khi gia tri hoi tu dén

d6 chinh xac mong muén. Viéc sir dung két qua phan tich p thong nhét trong
mot hé phuong trinh 16n va doi héi mot may tinh téc do cao dé giai cac
phuong trinh, dic biét dbi véi cac phan tich ba chiéu vai cac phan tir bac cao

[44].

% Phan tich p khong dong nhat: Ludi dugc nang cip cuc bo bang cach ting

thi tu cac ham dang trong mot sé ving duoc chon bén trong ludi hoic trong

cac phan tir c6 chira mot lugng 16n sai s6. DI véi diéu nay, mot chi sb sai sb
duogc sir dung dé chon ving hodc cac phan tir sang loc 1a bat budc. Mot chi s6
sai sO ¢ thé duoc coi 1a mot tham sé phan héi duoc tinh toan tir thong tin c6

san cua giai phap trude do. Viéc sir dung phén tich p khong déng nhét trong p-

refinement s& gidp cai thién bo nhé may tinh, chi phi tinh toan, va co thé can it

cong suat tinh toan hon dé giai cac phuong trinh.

Mot vai danh gid sai s6 da dugc phat trién sir dung trong k¥ thuat. Tuy nhién,
cac cach danh gia nay chuyén sau vé tinh toan va van can dugc xac thuc cho cac
phan tich k§ thuat thuc té [44]. Thém vao d6, cac danh gia sai sd dugc dé cap dudi
dang chuan ning luong. Pai lvong nay khac han cac dai luong duoc quan tAm trong
phan tich co hoc vat ran, thuong 1a Gng suét hodc chuyén vi tai cac diém cu thé
trong mién khao sat. Ngoai ra sy hoi tu ning luong khong bao gdm sy hoi tu tng
suat. Sy phat trién cho danh gia sai s6 chinh xdc trudng tng sut s& dan dén mot
cach hiéu qua hon cho viéc kiém soat qué trinh sang loc [44] va s& cung cip thong
tin c6 gia tri dé kiém tra sy hoi tu cia ing suit.

Mot khé khin phat sinh trong qua trinh phén tich p- refinement khéng dong
nhét 12 quy trinh sang loc tao ra mot co s& dit liéu rat phic tap. Diéu nay 1a do nhiéu

bac tu do méi, lién quan dén cac ham dang bac cao da duoc gidi thi¢u gan day,
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thém vao dé chua c6 qui luat danh s6 ludi hiéu qua. Mot ban luu lich st da duoc
thuc hién cho canh, mat va khéi phﬁn tir dé theo doi thong tin va dir liéu can thiét
khi nang cip ludi va kiém tra kha ning twong thich giita cac phan tir. Cac gia tri ma
tran d6 cimg phu cua phan tir dap tng twong tac giita s bac tu do twong tmg cac
ham dang bac cao va sb bac tu do ton tai dudi dang chuong trinh con cho viéc giai
phuong trinh va danh gia sai s6. Sy phirc tap nay tao ra nhu cau danh gia mot cau
trac dir liéu cuc bo/toan cuc ma dugc luu trir va cung cép tat ca dit liéu dugc tao ra
cho qua trinh sang loc hi¢u qua.

Nghién ciru cua L. Demkowicz va cong sy [45] da dwa ra danh gia sai s6 cuc
bo cho hai md hinh 2D (bai toan Poisson trong mat phang va bai toan dan hoi mat
phang) bang céch sir dung phuong phap phan tir hitu han véi h-refinement dya trén
wdc tinh noi suy va ‘cdng thic trich xuat’ (‘extraction formulas') cua Babuska va
Miller. Cac két qua duoc so sanh véi cac két qua thu duoc bang cac phuong phap
“ad-hoc’. Tuy nhién, cac cong thirc nay da phd bién rong rai hon ddi véi cac truong
hop phi tuyén nhat dinh, cac van dé gia tri bién elip n6i chung. Két qua cua Babuska
va cong su [46] cho thdy phan tich ca&c mé hinh todn hoc mét cach chi tiét, néu bat
nhitng diém twong d6ng va khac biét giita cac van dé mot chiéu va hai chiéu thong
qua viéc nhan manh céc khia canh ctia phuong phap phan tir hitu han véi h-
refinement va phuong phap phan tir hitu han véi h-p-refinement. Kha nang danh gia
do tin cay caa bat ky dir liéu ki thuat nao 1a mot trong nhiing tiéu chi so sanh co
ban. Duong nhu véi mot ludi duoc thiét ké phi hop, phuong phap phan tir hitu han
vé6i p-refinement phi hop dé tinh toan cac van dé co hoc trong thyc té nhung trong
cac van dé ba chiéu phirc tap dua trén STRIPE, duoc dé cap trong nghién cau ([47,
48)). Trong nghién ctru cua Rachowicz [49], két qua cua ludi phién ban h-di huéng
duoc so sanh véi ludi phién ban h-diang huéng. Cac giai phap cua phuong phap di
huéng 1a gan dang véi tng xir mot chidu trong mot sé linh vue, dién hinh 1 hiénbai
toan 16p bién. Bang cach sir dung danh gia noi suy sai s6 cho cac phan tir tir giac ma
khong c6 gia thuyét vé do chinh xac cua ty Ié caa hai kich thudc duge do theo hai
huéng dé danh gia hiéu qua ciia phuong phap nay. Ddi véi cac van dé phirc tap hon,
cai tién nay duoc coi 1a su kich thich cho mét vai ké hoach thuc nghiém. Tuy nhién,
viéc thuc hién phép noi suy nay cho céac yéu té duong cong va cac van dé khac nhau
can nghién cau thém. Nghién ciu caa Michael R. Dérfel va cong su [50] da trinh
bay viéc sir dung phuong phap phan tir hitu han véi h-refinement cuc bo véi T-
splines bang cach dé& xuat mot thuat toan tuong thich tao ra cac ludi tinh ché cuc bo
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thong qua két hop véi mot tap hop danh gia sai sé quy nap (posterior) dé khic phuc
nhuoc diém cua phan tich diang hinh hoc dya trén NURBS (Non-Uniform Rational
B-Splines). Biéu nay da dan dén su gia ting dang ké chat luong cua hiéu qua. Tuy
nhién, trong van dé ba chiéu, diéu dang lo ngai 1a sy hiéu qua cua cac khop ndi T
(T-junctions) khéng cuc bo nhu mong doi.

% Tom lai:

Diém noi bat cua phuong phap tuan ty trong [28] 1a hé s hap thu chua biét va
qua trinh xac dinh gia tri hé sé hap thu dugc thuc hién timg budc thoi gian cho dén
thoi diém két thuc khao séat. Viéc s dung mot phuong phap nguoc hiéu qua nhu
phuong phap tuan tu trong viéc xac dinh gié tri hé sb hap thu va kich thuéc méi han
trong han diém bﬁng laser chua duoc thuc hién rong rai.

Cac nghién ctu phan tich trong muc 1.1.2 cho thay rang nham nang cao chat
lugng mdi han cho cac vat liéu va chiéu day khac nhau, giam khuyét tat, ting ning
suat, viéc ung dung cac thuat toan toi wu hoa cac thong sd qua trinh 1a hét sic can
thiét. Céc théng sb dau vao dugc nghién ciru chi yéu la cong suat laser, toc do han,
tiéu diém va duong kinh soi quang c6 anh huong rat Ién dén cac théng sé dap tng.
M&i han cua kim loai nén duoc quyét dinh boi hai théng sé lién quan mat thiét véi
nhau: cdng sut laser va toc d6 han. Kich thuéc ving han, ving anh huong nhiét, o
ngau méi han phu thudc vao tiéu diém va duong kinh soi quang.

Dua trén cac nghién ctru da trinh bay trong muc 1.1.3 cho thay tinh hiéu qua
cua phuong phap phan tir hitu han véi h-refinement va p-refinement. Tuy nhién,
chua c6 nhiéu nghién cau danh gia do tin cay phuong phap phan tir hitu han véi h-
refinement va p-refinement cho méi han ndi chung va han laser néi riéng.

1.2. Muc tiéu nghién ctru
v’ Xac dinh nguoc gié tri hé s6 hap thu cia mdi han diém laser cho thép khong gi
AlSI 304
v’ Téi wu hoa théng s6 dau vao cua mdi han laser cho thép khong gi AlISI 416 va
AISI 440FSe dé dat duogc kich thuéc mdi han (kich thudc méi han duge cai dat
trude)
v Danh gia sai sb, toc do hoi tu, do tin cay cho méi han giap méi thép AlSI 1018
bang laser.

1.3. Ngi dung nghién ciru

Trén co s& ly thuyét vé truyén nhiét, phuong phap phan ti hitu han, phuong
phap Modified Newton — Raphson dé xuit phuwong phap tuan tu (sequential method)
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dé xac dinh gié tri hé s6 hap thu caa méi han diém laser cho thép khong gi AISI
304. Thong qua két qua xac dinh gia tri nay, thuéc mdi han ciing duoc tién doan
mot cach chinh xac.

Tim hiéu mot sb thuat todn ngiu nhién va va dé xuat ba thuat toan téi vu GA,
JAYA, MDE dé tim kiém céc thdng sé han laser nham dat dugc kich thuéc mdi han
mong mudn, gép phan giam chi phi trong thuc nghiém va san xuat.

Nghién ciru tinh hiéu qua caa phuong phap phan tir hitu han véi h- refinement,
p-refinement va dé xuat 4p dung danh gia sai s, toc d6 hoi tu, do tin cay cho mo
hinh méi han laser chiu kéo.

1.4. Phwong phap nghién ciru
£ Nghién ctru co so 1y thuyét lién quan luan &n théng qua mot sé tai liéu, bai
béo khoa hoc trén tap chi, hoi nghi khoa hoc chuyén nganh:
> Ap dung phuong phap tuan tu dé giai quyét bai toan xac dinh nguoc gié tri
hé sb hap thu caa mébi han diém laser cho thép khdng gi AISI 304
> Str dung ba thuat toan ngau nhién dé thuc hién ti uu hoa thong sé dau vao
ctia mi han laser cho thép khong gi AISI 416 va AISI 440FSe
> St dung huong phap phan tir hitu han véi h- refinement, p-refinement dé
danh gia sai s6, toc do hoi tu, do tin cay cho méi han giap méi thép AISI
1018 bang laser.
£ Lap trinh, md phong s6 véi sy hd trg cua phan mém Matlab trén may tinh ca
nhan va két qua mo phong duoc danh gia dwa vao mot sé tiéu chi; duoc so
sanh véi 1o giai chinh xéac hoac két qua nghién ctu cia cong trinh da duoc
cong bé.
1.5. B6 cuc luan an
Luén an duoc trinh bay chu yéu trong 05 chuong:
Chuong 1. Téng quan tinh hinh nghién ciu
Chuong 2. Panh gia mat d6 dong nhiét laser cua mébi han diém cho thép khdng gi
AlSI 304 bang phwong phéap tuan ty
Chuong 3. Téi wu hoa thong sé quy trinh nhim dat duoc kich thudc méi han
laser cho thép khdng gi AlSI 416 va AlSI 440FSe bang céc thuat toan ngau nhién
Chuong 4. Panh gia do tin cdy phuong phap phan tir hitu han véi h- refinement
va p- refinement cho mdi han giap méi thép AISI 1018 bang laser.
Chuong 5. Két luan va hudng phét trién
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Chuong 2
PANH GIA MAT PQ DONG NHIET LASER

CUA MOI HAN PIEM CHO THEP KHONG GI
AlSI 304 BANG PHUONG PHAP TUAN TU'

2.1. M6 hinh toan vat thé truyén din nhiét 3D dwéi tac dong cia ngudn laser

Viéc thiét ké hop 1y két cau va thong sd dau vao cua qua trinh han 1 diéu can
thiét dé dat duoc chit lwong han mong muén. Dé 1am duoc viéc ndy, ching ta
thuong tién doan trude trudng nhiét do, chu ky nhiét, toc d6 ngudi,... Tuy nhién,
viéc do ludng truc tiép cac thdng sb nay théng qua thuc nghiém thudng rat khé [51,
52]. Do vay, sir dung cac mé hinh tinh toan dé thuc hién viéc tién doan nay thudng
dugc wu tién. Hon nita, mo hinh tinh toan nay duoc biét nhu mot bai toan thuan
(forward problem), 1a mot buéc quan trong trong giai quyét cac bai toan nguoc. Cu
thé 1a x4c dinh hé sé hap thu cho méi han diém laser trong chuwong nay cua luan an.

Trong ly thuyét, hai md hinh toan hoc ddi véi nhitng van dé han dugc st dung:

v/ M@ hinh truyén nhiét din nhiét (Model of conduction heat transfer)
v/ M0 hinh trao di nhiét d6i luu (Model of convection heat transfer)

Trong d6, mo hinh trao ddi nhiét rat phirc tap, can c6 kién thic sau va chi phi
tinh toan rat Ién so véi mé hinh truyén nhiét [26].

Péi vai giai quyét bai toan han laser vai kich thuéc mdi han nho, téc do chay
1ong va két tinh nhanh, mé hinh truyén nhiét thudng duoc chon hon mé hinh thir hai
vi tinh don gian va sai s6 nho [53].

Do vay, mé hinh truyén nhiét duoc sir dung trong nghién ctru nay.

2.1.1. Phwong trinh truyén nhigt

Xét mot tam phang duoc gia nhiét bai mot ngudn laser nhu Hinh 2.1

@ Tia laser

Hinh 2.1. TAm phéng duoc gia nhiét boi mot tia laser
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Dua trén nguyén ly bao toan ning lwong [54], phuong trinh truyén nhiét 3
chiéu tong quét ddi voi qua trinh han laser dwoc md ta nhu sau:

I&mdz

z+dz ¢

; x;dx
Hinh 2.2. Phan té vat thé
d oT d aT d oT oT
ol G Rl G R A G P R e (21)
Trong do:
T(x,y,z,t): trudng nhiét do trong chi tiét (°C hoac K)
w

k: He sb dan nhiét (Y hoac V)
m°C mK

p: khéi lugng riéng (k—g3)
m

kJ . kd
0ac ——)

C,: nhiét dung rién h
p c g g (kg°C : kgK

gy: Mat do dong nhiét thé tich ()
m

Duéi dang tich hop, diéu kién bién cua phuong trinh (2.1) trinh bay nhu sau:

oT
ka —qs+h(T—-Ty) +ce(T*-T}) =0 (2.2)
J W - A A AA A = A A
Trong do, h (—-=< hoac ——)la hé so trao doi nhiét chung trong truyen
m-°C m°K

nhiét dan nhiét phic hop (bao gdm ca truyén dan nhiét va trao doi nhiét ddi luu)/hé

so trao doi nhiét doi Iuu; n la phap tuyen cua beé mat bién; g, (—) la mat do dong
m
N X - 5 - W b S A hY A A 4
nhiét bé mat cua tia laser; 0(2—K4) la hang so Stefan- Boltzmann; ¢ la hé so chieu
m

Xa/do phat xa cta vat xam; va Ty (°C hoac K) la nhiét 6 moi truong.
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Trong truong hop tia laser di chuyén véi mot van téc v (?) khong doi theo
phuong X, mot hé toa d6 dong dugc dinh nghia nhu sau:
E=x—vt (2.3)
Trong d6, & (mm) la khoang céch cua vi tri tia laser so v6i mot diém chuan
(diém cb dinh) tai thoi diém t (s).
Dao ham phuong trinh (2.3) theo t ta dugc:

ag . 06
E——vva a—l (2.4)

Hay
oT _9T9& T

E—a—ga— —UI); (25)
Nhu vay, phuong trinh (2.1) ¢6 thé mé ta trong hé toa do dong nhu sau:
i(ka—T)+i(ka—T)+i<ka—T)+qv=—pC va—T (2.6)
0EN 0&)  ay\ ay/) 9z\ oz P oE

Phuong trinh (2.6) 1a phuong trinh truyén nhiét “hau nhu” 6n dinh 3D tong
quat.

Diéu kién bién cua phwong trinh (2.6) duoc thé hién trong Hinh 2.3: bién doan
nhiét tai mat d6i xing va mit sau caa chi tiét (vi mat sau cach rat xa vi tri tia laser
nén nhiét do tai mat sau so véi moi truong chénh léch khong dang ké, nén su trao
ddi nhiét cd thé bo qua), nhitng mat khac cua tim dwgc 1am lanh théng qua qué
trinh trao ddi va buc xa nhiét:

oT
~k——=h(T = T,) + 0e(T* = T}) (2.7)

| )
_—Ta laser

\i,‘ To

Mit déi xtng
Hinh 2.3. Chi tiét duoc gia nhiét béi tia laser dich chuyén [12, 55]
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2.1.2. Nguon nhiét caa tia laser

Nguén nhiét tia laser dang diém, dwong
M6 hinh toan hoc ngudn nhiét tia laser 1a mot nhitng phan quan trong trong
md phong chinh xac truong nhiét 6 subt qua trinh han laser. Nhu mot két
qua, nhiéu nha khoa hoc di tap trung nghién ctru va dé xuat nhiéu mé hinh
khac nhau véi muc dich mé ta chinh xac ngudn nhiét cua tia laser. Ngudn
nhiét dang diém, duong va miat phang dugc dé xuat bai Rosenthal [12, 55]
va Rykaline [56] trong phan tich thay d6i nhiét ¢6 va hinh thanh viing han
bang phuong phéap giai tich. Tuy nhién, nhiéu nha nghién ciru da phat hién
rang két qua md phong tir nhitng md hinh nay c6 sai sb rat 16n. Vi vay,
nhitng mo hinh nay khong duoc st dung hién nay.

Nguén nhiét bé mit phan bé Gauss
Pé khic phuc nhimg nhuoc diém ciia mo hinh diém va duong, Pavelic et al.
[13] da dé xu4t rang nguon nhiét nén duoc phan bo dang dia tron véi théng

luong phan b6 Gauss nhu Hinh 2.4.

Hinh 2.4. M6 hinh dia tron phan bd Gauss [13]
Mo hinh nay thuc té hon mé hinh diém va duong cia Rosenthal. Dang toan

hoc ciia mé hinh nay dugc mé ta nhu sau:
qs(r) = q(0)e =" (2.8)

Trong do, qs(r) (ﬂz) la mat &6 dong nhiét bé mat tai ban kinh r (mm): C la
m

hé sé diéu chinh do rong phan bé. Déi véi ngudn nhiét laser, hé s C (mm™)

c6 dang:
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1

C=— (2.9)
Ty

Khi d¢6, mé hinh dang dia tron ddi véi ngudn nhiét tia laser dugc mo ta nhu

3r?\ 3nP 3r?
qs(r) =1, exp —? = n—rbzexp —— (2.10)

sau:

W hY A A \ A A - 7 A 5 H Y A
Trong do, Iy (—) la mat do dong nhi¢t bé mat 16n nhat cua tia laser; n la h¢
m

s6 hap thu; P (W) 1a cdng suat cua tia laser; va r, (mm) Ia ban kinh cua tia
laser.

M6 hinh nay thé hién rang cong suat cua tia laser trén bé mit tim duoc st
. R i W A LA en
dung la mat d¢ dong nhiét gs (—), phan bo trén mot dia tron ban kinh ry, =
m

20 chtra 86% cOng suat cua tia laser (Hinh 2.5) [15]

q A

ly=q,

v

‘-1

>‘< PR
rn=2c

Hinh 2.5. Ngudn nhiét laser phan bd Gauss trén dia tron [15]

Lo

Trong trudng hop tia laser di chuyén theo mot dudng thing véi mot van tbe
c¢b dinh v, Friedman [14] va Krutz cung vé6i Segerlind [57] dd dua ra mot
dang thay thé mo hinh dia cua Pavalic trong hé toa do dong (&,y,z) nhu sau
(Hinh 2.6):

2 2
qs(&y) =%exp <—3§ Y > (2.11)

2
b Ty
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Hinh 2.6. M0 hinh dia trong toa d6 dong [57]

Nhiéu nghién ctru dd cho thiy ring mo hinh ngudn nhiét cua Pavelic,
Friedman va Krutz dugc st dung thanh cong cho mét vai truong hop trong
han noi ma chiéu sau thAm ctia mdi han thap [14, 15, 57, 58] hodc mo hinh
dua trén su di chuyén trao d6i nhiét duoc st dung [59, 60]

M® hinh ngudn nhiét thé tich ban cau phan bé Gauss
Dbi voi ngudn nhiét co ty trong ning luong 16n nhu tia laser, mé hinh
ngudn nhiét bé mit cia Pavelic, Friedman hay Krutz bo qua tac dong “x6i”
(digging action) clia 4p sut sinh ra trong qua trinh han. Trong trudng hop
nay, mo hinh ngudn nhiét thé tich ban cau phan bd Gauss c6 d6 chinh xac
cao hon [61]. Biéu thtrc toan hoc ctia mé hinh nay dwogc viét nhu sau:

63 7P x% + y?% + 72

nrrd P <_3 T)

M®6 hinh ngudn nhiét thé tich hinh Elip phan bé Gauss

qy(x,y,2) = (2.12)

Trong qué trinh han véi tia laser di chuyén, ving chay ctia mdi han khong
phai hinh ciu. Khi d6, mé hinh ngudn nhiét thé tich ban cau phan bd Gauss
khong con phut hop. DBé khic phuc van dé nay, moé hinh ngudn nhiét thé tich
Elip phan bd Gauss duoc dé xuat nhu [15, 61]. Mot cach tong quat, biéu
thirc toan hoc ctia mo hinh nhiét thé tich elip di chuyén vé6i van toc v viét
trong hé toa do c¢d dinh (X, y, z) ¢6 dang nhu sau:

q,(x,y,2,t) = V3P (—3 <[x LA Cnt2) S A Z—)) (2.13)

abcrm\T xp a? b? = c?
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Hinh 2.7. M6 hinh ngudn nhiét elip kép
Trong qua trinh tinh todn va thuc nghiém, cac nha nghién ctru thay rang su

phan bd nhiét d6 va gradient nhiét do gan va trong ving chay v6i mé hinh
trén khong nhu mong doi. Tur nhiing két qua dat dugc, Goldak va cong su
[15] d& xudt md hinh ngudn nhiét thé tich elip kép phan bd Gauss. M6 hinh
nay 1a su két hop hai mé hinh ngudn nhiét elip nhu Hinh 2.7

Dang toan hoc cua mo hinh nay dugc mo ta nhu sau:

iy zt) = 6\/—f1277P exp ( 3<[X+U(T—t)] _3}/_2_322)) 2.14)

aibenvm a1,2 b?

Trong do6: fy, T, 12 hé s ty trong cua phan elip phia truéc va elip phia sau.

Cac hé sb ay, a,, b, ¢ 1a nhitng théng sé caa ngudn nhiét elip kép. Kich
thuéc va hinh dang cua ngudn nhiét ndy dua vao cac thdng sé f, a, b, c.
Trong mét vai truong hop, nhitng théng sé nay thu tir thuc nghiém
2.1.3. Phwong phap phan tir hitu han cho bai toan truyén nhiét dan nhiét
Phuong phéap phan tir hitu han (Finite Element Method — FEM) [62] duoc biét
nhu mot cdng cu sé dé tim nghiém xap xi trong rat nhiéu bai toan k§ thuat. Trong
nhitng bai toan han, FEM da dugc tng dung rong rai va thanh céng trong viéc xac
dinh truong nhiét do va chu ky nhiét trong qué trinh han [14, 15, 57-61, 63].
Tir co s ly thuyét FEM, dé giai quyét bai toan nhiét bang phuong phéap nay,
codng viéc trudc hét 1a chon phan tir thich hop; tiép theo bién nhiét do T bén trong

phan tir dwoc mo ta theo nhiét do tai nGt phan tir nhu sau:
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T =) [Ni(x,v,2){T;(t)} (2.15)

i
Trong d6: n 1a s phan ta, [Ni] 12 ham dang, {Ti} 1a véc to nhiét 6 nat phan
tur.
Dé xay dung phuong trinh phan tir cho bai ton nhiét, phuong trinh truyén
nhiét (Phuong trinh (2.1)) cung véi diéu kién bién dugc roi rac héa bdi phuong
phap thing du co trong s [64]. Sir dung ly thuyét Gauss, dang roi rac cua phuong

trinh truyén nhiét dugc viét & dang ma tran nhu sau:

[CHT} - [KI{T} = —{R} (2.16)
Trong do:
(€] = f pC,[NT7[N]d2 (2.17)
0
K] = f (B]"[D][BldQ + ] RINTT[N]dI (2.18)
0
{R} = {R%} — {R%} + {R"}
= J, WINT"d2— [ q[N1"dI + [, hT,[N]"d T}, (2.19)

Trong d6: [C] 1 ma tran chuyén doi, [K] 1& ma tran nhiét, va {R} 1a vector
ngudn nhiét.

Dé roi rac biéu thuc hang tac thoi (biéu thirc dau tién trong phwong trinh
(2.16)), phuong phap sai phan hitu han duoc sir dung [64, 65]. St dung khai trién
Taylor, xap xi dao ham nhiét d6 trong biéu thirc tirc thoi véi do chinh xac bac nhat
theo thoi gian c6 thé dat dugc nhu sau:

0T, Ty -
ot At

Trong d6: m la chi s6 thoi gian va T, 1a truong nhiét do tai diém m.

"2+ o(AY) (2.20)

Tiép theo mot trong s6 A duoc xem xét dé:

T = AT +(1-2)T

(2.21)
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Thay phuong trinh (2.20) va (2.21) vao phuong trinh (2.16), ta dugc:

e N A BRI

At

(2.22)
Phuong trinh (2.22) c6 thé sip xép lai nhu sau:

{r}m=(§+A[K]j'l(%—a—z)[m]{r}mﬁ[%w[K]]‘l{R}m (2.23)

Trong do:
{R}, = 4R}, +(1- A){R}... (2.24)

Tir phuong trinh (2.23) ¢6 thé thdy rang gia tri caa truong nhiét dé trong mién
khdng gian tai budc thoi gian t = t;, dugc tinh toan bai s dung gié tri truong nhiét
do tai budc thoi gian trude do (t = t,,1) va gia tri véc to tai ca hai budc thoi gian t =
tmvat=tn.

Trong truwong hop A = 0, phuong trinh (2.23) dugc goi la phuong phép sai
phan tién.

Vi A =1, phuong trinh (2.23) trd thanh phuong phap sai phan lui.
Khi 4= 0.5, phuong trinh (2.23) dugc goi la phuong phap Crank-Nicolson.

Déi voi truong hop A = 0va A = 1, sai s6 do roi rac thoi gian bing phuong
phap sai phan 1a O(At). Trong khi phuong phap Crank-Nicolson (4 = 0.5), sai s6 1a
O(4t%) [41].

2.1.4. Phwong phap nhiét dung riéng hiéu dung trong bai toan thay déi pha

Trong qua trinh han laser, vat han duoc gia nhiét vai nhiét do cao hon nhiét do
nong chay. Do vay, su thay d6i tir thé rin sang long va léng sang rin sé& dién ra
trong qué trinh han. Sy thay d6i pha nay la do sy hap thu hay giai phong an nhiét
(latent heat). Vi vay, chling ta can xem xét an nhiét trong qua trinh md phong
trurong nhiét va chu ky nhiét trong qua trinh han laser.

Nhu trong 1y thuyét [66, 67], vai phuong phap duoc sir dung dé xir ly van dé
thay doi pha nhu: phuong phap theo ddi mat (front tracking method) va phuong
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phap cb dinh lué6i (fixed grid method). Phuong phap cb dinh lugi gébm nhiing
phuong phép khac nhau nhu: phuong phép nhi¢t dung riéng hiéu dung (effective
specific heat capacity method), phuong phdp dong nhiét (heat flow method),
phuong phap enthalpy (enthalpy method).

Do nhitng thuan lgi cua phuong phap nhiét dung riéng hi¢u dung, do la khong
can theo d&i mat phan giéi gitra ran va long; khdng yéu cau chia ludi lai, khéng can
hiéu chinh phwong trinh truyén nhiét va chuong trinh, nén phuwong phap nay dugc
sir dung rong réi trong giai cac bai toan vé chuyén d6i pha nhu trong han.

Trong phuong phép nay, phuong trinh niang lugng trong toan mién cia vat han

dugc viét nhu sau:

6H_ d (kaT)+ d <k6T>+ d (kaT) 2 25
at  ox\ ax/ oay\ ady) az\ oz (2.25)

Trong d6: H l1a ham enthalpy (J)
Tur phuong trinh (2.25), phuwong phap nhiét dung riéng hiéu dung duoc xay
dung:

0H

Nhiét dung riéng hiéu dung va su bién di enthalpy déi véi nhiét do duoc thé
hién 6 Hinh 2.8

F 3
H(T)
pe(T)
. HD
!
!
!
'}
'
A b pe(T)
Ih..

p.pac - N N Char

Hinh 2.8. Sy thay di cua nhiét dung riéng hiéu dung va enthalpy
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Hé s6 nay dugc mé ta nhu sau [63]:

C.q = OC, (T<T,)
Cy = PC; + T (T,<T<T,) (2.27)
Cetr = PGy (T 2T|)

Trong d6: Cs, Cy, €, 1a nhiét dung riéng trong thé rin, (trung binh) rin-long va
long twong wng, L 13 4n nhiét, T, va T, 1a nhiét 46 dong dac/két tinh va ndng chay.

Ta thay rang nhiét dung riéng hiéu dung tién dén vé han néu gia tri nhiét 4o
déng dic va nong chay rat gan voi nhau. Doi voi qua trinh thay dbi pha dang nhiét,
khoang gia tri giira nhiét do dong dic va néng chay bang khong. Khi d6, phuong
phap nay khdng thé str dung vi su suy bién caa thdng sb nhiét dung riéng hiéu dung.
Tuy nhién, trong hau hét cac vat liéu hop kim, khoang nhiét do nay Ia rat Ion. Vi
vay, tinh suy bién caa nhiét dung riéng hiéu dung khong xay ra [63, 68, 69].

2.2. Phwong phap giai quyét bai toan nhiét ciia han diém laser
2.2.1. Pit van dé

Xac dinh gia tri hé s6 hap thu trong qua trinh xt 1y vat lidu bang laser tir viéc
do truc tiép 1 rat kho do vi tri bé mat duoc gia nhiét c6 truong nhiét do rat cao va
gradient nhiét d rat nhay. Vi vay, cac nha nghién ctru thudng chon phuong phép
nguoc dé xac dinh hé sé nay trong qué trinh xir Iy bé mit bang laser [26, 27].

Qua trinh han laser cting khong ngoai 1€, dac biét la nhiét d6 va gradient trong
qua trinh han laser cao hon rat nhiéu so véi xir 1y vat liéu. Hon nira, su thay doi pha
trong qué trinh han dan dén tinh phi tuyén rat cao trong qua trinh giai quyét bai toan
han. Vi vay, nghién ciru sinh can sir dung mot phwong phap hiéu dung dé thyc hién
diéu nay. Trong qua khtr, c6 rat nhiéu phuong phap nguoc khac nhau, cé thé chia
thanh 2 loai: dua vao gradient (gradient based) va khéng dwa vao gradient (non-
gradient based) [70-74]

v Dua vao gradient c6 thé ké dén nhu: thuat toan Levenberg — Marquardt
(Levenberg — Marquardt Method — LMM), phuong phap gradient lién hop
(Conjugate Gradient Method — CGM), lap trinh bac hai tuan tu (Sequential
Quadratic Programming —SQP) Cac phuong phap nay cd tbc do hoi tu
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nhanh, 6n dinh va cho két qua cuc bo (local solution). Tuy nhién, nd can
phai tinh toan hudng di cua van dé.

v/ Khéng dwa vao gradient nhu: thuat toan di truyén (Genetic Algorithm —
GA), t6i vu bay dan (Partial Swarm Optimizatin — PSO), Thuat toan phong
(md phong) luyén kim (Simulated Annealing — SA), mang than kinh nhan
tao (Artificial Neural Network — ANN). Cac phuong phép nay lai khong
can tinh todn huéng di nhung téc do hoi tu cham hon va cho két qua trong
mién toan cuc (global solution)

Trong chuong nay, nghién ctru sinh dé xuit mot phuong phap tuin tu
(sequential method) dé xac dinh gia tri hé s6 hap thu trong han diém bang laser.
Phuong phdp nay st dung phuong phap dua vao gradient (gradient based),
Modified Newton — Raphson (MNR) dé tim gia tri cia hé sé thiét lap trong mdi
buéc thoi gian. Uu diém cia phuwong phap MNR d6 1a cong thuc xac dinh nguoc
duoc xay dung truc tiép tir su so sanh giita nhiét do tinh toan trong bai toan thuan
va nhiét d6 thu duoc tir cam bién. Do d6 khong can phai sir dung phuong phap cuc
tiéu phi tuyén (non-linear least squares) dé xay dung phuong trinh.

Dbi véi phuong phap tuan tu, diém manh caa n6 la ching ta khéng can biét
truéc dang phuong trinh cua bién thiét 1ap. Co so ly thuyét cia phuong phap nay s&
dugc trinh bay chi tiét trong muc 2.2.3 nay.

2.2.2. Bai toan thuan
Van dé truyén dan nhiét ba chiéu tong quat trong mot mién Q dugc xem xét

V6i cac diéu kién bién tuong ing nhu Hinh 2.9.
H

Hinh 2.9. Truyén nhiét ba chiéu tong quéat
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Ung dung phuong trinh (2.1) cho Hinh 2.9:

%(ki—lj+%[k%j+%(kg—zj+qv =pcp% (2.28)
T=Tytrén bién T, &T, (2.29)
—n,(-kAT)=q,trén biéen [, &T, (2.30)

—n (—kAT)=h(T —T,)trén bién T, &T, (2.31)
T(x,y,2,0)=T,; t=t, (2.32)

Trong d6: T(X,y,z,t) la truong nhiét d6 trong mién Q; k, p, ¢, la h¢ sb truyén
nhiét, trong luong riéng, nhiét dung riéng caa mién Q; g, 1a thong lugng nhiét thé
tich; g, 1a mat d6 dong nhiét bé mat; n. va n, Ia cac vector phéap tuyén trén mt trao
doi nhiét T’ va mat nhan mat d6 dong nhiét T'y; va T Ia nhiét ¢ ban dau trong
mién Q.

Khi dic tinh nhiét caa mién Q va nhimng diéu kién bién da co, truong nhiét do
T(x,y,z,t) c6 thé xac dinh bang cach giai phuong trinh (2.28) bang phan tir hitu han
nhu trinh bay & muc 2.1.3.

Trong diéu kién mot hoac nhiéu thdng sé dau vao chua biét, phuong phap
nguoc duoc s dung dé xac dinh nhiing thong sb nay.

2.2.3. Phwong phap tuin tw (Sequential method)

Trong phuong phap dé xuit ndy, phuong phap Modified Newton — Raphson
(MNR) két hop voi “khai niém buéc thoi gian ké tiép (concept of future time)”
duoc sir dung giai van dé nguoc theo tirng budéc [75, 76].

Xac dinh nguoc cac thong sb dau vao tai mdi budc thoi gian gom hai qua
trinh: qué trinh giai bai todn thuan va bai todn nguoc.

v’ Trong bai todn thuan, gia tri thdng sb can xac dinh duoc gia sir cho trude va

truong nhiét do trong mién tinh toan duoc giai bang FEM. Loi giai tir qué

trinh nay dugc dua vao qua trinh tinh toan d6 nhay (hay tim hudng di) va tich
hop véi nhiét d6 tir cam bién dé xay dung thanh mét hé phuong trinh.

v/ Trong bai toan nguoc, phuong phap MNR sir dung mot vai vong lap dé tim

ra gia tri cua bién can tim. Gia tri vira tim dugc dugc st dung cho budc thoi
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gian ké tiép. Nhu thé, gia tri caa bién can tim s& dugc thiép l1ap trong toan bo
mién thoi gian.
Cu thé, tai mdi budc thoi gian, phuong phap nay gom 4 van dé can giai quyét;
Vin dé 1: Bai toan thuan (Direct/forward problem)

Tai thoi diém t = t,,, phuong trinh (2.28) va diéu kién bién c6 dang sau:

%(k 8;2‘]+%(k a;;}r%(k%}rqﬁﬂ“'i“ = pC a;tm (2.33)
T, (X, Y0z, t,) = g (2.34)

o (X012t ) = g0 (2.35)

om (% Vi 20t ) = g™ (2.36)

TGY, 2,8, ) =T, (2.37)

O day, g7, gistas, gletac, gviav |3 nhitng thong sé chua biét cua nhiét do,
mat do dong nhiét bé mit, trao doi nhiét tai bién, va mat d6 dong nhiét thé tich
tuong tng; ¢ 1a chi sé biéu hién vj tri cua nhitng cam bién.

Nhu phan trinh bay trong 1y thuyét [23, 24], 16i giai nguoc c6 tinh “mo”
(ill-defined) rat cao. Do vay, loi giai rat nhay véi sai s6 cia do ludng tir cam bién.
Vi vay, khai niém vé thoi gian ké tiép (concept of future time) duoc dé xuit va st
dung dé dam bao su 6n dinh va lién lyc trong qua trinh thiét lap. Trong cach nay,
khi xac dinh gi4 tri tai buéc thoi gian t = t,,,, gia tri caa bién thiét 1ap tai cac budc
thoi giant=ty, t = ty, ..., t = t.y 4 duoc thiét 1ap va mot vai gia tri xac dinh trong
cac budc thoi gian tiép theo duoc gia st 1a c6 quan hé hing sé hoac tuyén tinh voi
gia tri xac dinh hién tai [18].

Véi r 1a bude thoi gian ké tiép, chiing ta c6 hé phuong trinh sau:

A A (e (A Ay
mer =P (M =1(dy — fna) (2.38)
Be =P+ E(r =1 — F1s)
ner =P +E(r=1(dy — o)

Vé6i € = 0 1a méi quan hé hang s6; & = 1 1a quan hé tuyén tinh.
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Nhu vay, bai toan thuan Ia tim truong nhiét @6 T(X,y,z,t) cho r budc thoi
gian va thdng sb chua xac dinh duoc chira trong hé phuong trinh (2.38)
Vén dé 2: Bai toan phén tich dd nhay
Tai mdi budc thoi gian, MNR s& thuc hién vai vong lap dé tinh gié trj caa
bién can tim tai budc nay. MNR 1a phuong phéap dua trén gradient, do vay can phai
phan tich do nhay dé tim huéng di cia nghiém. Bang cach dao ham phuong trinh
(2.33) va diéu kién bién tuong tng theo bién can tim, ta co:

qv-iqv
i[k aT‘“j+i[k aTm]+£(k 8ij+6¢m*. :pC% (2.39)
ox\_ Ox oyl oy 0z 0z og." ot
a¢T,iT
X, (X, Y,z t) = —5 2.40
b( i y ) a¢m,|* ( )
aqs,m (Xi ) }/I ) Zi ’tm) _ 6¢rﬁjlqs (241)
a¢m,l* a¢m,l*
oq. (x,V.,z,t 0Clqe
qc,m( i Yll i m) :a¢m*i (242)
og." o¢."
X(X,Y,z,t,,)=X,,=0 (2.43)
Trong do:
X, (%, ¥y 23,t,) = oY Ztn) (2.44)

og,"
Tir phuong trinh (2.39) dén phuong trinh (2.43) c6 thé st dung FEM dé giai
nhu giai bai todn thuin vé truyén nhiét.
Vin dé 3: Phwong phap Modified Newton-Raphson (MNR)
Sau khi phan tich tinh toan o nhay, MNR duoc st dung dé xac dinh bién
chua biét.
Trong phuong phap nay, bién can xac dinh dugc chira trong mot hé phuong
trinh phi tuyén sau:
=@ — @) =0 (2.45)
Trong do: @, la nhiét d6 tinh toan tir bai toan thuan; @,, la nhiét d6 do
luong; vai=1,2,...,p;j=m, m+l, ..., m+r
Phuong trinh nay ¢6 nr + q4, +n. +ng, bién. S6 phuong trinh 1a tich sd

gitra sb diém do ludng nhiét do p véi s budc thoi gian ké tiép r. Chl y rang dé dam
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bao sy 6n dinh trong qué trinh giai nguoc, sé phuong trinh doc 1ap phai Ié6n hon sb
bién can xac dinh. Hay:
pXr>nr+qg +n.+ng (2.46)
Phuong trinh (2.45) ¢6 thé viét lai véi chi s6 p, m, r nhu sau:
@ = [@™, @™, g, g
&= [@"™, VML @tmrz ) @t

2,m 2,m+1 2,m+2 2,m+r
O, D ) R ()

)

“eny

,m ,m+1 ,m+2 ,m+rqT
q)p ,(Dp 'q)p ,...,(Dp ]

= (D) (2.47)
Trong do, u=1,23,.....,pxrla s phuong trinh cua hé phuong trinh (2.48)
Gia str rang cac bién chua biét can xac dinh chira trong vector X nhu sau:
x = (@Y, dL2, .. &L, st @is? L s

m

,1 ,2 f 1 2 qpng
dEL, dEz, L AT, vt v @ VT

m
= {x1, %2, o, Xnr+ngg+netng, — {x,}" (2.48)
Trong d6: v = ng + q,, + n. + ng, 12 56 bién chua biét, can tim.
Khi do, gia tri cua X tim dugc boi MNR véi vong lap sau:
xR+ = 5O — [ (xF) (XK1 () (x¥) (2.49)
V61 ma tran d6 nhay ¥ duoc xay dung tur van dé nhay trén phuong trinh
(2.39) — phuong trinh (2.44)
Vén dé 4: Tiéu chuén dirng
Vong lap phuong trinh (2.49) dé xac dinh gia tri cua x tai mdi buéc thoi
gian s& dimg khi diéu kién duoc thoa man. Hai tiéu chuan ding duoc dé xuat boi
Frank and Wolfe [77] duoc sir dung trong phuong phap dé xuat nay nhu sau:

[|x D — x| /|| x*+D|| < & (2.50)
I (x®+ D) — J @)1/ (D) || < & (2.51)
Vi |J(x*HD)|| = BT [ — @y (2.52)

Trong do: & va g la nhirng gid tri dung.
2.2.4. Thuat toan
Thuat toan cua phurong phap dé xuat c6 thé mé ta nhu sau:
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Chon mét sé budc thoi gian ké tiép r, ciu hinh ludi khong gian va thoi gian
cho FEM trong bai todn thuan. Cho truéc gia tri diéu kién dirng cho & va . Loi giai
cua x® tai budc thoi gian t = t,, nhu sau:

Budc 1: Giai phuong trinh truyén nhiét thuan (phuong trinh (2.33)), tinh

toan truong nhiét do @..

Budc 2: Sir dung truong nhiét 46 @, va @, dé xay dung @ (phuong trinh

(2.47)).

Budc 3: Tinh todn ma tran @6 nhay W (phuong trinh (2.39)).

Budc 4: Tinh toan x**V tir phuong trinh (2.49)

Budgc 5: Dung vong lap néu diéu kién ding trong phuong trinh (2.50) -

(2.52) théa mén.

Budc 6: Két thic qué trinh 13p néu téi bude thoi gian cudi cung. Nguoc lai,

tinh cho budc thoi gian tiép theo (j = m+1)
2.3. Két qua minh chitng va thao luin

2.3.1. Phéat biéu bai toan han diém bing laser

Xem xét mot mau han tru tron nhu Hinh 2.10.

Bé mit trén cia mau han dugc gia nhiét boi tia laser ¢ ban kinh ry,.

Cac mat con lai cia mau han duoc boc véi 16p cach nhiét (adiabatic layer)
dé khong cho ning luong nhiét that thoat ra méi trudng xung quanh.

Mot cam bién nhiét (sensor) dugc dat bén trong mau han dé luu sy thay doi
nhiét d6 suét qué trinh gia nhiét.

Tia laser Tia laser

Cam S

Lop céch nhiét
Hinh 2.10. M6 hinh han diém laser
Do tinh ddi x&ng truc cua vat mau, phuong trinh truyén nhiét trong hé doa

do tru 2D duoc cho nhu sau:
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LM T 2w pmem 253)

V6i cac diéu kién bién twong ung:

Tai mat chiéu tia laser (I's) : —k (T)Z—I =q(r) (2.54)
U |

Tai cac mat con lai: i 0 (2.55)

T(r,z,O):T0 (2.56)

Trong d6, k(T), p(T), C(T) la hé sé truyén nhiét, ty trong riéng va nhiét dung
riéng cua mau han (chd y riang cac hé s6 nay phu thuoc vao nhiét do); T(r,z,t) la
treong nhiét d6 trong mau han; T, 1a nhiét do ban dau; va q(r) 1a mat do dong nhiét
cua tia laser tai khoang céach r véi goc tai tam caa ngudn nhiét.

Trong trudng hop nay, md hinh ngudn nhiét duoc dé xuat boi Friedman [14],
nhu da trinh bay trong muc 2.1, dugc st dung phuong trinh (2.10).

Khi d6, mé hinh ngudn nhiét cd thé viét lai cho tia laser ban kinh ry, nhu sau:

q(r)= S'PZ] exp[_fer] (2.57)

Tl b

Trong d6: P 1a cdng suat cua tia laser; n 12 hé sb hap thu.

Khi hé sé hap thu, dic tinh nhiét caa vat mau, diéu kién bién va cau hinh han
diém duoc biét, truong nhiét do T(r,z,t) trong mién tinh todn cua vat mau c6 thé dat
dugc bang cach giai phuong trinh (2.53) bang FEM két hop véi phuong phap nhiét
dung riéng hiéu dung dé xém xét su thay d6i pha nhu dugc trinh bay trong muc 2.1.

Nguoc lai, khi hé s6 hap thu trong qué trinh han diém nay chua biét, ching ta
sir dung gia tri nhiét do duoc tir cam bién duoc nhing tai diém K(0,z) két hop véi
phuong phap tuan ty nhu trinh bay trong muc 2.2 dé xac dinh nguoc hé s6 nay.

2.3.2. Phuong phap tuan tu (Sequential method)
Bai toan thuan
Tai thoi diém t = t,,, phuong trinh truyén nhiét ctia han diém duoc viét

nhu sau:
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SR (PR YL N SR S Yl = p(T.)C(T o, (2.58)
(1) T2 e 22 (1) D |- p( ()

r or or r oz 0z ot

e 1 eE L oT
Tai mat chiéu tia laser (I's): —k(T,,) . " =q,(r) (2.59)

X
Tai cac mat con lai: ar =0 (2.60)

OX
T(rzt,,)=T,, (2.61)
Trong do6:
3P. -3r?
g, (r)= Zm exp( . J (2.62)
Tl b

Vé6i: 7, 1a hé s6 hap thu chua biét (can phai xac 1ap) tai thoi gian t = ty,

Nhu d trinh bay trong muyc 2.2, vin dé nguoc la van dé “mo”, rat nhay
Vi sai s cua gia tri do ludng. Dé ting tinh 6n dinh cua loi giai nguoc, khai niém
buéc thoi gian ké tiép dugc dua ra. Trong cach tiép can ndy, vai gia tri caa hé sb
hip thu cua nhitng budc thoi gian tiép theo duoc gia dinh c6 méi quan hé hang sb
hay tuyén tinh véi gié tri ciia hé s6 hap thu tai budc dang tinh toan. Vi r budc thoi
gian ké tiép, chling ta c6 mdi quan hé cia hé s6 hap thu nhu sau:

N = T + S =D (770 —11.1) (2.63)

Trong d6, thong s & c6 gia tri 1a 0 va 1 twong &ng véi mdi quan hé hing
s6 hay tuyén tinh.

Tir d6, tai budc thoi gian t = t,, van dé thuan trong phuong trinh (2.58)
duoc giai véi r budc thoi gian (t = t, dén t = tp.,)

Bai toan phan tich d¢ nhay

Vén d& do nhay cua bai toan xac dinh gia tri hé sé hap thu trong han
diém bang laser c6 thé mé ta nhu sau: thuc hién dao ham phuong trinh (2.58) va
diéu kién bién trong tmg doi véi bién hé sb hap thu 7, tai thoi diém t = t,.

Hay:

10 axmj 10 oX oX

FE(rk(Tm) or +?E(rk(Tm) e j:p(Tm)C(Tm) atm (264)
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ox.  aq,(r)

Tai mat chiéu tia laser (I's): —k (T m_—__T 2.65
im (9 (7, Fer- S 269
Tai cadc mat con lai: Xy =0 (2.66)

OX
X(r,z,t,,)=X,,=0 (2.67)

Vén dé d6 nhay duoc giai giéng nhu van dé thuan vai r budce thoi gian
bang phuong phéap phan tir hitu han.
Phwong phap Modified Newton-Raphson (MNR)
Nhu trinh bay muc 2.2.3, tai mdi budc thoi gian t = t,,, chiing ta sir dung
vong lap MNR dé xéac dinh hé sé hap thu.
M6t cach ngan ngon, phuong trinh (2.49) duoc viét lai cy thé hon dé xac

dinh hé s6 hap thu nhu sau:
A = A0 [ X (A9 x (3] X7 (7)o (7 (268)

Tiéu chuan dirng
Vong lap MNR s& ding khi diéu kién (d3 trinh bay trong muc 2.2.3) thoa

man. Cu thé:
A = Y| <5 (2.69)
Hs (A%)-s (70 )H / Hs (7) ‘ <e (2.70)
do: [s(Ae S0 - T 271
Trong d6 S(n ) ;[CD D ] (2.71)

2.3.3. Thuat toan
Thuan toan xac dinh nguoc gia tri hé sé hap thu trong han diém bang laser
tuong ty nhu trong trudng hop téng quat di trinh bay trong muc 2.2. Cu thé hon,

thuan toan nay dugc trinh bay trong so do thuat toan nhu Hinh 2.11
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bolwong T,

KA
A=A
Il
KA
noa
| [*&
KA
=N
Il
=

(1) Tinh toan @,

Buée thoi gian ké tiép v
0t G —1) (T — A :
‘r?m—? ‘r.?m + = (; )(‘r?m ‘r?ru—l) )L’ == L (2) Bé]. toén dé Ilhay
M
Y

-1

GMNR | i =i =L (i) (i) | (0 o)

Giatri cia pxacdinhtaiz, | P 1 Stonn:
| Thue hién cho bude 7,,+; (4) Stopping

Hinh 2.11. So db thuat toan

2.3.4. Két qua va thio luin
Trong phan nay, hai truong hop dugc dua ra dé chimg minh cho phuong

phap dé xuat trong luan an nay dé xac dinh nguoc gia tri hé s hap thu trong han

diém laser.
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Hinh 2.12. Bac tinh vat liéu cua AlSI 304
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Trong hai trudong hop, mét mau han tru tron cé chiéu cao 1a H = 5mm va
duong kinh la d = 20mm dugc sir dung. Vat liéu sir dung la thép khong gi AlSI 304
c6 duoc tinh chat nhiét phu thudc vao nhiét do, 1ay tir nghién cau cua Sabarikanth
[78]. Cac thdng s6 nhiét gdbm: trong lugng riéng, hé sb truyén nhiét va nhiét dung
riéng chuan hoa dugc thé hién trong Hinh 2.12.

Mot cam bién nhiét gia dinh duoc nhing tai vi tri K(0, -1mm). Nghia 13 di
lieu nhiét 6 do luong duoc tao ra bang cach trich xuét dit liéu tai vi tri K tir loi giai
cua bai toan thuan vaoi mot gid tri hé s hap thu biét trude. Sau d6 dé tao ra dit liéu
bao gdm sai sb giéng nhu viéc do dac thuc té hay trong phong thi nghiém, ngudi ta
sur dung cbng thirc sau:

T =T+ J,o (2.72)

Trong d6, T™ la dir liéu nhiét d6 do luong, gia tri nay duoc tao tur gia tri
nhiét do tinh toan bai bai toan thuan, T¢ cong voi mot lugng sai s6 A, o, voi o 1 sai
s6 chuan va 4, 1a con sé ngau nhién nam trong khoang -2.576< 4, <2.576 , mang y
nghia 99% khoang rd rang trong sy xuat hién cua sai so [24]. Gia tri cua A, dugc sir
dung tir thu vién caa DRNNOR [79] nham md phéng dung vai qui ludt xac suat ma

sai s xuat hién trong céc két qua do thyc té.

Hinh 2.13. Luéi chia cia FEM
Ludi trong hai truong hop chia min (véi kich thudc khoang Ax = 2x10°
°mm) & ving gan tia laser va chia thd & mién xa tia laser (v6i kich thuéc khoang Ax
~ 1.5x10™ mm) nhu Hinh 2.13
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Bén canh d6, dé diéu tra d6 léch gitra gia tri xac dinh nguoc va gia tri chinh
xéc, cong thuc tinh sai s6 twong ddi trung binh gitra gia tri xac dinh nguoc va gia tri

chinh xac duoc cho nhu sau:

y= (2.73)

Nt
Trong d6: f la gia tri xac dmh nguoc cua hé sb hap thu cé dit liéu nhiét do
c6 sai sb, f 1a gi tri chinh xé&c cua hé sé hap thu, N, 1a sé budc thoi gian.

Phuong trinh (2.73) cho ta biét rang gia tri p con nho thi két qua xac dinh
con chinh x&c.

Trong hai truong hop, dé tai luan an s& nghién ctu viéc thiét 1ap cua phuong
phap dé& xuét trong viéc xac dinh gia tri hé s6 hap thu va kich thuéc méi han trong
han diém laser. Trong d6, anh huéng cua sai s6 do ludong va sé luong budce thai gian
ké tiép ciing duoc khao sat.

a. Trwong hep 1

Truong hop ndy, gia tri hé sé hap thu duoc gia sir 1a 1 = 0.3. Mau han ban
dau c6 nhiét do bang nhiét do méi trudng (T = 27°C) duoc gia nhiét bang tia laser
c6 ban kinh hiéu dung la r, = 0.63mm vai thoi gian gia nhiét la t; = 5s. Tia laser c6
cong suat P = 400W.

Nhu vy, ngudn nhiét cua tia laser st dung mé hinh cua Friedman [14] nhu

sau:
) = 3x400x0.3 —3 X r? (W) 274
i) = (063 x 10-3)2 P\ (063 x 10-3)2) ‘m? (2.74)
Str dung phuong phap phan tir hiru han dé giai bai toan thuan cua han diém

laser.

Truong nhiét d6 trong mau han tai thoi diém t = 5s duwgc thé hién ¢ Hinh
2.14a va sy thay doi nhiét do theo thoi gian tai bé mat mau han tai mot s vi tri (0,
0), (0, -0.5mm), va (0, -1mm) duoc thé hién & Hinh 2.14b.
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Hinh 2.14. Truong nhiét ¢ trong mau han
Tir Hinh 2.15, ta thdy rang nhiét do tai mat mau han tang 1én rat nhanh trong
khoang thoi gian tir t = 0 — 0.5s tir sau d6 ting 1én tir tir. Hon nita, ta thiy ring nhiét
d6 tai mat mau han rat 16n so véi nhiét @6 tai diém bén trong mau han (tai (0,-
0.5mm), va (0, -1mm)). Nhiét do ting 1én rat nhanh va c6 gia tri rat 16n dan dén viéc
xac dinh gié tri hé sé hap thu tai bé mit han 1a rat khé. Diéu ndy mét 1an nixa ly giai

Vi sa0 dé tai luan an can phai s dung phuong phap nguoc dé xac dinh hé s6 nay.
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Hinh 2.15. Két qua xac dinh véi o = 0, Truong hop 1
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Trong truong hop xac dinh nguoc gia tri hé sé hap thu, dé tai luan &n sur
dung nhiét 46 do duoc tir cam bién tai vi tri K(0, -1mm). Trudc hét dé tai luan an s
dung gié tri khéng c6 sai sé cua nhiét do tir vi tri K dé xac dinh nguoc gia tri hé sb
hap thu nham danh gia phuong phap dé xuat. Nghia 1a 6 = 0 dugc sir dung trong
phuong trinh (2.72).

Két qua xac dinh gié tri hé s hap thu duoc thé hién ¢ Hinh 2.15a va gia tri
nhiét d6 chinh xac va nhiét do tinh toan tir gia tri hé sb hap thu duoc xac dinh nguoc
tai vi tri cam bién K(0,-1mm) duoc thé hién & Hinh 2.15b.

T Hinh 2.15, d& tai luan 4n thiy rang phuong phap nguoc duoc dé& xuat
trong cdng viéc nay xac dinh gia tri hé s6 hap thu mot cach chinh xac trong trudng
hop nhiét do tai vi tri cam bién khong c6 sai sé (nghia 1a ¢ = 0) ddi vai ca hai moi
quan hé ciia budc thoi gian ké tiép (quan hé hang sé va quan hé tuyén tinh nhu duoc
trinh bay trong phuong trinh (2.63)).

Tiép theo dé tai luan an s& nghién cau qua trinh xac dinh nguoc véi truong
hop nhiét d6 tai vi tri cam bién K duoc thém sai s6 vao. Trong truong hop nay, gia
tri caa hé sé hap thu duoc xac dinh nguoc ¢ do léch so véi gia tri chinh xac (nhu
Hinh 2.16)
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Time. t[s]
Hinh 2.16. Két qua xac dinh gi tri hé sb hap thu véi 6 = 1.5 véir = 2
Bang 2.1 thé hién sai s6 twong dbi trung binh gitta gia tri hé sé hap thu duoc
xac dinh nguoc va gia tri hé sé hap thu chinh xac véi nhitng truong hop khac nhau
cua sai s6 chuin o = 1, 2 va budc thoi gian ké tiép r = 2, 4.
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Bang 2.1. Sai sb twong dbi trung binh trong véi o # 0, Truong hop 1
Truong hop Buo; thoi gian ké Zflep r
H?lng sO
c=1 0.0053 0.0022
c=15 0.008 0.0033
Tuyén tinh
c=1 0.0066 0.0041
c=15 0.01 0.0044

T Bang 2.1,0i4 tri sai s6 twong ddi trung binh trong tat ca truong hop (gom
hai gia tri sai s6 chuan va 2 gid tri budc thoi gian ké tiép, r = 2) diéu rat nho. Trong
do, voi gié tri sai s6 chuan 16n (o = 1.5) va buéc thoi gian ké tiép 1a r = 2, sai s6 Ion
nhat 13 0.01 d6i vai quan hé budc thoi gian ké tiép cua gia tri hé s6 hap thu I hang
s6. Bong thoi, sai s6 cua gia tri xac dinh giam khi s6 buéc thoi gian ting 1én va gia
tri d6 léch chuan giam. Chang han, sai so nay giam tir 0.0053 dén 0.0022 (khoang
58%) khi s budc thoi gian ting tir r = 2 dén r = 4 ddi véi quan hé hang sb trong
budc thoi gian ké tiép va giam tir 0.01 dén 0.0066 (khoang 66%) khi sai s6 do luong
giam tir o = 1.5 dén o = 1 ddi véi quan hé tuyén tinh trong budc thoi gian ké tiép.

Nhu di trinh bay trong muc 2.2, hai loai quan hé vé buéc thoi gian tuong lai
duoc xem xét trong dé tai nay. Mot 12 quan hé hang sé va hai 1a quan hé tuyén tinh.
Do vay, anh huong cua méi quan hé hang sé va tuyén tinh cia budc thoi gian ké
tiép ciing duoc sao sanh tir Bang 2.1. Két qua xac dinh da thé hién rang d6 chinh
X4c cua gié tri hé sd hap thu ddi véi quan hé tuyén tinh cua budc thoi gian ké tiép
t6t hon ddi véi quan hé hang sb.

Két qua gia tri hé s6 hap thu trong han diém bang laser d6i véir =2 va o =
1.5 cho ca hai lai quan hé hang s va tuyén tinh ciing dugc thé hién trong Hinh 2.16.
Két qua trong Hinh 2.16 thé hién ring gia tri xac dinh hé s hap thu xap xi rat tot
Vé6i gia tri cta gia tri hé sd hap thu gia dinh cho trudc (n = 0.3). Trong d6, do nhap
nhd cua két qua thiét 1ap ddi vai quan hé tuyén tinh nho hon véi quan hé hang sé.
Piéu nay ciing néi 1én rang, sai s thiét 1ap cua quan hé tuyén tinh nho hon so quan

hé hing sé trong tat ca truong hop (Bang 2.1).
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b. Trwong hop 2

Trong trudng hop nay, hé sé hap thu duoc gia sir 1a mot ham sé mi theo thoi

gian gia nhiét (ddy la quan hé thudng gap trong thuc té caa hé sb hap thu) nhu sau:

Hinh 2.17.

t—2
n(t) = 0.3 x (1 —6.5%10-1) exp (— ﬁ) (2.75)
Két qua xac dinh gia tri hé s6 hap thu trong trudong hop 2 duogc thé hién ¢
035 ! T T T v T T T T =
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Hinh 2.17. Két qua xéac dinh gié tri hé s6 hap thu véi o = 0 véi r = 2 trong trudng hop 2

Nhu vay, gia tri hip thu duoc xac dinh cd két qua xap xi rat tot véi gid tri

chinh x4c trong trudng hop khdng c6 sai s6 (o = 0).

Absorption coefficient, 7
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Hinh 2.18. Két qua xac dinh gia tri hé sb hap thu trong truong hop 2
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Hinh 2.18 mé ta két qua xac dinh gia tri hé sé hap thu trong trudng hop ¢
sai s6 do luong voi truong hop mdi quan hé tuyén tinh ctua budc thoi gian ké tiép
voir=2var=4.

Mot cach tong thé, ta thiy rang két qua xac dinh dugc xap xi rét tdt trong
truong hop sai s6 do ludng duoc xem xét. Sai s6 twong ddi trung binh trong trudng
hop 2 ciing dugc thé trong Bang 2.2.

Bang 2.2. Sai sb tuong dbi trung binh trong véi o # 0, truong hop 2

Truong hop Bu’ég thoi gian ké Ltliép r
H?lng sO
=05 0.0042 0.0061
c=1 0.0065 0.0072
c=15 0.0089 0.0094
Tuyén tinh
=05 0.0071 0.0121
c=1 0.0102 0.0134
c=15 0.0133 0.0148

Trong trudng hop 2, gia tri sai sé twong dbi trung binh véi cac truong hop
khac nhau cua sai s6 chuan, o va budc thoi gian ké tiép r ciing nho. Cha y rang,
trong truong hop 2, gié trj sai sé twong d6i trung binh khong giam khi s6 buéc thoi
gian ké tiép r ting. Hién tugng nay duoc goi 1a “sai s6 chi dan — leading error” nhu
duoc trinh bay bai Lin [80, 81]. Hién twong nay xay ra trong két qua nay 1a do su
gia st “tam thoi” cua budc thoi gian ké tiép 1a hang sé va tuyén tinh (phwong trinh
(2.63)).

Gia st tam thoi ndy khéng tring voi dang ham thuc té caa ham hé sé hap
thu. Do vay, viéc tang s budc thoi gian ké tiép s& dan dén sai sé Ién trong qué trinh
xac dinh nguoc. Tuy nhién, gi4 tri Ion ca r s& ting tinh 6n dinh cua qué trinh xac
dinh khi sai s6 do luong lon.

Dé ¢ gia tri r ti wu trong qué trinh x4c dinh, ta can sir dung vai gia tri cuar,
sau do so sanh két qua va chon gia tri tbi wu.

Dbi véi hai loai quan hé hing sé va tuyén tinh, trong truong hop nay, quan
hé tuyén tinh van cho gi4 tri chinh xac hon ddi véi quan hé hing sb (Bang 2.2).

Trong qua trinh xac dinh gia tri hé sé hap thu, dé tai luan &n ciing dé dang
tién doan dugce kich thudc cua mdi han, gom ving chuyén pha (mushy zone), viing
chay han (fusion zone).
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Cac kich thuéc ndy & budc thoi gian cudi cung (tr = 5s) ddi voi mot sb
truong hop ctiac =1, r =2 va o = 1.2, r = 2 duoc thé hién trong Hinh 2.19.
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Hinh 2.19. Kich thudc chinh xac (Exact) va kich thudc xac dinh ngugc (Estimated)
caa méi han
Bang 2.3. Chiéu rong va chiéu sdu mdi han tai t = 5s trong Trudng hop 2

Trudng hop Chiéu rong | Chiéu siu
' (mm) (mm)
c=0 0.4425 0.2375
o = | (Hang s) 0.4418 0.2366
6 = 1 (Tuyén tinh) 0.4419 0.2368
o = 1.5 (Hang s) 0.4415 0.2364
o = 1.5 (Tuyén tinh) 0.4416 0.2365

Bang 2.4. Sai s6 chiéu rong va chiéu sau mdi han tai t = 5s trong Trudong hop 2

Truong hop Sai s6 chiéu rong | Sai so chiéu siu
' (%) (%)
o = 1 (Hang sd) 0.158 0.379
6 = 1 (Tuyén tinh) 0.136 0.295
c=1.5 (H?lng sé) 0.23 0.46
o = 1.5 (Tuyén tinh) 0.2 0.42

Hon nita, chiéu rong va chiéu sau cia méi han ddi véi truong hop o = 1, r =
2 va o = 1.5, r = 2 duoc thé hién trong Bang 2.3 va phan trim sai s6 cua Cac gia tri
nay (gitra gia tri xac dinh va gia tri chinh xac) duoc thé hién trong Bang 2.4.
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T cac két qua trong Bang 2.3 va Bang 2.4, ¢6 thé ndi rang két qua tién doan
cua kich thudc méi han cd mot sy xap xi rat tét véi gia tri chinh xac trong tat ca
truong hop c6 sai s6 do luong. Bang 2.4 cho ta thiy rang do léch phan trim cua
chiéu rong va chiéu sau méi han giita két qua tién doan va két qua chinh xéc 1a rat
nho. Cu thé, sai s6 16n nhat 1a 0.23% d6i véi chiéu rong méi han va 0.46% dbi véi
chiéu sau méi han ddi véi trudng hop sai s6 do ludng voi do léch chuan 1a o = 1.5
va véi quan hé hiang sb cua budc thoi gian ké tiép. DPiéu nay cling ngu Y rang anh
huong cua sai s6 do luong va sé budc thoi gian ké tiép trong viéc tién doan kich
thudc mdi han 1a rat nho.

Tu nhitng két qua duoc trinh bay trong hai truong hop trén, c¢é thé ndi rang
viéc xac dinh nguoc gia tri hé s6 hap thu trong han diém bang phwong phap tuan tu
dat két qua rat tét. Hon nita, dya trén két qua xac dinh cua gia tri hé sé hap thu, kich
thudc méi han cling duogc tién doan mot cach chinh xac.
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Chuong 3
TOI UU HOA THONG SO QUY TRINH

NHAM PAT PUQC KiCH THUOC MOI HAN LASER
CHO THEP KHONG GI AISI 416 VA AISI 440FSE
BANG CAC THUAT TOAN NGAU NHIEN

3.1 Thuat toan tdi wu

Trong chuong ndy, dé tai luan &n trinh bay viéc sir dung ba thuat toan téi vu GA,
JAYA va MDE duoc lya chon dé tim kiém cac théng sé han laser nham dat dwoc
kich thudc méi han mong muén.

Ca ba thuat toan déu bat dau biang mot quan thé khoi tao ban dau ngau nhién, sau
do6 thyc hién tim kiém ca thé t6i uu trong cing mot khong gian tim kiém.
S6 cé thé trong mot quan thé 1a N, dic trung ctia mdi ca thé 1A D. X = [Xq, X,, ...,
Xn]" 12 quan thé khai tao ban dau, mdi ca thé X; (i = 1, 2, ...., N) ¢6 dic trung 1a
Xi=[Xi1, Xij, ----» Xip]- Thong s6 han laser khao sat bao gém: cong suat laser -
Laser Power ‘LP’ (W), téc do han - Welding Speed ‘WS’ (m/min), va duong kinh
soi quang - Fiber Diameter ‘FD’ (um) hay D=3. Chi tiét cua ba thuat toan dugc md
ta bén dudi. Trong tit ca thuat toan, i chay tir 1 dén N va j chay tir 1 dén D.

3.1.1 Thuat toan di truyén

Thuat toan di truyén (GA) 1a mot phuong phép tdi wu héa ngiu nhién liy cam
hirng tir thién nhién va rat phi hop dé giai quyét bat ky van dé ti uvu nao va bat ké
loai ham muc tiéu ndo. Thuat toan bat dau vai 1 quan thé gdm nhiéu ca thé duoc tao
ra ngau nhién, sau d6 thuc hién cac hoat dong chon loc — lai tao — dot bién dé tim ca
thé t6i wu nhat. Cac budc thuc hién cua thuat toan GA nhu Bang 3.1 [82].
Bang 3.1. Cac budc thuc hién thuat toan GA

Buéc NGi dung tung budc

1 | Cai dat hé s6 lai tao (CF) va hé s6 dot bién (MF) cua thuat toan GA
2 | Khéi tao quan thé X véi N cé thé va mdi ca thé c6 D dic trung
3 | Xét thé hé thar nhat: k=1
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Tinh gid tri ham muc tiéu cua ting ¢ the trong thé hé thir k: F* = £ (X ), vi
va tim vi tri c4 thé c6 gia tri ham muc tiéu tot nhat be {1,2,..,N}

Thue hién lya chon, lai tao va dot bién dé c6 cac ca thé mai trong quan thé:
X[ i

Tinh gié tri ham muc tiéu cua tirng ca thé trong thé hé thi k+1:

6 | R"=f(X"),vi vanhan dang vi tri c thé c6 gié tri ham muc tiéu tot nhat
bl’

Neu R <k thi b=b

Néu k <Maxite thi k =k +1 va quay lai budc 5, con khdng thuc hién budc 9
9 Xuét ca thé tét nhat X

3.1.2 Thuat toan JAYA
Thuat toan JAYA duogc gidi thiéu boi Rao [83] vao nam 2016. JAYA duoc
phét trién tir thuat toan t6i uu dya vao qua trinh day — hoc (TLBO) va don gian hon
TLBO do chi yéu ciu hai thdng sé: sé ca thé trong 1 quan thé va sé thé hé. Vi vay,
thuat toan JAYA khong can bat ky tham sé diéu khién nao. Cac budc thuc hién cua
thuat toan JAY A nhu Bang 3.2 [83].
Bang 3.2. Cac budc thuc hién thuat toan JAYA

Budéc Noi dung tung budc

1 | Khoi tao quan thé X véi N ca thé va mdi cé& thé c6 D dic trung
2 | Xét thé hé thi nhét: k=1
3 | Tinh gié tri ham muc tiéu cia ting ca the trong thé hg thir k: F* = (X}), Vi
va tim vi tri ca thé c6 gié tri ham muc tiéu tét nhat best va vi tri c& thé c6 gia
tri ham muc tiéu tot nhatworst .
4 | Thyc hién chinh lai tirng ca thé trong quan thé tai thé hé tht k theo phuong
trinh sau:

X .k, = Xiifj +r1l,<i(xtl)<est,j _‘Xiifj‘)_r;i(xvlf/orst,j _‘Xilfj‘)l i, j

Trong do, X7, duoc cap nhat duya vao X, ; rf va r; la hai h¢ s6 ngau
nhién nam trong khoang [0, 1]. Thanh phan (X, ; —|X/;|) 1am cho ca thé
hién tai tién gan toi cd thé toi wu. Thanh phan —rf; (X, —|Xi|) 1am cho ca

thé hién tai tranh xa cé thé xau.
5 Thue hién lya chon lai nhitng ca thé da dugc hiéu chinh Vi
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8

bt x:k,jv-j 'if F(X) <R
X{ v oif f(xfj)izﬁk

Tinh gid tri ham muc tiéu cua ting c4 thé trong thé hé tha k+1:
R = f(X{), ¥i va tim vi tri ¢4 thé c6 gia tri ham muc tiéu tot nht best va
vi tri ca thé c6 gia tri ham muc tiéu tot nhatworst .

Néu k <Maxite thi k =k +1 va quay lai thuc hién buéc 4, con khdng thuc hién
budc tiép theo.

Xuét ca thé tot nhat x X

best *

3.1.3 Thuat toan MDE

Thuat toan MDE duoc phat trién dua trén thuat todn tién hoa vi sai (thuat toan

DE) trong [84] do Storn va Price d& xuat vao nam 1997. Thuat toan DE gom 5 budéc

nhu sau: khoi tao, dot bién, lai ghép, chon loc, hoi tu. M code thuc hién thuat toan

tién hoa vi sai co ban dugc mo ta nhu sau [84]:

Pseudo-code cua thuat toan DE

Begin
Initialization
Evaluation
For G=1to GEN do
Fori=1to NP do
Jrang= randint(1, D)
Select randomly r,=r, =r,=i
For j=1to D do
If rand[0,1] < CR OF j == jang
U e = Xje TFX (szyjYG - x,&ij)
Else
Uije+1 = Xijo
End if
End for
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If £(Uc.)<f(Xq) then
Xic1=Uicn
Else
End if
End for
End for

End

Dot bién dong vai trd quan trong trong kha nang tim kiém va téc do hoi tu cua
thuat toan DE. C6 bon 4 kiéu dot bién da duoc gigi thiéu cho thuat toan DE voi céc
muc dich khac nhau. Vi du, véi cac kiéu dot bién rand/1, thuat toan DE tim kiém
toan cuc rit mang nhung yéu trong tim kiém cuc bo phuong. Sau d6, hoi tu véi két
qua tbi vu toan cuc. Di vai kiéu dot bién best/1, thuat toan DE tim kiém cuc bo rat
t6t, nhung bi han ché khi tim kiém toan cuc. Do d6, d& dang roi vao cac két qua toi
wu cuc bd. Dua trén cac phan tich trén, Son va dong nghiép da dé& xuat thuat toan
MDE [85, 86] nhu sau: dot bién cua thuat toan DE duoc sira doi bang cach két hop
hai kiéu dot bién rand/1 va best/1 véi nhau dé tao vecto dot bién thay vi chi st dung
mét kiéu dot bién hoic rand/1 hoidc best /1 nhu thuat todn DE co ban. Cai tién nay
nham muc dich can bang gitra tham do toan cuc va kha niang tim kiém cuc bo. Kiéu
dot bién méi dugc mé ta nhu sau:

If rand[0,1] > 0.3

Vi =X, +F(x, —%.) %use"rand /1"
else
Vi = Xpegt + F(Xq — sz) % use "best /1"
End

Tir co ché trén, c6 thé nhan ra rang d6i véi mbi vector dot bién, chi mot trong
hai kiéu dot bién dugc ap dung, tly thudc vao gié tri ngau nhién dwgc phan bé déu

trong pham vi [0,1]. D4i véi mbi vector dot bién, néu gia tri ngau nhién 16n hon 0.3,
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thi rand/1 duoc thuc hién. Nguoc lai, best /1 dugc thuc hién. Do d6, bat ky mot véc-
to me ¢ thé hé hién tai thi mot véc-to dot bién twong tng lubn thuc hién chién luoc
da dé xuat dé c6 co hoi nang cao kha ning tham do toan cuc va khai thac cuc b,

Trong dé tai luan &n chon ty 1& 0,7/0,3 cho rand/1 va best/1 1a mot gia tri can
bang tét cho ca thaim do toan cuc va kha niang khai thac cuc bo. Hé s dot bién (F)
va xac xuét lai ghép (CR) khong c6 dinh nhu trong tiéu chuan thuat toan DE, ching
duoc tao ngau nhién trong pham vi [0.4, 1] va [0.7, 1], twong ung.

M4 code cuia thuat toan MDE duoc phét trién boi Son va dong nghiép trong
[85, 86] dugc MO ta nhu sau:

Pseudo-code cua thuat toan MDE

Begin
Initialization
Evaluation
For G=1to GEN do
For i =1to NP do
Jrang= randint(1, D)
F =rand[0:4; 1:0], CR = rand[0:7; 1:0]
For j=1to D do
If rand[0,1] < CR Or j == jang then
If rand[0,1] > threshold then
Select randomly r,=r, =, =i
Ujeun=Xje T F(sz,j,G — xva)
Else
Select randomly r, =r, =best=1i
Uijo1 = Xoestjo T F (Xiaje = Xizj6)
End if
Else
Uijei1 = Xije
End if
End for

If £(U}c.)<f(X,o) then
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Xi,G+1 :Ui,G+1
Else
End if
End for
End for

End

3.2. Xay dung bai toan téi wu

3.2.1 Khao sat mdi han laser

e

|
|
|
|
|
|
|

N~

(WZW: Weld Zone Width — Bé rong méi han,
WPD: Weld Penetration Depth — D6 ngau méi han)
Hinh 3.1. Théng s6 dau ra ciia mi han laser
Vién dé t6i vu hoéa duoc trinh bay trong luan 4n nay dia trén phan tich duoc
dua ra bai Khan [31] vé méi han laser cho thép khdng gi AISI 416 va AISI 440 FSe
Vv6i bé day 0.55 mm thé hién trong Hinh 3.1. Cac thdng sé qua trinh dugc xem xét
trong mo hinh twong ty cua Khan [31] 1a cdng suét laser - Laser Power ‘LP’ (W),
tbc do han - Welding Speed ‘WS’ (m/min), va duong kinh sgi quang - Fiber
Diameter ‘FD’ (um); va théng sb dau ra la bé rong méi han - Weld Zone Width
‘WZW,es” (um) va d6 ngiu mdi han - Weld Penetration Depth “WPD ¢’ (um)
Mo hinh toan dugc Khan [31] ma hoéa bang phan mém thiét ké thur nghiém
trinh bay trong phuong trinh (3.1) va (3.2):
WZW = (—221.78917 +0.26482x LP +21.185xWS +1.265x FD) (3.1)
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WPD = (891.94 + 213.06 x LP — 250.69 xWS —93.61x FD

3.2
—73.75x LP xWS —26.94x LP x FD +30.97 xWS x FD) x(le—4) (3:2)

3.2.2 Ham muc tiéu
Muc tiéu can thuc hién: dat dugc kich thuéc médi han (kich thuéc méi han
dugc cai dit truoc (WZW,,,WPD, )). Hay néi cach khac, sy chénh léch giita do 16n
cua kich thuéc mébi han (WZW, WPD) va kich thuéc mdi han dugc dat trudc

(Wzw,,,,WPD,,, ) thé hién trong hai ham muc tiéu cua phuong trinh (3.3).

ref
{ f, = WZW,,, ~WZW|

f, =\WPD,,, ~WPD)| 39

Diéu d6 c6 nghia 13 luan &n trinh bay viéc tién hanh tim gié tri nho nhét cua
hai ham muc tiéu f, va f,. Hay phuong trinh (3.3) duoc viét dudi dang nhu sau:
1f = Ax|WZW,, —WZW |+ (1—X)xWPD,, —WPD| (3.4

WZW, <WZW <WZW_ ;WPD_ <WPD <WPD__

Trong do, (WZW.

W WZW_ ) va (WPD,,,WPD,): gi¢i han cta thong so kich

thudc méi han, A(0<A<1): trong s6 duoc chon wu tién gitta phuong sai véi do 16n
WZW mong muén (A ting) va phuong sai véi do én WPD mong muén (A giam).
3.2.3. Tham sé ctia cac thuét toan va lwu do thuc hién téi wu
So db thuc hién t6i wu thong sé dé kich thuéc mdi han nhu mong mudn két

hop thuat toan t6i wu hoa ngiu nhién, dugc minh hoa trong Hinh 3.2.
S Q‘%}
J/ WZW

S | Meta-heuristic Mode Laser
Algorithms | LP. WS _FD Welding

2 WPD,,

WPD

Hinh 3.2. So d6 thuc hién t6i vu thong sé han laser
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Dé danh gia hiéu qua cua cac thuat toan khac nhau, mdi thuat toan duoc chay
10 lan va madi 1an chay déu lap 200 thé hé, voi luu do thuat toan nhu Hinh 3.3,

Read total number of variables of the laser
system parameters (LP, WS, FD) and their
lower and upper limits

Al
RUN =1

|73

e
Call a metaheuristic optimization algorithm

L

Store the result

RUN=RUN+1

Evaluate the best for 10 runs
L
Save the result for the best RUN

Hinh 3.3. Luu d6 thuat toan thuc hién ti vu thong sb .
Ca ba thuat toan déu sir dung kich thuéc quan thé N=30 va mdi ca thé ¢ 3 dic
trung D=3. Tham sé riéng caa mdi thuat toan dugc lya chon nhu trong Bang 3.3.
Bang 3.3. Tham sé cua céc thuat toan GA, JAYA va MDE

Thuat toan Tham s6 Gia tri
GA Xac suat dot bien 0.2
Xac suat lai ghép 0.7
JAYA Khong
VDE Hé s6 dot bien (F) Random [0.4; 1.0]
Xac suat lai tao (CR) Random [0.7; 1.0]

3.3. Két qua va thao luan
Chon 1a Rofin DYO011 véi gi6i han théng s6 nhu trong Bang 3.4.
Bang 3.4. Gi6i han thdng sb cua

Théng sé Can duéi Cén trén
LP - Laser Power — Cong suat laser 800 (W) 1100 (W)
WS - Welding Speed — Toc d6 han 4.5 (m/min) | 7.0 (m/min)
FD - Fiber Diameter — Buong kinh sgi quang 300 (um) 400 (um)

Vit liéu thuc hién mdi han 1a thép khdng gi AISI 416 va AlSI 440FSe vai bé day
A 055 mm. Kich thwéc mong muén cai dit cho méi han Ia
(WZW,,, =5704m,WPD,,, =840um).
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3.3.1. Thuat todn GA
Trong sé A st dung trong phuong trinh (3.4) 14 0.1
Bang 3.5 trinh bay gia tri thdng sb toi wu va gia tri tbt nhat ham muc tiéu cua
10 1an chay, Hinh 3.4 minh hoa gi4 tri trung binh ciia ham muc tiéu f sau 10 lan
chay cua thuat toan
Bang 3.5. Gia tri thong s6 dau vao duoc toi wu va gia trj tét nhat cua ham muc tiéu
sau 10 lan chay

S6 | Théng so dau vao dwoc toi wu | Gia tri ham muc tiéu
lAn | LP WS FD dat t6i wu
chay | (W) | (m/min) (1m) f (um)
1 1908.99| 6.11 335.46 0.2599
2 |943.69| 6.27 322.46 0.2599
3 1967.60| 6.10 314.57 0.8741
4 1920.25| 5.62 332.43 0.9060
5 ]1917.90| 5.61 333.35 0.9151
6 |927.37| 6.40 327.94 0.4590
7 1941.15| 6.49 322.80 0.3359
8 ]911.00| 6.14 334.59 0.4152
9 ]981.12| 6.66 308.76 0.0222
10 |942.22| 6.31 322.99 0.3915

2 Fithess convergence

— A, Avatage |1

Fitness Yalue

Generations

Hinh 3.4. Gia tri trung binh cia ham muc tiéu f
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Bang 3.6. trinh bay so sanh giira thdng s6 da tbi uu bing cc thuat toan va két
qua thuc nghiém xac nhan | caa Khan [31]

Bang 3.6. So sanh giira théng s6 da tbi wu va két qua thyc nghiém

WZW e =570 £im va WPD s =840 zm
LP WS FD
W) | (m/min) | (um)
Két qua cua Khan [31] | 1000 7.0 300
Két qua cua luanan |981.12| 6.66 308.76
Sai s6 (%) -1.89 -4.80 2.92

Két qua luan an duoc so sénh véi két qua thi nghiém xéac nhan | cua Khan [31]
c6 sai s6 khong qua 5%, duoc trinh bay chi tiét trong Bang 3.6. Cu thé, sai s cua
cac tham sb dau vao LP, WS va FD so voi két qua cua Khan gia tri twong Gng 1a
1,89%, 4,80% va 2,92%.

3.3.2. Thuat toan GA, JAYA va MDE

Trong sb A str dung trong phwong trinh (3.4) 13 0.5

Ban chat toan hoc cua cac thuat toan tdi vu GA, JAYA va MDE déu 1 thuat
toan tim kiém theo x&c suit nén mdi thuat toan thuc hién huan luyén 10 lan khéc
nhau, mdi lan huan luyén s& Iap 200 lan (N=200) vai cung kich thudc quan thé
(NP=30) va cuing s6 lugng cac bién (n=3). Bi véi GA c6 cac dé xuat nhu sau: dot
bién déu, chon loc ti 18, lai ghép 2 diém, xac suat dot bién (py) duoc lva chon 0.2,
X4c suat lai ghép (pc) duoc lua chon 0.7. Béi véi MDE duoc lya chon 1a: hé sé dot
bién (F) va xac suat lai ghép (CR) duoc chon ngau nhién trong khoang [0.4; 1.0] va
[0.7; 1.0] cho tung ca thé trong mdi lan lap.

Gia tri tham s6 cua thuat toan GA, JAYA va MDE duoc trinh bay trong Bang
3.3

Bang 3.7 trinh bay gié tri thdng s6 toi wu va gia tri tot nhat ham muc tiéu cua
10 lan chay twong tng voi 3 thuat toan GA-JAYA-MDE, Hinh 3.5 minh hoa gi4 tri
trung binh caa ham muc tiéu f sau 10 1an chay cua ting thuat toan (GA: mau xanh

la cay, JAY A: mau xanh duong, MDE: mau do).
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Bang 3.7. Gia tri thong s6 dau vao duoc toi wu va gia trj tét nhat cua ham muc
tiéu sau 10 lan chay

S6 Thong s6 dau vao dwoc téi wu | Gia tri ham muc tiéu

lAn | Thuat toan LP WS FD dat t6i wu

chay (W) | (m/min) | (um) f(m)

GA 844.14 5.08 364.15 0.2919

1 JAYA 930.97 6.19 327.12 0.0817
MDE 881.92 5.61 347.23 5.91e-05

GA 902.20 5.86 338.69 0.1026

2 JAYA 943.31 6.33 322.35 0.0585

MDE 870.42 5.45 352.30 0.0002

GA 968.21 6.56 313.28 0.0339

3 JAYA 1005.80 6.87 300.31 0.1841

MDE 825.25 4.74 373.61 0.0002

GA 889.65 571 343.86 0.0814

4 JAYA 1007.24 6.86 300 0.0882
MDE 856.85 5.25 358.46 9.34e-06

GA 867.79 5.40 353.78 0.3083

5 JAYA 956.56 6.47 317.44 0.2135
MDE 988.92 6.73 306.05 3.07e-06

GA 894.23 5.74 342.18 0.3919

6 JAYA 971.01 6.58 312.31 0.0682

MDE 913.82 6.01 333.87 0.0004

GA 864.75 5.37 354.57 0.5660

7 JAYA 810.89 4.50 380.83 0.0841

MDE 901.90 5.87 338.75 0.0005

GA 893.07 5.74 342.88 0.4838

8 JAYA 839.47 4.99 366.59 0.0872

MDE 965.77 6.54 314.13 0.0001

GA 919.62 6.08 331.55 0.0118

9 JAYA 843.65 5.05 364.62 0.0350

MDE 991.82 6.76 305.05 0.0180

GA 884.84 5.64 346.11 0.1871

10 JAYA 847.98 5.14 362.49 0.1944
MDE 837.43 4.95 367.63 4.57e-05
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Fitness convergence
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—JAYA

Fitness Value
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Generations
Hinh 3.5. Gia tri trung binh cia ham muc tiéu f
Dua trén cac két qua md ta & Hinh 4.5 cho thay riang: thuat toAan MDE tim
kiém dugc diém toi wu co gia tri trung binh 14 0.001985485 um, trong khi d6 thuat
toan JAYA tim kiém duogc diém téi vu c6 gia tri trung binh 13 0.109538035 um va
thuat toan GA tim kiém duoc diém tdi vu co gid tri trung binh 14 0.2459108 um.
Nhu vy thuat toan MDE c6 chat lugng va hiéu qua vuot troi so vai cac thuat

toan JAYA va GA.
Dwa vao Bang 3.7, gia tri ti wu cua bo thdng sb thoa muc tiéu sau 10 lan chay

vai ting thuat toan MDE , YAJA va GA duogc trinh bay trong Bang 3.8.
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Bang 3.8. Bo thong sé tdi vu véi ting thuat toan

Thong s6 dau vao dwoc tdi wvu | Gia tri ham muc tidu
Thuat toan LP WS FD dat t6i wu
(W) | (m/min) (um) f(xm)
GA 919.62 6.08 331.55 0.0118
JAYA 843.65 5.05 364.62 0.0350
MDE 988.92 6.73 306.05 3.07e-06

Bang 3.9 trinh bay so sanh giira thdng s6 da tdi wu bang cac thuat todn va két
qua thuc nghiém do dat boi Khan [31] va thuat toan MDE cho sai s6 nho nhat.
Bang 3.9. So sanh giira thong sb da ti vu va két qua thuc nghiém

WZW,s=570 zm va WPD =840 zm
LP WS FD
W) | (m/min) | (um)
Két qua cua Khan [31] | 1000 7.0 300
Sai s GA -8.03 | -13.14 | 10.51
(%) JAYA | -15.70| -27.80 | 21.54
MDE -1.10 | -385 | 2.01

Bang 3.10 trinh bay gi4 tri t6i vu cua bo thong sé va so séanh véi két qua thyuc
nghiém do dat bai Khan [31] trong 2 trudng hop c6 kich thudc mdi han khéac nhau

sir dung thuat toan MDE véi sai s6 dudi 10%.
Bang 3.10. Bo tham s6 tdi uu

Thuat toAn MDE
LP WS FD
(W) | (m/min) | (um)
K&t qua cua Khan [31] | 900.00 | 6.50 | 400.00
WZW ,=660um | Két qua cua luan an
WPD, - =634.m (- 09) 859.05 | 6.99 | 399.99
, Sai s0 (%) -4.5 7.5 0.0025
Két qua cua Khan [31] | 850.00 5.000 300.00
WZW =485um | Két qua cua luan an
WPD. =630 .m (3= 09) 87590 | 4501 | 300.01
Sai s0 (%) 3.04 -9.9 3.3e-3

Tom lai, cac két qua md phong va thuc nghiém cho thay, véi thong sé dau
vao: cbng suat laser - Laser Power ‘LP’ (W), téc do han - Welding Speed ‘WS’
(m/min), va duong kinh sgi quang - Fiber Diameter ‘FD’ (um) duoc téi wu nham
dat dugc kich thuc moi han theo y mudn (WZW,, ,WPD,,, ), nhd sir dung thudt

ref

toan MDE c0 tinh kha thi cao.
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Chuong 4
PANH GIA PO TIN CAY
PHUONG PHAP PHAN TU HUU HAN
VOI h- REFINEMENT VA p- REFINEMENT
CHO MOI HAN GIAP MOI THEP AISI 1018 BANG LASER

4.1. Sai s6, téc @ hai tu va dd tin cay trong xap xi phan tir hiru han [87 — 94]
4.1.1. Sai sb
Dé di tim cac nghiém yéu ciia mot bai toan vat 1y, cac phuong phap xap xi
duoc mo ta dudi dang mot phuong trinh hay hé phuong trinh vi phan. Thong
thuong thi khéng dé dang tinh tich phan truc tiép cac phuong trinh vi phan nay dé
tim nghiém (nghiém manh). Phuong phap phan ti hirn han 1a phuong phap xap xi
dua trén co s& cua cdng thuc bién phan dé tim nghiém yéu (nghiém gan ding cua
bai toan). Piéu nay khdng tranh khoi nhiing sai s:
v’ Sai sb bién: sai s6 do xap xi mién hinh hoc bai toan
v’ Sai s tinh toan: sai s6 khi tinh cac tich phan sé trong ma tran do ctng,
ma tran khdi lwong, vector tai, ... trén cac diém Gauss va sai sb tinh toan trén may
tinh.
v’ Sai 56 Xap xi: sai s6 tir viéc xap xi nghiém.
Trong céac bai toan thudng gap, bao gdm céc loai sai s theo chuan sau:
> Sai s6 trén truong chuyén vi:
Pudc dinh nghia 1a sy chénh 1€ch giita truGng chuyén vi chinh x4c va
phan tir hiru han.
(en)u = u —uy (4.1)
> Sai sO trén truong ung sudt:
DPugc dinh nghia 1a sy chénh léch giita trudng @ng suit thuc va két
qué phan ttr hitu han.

(ep)s = 0 — 0y (4.2)
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Duya trén nguyén 1y cuc ti€u ning lugng nén hién nhién sai sd thudng dudc

do trén chudn ning luong.

1/2

leallo, =| [(en)s i (en), a0 4. 3)

Trong d6: ©, 1a mién khio sat trén phan ti.

Vay sai s0 toan mién c6 dang:

1/2
i} (4. 4)

| [l 0| (S

o
V6in 1a s6 phan tir.
Trong hau hét cdc trudng hgp, 15i gidi chinh xdc 12 chua bi€t va sai sd phdi
dudc danh gia.
Néu goi ¢, 1a sai s6 ddnh gid trén phan tf .
oo =l .5
Sai s d4nh gi4 cho toan mién:
e~ llenlq, (4.6)
Pinh nghia sai s6 tuong doi:

_eally

= 4.7)
Jen ]
Tuy nhién trong thuc t&, thudng dung cong thifc gan ding sau d€ thay cho
4.7):

Mic @6 toan mién:

=
Q

(4. 8)
ol +&°

Mifc do phan tif:
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= R (4.9)
e o, T
4.1.2. Tiéu chuan hgi tu
% Téc dd hoi tu dai sé:
k
”e”E(Q) = ”uEX —Uge ||E(Q) < W (4. 10)
% Téc d9 hdi tu dang ham mii véi co sb e:
k
lellc oy = luex = Ureflee) < SOONT) (4. 11)

Trong d6: k, B8, v, 6 1a cac hang sé duong va N 1 sb bac tu do.
a. S¢ do ngoai suy Richardson:

Mot trong nhitng k§ thuat ddnh gid sai s6 va tdc dd hoi tu cia phuong
phap phén ttr hiru han dua trén so dd ngoai suy Richardson dugc dinh nghia dua
trén sy khdc biét giita ning lugng bi€n dang chinh xdc va ning lugng bi€n dang
clia phan tir hitu han [95, 96].

e Ning luong bién dang chinh x4c:

U=, @.12)

e Ning lugng bi€n dang phan tir hiru han:

1 2
U, =, @13)
* Thii tuc ciia so do ngoai suy Richardson cho h- refinement géom cdc
budc sau:
Budc 1: Chon trude mot ludt hoi tu cho sai s6 toan mién, luit nay
thudng vi€t dudi dang don gidn sau:

2r,
U—Uh=C(%J (4. 14)
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N: 12 s6 bac tu do
C: hang s6
re: toc do hoi tu cua sai sd
Budc 2: St dung so d6 ngoai suy 3 diém cho 3 ludi phan tir hitu han
tuong ang (Un; , Nj).
Budc 3: Xac dinh 3 dai luong chua biét U, C, rc bang viéc cuc tiéu hoa

phiém ham sau:
2r, 2
m 1 ¢
1= U-U — 4.15
Z( hi= ( NJ J (4.15)

m: 12 s6 nghiém.
Pé€ thu dugc 15i gidi tot ta cAn chi ¥ cdc di€m sau:
v/ R&i rac m nghiém theo dudng 161 déu (dG min).
v’ Viéc lya chon sy rdi rac ¢ thé bing cdch ting bic da thic dé
tranh nhiéu loan trén bién va ddm bao su lién tuc qua bién phan ti.
v Poi héi phdi ¢6 it nhdt 1a 3 1u6i phan tir hiru han.
v/ Pdnh gi4 sai s& phdi mang ¥ nghia toAn mién.
v/ Phuong phdp khong thé d4p dung cho md hinh Hybrid (phuong
trinh mit cAn bing).
= Ky thudt nay luén luon cho két qua tot va ddc biét khi khong biét loi
gidi chinh xdc.
% Thii tuc ciia so do ngoai suy Richardson cho p- refinement:
Cong thuc (4.12) trong trudng hgp nay
u-u, = ¢ (4. 16)
exp(N?)
Céc budc ti€n hanh hoan toan tuong ty nhu h- refinement
b. Giai thuit s¢ dd ngoai suy qua 3 di€m Richardson:

Nhap vao: [N]=[N, N, .. N,] -S6&bac ty do tuong Gng lusi thi i;
Nhap vao: [U,]=[u, U, .. U, ] -Logj (Nang lugng bi€n dang)

tuong Ung vdi ludi tha i;
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Nhip vao: step — s6 khodng can chia trén truc N;

x=[Nl:N“_N1:Nn} y=[];

step

for i=1-(n-2)

2
-2, -2, _
err = Ni — Ni+l _ Uhi Uhi+1 .
-2r, -2r, ?
Ni1* =N Um1 _Um2

AL .
(Uhi _UhM)(NiNm)zrc’i
i N_Zr&i _N 21 ’

i i+1

U, =U, +CN; ™
y= [y;Ui —CiX_ZrC‘i } ;

end

4.1.3. B tin cay
Nhim do dd tin cdy cla cdc ki thudt dinh gid, bao gdm cdc dai lugng sau:
* Chi 56 hiéu dung
Cap do phan ti:

&
0, = 4.17
" eal, @10
CA4p dd toan mién:
0= 4. 18)
lenll,

+ Chi s6’ deu
n e=1

. 172
m:Fz@,®1 (4.19)

Trong d6 @ 1a gi4 tri trung binh clia O
Mot k§ thudt danh gid tin cdy néu : véi 1 < (%) <10, 0.8 < 0< 1.2, liic dé
SD <0.2 ([94])).

64



4.2. Phan tich phan tir hitu han véi h- refinement; p- refinement cho bai toan 2
chiéu [97 - 99]
4.2.1. Gigi thi¢u

Khi mé hinh héa mot van dé bang phan tich phan ta hitu han, diéu rat quan
trong 1a kiém tra xem giai phap da hoi tu hay chua? Dé thuc hién diéu do, can co
mot vai giai phap giai quyét cing mot vin dé dat ra. Néu két qua giai phap khong
thay doi nhiéu (chénh léch it hon vai phan trim) so v&i yéu cau thi giai phap duoc
xem 1a hoi tu. Hién tai, c6 mot vai phuwong phap duoc sir dung dé ching minh sy
hoi tu s6: h- refinement, p- refinement va h- p- refinement; ...

h- refinement: Cai thién két qua bang cach st dung ludi min hon cung loai
phan tir. Phuong phap nay dé cap dén viéc giam do dai dic trung (h) cta cac phan
tar, chia mdi phan ta hién cd thanh hai hoac nhiéu phan tor ma khong thay doi loai
phan tir dugc st dung.

® L { ] [ e B o T o o o o ]
[ B BN BN BN B BN BN B 2

[ B B BN B B B BN B ]

[ B B BN BN B B = = ]

® o ® [ B BN B BN B B BN B
Ludi ban dau h- refinement

p-refinement: Cai thién két qua bing cach sir dung cing mét ludi nhung
tang d6 chinh xac cua trudng chuyén vi trong mdi phan tir. Phuong phap nay dé cap
dén viéc ting muc do da thirc hoan chinh cao nhat (p) trong mot phan tar ma khéng

thay d6i s6 luong phan tir duoc st dung.

L L : ] ® L] L] L] L ]

L L . L ] ® L L
Ludi ban dau p-refinement
h- p- refinement: Két hop gitra h- refinement va p- refinement.

e L ] o o & 00 0 0 00

® o 0 0 0 0 0 00

® o 0 00 0 0 0 0

® ® & & 0 0 0 0

® L . L ] ® o 0 00 0 0 00

Ludi ban dau h- p- refinement

Trong bai todn mot chiéu, sai so bién khdng gip phai vi mién bai toan la
duong thang. Nhu vay, viéc xap xi mién la khong can thiét. Trong bai toan hai

chiéu, chang han mién bai toan 1a hinh chir nhat, thi sai s6 xap xi mién lIa ton tai
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trong phuong phap phan tir hitu han. Dé han ché bt cac sai s6 bién, sai sb tinh toan,
sai s6 Xap xi , can phai dua ra cac diéu kién adaptive/thich nghi dé ting do chinh
x4c bai toan phan tir hitu han.

h- adaptive/thich nghi, p- adaptive, h- p- adaptive: Luéi phan t hitu han
duoc chia that min ¢ nhitng ving can quan tam (vlng tap trung @ng suét, vét

nat,...), & cac ving khac thi chia ludi thua hon dé giam bot khdi lwong tinh toan.

Lué6i ban dau h-/p-/h- p- adaptive
4.2.2. Phan tich phan tir hitu han véi h- refinement va p- refinement cho bai
toan 2 chiéu
a. Cac budc tong quat
Xét vat thé dan hoi tuyén tinh Q chiu tai F, tai phan bd @ trén bién tu nhién

I, va chuyén vi cudng birc & trén bién chinh 7, nhu Hinh 4.1

Hinh 4.1. M6 hinh vat ly
Céc phuong trinh phan tir hiru han cd thé thu duoc bang cac budc sau.
% Xdp Xi trwong chuyén vi:

Né&u goi {d} 1 vectd chuyén vi niit (4n so cip), trudng chuyén vi phan

ttr hiru han kh3 di dong c6 thé dinh nghia bdi phép x4p xi sau:
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dy=>"[N:}d;} (4. 20)

Trong d6 [N] 1a vectd cdc ham dang lién k€t tai nidt, xAy dung trén co
sG da thic Lagrange.
% Viét cdc phuong trinh tuong thich:
Vecto bién dang {e} lién két vdi trudng chuyén vi {u} va vectd chuyén
vi nit bdi mbi quan hé:
e} =[Ll{u}=[L]IN}a}=[s]{a} (4.21)
Trong d6: [L]: todn t& vi phan
[S]: ma trin bi€n dang
% Viét cdc phuong trinh ting xit vat lidu:
Dinh luat Hooke cho bai todn dan hdi tuyén tinh c6 dang:
{o}=[El{e}=[EIBld} =T }d} (4.22)
Trong d6: [E]: ma tran Hooke,
[T]: ma tran tinh @ng sult.

% Tinh ndng luong bién dang:

vt =3[ lo) teaa=2a) [ 1B [ENBlacia)= la) [K]a) 4.23)
Vi ma trin do ciing toan mién [«]= [ {8} [E]iBja (4.24)
¢ Tinh cong ciia ngoai luc:
W(u)=- dQ
I{} {Ixs }T{Z}dmj Woal——'
V6i vectd tai trong nit {g} = [ jQ INJT {F}dQ+jrn IN)T (Ddl“} (4. 26)
% Tinh ndng luong tong:
n(1) = U(u) + W(u) =§{d}T [k Ja}-{a}" {e} (4.27)
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% Ap dung nguyén Iy cyc tiéu nang lugng:
LJi gidi phan t& hitu han (bi€n so cidp) nhan dugc bing cich cuc
ti€u phi€m ham trong (4.27) theo {d}

Min m(u) (4.28)
{a

o % _ [kl {gl=0 (4. 29)

Cong thuc (4.29) tao ra hé phuong trinh cAn bing cho hé khi phin
tinh véi mo6 hinh kha di dong.
< [kld}=1{s} (4.30)
Cong thuc (4.11) 1a mot hé phuong trinh tuy€n tinh. Ta gidi (4.30)
theo 4n {d} tim dugc vecto chuyén vi niit {d}. S& dung cdc quan hé (4.21), (4.22)
tim dudc cdc dai lugng khdc nhu ing suit, bién dang.
b. Trwong chuyén vi
» h-refinement
Xét ham xap xi don gian nhat ¢ dang tuyén tinh (twong ang 1a song tuyén
tinh hozc tam gi4c phang va cac phan tir ran), trudng chuyén vi phan tir {u;,} c6 thé
viét [100]:
{up} = 2ic1 Nid; = [N;]{d;} (4.31)
Trong d6: i: chi s quan hé cac nat
[N;]: Ham dang bac 1
{d;}: vector chuyén vi nit
n: s6 nat
Bang cach sir dung nguyén ly cong 4o, quan hé tng xt vat liéu va truong
chuyén vi xap xi theo phwong trinh phan tir hiru han la:
[ki){d:} = {g:} (4. 32)
Trong d6: [k;;]: ma tran d6 cing phan tir
{g;}: vector tai phan tir
[k;;i] va {g;} twong (rng véi ham dang bac 1 [N;]
» p-refinement
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Truong chuyén vi cia phan tir twong tu nhu phuong trinh (4.31) va
phuong trinh phan tir hitu han trong tng c6 thé duoc viét [101]:

S

{U}=Zn‘,Nida +2Nh,jdh,j :[Ni]{di}+[Nh]{dh} (4. 33)

i=1 j=1

Va cdc phuong trinh cin bing (4.33) tr§ thanh.

kii kih di fi
- 4.34
& e faite) 39

Trong d6:  [~,] 12 cdc ham dang nhu trong (4.20),
[N, ] 1a cdc ham dang Hierarchical,
{d,} 1a vectd chuyén vi p,
[k} [k ] va {£,} 1an lugt 1a cdc ma tran dd cing con va
vectd tai lién k&t v4i cac ham dang Hierarchical.
c. Co s6 noi suy Lagrange:
Trong khudon khd bai toin mot chiu, cho n diém dit liéu:
b ulx)), i= 1200, 0 16c d6 cong thitc ndi suy Lagrange di qua tip dir liéu
nay la mét da thic bac n—1 c6 dang:
n
u(x) =Y Ni(x)u(x;) (4.35)
i=1
Trong d6 tip hgp cdc ham N, (x) goi la cd sd Lagrange, hay la cdc ham

dang Lagrange (ham dang).

n XX X—Xx X—Xx X—X;_ X—X; X—X
Ni(X)EL,-(x)ZHj:] ! = L x 2 x.ox =Ly i L
Jei Xi TA; X T X X T X Xp = Xip X T Xy Xi—=Xp
(4.36)

Va tdp cac gid tri ndi suy u(x;) goila cdc gid tri nit hay vecto bac ty do
mo ta bai todn.

Cd s& ndi suy Lagrange trong xap xi (4.16) thoa man tinh tryc giao, nghia
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lvoli=j
Ni(xj) = Sij = {0 voii#j (4.37)

8;j: Kronecker delta

Do c6 tinh tryc giao nén cdc chuyén vi nit tim dudc trong phan tich phd‘n
tir hiru han h-refinement 1a cic chuyén vi tong (chuyén vi vatly) — ddy la mdt uu
diém ciia phuong phdp phdn tich phan tir hitu han ¢ dién.

VG6i bai todn téng qudt, cd sd Lagrange N, (x) trong phép nd1 suy
chuyén vi (4.20) c6 dugc bing cdch 14y tich theo cdc phudng trén cd s& (4.36).
Viéc ting bic da thifc x4p xi ddng nghia v6i viéc thém cdc nit trén miém khio
sdt va cd s§ ndi suy mdi can tim lai twong ¢ng véi tip cdc nit méi.

d. Ham dang Hierarchical:

Véi p-refinement, phép xap xi chuyén vi (4.33) dva trén co s3 cic da
thitc Legendre hay con goi 1a xap xi Hierarchical. Mot phép xap xi goi 1a xap xi
Hierarchical n€u khi ting bac da thic x4p xi, cdc ham dang tuong ¥ng véi cdc

bac thdp hon 12 khong thay d6i. Co s& cdc da thitc Legendre thda man tinh chat

BN

nay.
+ Da thiic Legendre
Céc da thic Legendre L.(x) dugc dinh nghia trong khodng [-1, +1]
nhu sau:
Ly(x)=1
1 d" n (4. 38)
Ln(x)=2nn!dxn [(xz—l) } n=1,2, 3, -
La nghiém ctia hé phuong trinh vi phén:
(]—xz)y”—2xy'+n(n+])y=0, —l<x<l1, i=01 2 3, - (4. 39)
Céc thudc tinh cta cédc da thitc Legendre.
a. Truc giao:
(L. L) = L)L (x)dx :L{l o omewn=j o (4. 40a)
2n+1 |0 Cdc truong hop khdc.
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b. Doi xiing:

L (—x)=(-1"L,(x), n=0 (4. 40b)
c. bé qui:
(n+1)L,, (x)=2n+1)xL (x)-nL, (), n>1 (4. 40¢)

d. Suw chudn hod:
L()=1, n>0 (4. 40d)
e. Bé qui vi phdan:
L, (x)=Q2n+DL,(x)+L; ,(x), n>1 (4. 40e)
f. Gidi ni
IL,(x)|<1,  -1<x<1 (4.40f)

Mudi da thitc Legendre dau tién:
Ly(x)=1,
L (x)=x,

— 1 2

Lz(x)—E(?ax -1),

L3(x):%x(5x2—3),
1
L,(x)= §(35x4 -30x" +3),
1 4 2
Ls(x):§x(63x ~70x" +15),
1
Lé(x):£(231x6—315x4+315x2—5),
1
L,(x)= Ex(429x6 ~693x* +315x” -35),
L(x)= %(6435)&5 ~12012x° +6930x* ~1260x +35),
Lg(x)zéx(HlSSxS—25740x6+18018x4—4620x2+315),
1

L (x)=——(46189x" —109395x* +90090x° —30030x" +3465x* —63).
10 256

(4. 40g)

+ Cdc ham dang Hierarchical:
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Trén co sd cdc da thic Legendre trong (4.38), hay tudng minh nhu

trong (4. 40g) cac ham dang Hierarchical tim dugc tit cong thic sau.

qnj(x)=,/%_j1Lj,(t)dt, j=2
dd (x f i —
N j( ): 2] 1L._1(x)
dx 2 !

1
oy L)

Cac ham dang Hierarchical (4.40c) c6 cédc thudc tinh:

= ®,(x) =

a. Triét tiéu trén bién.
Q;(-1)=0;(+)=0, j=22
b. Truc giao trén dao ham bdc 2.
lﬂﬂdx:{l néu i=j,
Jodx dx 0 cdc truong hop khdc

c. Doi xung.

D (—x)=(=1)) D ;(x)

d. Triét tiéu trén tich phdn vdi cdc ham bdc lé.

1
[ ®ax=0, j=3.57 -

e. Truc chuan.

2z j=i
(2i+1)(2i-3)
I - ! , =i-2
I@i(x)q)j(x)dx: (2i—3)J(2i—1)(2i-5)
-1
- ! . =i+
(2i+ D\J(2i—1)(2i +3)
0 cdc truong hop khdc

Cdc ham dang Hierarchical cho bai todn mot chiéu:
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Khdo sit phan tif mot chiéu hai nit trong hé toa do chudn —/<&<1
nhu hinh 4.2.

'_E
@ + L
1 0 1

Hinh 4.2. Phan t& mot chiéu 2 nit.

Cdc ham dang tai nit (bac 1):
1 N 1
PO=30-O VA RO=20+8)  (4.43)
Cac ham dang Hierarchical tim dudc ti cong thitc (4.41) tor bac 2-

10 nhu hinh 4.3 va bang 4.1
Bang 4.1. Cdc ham dang Hierarchical 1 chiéu

Bdc p Ham dang Hierarchical
2 Pz(f):ng—l)
3 Pa(éc):@f(fz_l)
4 p4<f>=ﬁ(554—652+1)
5 5<f>-if(7f ~10£7+3)
6 6({)—*/—(2156 3564 +1567 1)
7 p7(§)=%§(33§6—6354+3552—5)
8 pg(g"):g(429fs—924fs+63Of4—14052+5)
9 p9(§)=%5(715§8 1716¢° +1386¢ * —420£ 7 +35)
10 pm(f):g(zsz‘“—6435§8+600656—231054+31552—7)
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Hinh 4.3. P4 thi 10 hAm dang va dao ham cla ham dang Hierarchical 1 chiéu.
Cdc ham dang hierarchical cho bai todn phdng:
Phin t& tam gidc:
Khio sit phan ti¢ tam gidc déu trong hé toa dd chuin (&, n)
nhu hinh 4.4, cdc ham dang Hierarchical trén phin t& c6 thé chia thanh 3 nhém

sau:

Hinh 4.4. Phin t tam gidc trong hé toa do chuin.

Cdc ham dang tai nuit.

uesls )
_1 _n

LZ—E(H& \/EJ (4. 44)
-

L3—\/§

Cdc ham dang trén canh.

Ni(l)(Ew Tl)ZLJLz (Pi(LJ —Lz)’ (=2, P
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NP m)=LoLs 0i(Ls-Ly), i=2, p. (4.45)

Ni(j,)(&’ TI)ZL3L1 (Pi(LJ —Ls)’ i=2, -, p.
Trong d6 ¢, (x) la da thitc Lobato nhu dinh nghia & (4.41c¢).

1
@, x)=21-x) 0,5 (3) (4. 46)

Cdc ham dang trén mdt.

(p—1)(p-2)/2 ham dang trén mit, khi bac xdp xi P 2 3

Khip=3 N =L,L,L; (4. 47)
N =LLyLs Py(Ly~L;)
Khip = 4 (4. 48)
N® =L,L,L; P,(2L; ~1)
Trong d6 P,(x)la da thitc Legendre bac 1
N =L)LyL; P_j 5(L,~=L;)P;(2L; 1),

i=5p.
Trong d6 p, (x) 1a da thifc Legendre bac n
S6 bac ty do (dofs) ting v6i bac p clia phan tif tam gidc.

Bang 4.2. S& dofs trén phan tif tuong tng v6i bac p cho phan tif tam gidc.

. Dofs lién két | Dofs lién két | Dofs lién két Tong
Bdcp . A R .

tai nit trén canh trén mdt dofs
1 3 3
2 3 3 6
3 3 6 1 10
4 3 9 2 15
5 3 12 3 21
6 3 15 4 28
7 3 18 5 36
8 3 21 6 45
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Phin t& ti¥ giac:

n .
b / nit
4. ® 3
canh
#
4 _—
[ ® 2
1 1

Hinh 4.5. Phin tf t& gidc trong hé toa dd chuin
Cho phin tif tif dién 4 nit, 4 canh va 1 mit trong hé toa toa do
chuin (& ,7) nhu Hinh 4.5. Cdc ham dang trén phan t& c6 thé chia thanh 3
nhém nhu sau.
Cdc ham dang tai nuit.
C6 4 ham dang lién két tai 4 nit giéng nhu cdc ham dang
Lagrange bac 2.
N; =Fy(8)FyM) , Ny =Pi(§)Py(m) (4. 50a)
N3 =P(E)P(m) , Ny=PFy(&)P;(m) (4.50b)
Cdc ham dang trén canh.

C6 (p -1) ham dang lién k€&t v6i mdi canh khi bac x4p xi p>2:

N =P, (&)Py(n) (4.51a)
NI =P(&)P, M) (4.51b)
N? =P, (&)P)m) (4.51¢)
NZ = Py(&)P, () (4.51d)

Cdc ham dang trén mdt.

Cé6 (p - 2)(p - 3)/2 trén mit khi bac xap xi p>4.
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Bic 4:N{}) = P,(§)P(n),

Béc 5:Njj, = Py(€)Py(n), Njy) =P5(€)Py(n)

hoic vi€t dudi dang chi so:

NP, =P(E)P;M),

i,j=2,3,..,p=2,i+j=p

Trong d6 p 1a bac x4p xi, m 1a chi s6 ham dang.

(4. 52a)

(4.52b)

(4.52¢)

Cédc ham dang Hierarchical cho phan tif t& gidc tir bac bac 2

dén 8 tinh dudc nhu sau.

Bdc Hierarchical

Cdc ham dang trén canh

p 1

2 Py (€)Fy(m)

3 P3(E)Py(m)

4 Py(&)Py(n)

5 Ps(&)Py(m)

6 Ps(E)Py(m)

7 F(E)Fy(m)

8 Pg(E)Py(m)

Bdc Hierarchical

p 1 2
4 Py (E)Py(m)
5  Py&)P(m) P,()P3(m)
6 Py(€)P,(M) P;(&)P;(n)
7 Ps(€)Py(n) Py(&)P;(m)
8  F(&)P(n) P5(&)Ps(m)

2 3 4
Pi(&)Py(m) P(E)P(m) Fy(E)P,(m)
P;(§)P3(m) P;(&)P;(m) Py(&)Ps(m)
P(&)P4(m) Py(E)P;(m) Py(E)P;(m)
P;(§)Ps(m) Ps(&)P;(m) Py(&)Ps(m)
P;(§)Ps(M) Ps(&)P;(n) Py(&)Ps(m)
P1(E)P;(m) P;(E)P;(m) Fy(&)P;(m)
P;(§)Pg(m) Pg(&)P;(m) Py(&)Pg(m)

Cdc ham dang trén mdt
3 4 5
Py(&)Py(m)
P3(E)Py(m) Py (§)Ps(m)
Py(E)P;(m) P;(8)Ps(m) Py (E)Fs(m)
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Bang 4.3. S6 dofs trén phan tif tuong ng v4&i bic p cho phan tif tif gidc.

Bac p l),«OfS ‘liéia Dof:v lién két DofsA liénvké’t Tong
kéttai nut trén canh trén mdt Dofs

1 4 4

2 4 8

3 4 8 12

4 4 12 1 17

5 4 16 3 23

6 4 20 6 30

7 4 24 10 38

8 4 28 15 47

e. Anh xa hinh hoc véi phuong phdp ham trén:

Cédc ham 4nh xa clia mot phan tif tham sd, 12 mot phép bi€n d6i hinh hoc
gifta mot phan ¥ thdt trong hé quy chi€u (x, y) va mot phan tif chz trong hé tham
s6 chudn (&, ). Cdac ham dnh xa dugc si dung d€ tinh todn ma trin do cing,
vecto tdi trén phin tif chii va 4nh xa ching vé& mién vat 1y - thdt.

Mot phép dnh xa tt cAn phai:

e Don gidn trong viéc tinh todn.

e Phdi gilt dugc tinh lién tuc trong 15i gidi phan t hitu han cling nhu

trén bi€n hinh hoc.

e Kha nghich (ddm bdo tinh duy nhdt khi dnh xa)

Chi ti€t vé phép dnh xa, tinh todn Jacobian trong qud trinh phat trién h-
refinement ding tham s6 dugc dé cip phd bi€n [102 — 105]. Vi p-refinement cé
bién 1a cdc canh thing, phép 4nh xa va tinh todn Jacobian 12 hoan toan tuong tu
nhu h-refinement ddng tham s& [106, 107]. Tuy nhién, v6i phan t c6 bién phic
tap, dnh xa trén p-refinement yéu cau tinh chinh x4c cao hon vi 2 1y do sau:

e Khi st dung p-refinement trong phin tich, thudng thuc hién trén ludi

c6 kich thudc 16n.

e Yéu cdu tinh chinh xdc cla ma trin Jacobian trong viéc tinh todn ma

trdn dO ciing va vectd tai.
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* Phan tif tam gidc (p-refinement)
Trong hé toan mién (X, y), cho phan tif tam gidc c6 cdc bién cong dinh

nghia bdi cdc phuong trinh tham s nhu md ta trén hinh 4.6a:
{x=x1(§), , {x=x2(§,n), ¢, E{)C:xs(&, n) 4. 53)
y=y1(8) y=y2(8m) y=y3(&n)

St dung phuong phdap ham trén, phép dnh xa hinh hoc dugc dinh nghia

nhu sau:
x(&, )=L X, +L, X, + L3 X5
41, L —
+ ! 22 (xl(r)—l—er _H_erj
l_r 2 2 r:szLl

4L, L, 1-r_  1+r
+ Xy (r)—— X, ——L X
5 [ 2(r) 5 %27 3]]
r:L3—L2

-r

(4. 54)

[4L,L, ( I-r _  l+r
Xy (r)——— Xy ——L X,
2 2 r=Lj-L3

+ 2
1-r

Tuong tu cho y(g, n).

Trong d6 L, =%(1—§—%} , L, =%[1+§—%}, Ly =%.

n
¥ (XY

(XuY1)

(b)
Hinh 4.6. Anh xa bién hinh hoc.

+ Phin t t& gidc (p-refinement)
Tuong ty nhu phan t tam gidc, phép ndi suy toa do cho phan tir tif

gidc hinh 4.6 b ciing c6 thé dé dang tim dudc nhu sau:

79



1 1 1 1
x(& )= (1=n)x &)+ 2 (1+8)xs )+ (1 m)xs @)+ (1-E)xs )
1 1
—5 1=gli=n)X, - (1+&f1-n) X, (4.55)
1 1
Leeienx, ~ -2,
Tuong ty cho ham ndi suy y(&, n).
f. Phép dao ham cia cic ham nji suy:

Cdc ham ndi suy dudc vi€t trén phan t chuin theo cdc bi€n (&, 1). Tuy
nhién trong phuong trinh phan ti¥ (4.30) phép dao haim dugc 14y theo cdc bi€n
toan mién x, y. Thit vdy st dung phép ndi suy toa do nhu di trinh bay trong
4.2.2.e, dao ham ctia ham ndi suy thif i c6 thé vi€t nhu sau:

Trudng hop bai todn 2 chiéu .

ON; N ox oN;oy | ONif | ov Oy foN; i
og  ox o ay oe ) 0| _|0E &|] o Y ox 456
N, _oN ax N oy |72 a [N [T N, (%50
om  ox on oy om on on on Oy dy
o ox
J, J
Trong dé:[J]= AL ={ " 12}
O | [Ty I
o€ on
AN o) an,
ox | _rpr)oe | I | an egljee|_ L \Ju Jin|f o
- 6& _[J] ON; [~ detJ _8_x 8_x ON; | detJ Joy I ON; (4.57)
0y on on & on on

g. Tinh todn ma tran do citng phan tif va tich phian Gauss:
Viéc tinh todn ma trin dd ciing phin t& vi phin ti p hodn toan tuong ty
nhu phin t& A. Ma tran ciing phin ti trong cong thac (4.24) viét lai:
e Trong hé toa do thyc:
[K]e = er{B}T[E] {B}dQ, (4.58)

e Trong hé toa d6 chuén:

11

[k],= [ [[B] [P][B]det[J]d§ dny (4. 59)

-1-1
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St dung tich phan Gauss, cong thirc (4.59) c6 thé tinh nhu sau.

ZZW,WJ{ '[D][B]det[4]}(£,.7,) (4.60)

P
Trong d6: J: Jacobian ctia phép dnh xa hinh hoc
E.n; 1an lugt 1a toa dd Gauss theo cdc phuong toa do
W, W, 1an lugdt 12 trong s6 theo cdc phuong toa do
n, 1: s& di€m Gauss theo cdc phuong, gia tri tham khdo [108]
Néu phin ti c¢6 bién 1a cdc canh thing, s6 diém Gauss t6i thi€u trén
mién theo mdi phuong 14 p+1. V§i cdc phan tf c6 bién cong bic 2, s§ di€m
Gauss tdi thi€ula p+2.
4.2.3. Cau truc dit liéu va ty dong phat sinh ludi
a. Mién hinh hoc:
Mién hinh hoc dugc quin 1y bdi Geometry bao gdom di€m, dudng, mit

trong d6 cdc thong s6 d€ quan ly chiing nhu so dd & hinh 4.7.

geometry
.points (1,2,...,n) .curves (1,2,...,n) .surfaces
X type type
y .ipoint .icurves
.z .owner .order
.owner -ipoly
.ordered

Hinh 4.7. So dd t8 chitc quan 1y mién hinh hoc
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% Ham gmpoint(i, x, y, z): Nhdp vao toa d0 X, y, (z) cho di€m tht i,
i=1,2,.n.
e Geometry.points(i).x: Thong s6 quin Iy toa do theo phuong x cua
di€ém tht i. Tuong t¢ cho Geometry.points(i).y, bai todn 3D
Geometry.points(i).z.
e Geometry.points(i).owner: Thong s6 quin ly dudng thing (hoic
cong) di qua di€m thi i.
s Ham gmcurve(i, type, ipoints, nel): Nhap vao dudng tha i, i=1,2,..n, dudc
dinh nghia bégi ki€u dudng (thing hoic cong), cic diém dé xay dung né, s6
khodng chia d€ 1am min theo h-refinement trén né.
e Geometry.curves(i).type: Thong s6 d€ quin ly dang dudng, thing
type=line, cong type=pc cua dudng thi i.
e Geometry.curves(i).ipoints: Cdc di€ém dé xdy dung dudng i, néu
dudng i 1a thing thi kich thu6c clia ipoints 12 (1x2) va cong 1a (1x3).
e Geometry.curves(i).owner: Thong s6 quin Iy mit chita dudng i.
s Ham gmsurf(i, type, icurves): Nhadp vao mit thi i va cdc dudng gidi han
no.
e Geometry.surfaces(i).type: Quan 1y dang mat.
e Geometry.surfaces(i).icurves: Qudn ly cdc dudng giGi han mait i,
ddnh sd theo thit tu, cling chiéu, lién tuc.
e Geometry.surfaces(i). order: Quan Iy cdc di€m nit d€ xay dung cic
dudng gdi han mit i, loai bd diém giita cda dudng (néu c6).
e Geometry.surfaces(i). ipoly: Qudn 1y cdc diém d€ xdy dung cic
dudng géi han mit i bao gdm cd di€m niit va dém gifta clia dudng (néu
co).
e Geometry.surfaces(i). ordered: Sip x&p lai cdc di€m nit d€ xay

dung cdc duong géi han mit i, trong Geometry.surfaces(i). Order.
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b. Cau tric dif liéu ctia mién:
Trén cd s§ dit liéu quan 1y mién hinh hoc, cdc dic trung clia vat liéu,
cdc ma trdn @ng xt, tdi trong tdc dung, diu kién lién két ... dude xi 1y va dua
vao ciu tric dit liéu clia tirng mién hinh hoc thdng qua Domains nhu s6 dd hinh

4.8.

Domains (1,2,...,n)

.Etype

.Ndofs

MNen

.Coord

.Edof

.Dof

.Sdof

Ex

.Ey

Hinh 4.8. So dd t3 chitc quan 1y dif liéu cla mién
< Ham Mesh2d(i, Geometry, etype): Nhap vao mién hinh hoc tht i, ki€u
phan tf cia mién, trong qud trinh ty dong phdt sinh ludi va sé tao ra toa do
cia cdc di€m, ma héa bic tu do cho cdc di€m, ma héa bic tu do dén tung
phin tif trong mién, quin ly bic ty do trén c4c canh cia mién, quin 1y toa
dd theo cdc phuong dén tirng phan t.
e Domains(i).etype: ki€u phan ti ching han phan tr clia bai todn hai

chiéu v huéng 3 nit flw2t (Ndofs=1, Nen=3), 4 niit flw2i4(Ndofs=1,
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Nen=4), phin tif clia bai todn &ng sudt, bi€n dang phiang 3 nit plant
(Ndofs=2, Nen=3), 4 nut plani4 (Ndofs=4, Nen=4), ..
e Domains(i).Coord: toa d6 clia cic di€m trong mién sau khi chia ludi.
e Domains(i).Edof: ma héa bic ty do clia ting phan ti trong hé toa do
clia mién.
e Domains(i).Dof: ma héa bac ty do trong mién.
e Domains(i).Sdof: mi héa bac ty do trén cdc canh ciia mién.
e Domains(i).Ex, Domains(i).Ey: quén ly toa dd theo cdc phuong cia
tirng phan t trong mién.
c. Giai thuit phat sinh lugi:
Thong s6 dau vao:
Toa d6 ctia cdc di€m nit va canh (néu c¢6) clia mién.
N1=s6 khodng chia trén canh 1.
N2=s6 khodng chia trén canh 2.
for i=1 dén (N2 +1)
for j=1 dén (N1 + 1)
x=x(j,1);
y=y(1);
Coord=[x y];
Dof=j+(N1+1)(i - 1);
Edof=Edof(mdi phan ti);
Sdof=Sdof(canh 1, canh 2, canh 3, canh 4);
Ex=Ex(theo phuong x clia mdi phan tr);
Ey=Ey( theo phuong y clia mdi phan ti);
end

end
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d. Gidi thuat tinh to4n, 1ip ghép trén mién:
for i=1 d€n (sd phan t clia mién)
K.=K,(tinh cho mdi phan ti¥);
K nign=14p ghép (K. vio ma tran do ciing K¢, cda mién);
f.=f.(tinh cho mdi phan ti¥);
fmien=1ap ghép (f. vao véc td tai fs, clia mién);
end
e. Giai thuat ma héa bic ty do ctia mién trong toan ké&t cau:

Sau khi tinh todn va x& 1y trén mién ta ¢c6 dugc ma trin do ciing (ma trin
cdc hé s6 doi v6i cdc bai todn khong phdi dan hdi), véc-to tdi cia mién. Viéc lip
ghép chiing vao ma trin do cling va véc-to tdi toan mién clia k&t cAu cin phdi
dudc ma héa bac ty do clia mién trong toan k&t cAu va gidi thudt ma héa dugc
thé hién nhu sau:

for i=1 d&€n (sd mién trong k&t cau)
Tim cdc canh chung giita cdc mién;
Loai bd b6t bac tu do trén cdac canh chung;
Tim cdc nit chung gita cdc mién;
Loai bd bét bac tu do trén cdc nit chung;
Ma héa lai bac tu do trén cdc canh;
Ma héa lai bac tu do trén cic nut;
Ma héa lai biac ty do trong cdc mién;
end
f. Gidi thuat lip ghép mién vao toan ké&t cau:
for i=1 dé€n (s6 mién trong k&t cau)
K=1ip ghép (Ki¢n vao ma trin do citng K clia k&t cau);
f=14p ghép (fmien vao véc to tdi f clia k&t cau);

end
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g. Gidi thuat khai bdo tdi trong tap trung trén niit va tai trong phian bé
trén canh:

Viéc tinh todn tdi trong khoi da dudc x{t Iy trong khi xdc dinh ma trin d6
ciing K. clia phan ti. Tuy nhién tdi trong tip trung va t3i trong phin bd trén
canh dugc x 1y nhG vao hai gidi thuét sau:

e Taitrong tip trung:
Thong s6 dau vao: [nit chiu tdi, gid tri cla ti]
C =tim canh chia niit chiu tai (chi cin 1 canh dau);
Sdof =tim bac ty do cia canh C ;
£(& vi tri chju tdi)=tim vi tri Sdof (& vi tri ndt chiu tdi);
f(& vi tri chiu tdi)=gdn gid tri cua tai.
e T4&i trong phan bd trén canh:
Thong s& dau vao: [canh chiu tdi, gi4 tri cla ti]
Tim toa d0 cua cdc nut trén canh chiu tai;
Tim khodng cdch I; gitra cdc nit;
Qui tdi trong phin bd trén chiéu dai 1; vé 2 ndt cla Ii: q;, Qii,
(qi,qi+1)=g(l;,gid tri cda tdi); véi tdi phan b6 déu qi=q;, =lix gid
tri cia tai/2;
Sdof = tim bac tu do clia canh chiju tai;
f(i,i+1)= tim Sdof (i,i+1);
f(1)= gan q;;
f(i+1)= gan qi.1;
h. Gidi thuit 4p diit diéu kién bién trén nit va trén canh:
e Ap dit diéu kién bién cho nit:
Thong s6 dau vao: [ndt chiu rang budc, gid tri cia ring budc]
C’= tim canh chita nit chiu rang budc(chi cin 1 canh diu);

Sdof = tim bac tu do clia canh C';
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Nghiém u(8 vi tri rang budc)= tim Sdof (& vi tri ndt rang budc);
u(G vi tri rang budc)= gan gid tri rang budc.
e Ap ditdiéu kién bién cho canh:
Thong s& dau vao: [canh chiu rang budc, gi4 tri rang budc]
Sdof = tim bac tu do cia canh chiu rang budc;
u(Sdof )= gdn gid tri cia rang budc;
i. Giai thuat phat sinh p (bac da thitc xap xi):

Khic vé6i ty dong phdt sinh 1udi trong h-refinement, khi chon s6 Iu6i can
phét sinh trén cdc mién hinh hoc thi chuodng trinh sé& tu dong chia cdc mién hinh
hoc thanh s& phdn t tuong ng. Pdi vdi p-refinement khi bac da thitc p chon
khdc nhau thi mién hinh hoc khong chia thém phin tf ma chi tv dong ting bic
clia da thifc x4p xi twong ng nhung sd nit trén phan ti thi khong ting. Piéu nay
dugc gidi thich trong 1y thuyét xay dung cdc ham dang Hierarchical — trudng
chuyén vi Hierarchical tim dugc khong phai 1a chuyén vi vat 1y trén phan tu.
Mudn tim trudng chuyén vi vat Iy trén phan tif ta phdi thay cdc toa do vao cic
ham dang Hierarchical rdi nhin vdi trudng chuyén vi Hierarchical tim dugc.

Ciing xudt phat tr Iy thuyét co sd xdy dung nhitng ham dang
Hierarchical, cédc dai lugng nhu ma trin do ciing K véc to tdi f, dam dang ... déu
mang tinh dé qui c6 nghia 13 khi da thitc xap xi ting bic thi cdc dai lugng tuong
ttng & bic cao s& bao gom cic dai lugng d6 & bac thap ghép ndi thém vdi phan
tuong tng ting bac. Dva trén cd sG ¢ qui ludt nay, gidi thudt tw dong phat sinh p
trong p-refinement s& gap thudn lgi.

D4i véi cac dinh nghia vé mién hinh hoc, tinh todn, lip ghép,khai bdo tdi
trong nit, tai trong dudng, 4p dit diéu kién bién ... khong thay doi. Riéng trudng

hdgp xr 1y p sé dugc trinh bay qua cdc gidi thuit sau:
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Gidi thudt tinh cdc ham dang Hierarchical va md héa béc ty do ciia phan
tik trong toan mién:
for i=1 d&n (sd mién)
Npei= NpieitNpacicpteoyei s  (Cdc ham dang Hierarchical Gng
véi phan i & bac p)
Edof, . ;= Edof, | ¢ i +Edof 3¢ iep theoyei 3 (M@ hda bac ty do toan
mién cho phin tr & bac p)
end
Gidi thudt tinh todn ldp ghép trong p-refinement:
for i=1 d&n (sd mién)
K, =K, (tinh cho mdi phan t);
K=ldp ghép (K, vao ma trdn do cing K cla két ciu);
fye=fpe (tinh cho mdi phan tir);
f=1dp ghép (f, vao véc to tai f ctia k€t cau);
end
j- Gidi thuat khai bdo tdi trong tap trung trén nit va tai trong phian bé
trén canh:
e Tdi trong tip trung:
Thong s& dau vao: [nit chiu tdi, gid tri clia tai]
C'=tim canh chda ndt chiu tai (chi cin 1 canh diu);
Edof =tim bac tu do tng v4i bac p cua canh Cc
f(& vi tri chju tdi)=tim vi tri Edof (& vi trf nit chiju tdi);
f(G vi tri chiu tdi)=gdn gia tri cua tai.
e Téi trong phan bd trén canh:
Thong s& dau vao: [canh chiu tdi, gi4 tri cla ti]

Tim toa d6 cua cdc nit trén canh chiu tai;
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Tim khodng cach I; gitra cdc nit;
Qui tdi trong phan bd trén chiéu dai 1; vé 2, hodc 3 nit (tuong
ttng véi p bdc 1 hay bdc cao cia i qi, qir1, (Qix2)s (isGis1s
(qis2))=g(l;,gid tri clia tdi); v6i tdi phan bo déu q;=qi, =1, X gid tri
cla t4i/2; (qio=-1; X gid tri cha t3i/+/6)
Edof = tim béc tu do cia canh chiu ti;
f(i)= tim Edof (i);
f(i)= gan q;;
f(i+1)= gan qi.1;
(f(i+2)= gan qis2);
k. Gidi thuat 4p d:it diéu kién bién trén niit va trén canh:
e Ap dit diéu kién bién cho nit:
Thong s& dau vao: [nit chiu rang budc, gid tri clia rang budc]
C'= tim canh chita nit chiu rang budc(chi cin 1 canh diu);
Edof = tim béc tu do ctia canh C;
Nghiém u(8 vi tri rang budc)= tim Edof (& vi tri nit rang budc);
u(G vi tri rang budc) = gan gia tri rang budec.
e Ap dit diéu kién bién cho canh:
Thong s& dau vao: [canh chiu rang budc, gid tri rang budc]

Edof = tim bac tu do cia canh chiu rang budc;
u(Sdof")= gdn gid trj ctia rang budc;

Céc két qua chuyén vi, &ng suit ... vat 1y (thuc) c¢é dugc sau khi tic dong lai

cac ham dang Hierachical.
1. Gidi thuat giai hé¢ phuong trinh dai s tuyé&n tinh:

Nhép ma trin K; kich thuéc K(n,n).

Nhép véc to f; kich thudce f(n,1).

Nhap hé s6 chinh Iy M ( nén chon 1/100);
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Cho trudc bd nghiém ban dau bat ky x
Gidi: r® = f —Kx;

flat=1;

while flat =1

fori=1—n

700 (0 1\ ;

Bii=pia/Piss

p(l) — Z(ifl) +Bi,1p(i71);

else

end
end

end

).
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4.3. Két qua va thio luin

4.3.1. Sai sb twong d6i ciia niing lweng bién dang va chi sé dé tin cay (Trinh

bay cu thé trong muc 4.1)
Phuong trinh can bing (nghiém manh):
Lu=f=Lu-f=0, ueQ

Nguyén ly cdng a0 (nghiém yéu):
[v(Lu—f)dQ=0; uveQ
Q

biéu kién bién Dirichlet:;

u=0 on I,

Tim nang lugng u €V thoa man phuong trinh (4.63):

B(u,v) =L(v) vveV

Trong do:

B(u,V) :J'g(v):o-(u)dQ

Iy
Véi: V 1a mién khao sat

B(u,v) 1a nang lugng

L(v) la cong.

Ning luong bién dang:
1
U (u) :EB(u,u)

Chuéan ning luong:

HUHE(Q) =B(u.u)
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L(v):jv.f dQ+ jv.t‘dr
Q

(4.61)

(4.62)

(4.63)

(4.64)

(4.65)

(4.66)



Sai s6 e va sai sb chuin ning luong HeHE(Q) trong mién khao sat:

e=u-u,
el = U=t e
Trong d6: U la nang luwgng chinh xac
u, 1a nang lugng xap xi FEM.

Sai s6 chuan nang lugng:

1€, [l =ITu—u, |l

E(Q) E(Q)— W
Trong do: k, # 1a hiang s6 duong

N s bac tu do.

(4.67)
(4.68)

(4.69)

Str dung so dd ngoai suy Richardson, sai s6 ¢d thé duoc viét dudi dang ning

lugng:

k2
2
” eh ||E(Q): 2 ”U _Uh ||E(Q): Nzﬂ

Trong do: U = %”u”; la nang lugng chinh xac

U = l||u || 12 néng luong FEM
2 1Mo ' '

h

Sai s6 twong doi cia ning lweng bién dang:

x100%

77FEM (/0)

779)(”3 (%) h = X]-OO%
U
Do tin cay:
& Chi s hiéu dung:

H — nextra
UFEM

& Chi s6 déu
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" 1/2
SD = BZJ(@ - 9)2] (4.74)
Trong d6: @ la gia tri trung binh cua 0
" Mét ky thudt ddnh gid tin cdy néu: véi 1 < (%) < 10, 0.8 < 0< 1.2, lic dé
SD < 0.2 (/94]).
Hinh 4.9 thé hién cau trac chuong trinh code Matlab.

Start
/(np_ut data <
s Y
. Geometry
N functions
1
\
[ Pre-Processi
Pre-Processing |e re-trocessing
- functions
1
Connectivity
e .
function
\ S
v
' . ™
Processin < Processing
EssImg functions
\, ‘JE
' \L i '\\
. Post-Processing
= functions
L.
\
( i I
Post-Processing Grap caly
= functions
\. S
R
s )
P Error estimation
functions

Hinh 4.9. Céu trtic chuong trinh
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4.3.2. Ung dung 1: Bai to4n 156 vudng trong tAm vo han chiu kéo

—— - —————. e — —
- | e
- a | -
-« | >
— —
- d e T y S
-— >
-— ¥ —

0. X ¢ a > d > 0.

Hinh 4.10. TAm L - M6t phan tu cua tim ¢6 16 vudng chiu kéo
Phan tich phan ti hitu han duoc thuc hién trong truong hop bién dang phang trén
mot phan tu cta tim véia=1, 0, = 1 va dic trung vat liculAE=2va v=0.3
Ning luong bién dang chinh xac [94]:

2,2
o’a

1
E||u||2E o = 415454423 (4.75)

Thé cac gia tri 0., a, E d4 cho vao cong thuc (4.75), két qua nang luong bién
dang chinh xac: = llull? ., = 2.077272115 (kJ)

Két qua phén tich phén tir hitu han

Finite Element Model

A A
2l 7 oz

Fiaral
T

550

AR

0.8

06}

0.4

0.2F

L A ]

[~
L
|~

0_

0 0.5 1 15 2

Hinh 4.11. M6 hinh phan tt hitu han lu6i déu (uniform mesh)
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Funuto Elemont Model

i

InypLiayy

E?ﬁ 3

235

Displacemant fiald in x direction

Noemal Stoess fisld in the x dirsction

n tir hitu han grade mesh

h 4.12. Két qua pha

in

H
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Bang 4.4. Két qua sai sb tuong dbi cua h-refinement (uniform mesh) va h-

refinement (grade mesh)

) h-refinement h-refinement
SO (uniform mesh) (grade mesh)
Mesh phan | Dofs | 1 2 Thoi " o 1 2 Thoi 7 fi
tr 2 E(9Q) ian FEM extra | o E(9Q) ian FEM extra
FEM g(s,) ") | (0 FEM g(s) *0) | (0

18x18x1 | 243 560 2.04877 0.755 2.850 | 8.128 2.04218 0.779 3.510 | 9.018
28x28x1 | 588 1290 | 2.06068 4.702 1.659 | 6.201 2.05910 4771 1.817 | 6.490
36x36x1 | 972 | 2090 | 2.06462 18.933 | 1.265 | 5.415 2.06435 18.652 | 1.293 | 5.473
46x46x1 | 1587 | 3360 | 2.06727 75.811 | 1.000 | 4.814 | 2.06765 75.390 | 0.962 | 4.722
54x54x1 | 2187 | 4592 | 2.06856 194.197 | 0.871 | 4.493 2.06915 191.501 | 0.812 | 4.338
62x62x1 | 2883 | 6016 | 2.06945 439.790 | 0.782 | 4.257 2.07014 427.941 | 0.713 | 4.064

Bang 4.5. Két qua sai sb tuong dbi caa p-refinement (uniform mesh) va p-

refinement (grade mesh)

) p-refinement p-refinement
SO (uniform mesh) (grade mesh)
Mesh | phan | Dofs 1II 2 Thoi " o 1II 2 Thoi n fi

tir 5 IUlE ian FEM extra | 5 UlEQ) ian FEM extra
* EMm g(s,) @) | @) | ®rem g(s,) *0) | ()
18x18x1 | 243 560 2.04877 0.755 2.850 | 8.128 2.04218 0.735 3.510 | 9.018
18x18x2 | 243 1604 2.06834 3.668 | 0.893 | 4.549 2.07179 3.596 0.548 | 3.564
18x18x3 | 243 | 2648 | 2.06915 | 10.055 | 0.812 | 4.338 2.07214 9.848 | 0.513 | 3.448
18x18x4 | 243 | 4178 | 2.07079 | 27.926 | 0.648 | 3.876 2.07273 27.917 | 0.454 | 3.243

Bang 4.6. Két qua sai sb tuong d6i caa h-p-refinement (uniform mesh) va h-p-

refinement (grade mesh)

h-p-refinement h-p-refinement
Sh (uniform mesh) (grade mesh)
Mesh | phan | Dofs 1|| 2 Thoi | . 1II 2 Thoi | A

tor 5 Ul ian FEM extra | 5 IUlE(o) ian FEM extra
rem | 9 | 00| 09 [Trew | g | 9 | O
24x24x1 | 432 | 962 | 2.05455 2211 | 2.272 | 7.257 | 2.05455 2175 | 2.272 | 7.257
22x22x2 | 363 | 2356 | 2.06948 | 10.506 | 0.779 | 4.249 | 2.07224 | 10.331 | 0.503 | 3.413
20x20x3 | 300 | 3242 | 2.06968 | 18.376 | 0.759 | 4.194 | 2.07234 | 17.814 | 0.493 | 3.382
18x18x4 | 243 | 4178 | 2.07079 | 28.213 | 0.648 | 3.876 | 2.07273 | 28.046 | 0.454 | 3.243
16x16x5 | 192 | 4930 | 2.07152 | 36.201 | 0.575 | 3.650 | 2.07299 | 35.661 | 0.428 | 3.148
14x14x6 | 147 | 5336 | 2.07195 | 38.891 | 0.532 | 3.512 | 2.07314 | 38.259 | 0.413 | 3.093
12x12x7 | 108 | 5306 | 2.07218 | 33.953 | 0.509 | 3.434 | 2.07322 | 34.050 | 0.405 | 3.063
10x10x8 | 75 | 4822 | 2.07229 | 24.108 | 0.499 | 3.399 | 207325 | 23.797 | 0.402 | 3.053
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Hinh 4.13. Quan hé giita sb bac tu do va ning luong bién dang cua h-refinement
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Hinh 4.14. Quan hé giita s6 bac tu do va nang luong bién dang cua p-refinement
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Hinh 4.15. Quan hé giita s bac tu do va ning luong bién dang cua h-p-refinement
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Hinh 4.16. Quan hé giita s6 bac ty do va sai s6 gan dung cua h-refinement
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Hinh 4.17. Quan hé giira s bac tu do va sai s6 gan ding cua p- refinement
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Hinh 4.18. Quan hé giita sb bac ty do va sai s6 gan dung cua h- p- refinement
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Nhan xét:
Thong qua Hinh 4.16 — Hinh 4.18, cho thiy téc do hoi tu cua sai s6 gan
dung 7,.,.0 rat nhanh va dat d6 6n dinh cao trong truong hop phuong phap phan tir
hitu han véi h-p- refinement.

Gia tri cua sai s6 gan ding 7 oxtrq rONg truong hop phuong phéap phan tu
hitu han véi h- refinement tiém cin dén 4% (Bang 4.4), dat gia tri 1an can 3% (Bang
4.6) khi luéi duoc tinh chinh va ting sb bac phan tir trong viéc st dung ky thuat
ngoai suy Richardson. Pay la cong cu dugc danh gia hi¢u qua, c6 do tin cay cao.
4.3.2. Ung dung 2: Bai toan méi han giap moi thép AISI 1018 bing laser
chiu kéo
Tham khao Hinh 1 & 2 trong [11], nghién ctru sinh d& xuat md hinh han laser

chiu kéo thé hién trong Hinh 4.19:
1 2 2 1
\ L [ o

N |/ I N =

(1) Vung kim loai nén  (2) Vang anh huéng nhiét  (3) Vung han
Hinh 4.19. Md hinh han laser chiu kéo
Vit liéu kim loai nén 1a thép AISI 1018 vi md-dun dan hoi E = 205 GPa, va
hé s6 Poissons v = 0.29 ([109, 110])
Thong sé han: cong suat laser 9.5 kW, toc d6 han 10-15 mm/s, ngudon nhiét
dau vao 950 J/mm [11]
Kich thudc trong hinh 4.19 lan lwot; AL =100 mm, H=8mmvat=1mm.

L=

Do bén kéo ctia moi han laser sau khi kiém tra: ¢ = 562 MPa [11]
Thé tich V = L x H x t = 800 mm°
Theo [111, 112], nang lugng chinh xac U tinh theo céng thirc:
y-toV
2 E
= Gid tri ciia nang lwong chinh xac la U = 0.616281 kJ

(4.76)

Phan tich phan tir hitu han duoc thuc hién trong trudng hop bién dang phang.
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a. Két qua h- refinement
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Hinh 4.20. M6 hinh va két qua phan tir hitu han lui 1x1x1 cua h- refinement

Normal Stress field in the x direction
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Displacement field in x direction 18
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Hinh 4.21. M6 hinh va két qua phan tir hitu han lugi 5x5x1 cua h- refinement
(uniform mesh)
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Deformed model
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Hinh 4.22. M hinh va két qua phan tir hitu han lugi 10x10x1 cua h- refinement
(uniform mesh)
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Normal Stress field in the x direction
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Hinh 4.23. Mo hinh va két qua phan tir hitu han lugi 15x15x1 cua h- refinement

(uniform mesh)
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Hinh 4.24. M6 hinh va két qua phan ti hitu han lugi 20x20x1 cua h- refinement

(uniform mesh)
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Bang 4.7. Két qua sai sb turong d6i, chi s6 hiéu dung, chi sé déu cua h- refinement

(uniform mesh)

- sS4 _Nﬁng lugng B Nang luong (?PU
Ludi X Dofs | bién dang FEM | bién dang EXTRA time
phan ti () () (s

10x10 | 500 | 1122 | 0.614324438 | 0.6151587149 4311
11x11 | 605 | 1344 | 0.614415158 | 0.6151357316 6.466
12x12 | 720 | 1586 | 0.614489235 | 0.6151203606 | 10.007
13x13 | 845 | 1848 | 0.614550606 | 0.6151100296 | 15.431
14x14 | 980 | 2130 | 0.614602102 | 0.6151028451 | 23.057
15x15 | 1125 | 2432 | 0.614645795 | 0.6150978253 | 33.682
16x16 | 1280 | 2754 | 0.614683239 | 0.6150942646 | 49.702
17x17 | 1445 | 3096 | 0.614715611 | 0.6150917687 | 66.657
18x18 | 1620 | 3458 | 0.614743821 | 0.6150899289 | 92.058
19x19 | 1805 | 3840 | 0.614768580 | 0.6150885422 | 122.959
20x20 | 2000 | 4242 | 0.614790452 | 0.6150875415 | 166.091
Dofs ’(70;3” '(70/;) 0 o SD

1122 | 5634525995 | 3.682658519 | 0.653588

1344 | 5502347809 | 3.422580574 | 0.622022

1586 | 5.392015867 | 3.203154843 | 0.594055

1848 | 5208867385 | 3.015730461 | 0.569129

2130 | 5.219426836 | 2.853210237 | 0.546652

2432 | 5151060698 | 2.710887540 | 0.526278 | 0.535667 | 0.019528
2754 | 5.001743887 | 2.585019044 | 0.507688

3006 | 5.039898373 | 2.472948899 | 0.490674

3458 | 4.994279531 | 2.372119294 | 0.474967

3840 | 4.953894817 | 2.280763997 | 0.460398

4242 | 4.917944624 | 2.197735303 | 0.446881
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FEM and Extrapolation Strain Energy
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Hinh 4.25. Quan hé giita s6 bac tu do va ning luong bién dang cua h- refinement

Exact and Estimated Relative Error
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Hinh 4.26. Quan hé giita s bac tu do va sai sé twong dbi cua h- refinement
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Hinh 4.27. Quan hé giira s bac tu do va chi sb hiéu dung caa h- refinement
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Nhén xét: Tuong tng véi kich thude ludi, sé phan tr, sé bac ty do, Bang
47 cho thdy két qua sai sd twong d6i cta ning luong bién dang la
5.634525005> 77 ... (%) > 4.917944624, 3.682658519> 7, . (%) > 2.197735303,

chi s6 hiéu dung @ trong khoang (0.653 — 0.446), 6,

h—refinement

=0.535667 va chi s6 déu

SD =0.019528. Két qua nay Ia rat kha thi, théa man 1 < n (%) <10, <

h—refinement
1.2, SD < 0.2 ([94]).
Hinh 4.27 cho thay tdc d6 hoi tu cua trudng hop h- refinement 12 rat tot.

b. Két qua p- refinement
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Hinh 4.28. Két qua phan tir hitu han luéi 4x4x2 caa p- refinement (uniform mesh)
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Hinh 4.29. Két qua phan tir hitu han luéi 4x4x5 caa p- refinement (uniform mesh)
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Normal Stress field in the x direction
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Hinh 4.30. Két qua phan tir hitu han luéi 4x4x8 caa p- refinement (uniform mesh)

Bang 4.8. Két qua sai s6 twong ddi, chi s hiéu dung, chi s6 déu caa p-

refinement (uniform mesh)

BAcC sS4 _I,\Iﬁng luong By Nang lugng (?PU
da thire ohan ti Dofs | bien dang FEM | bi¢ n dang EXTRA time
(kJ) (KJ) (s)

3 946 | 0.6153716271 0.6162412117 1.338
4 1474 | 0.6155020466 0.6155621713 2.509
5 2162 | 0.6155502623 0.6155911812 5.415
6 %0 3010 | 0.6155853998 0.6157916617 11.768
7 4018 | 0.6156130668 0.6158877709 24.952
8 5186 | 0.6156326251 0.6157169343 49.870

Dofs 270;3” ’(7%) 0 o SD
946 | 3.841329993 | 3.756475407 | 0.977910103

1474 | 3.555218998 | 0.988304002 | 0.277986814

2162 | 3.443430762 | 0.815296901 | 0.23676878

3010 | 3.359622269 | 1.830174929 | 0.544756161 0-500616 | 0103634

4018 | 3.292131168 | 2.111941071 | 0.641511824

5186 | 3.243573294 | 1.170165056 | 0.360764179
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FEM and Extrapolation Strain Energy
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Hinh 4.31. Quan hé giira s6 bac tu do va ning luong bién dang cua p- refinement
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Hinh 4.32. Quan hé giira s bac tu do va sai s twong dbi cua p- refinemen
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Hinh 4.33. Quan hé giira sb bac tu do va chi sb hiéu dung cuaa p- refinement
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Nhén xét: Tuong tng véi kich thude ludi, sé phan tr, sé bac ty do, Bang
4.8 cho thdy két qua sai sd twong d6i cta ning luong bién dang la

3.841329993> 7, (¢ (%) 2 3.243573294,  3.756475407 217, .. (%) > 0.815296901,

chi s6 hiéu dung 6 trong khoang (0.9773 — 0.236), §p - =0.506616 va chi sb

efineme

déu SD =0.103834. Két qua nay la rat kha thi, théa man 1 < n (%) < 10,

p—refinement
0<1.2,8D<0.2([94)])

Tu Hinh 4.27 va Hinh 4.33: Mac du duong cong hoi tu cua h- refinement
min hon, nhung p- refinement cho thiy toc d6 hoi tu nhanh hon nhiéu véi s6 luong

phan tir, bac tu do it hon va chi phi tinh toan thip hon.
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Chuwong S
KET LUAN VA HUONG PHAT TRIEN

Két qua dé tai luan an 1a co so dé phét trién cac bai toan phuc tap hon, tham chi
ca bai toan 3D, ciing nhu &p dung c6 cac vat liéu khac nhau. Béng thoi, luan an
ciing gép phan rat ngan khoang cach gitta md phong va thuc nghiém; nham tiét
kiém vat liéu, cdng sirc, thoi gian; dem lai hiéu qua, niang suat cao trong tién hanh
thi nghiém va thuc té san xuat. Cu thé nhu sau:

> Phuong phép tuin tu (sequential method) duoc sir dung dé xac dinh nguoc
gia tri hé sb hap thu va kich thudc méi han diém bang laser. Hai ¢ng dung véi gia
tri hé s6 hap thu 1a hang sb va hé sé hap thu 13 ham sb mii theo thoi gian gia nhiét
duoc thuc hién, cho thiy viéc xdce dinh ngwoc hé so nay bang phwong phdp dé xuat
dat sai s6 nhé hon 1.5%. DPong thoi, gid tri kich thiréc moi han: chiéu réng va chiéu
sAu moi han dat sai sé lan lwot 1a nhé hon 0.3% va 0.5 % so véi gid tri mong mudn.
Tuy nhién, théng tin nhiét do caa cam bién duoc trich xuat tir bai toan thuan
khi hé s6 hap thu duoc gia dinh biét truéc va sai s6 do luong ciing duoc dua
vao bing viéc st dung cac cong thirc Iy thuyét vé xac suat. Hwéng phat trién:
tien hanh thec nghiém nham do dat truong nhiér d@é thuc té va kiém nghiém
két qua tinh todn md phdong dé ching minh cho bai toan ca vé ly thuyét va
thyc tién
> Thuat toan tién hoa vi sai cai tién (MDE — Modified Differential Evolution),
thuat toan di truyén (GA — Genetic Algorithm) va thuét toan JAYA duoc sir dung
dé thyuc hién téi wu héa ngwec thdng so dau vao cia mai han laser cho thép khong
g7 AISI 416 va AlSI 440FSe nham dat dwoc kich thuéc méi han (kich thuéc méi han
dwoc cai dat tréc): bé rong mbi han - Weld Zone Width “WZW e’ (um) va do
ngau mdi han - Weld Penetration Depth ‘WPD ;" (um). Két qua tdi wu cac tham sb
dau vao: cdng suat laser - Laser Power ‘LP’ (W), téc do han - Welding Speed ‘WS’
(m/min), va duong Kinh sgi quang - Fiber Diameter ‘FD’ (um) cua thuat todn GA
Véi trong s6 A = 0.1 dugc so sanh vai vai két qua thuc nghiém do dat bai Khan [31]
Vvoi sai s6 tuong tng la 1,89%, 4,80% va 2,92%. Bén canh d6, luan an cling trinh
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bay so sanh két qua tdi wu giira ba giai thuat ngau nhién néu trén: Thuat toan MDE
c6 chit lugng va hiéu qua vuot troi so véi cac thuat toan JAYA va GA. Két qua toi
vu cua thuat toan MDE tiép tuc dugc so sanh véi véi két qua thuc nghiém do dat
boi Khan [31] véi sai s6 dudi 10%.
Bén canh d6, gia tri cua trong s6 A trong hé phuong trinh (3.4) duoc chon
ngiu nhién va thay doi tri so bang tay. Hwéng phat trién: thuc hién ti wu héa
da muc tiéu cac thdng sé dau vao va trong sé A; sir dung thudt todn tién hoa vi
sai cdi tien (MDE — Modified Differential Evolution) téi wu bé trong sé cua
md hinh mang no-ron nhan tgo (Artificial neural networks — ANN) dé nhan
dang théng sé dau vao nham kiém so4t kich thugc méi han can dat.
> Giai thuat ty dong phat sinh luéi va tu dong ting bac da thirc xap xi duoc
thue hién gidp cho cong viéc tinh toan linh hoat va da dang. Phwong phéap phan tir
hitu han véi h- refinement va p-refinement dugc dé xuat trong luan an nay. Két qua
gia trj sai s6 chuan nang lugng bién dang N yyirq €O bai todn 16 vudng trong tm vo
han chiu kéo bang phuong phap phan ti hitu han véi h- p- refinement dat gia tri 1an
can 3%. Pong thoi, viéc ddnh gid d tin c@y phwong phdp phan tir hitu han véi h-
refinement va p-refinement cho mai han giap moi thép AISI 1018 bang laser di dem
lai két qua rat kha quan. S6 luong luéi dugce khao sat cho h- va p- refinement lan
lwot 12 11 (bac da thirc p = 1) va 6 (bac da thac p = 3 + 8). Két qua gié tri sai s6
turong dbi nam trong pham vi cho phép, dudi 10%. Ngoai ra, véi ki thuat ngoai suy

Richardson di dat dwogc gia tri rat kha thi: sai sé twong dbi n" (%) = 3.756475407

& n™(%)=0.815296901, chi sé hieu dung =0.535667 &

h—refinement

=0.506616 va chi s6 du SD =0.019528 &

p-refinement h—refinement

SD =0.103834, théaman: 1 <7 (%) <10, 6<1.2, SD <0.2 [94].

p-refinement
Huwéng phét trién: ap dung tich hop h- va p- refinement, phdn tich nguwoc bai
toan nham lwa chon phi hop logi vt lidu, gia tri tdi trong cho méi han néu
trén nham tao ra két cau nho gon, va ddng thdi ma rong cho mot sb bai toan ba

chiéu trong thuc té.
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