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1ISO International Organization for |To chirc tiéu chuan héa quoc té
Standardization
IGS Initial Graphics Exchange Dinh dang t€p mo6 hinh CAD 3D
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CAC KY HIEU TRONG MO HINH TOAN

Ky hi¢u Y nghia Dom vi (Thi
nguyén)
a,b Kich thudce elip theo truc y, z (m)
C Nhiét dung riéng (J/kg.K)
Cf, Cr | Chiéu dai phia trudc va phia sau elip theo truc x (m)
g ]?C) dé?/ vung anh hudng nhiét cua 16p in sau 1én 16p (mm)
In truoc
d' Puong kinh hat (um)
D D0 sai 1éch hinh dang (mm)
E M6 dun dan hoi (Pa)
f Luc bén trong (lyc trén mot don vi thé tich) (N/m3)
ff, fr Hé s0 nguon nhiét ¢ phia trudc va phia sau elip
h Chiéu day 16p in (m)
ha Khoang cach (m)
hc Hé s6 doi luu (W/mz2.K)
hr Haé s0 truyén nhiét birc xa (W/m2.K)
I Cuong 36 dong dién (A)
K Hé s6 dan nhiét (W/m.K)
K Do léch cua gid tri do so vai gid tri do trung binh
m Tham s6 mang tinh thé mm
p Ap suit N/m?
P Do x6p (%)
P’ Do x6p dugce tinh toan (%)
q Vecto thong lugng nhiét (Wim?)
Qneusn nhige | Nang luong laser phan b6 cho ving can in ctia 16p in (W/mg3)
Ra Do nham bé mit (1D) (um)
RES Do léch gitra gia tri thuc nghiém va gia tri tinh toan
S Quing dudng dich chuyén (m)
Sa Do nham bé mit (2D) (um)




Xi

SSre Binh phuong cia do Iéch.
t Do day 16p in (mm)
t’ Thoi gian tuong tac laser (s)
_ Kelvin (K)
T Nhiét do
hoac do C (°C)
U Nguon Laser tir may (W)
Vv Van toc in (mm/s)
Wx, Wy, i ,
Céac dai lugng anh hudong nhiét (J/m3)
Wz
X, Y,z | Toadd trong khong gian 3D (m)
X0, Yo | Toa dd ban dau trong khong gian (m)
o Heé s6 gidn nd nhiét (1/K)
0 Géc (rad)
A _ Kelvin
A H¢ so dan nhiét
(W/m.K)
y Heé s6 khuéch tan nhiét (J/(m.s.K))
€ Bién dang
v Hé s6 ma sat hodc d6 nhot
v Hé sd Poisson
& K Hé s nhiét ning (m/J)
p Khoi luong riéng (kg/m?3)
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MO PAU

1. Tinh cap thiét caa d@é tai luan an

Cung Véi sy phat trién cua cac hé thdng san xuét théng minh nhim nang cao
nang suat va chat lugng cho cic phuong phap gia cong cat got truyén thong nhu tién,
phay, cac hé thdng san xuat bdi dap di va dang ngay cang duoc wng dung rong rai
trong cong nghiép, y té. Néu gia cong cit got 1a cit bo vat liéu tir phoi dé tao thanh
chi tiét thi gia cong boi dap la sy thém vat liéu theo ting 16p dé hinh thanh chi tiét.

Trong cudn sach “Cong nghé in 3D” do Phung Anh Tién bién soan, lich sir va
quy trinh cta in 3D da duoc trinh bay rat day da [1]. Hinh 0.1 thé hién quy trinh cua
san xuat boi dap bao gom céac budce tir xa Iy md hinh CAD cua chi tiét in trén may
tinh, dén in 3D chi tiét trén may in va cudi cing la xu 1y sau in nhu mai, danh béng
dé dat dugc chat lugng san pham theo yéu cau.

Xir Iy ban dau

San xuat boi dap

=== Vit lidu tho —‘
M6 hinh CAD 3D . .
—P BOi dap vatlieu =

X1 ly sau in

Kiém tra va chuan bi file
CAD

Xulylopin -

‘_’ San pham

cuoi cimg_

Mai, danh bong, vv

Hinh. 0.1. Chuéi quy trinh s@n xudt béi ddp [1]

Cong nghé san xuat bdi dap cho phép tao ra cac san pham cd hinh dang phic
tap, chung loai san pham Ién nén ngay cang duoc nghién ctu cai tién dé mo rong pham
vi tng dung. Tuy vy, van dé chat lugng san pham 1a mét trong nhiing rao can dé cong
nghé san xuat bdi dap dwoc ung dung rong réi. Hién tai dé cai thién chat luong san



pham can téi cac phuong phap gia céng truyén thdng dé xt 1y sau in, diéu nay lam ting
chi phi san xuat. Mot trong nhitng giai phap da va dang duoc nghién ctru 1a dam béo
duogc chit lwgng trong qué trinh in. Cu thé 1a xac dinh duoc bo théng sé ¢ong nghé in
phl hop dé dam bao duoc céc chi tiéu dau ra nhu chét luong bé mit, 6 chinh xéac kich
thudc va co tinh ciia san pham in.

Tuy vay, hién tai c6 nhiéu phuong phap in khac nhau cho cac vat liéu in khac
nhau, cac chi tiéu dau ra ciing tuy thudc vao ting wng dung cu thé nén ciing co cac yéu
cau khéc nhau. Chinh vi vay, nghién ciu chat lugng san pham trong qué trinh in 1a rat
can thiét véi cac tng dung thuc té.

Phuong phap in ndng chay bang tia laser c6 chon loc (Selective laser melting,
viét tat SLM) 1a mot phuong phéap san xuat boi dap cho vat liéu bot kim loai. Ngay
nay, phuong phap in SLM duoc sir dung rong rai véi cac uu diém vé hiéu qua st
dung ning luong laser dé 1am néng chay bot kim loai, dic biét véi cac vat lieu kho
gia cong nhu Ti6Al4V yéu cau ning luong ngudn laser Ién, nhiét do nong chay cia
vat liéu cao. Nhiéu nghién ciru da duoc thuc hién véi céc bai toan tng dung cu thé
khac nhau d6i vai vat liéu bot Ti6Al4V theo phuong phap in SLM, trong d6 tap
trung nhiéu vao van dé dam bao chat lugng cua san pham in trong méi lién hé voi
c4c théng sb cong nghé in. Tuy vay, phan I6n cac nghién ctu tap trung vao su anh
hudng cua cng suat ngudn laser, tée do in, voi chiéu day Iop in ¢é dinh. Trong khi
chiéu day Iép in thay d6i ciing anh hudng dén chat lugng san pham in. Mat khac, sy
anh huong cua bo théng s6 cong nghé nay dé dam bao dong thoi sai léch hinh dang
nho nhat, d6 nham bé mat nho nhat, va dién tich in khdng 16 rdng 16n nhat ciing
chua dugc danh gia dong thoi. Pay 1a mot khoang tréng trong nghién ciu can duoc
tién hanh nham xac dinh b thdng sé cdng nghé in téi wu, dam bao yéu cau chat
lwong san pham in rat can thiét khi p dung trong thuc té.

2. Muc tiéu nghién ciru
- Xay dyng md hinh toan thé hién mbi lién hé giira bo thong s6 cong nghé in véi
cac chi tiéu chat lugng san pham in.
- Xéc dinh bd thong sb cong nghé in t6i wu thoa mén cac chi tiéu dau ra.
3. Péi twong va pham vi nghién ciu
- Poi twong nghién ciru: Nghién ctru anh huong cua 3 tham sé dau vao bao

gbm cong suat ngudn laser (U), van téc in (V), chiéu day 16p in (t) t6i d6 chinh
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xéc hinh dang (D), d6 nham bé mit (Ra) va d6 xSp cua san pham sau khi in 3D
kim loai. Trong nghién ctru nay khoang cach duong in dugc giit khong ddi va
duogc tinh bang 80% dudng kinh hoi tu cta chum tia laser.

- Pham vi nghién ctru: Cong ngh¢ in 3D vat li¢u kim loai &p dung cho ché tao
chi tiét tir vat liéu bot hop kim titan Ti6Al4V véi kich thudce bot trung binh 43
um theo phwong phap in néng chay bang tia laser c6 chon loc (Selective Laser
Melting -SLM).

4. Phwong phap nghién ctiru
Vé&i muc tiéu, doi tuong va pham vi nghién ctru trén, cac budce tién hanh
nghién ctru dugc thé hién trén Hinh 0.2 voi su két hop cta cac phuong phap nghién

ctru 1y thuyét, mo phong va thuc nghiém.

/ Cic yéu ciu chi tiét in / -

—_— *Mo hinh truyén nhiét
*Sw hf;p thu nang lugng
nhiét vat li€u in
*Su phat trién ngudn nhiét
trong qua trinh in )
Phén tich phan bé nhiét| § *Mo phong danh gia ket qua

dé khi in SLM bao gom: trwromg nhiét do,

i hiéu suat ning luong laser

*Nguén nhiét

*Toc d6 in

*Chiéu day Iép in 3D
#Khoang cach hai dudng in

Phin tich cic théng sb
anh hwong qua trinh
—_—

—
*Quy trinh thwe nghiém in
theo phwong phap SLM Xiy dung quy trinh va
thire nghiém in 3D *Mobi quan hé giira thong sb
e qua trinh va phan bo cau tric

té vi

*Moi quan hé giira thong so
qua trinh va kich thwéc chi
tiét in

*Mobi quan hé giira thong sb
qué trinh va @4 nham bé mat

Panh gia két qua in
—

Bé thong s6 qua trinh in
3D

Hinh. 0.2. So’ dé trinh tze nghién ciru
a. Phwong phap nghién citu Iy thuyét
- Co ché cua qua trinh in ndng chay bang tia laser c6 chon loc véi bot kim loai
Ti6AI4V.
- Thudc tinh nhiét cua vat li¢u Ti6Al4V va trang thai chuyén ddi pha.
- Xay dung phuong trinh truyén nhiét c6 xét téi thong sd cong nghé in va

thudc tinh nhiét caa vat liéu.



b. Phwong phap nghién ctiru mo phéng

Ung dung phuong phap phan tir hitu han xac dinh truong nhiét d6 khi in vat
liéu Ti6Al4V.

Xéc dinh m6 hinh ngudn ning luong laser.

Xac dinh b théng sd cong nghé in thay cho cac thi nghiém khao st nhim
xac dinh pham vi giéi han bo thong s6 cong nghé dé phuc vu nghién ciru

thuc nghiém.

C. Phwong phap nghién ctru thuc nghiém

Phuong phap nghién ctru 1a két hop 1y thuyét két hop vé6i thue nghiém dé kiém

chirng. N¢i dung khai quat nhu sau:

Nghién ctru thuc nghiém dé xac dinh bo thong sd anh huong (cac thong sb
dau vao) gdm: cong sudt ngudn laser (U), van toc in (V), chiéu day 16p in (t)
dén dén chi tiéu chat luong san pham in3D gém: d6 chinh xac hinh dang (D),
d6 nham bé mat (Ra) va do xop khi in 3D. Trong d6 xay dung ham don va da
muc tiéu md ta mdi quan hé giita bo thong s6 cong nghé in SLM va cac chi
tiéu dau ra vé chat luong

Qua trinh thyc nghi¢m dugc thuc hién trén mo hinh thi nghi€ém véi st dung

trang thiét bi do luong tién tién;

5. Y nghia khoa hoc va thyc tién

a. Y nghia khoa hoc

Nghién ctu xac dinh dugc cac thong s6 cong nghé chinh anh huong dén qua
trinh in 3D tur vat liéu bot hop kim titan Ti6Al4V theo phuong phap in nong
chay bang tia laser c6 chon loc SLM.

Thiét lap dugc md hinh ngudn nhiét, mé hinh truyén nhiét va phan tich dugc phan
bd nhiét khi in 1am co sé dé xac dinh duoc bo thong sé cong nghé in phu hop.
Thiét 1ap duoc mé hinh toan hoc vé mdi quan hé gitra cac théng sb cong nghé
anh huong dén chi tiéu dau ra 1a chat luong san pham in 3D, 1am co so khoa

hoc cho viéc xac dinh bo théng sé cong nghé in pha hop.



b. Y nghia thyc tién
Két qua nghién ctiru c6 thé 1am tai liéu giang day, nghién ctru, co sé dé ap
dung tai doanh nghiép c6 ung dung cdng nghé san xuat boi ddp nham nang cao
chat lugng san pham.

6. Cac déng gop méi caa luan an

- Nghién ctru hoan thién 1y thuyét vé quy trinh cong nghé in 3D kim loai ap
dung cho in vat li¢u bot hop kim titan Ti6Al4V;

- Phén tich m6 phong qué trinh nhié¢t trong qua trinh in, day 1a qua trinh phuc
tap va c6 anh huong quyét dinh chat luong san pham in. Tir két qua phan tich
nay co thé du doan duoc trang thai phan bd nhiét khi in nhim dam béo trang
thai chay cuia vat liéu ing vai bd thong sd cong nghé in tuong ting.

- Xay dung dugc cac md hinh dy doan chit luong san pham in bao gdbm cdng
suat nguon laser (U), van toc in (V), chiéu day 16p in (t) anh hudng dén chi
tiéu chit luong san pham in 3D gém: do chinh x4c hinh dang (D), 46 nham
bé mit (Ra) va d6 xp san pham. Trong d6 xay dung ham don va da muc tiéu
mo ta mbi quan hé giira bo 3 thong sé cong nghé in SLM va cac chi tiéu dau
ra vé chat luong.

7. B cuc caa luan an
Luan an gom 4 chuong:
Chuong 1: Téng quan vé san xuat boi dip va phuong phap in SLM vaéi vat liéu
Ti6AI4V.
Chuong 2: Co s& 1y thuyét qua trinh in 3D kim loai bang cong nghé SLM.
Chuong 3: Hé théng thi nghiém va phuong phap nghién ctu.
Chuong 4: Nghién ciru anh hudng cua cac thong s6 cong nghé khi in SLM dén

cac chi tiéu dau ra.



CHUONG 1
TONG QUAN VE SAN XUAT BOI PAP VA PHUONG PHAP IN SLM
VOI VAT LIEU Ti6AI4V

Cong nghé san xuat boi dip (Additive Manufacturing, viét tit AM) di va
dang duoc tng dung trong nhiéu linh vuc tir gido duc, y té dén cac ung dung cong
nghiép. V&i sy phat trién cua khoa hoc cong nghé va vat liéu méi, ngay nay cong
ngh¢ AM khong nhiing dugc st dung dé tao ra cac san phém mau (thuong 1a vat
liéu nhya) trong giai doan thiét ké ma con duoc st dung dé tao cac chi tiét, san
pham cubi cung voi vat lidu kim loai. Cong nghé AM cho phép san xuat cic san
pham c6 hinh dang phirc tap ma cac phuong phép gia cong truyén thong khéd hoic
tham chi khong thé xt Iy duoc. Vi dy, dé gia cong cac 10ng va 16i khuoén c6 cac
kénh 1am mat theo bién dang san pham (kénh 1am mat dang dudng cong theo bé mat
san pham can lam mat) dé tang hiéu qua lam mat thay vi phuong phap khoan truyén
théng dé tao cac kénh lam maét thang trong cic khudn ép san pham nhuya, chi c6

cong ngh¢ AM la phu hop.

Kénh lam mat hién tai Kouh it in 3D

7 \'/ __________________

Long khuon

Hinh 1.1. Thiét ké long, 16i khudn

AM 1a cong nghé cdt 18i ciia Cong nghiép 4.0, noi cac cong nghé duogc st
dung dé cai thién hiéu qua hoat dong va cai thi¢n chit lugng san phém; va cua
Cong nghiép 5.0, noi cac cong nghé duoc st dung dé nang cao gia tri ciia san
pham cho khach hang. Vi xu hudng san xuit dinh hudng khach hang — mdi
khach hang yéu ciu cc san pham don 1¢ khac nhau va cac chi tiét phire tap, cong
ngh¢ AM dugc Iya chon lam cong nghé san xuit cot 161 dé ché tao cac chi tiét

thda man yéu cau trén.



1.1. Tong quan vé san xuat bdi dap

Theo dinh nghia cua Hi¢p hoi vat liéu va thir nghiém Hoa Ky (American
Society for Testing Materials - ASTM) vé san xuat boi dép: “Céng nghé san xudt déip
dan la mot qud trinh sir dung cdc nguyén liéu dé ché tao nén mé hinh 3D, thuong la
chéng tirng 16p nguyén lidu 1én nhau, va qud trinh nay trdi nguoc véi qud trinh cdt
got van thuong ding dé ché tao xwa nay” [1]. San xuat boi dap (AM) hodc san xuét
tung 16p hodc in 3D da duoc ung dung hi¢u qua trong cac linh vuc nhu hang khong
vii try, k¥ thuat 6 t0, k¥ thuat y sinh va nang lugng. bé c6 duoc su chép nhan cua
cong nghiép dbi véi AM bén canh san xuit truyén théng, AM da dugc nghién ciru,
cai tién va trd thanh mot trong nhimg céng nghé cdt 18i cia cude cach mang cong
nghiép 1an thir 4 va lan thu 5.

Cudc cach mang cong nghiép 1an thtr 4 va lan thir 5 va sy phat trién cua cong
nghé san xuat boi dip duoc cac tac giad trinh bay chi tiét trong cac bai “The
Development of Manufacturing Industry Revolutions from 1.0 to 5.0”, “The Role of
Additive Manufacturing in the Era of Industry 4.0” va “Additive Manufacturing:
New Trends in the 4th Industrial Revolution” [2-4].
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Hinh 1.2 cho thiy nhitng thay ddi cua nganh cong nghiép tir cudc cach mang
cong nghiép 1an thir nhat dén hién tai va su phat trién cia AM ciing nhu sy dong gop
va vai trd cia AM trong cudc cach mang cong nghiép 1an tht 4 va lan thir 5. Trong
giai doan ddu tr nim 1984 dén nim 2012, AM di dong gop vao cude cach mang
cong nghiép véi vai trd tao mau nhanh cac san phim bang vt liéu nhya trong giai
doan thiét ké san pham. Tir ndm 2012 dén nay, v6i su phat minh ra cac phuong phap
in méi, c6 thé in cdc san pham bang nhiéu loai vat liéu, ddc biét 14 vat lidu kim loai.
Cac san phém in dam bao chat lugng va cac tinh chat vat 1y, co hoc theo yéu cau. San
xudt thong minh va tur dong héa duoc ap dung cho cc cong ty san xuit dé dat dugc
hiéu qua, ning suit, chit luong va kha ning canh tranh. Cong nghiép 4.0 véi cac hé
théng mang vat ly, internet van vat (IoT), tri tu¢ nhan tao (Al), dit liéu 16n cho phép
ting nang suat, chat lugng cia cic hé thong san xuat. V4i cude cach mang cong
nghiép 5.0 1ay con ngudi 1am trung tm, cac giai phap lay con ngudi 1am trung tam,
tu chu, hé théng nhén thic va sb héa dugce coi 1a cac yéu td cot 16i. Véi gia tri thuc
day trong Cong nghiép 5.0, nhu cau va loi ich cdt 16i ciia con nguoi duge dit & trung
tAm cla qud trinh san xuat.

Vo1 cac hé théng san xuat hién nay, mo hinh 3D cua san phém duoc thiét ké
trén may tinh thong qua cac céng cu CAD (thiét ké hd tro mdy tinh). Sau dé, voi viée
tmg dung cac cong cu CAM (san xuat hd trg may tinh), c6 thé thiét 1ap duong chay
dao cho qua trinh gia cong ciing nhu thiét 14p cac thong s6 quy trinh gia cong. Tir do,
chuong trinh G-code duogc tao ra cho cac may CNC (diéu khién sb bang may tinh) dé

gia cong chi tiét. Qu4 trinh nay duoc thé hién bang dudng ngang trong Hinh 1.3.

d "o

(2)
AL A @ z
( MG hinh s6 SD‘ a CAM GIA CONG SAN PHAM
3 - Gia cong tién,
. W -' Lip trinh gia I‘ phay.. o
- cong - Khuén dép, ép
CAD .

Hinh 1.3. H¢ théng sdn xudt véi viéc ing dung quét va in 3D




Cung voi sy phat trién cua céng nghé, cong nghé quét 3D da duoc tmg dung
trong danh gia chat lwong san pham (d6 chinh x4c hinh hoc ctia san phim) théng qua
may do toa d6 CMM (phwong phap do tiép xtic) hodc thong qua may quét laser
(phwong phap do khong tiép xuc). Cac san pham cudi ciing ndy dugc quét dé kiém tra
va danh gia cac sai s6 hinh hoc thong qua may quét 3D va phan mém xu 1y dir liéu
quét. M6 hinh 3D duogc tao ra tir dir liéu quét duge su dung dé so sanh v&i md hinh
3D gbc nhim xac dinh gia tri d léch kich thudc sau khi gia cong.

Hinh 1.4 thé hién vi du cac budc dé in 3D mot san pham tir mé hinh CAD ban
dau. B¢ in mot chi tiét, mo hinh CAD 3D & dinh dang STL dugc cét lat va giii dén
may in. Cac thong sb in dugc xac dinh trén may dé in. Sau khi in mot 16p, mot 16p
khac duoc thém vao mo hinh. Qua trinh nay duogc lap lai cho dén khi toan bo bod phan
duoc in. Qua trinh hdu xur Iy nhu lam sach, cat chi tiét khoi tim nén, xir ly bé mit

duoc ap dung dé dam bao cac y€u cau lam viéc cua chi tiét.

Mo hinh CAD

i

2. Dinhdang file: STL

3. Truyén file t6i may

4. Thiét 1ap thong s6 may
5. Taomau

6. Laymau

7. Lamsach

8. Sanpham

Hinh 1.4. Th# tw cdc bwéc in 3D mét sdn phdam

Trude day, cong nghé in 3D hay cong nghé san xuat timg 16p chi duoc sir dung
dé tao ra cac mau ban dau, hay con goi 13 tao mau nhanh. P4y 1a mot cong doan can
thiét trong qua trinh nghién ctru va phat trién san pham. Véi tng dung nay, cong nghé
in 3D chu yéu st dung vat liéu nhya dé tao ra san phém. Hinh 1.5 thé hién ung dung
in 3D vat liéu soi nhya dé in cac chi tiét banh rang, truc ctia hdp giam tdc 1am cac mo
hinh truc quan phuc vu dio tao. Ngdy nay, v6i nhitng céi tién vé cong nghé, cong
nghé in 3D cho phép in cac san pham bang vat liéu kim loai v6i nguyén liéu ban dau

¢ dang bot hodc dang soi. Cac san phém in nay da dugc chirng minh 1a khong chi dat
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duoc cac yéu cau vé hinh hoc ma con dam bao cac yéu cau vé vat Iy va co hoc, dam
bao chirc nang lam viéc. Nhu vay, véi viée tng dung cong nghé in 3D va cong nghé
quét 3D, qua trinh san xuat 1a mgt vong khép kin.

M6 hinh 3D CAD

c MG hinh cit lat

Thiét 1ap may

Hau xw ly

a1 Sy ]
\?\\\\\“\\\\\m\\\\\l

Lap rap hop giam toc

Hinh 1.5. Tgo mé hinh hgp giém téc tir in 3D

Ngay nay, c6 rat nhiéu phuong phép in dugc sir dung, mdi phwong phap in ciing
ap dung cho vat li€u twong Ung nhu phuong phdp in FDM (fused deposition
modelling) thudng duoc dp dung dé tao ra cac san pham nhya; phuong phap in SLM
(selective laser melting) va phuong phap in DMLS (direct metal laser sintering)
thudng duoc ap dung dé in cac san pham kim loai tir dang bot. Vit liéu in ciing rat da
dang tir nhya dén kim loai, & dang so1, bot, chét long (thuong 1a vat liéu nhya).

San xuit bdi ddp duoc phén loai theo phuong phap hinh thanh san pham in; loai
vat liéu in nhu ran, bot hodc long; va nang lugng nhiét dé xu 1y. Vi phuong phap tao
thanh san phdm in nhu thé hién trong Hinh 1.6, cdc phwong phap AM duogc phan loai

thanh 7 nhom theo bai bao “Basics of laser powder bed fusion”, “Recent Advances
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in Laser-Based Additive Manufacturing” va “Cong nghé in 3D- Xu hudng nghién

ctru cong nghé trén thé gi61 va mot s6 tng dung tar Viét Nam” [5,6,7] v6i két qua:

(1) Phuong phép bdi dap vat liéu dang bot (Powder Bed Fusion- PBF);
(2) Lang dong ning luong truc tiép (Directed Energy Deposition-DED);
(3) Phun chit két dinh (Binder Jetting-BJ);

(4) Phun vat liéu (Material Jetting-MJ);

(5) Ep dun vat liéu (Material Extrusion-ME);

(6) In vat li¢u nhya déo (VAT Polymerization);

(7) Can tAm (Sheet Lamination).

Céng nghé san xuat bdi dap

Phuong phap

béi dap vit Can tim
liéu dang bot

Lang dong Phun chét két I Ep din vit In vit ligu
ning lwgng dinh Phun vat liéu lidw nhwa déo
truc tiep ) ’

Hinh 1.6. Phan loai cdc phwong phdp sdn xudt béi déip

Céc quy trinh PBF cho vat liéu kim loai nhu thé hién ¢ Hinh 1.7 bao gom thiéu

két laser thiéu két chon loc (selective laser sintering -SLS), néng chay bang tia laser

c¢6 chon loc (selective laser melting -SLM) va nong chay bot kim loai bang chum tia

dién tr (electron beam melting -EBM). Trong SLS, quy trinh st dung chum tia laser

lam nguén nhiét véi d6 chinh xac tao hinh va bé mat chat lugng tdt. SLS ¢6 thé in voi

nhiéu loai vat liéu va san pham c6 cu tric bén trong phirc tap. Trong EBM, quy trinh

su dung chum tia dién t&r nang lugng cao lam nguén nhiét, c¢6 téc do tao hinh nhanh

hon va mg sut du nhiét tao hinh thip, c6 thé tao thanh vat liéu c6 diém nong chay

cao va vt lidu gion. So voi SLS va EBM, phuong phap SLM dugc sir dung phd bién

hon trong cac img dung cong nghiép.
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Cong nghé san xuit dip kim
loai (Cong nghé in 3D kim loai)

i DAY KIM TAM KIM
BOT KIM LOAI LOAI LOAI

nhit 16p bot bin m3Dbing | | b0
op bet bang chit két dinh g lwong tap

nhiét trung

Nung chiy bang Cong nghé nung chay Thiéu két bang
tia laser chon loc bang chum dién tir tia laser chon loc

(SLM) (EBM) (SLS)

Hinh 1.7. Phan loai cdc phwong phdp san xudt béi ddp véi vat liéu kim logi [6]

V6i sy phat trién cia khoa hoc va céng nghé, cong nghé san xuét boi dip
(AM) cho phép ngudi dung khong chi cung cip nguyén mau nhanh chéng ma con
ché tao cac chi tiét cho cac ung dung cu thé truc tiép trong thoi gian ngin. May in
3D cho phép tao ra cac san pham c6 hinh dang phirc tap ma cac phuong phép gia
cong truyén théng khong thé thuc hién duoc (vi du tao cac kénh 1am mat theo
duong vién san pham cho khudn ép nhua) hodc tao ra cac san pham chuyén biét
cho ting khach hang nhu trong linh vuc y té (in xuwong, ring phu hop véi ting
khach hang khéac nhau), cong ngh¢ in 3D ngay cang dugc iing dung rong rai trong
nhiéu linh vuc. Hién nay, c6 rat nhiéu loai may in 3D véi cac phuong phap in va
vat li€u in khac nhau. Do d6, Khorasani va cong su khéng dinh, tuy thudc vao muc
dich st dung, ciing nhu yéu cdu du ra ciia san pham in can dat dugc ma quyét
dinh Iya chon phuong phap in phu hop [8].
1.2. Tinh hinh nghién ciru ngoai nwéc
1.2.1. Tinh hinh nghién ciru vé san xudt boi dip

Céc nghién ctru vé cong nghé AM tap trung nhiéu trong nhitng nim gan day.
Dir liéu thong ké ctia WIPS Global vé sé lugng diang ky bao ho sang ché vé in 3D
trong giai doan 1986 dén 2022 thé hién trén Hinh 1.8. Trong d6 s6 luong dang ky
bao ho sang ché vé in 3D nhiéu nhét 1a nam 2018 v&i 10303 dang ky. Trong do,
quy trinh in vat liéu nhyua déo, ép dun vat liéu, ling dong ning luong truc tiép

dang 13 3 quy trinh c6 nhiéu sang ché duoc bao hd nhét (ti 1é 1an luot 1a 38%, 23%
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va 18%). S6 lugng ding ky bao ho sang ché cua nhom in 3D — PBF trong giai
doan 1986 dén 2022 1a 1138 ding ky sang ché (chiém ti 1 7.6% trong téng sd cac

dang ky sang ché cta 7 nhom in) dugc thé hién trong Hinh 1.9.

10.303

027

4.797

88

\‘ié: \q# \@Q \Oé"\qo? \"’0;0 '\"'"5:';b > F > w’f’& & £ ’19‘@'19\“ "9\—\/"9\b ’19\‘0 ST
Hinh 1.8. Sé lweng ding ky bdo hé sang ché vé in 3D — (di liéu WIPS Global) [7]

5.748

3.467

2.644

1.080 1138
650
209

Phun vatliéu  Phun chdt két Can tdm (Sheet Phuong phap Lang dong Ep dn vat liéu In vt liéu nhua

(Material dinh (Binder Lamination) bdi dép vat liéu néng lugng truc (Material déo (VAT
Jetting) Jetting) dang bét tiép (Directed Extrusion) Polymerization)
(Powder Bed Energy
Fusion) Depaosition)

Hinh 1.9. Sé lwreng nghién cizu in 3D theo 7 quy trinh phan logi ciia ASTM [7]

Qua dir lidu théng ké nhéan thay rang, tuy cé nhiéu tmg dung trong thyc té
nhung hién tai cac nghién ctru vé in 3D vit liéu kim loai noi chung va nghién ctru vé
PBF-SLM van con han ché. Cac nghién ctu phﬁn 16n tap trung vao vat liéu nhya.

Céc huéng nghién ciru vé in 3D kim loai tap trung vio:

- Nghién cvu wng dung in 3D trong cdc linh vwce dac thu:

Vi cac nghién ctru vé cai thién chat lugng in, vat li€u mdi, cong nghé in 3D ngay
cang duogc Ung dung rdng rai trong nhiéu linh vuc, dc biét véi mot sd linh vue dic
thi nhu hang khong, y té yéu cau cac chi tiét in dat duoc yéu cau ki thuat cao véi vat

liéu 1a hop kim Titan.
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Hinh 1.10. Péng co GE9X vdi céc chi tiét in 3D véi vt lidu Titan [9]

Hinh 1.10 thé hién dong co tuabin phan luc GE9X sir dung AM kim loai dé in
cac chi tiét voi phun nhién li€u, cac chi tiét ctia bo trao doi nhiét, v cam bién, cac chi
tiét caa bo tron buéng ddt, cac chi tiét bo phan nap va céanh tua bin tir hop kim Titan.
Ngoai cac nghién ctru Gmg dung phd bién cho cac san pham nhya, cac nghién ctru vé
vat li€u sinh hoc, vat liéu kim loai, composite, vat li¢u gém st cling da dugc cac nha
khoa hoc tap trung nghién ciru cho cac tng dung dic thu. Hinh 1.11 thé hién hudng
nghién ctru, sir dung vat lidu trong in 3D hién nay thong qua sd luong cac diang ky
bao ho sang ché. Trong giai doan 2010-2022 thé hién cac nghién ctru vé vat liéu in

3D kim loai dugc tap trung nghién ctru tng dung nhiéu (Hinh 1.12).

Nhua Polyme 8.339
Vat liéu kim loai 7.674
Nhua Resin

Nhua Composite
Vat liéu sinh hoc

Vat liéu gém su

Hinh 1.11. Hwéng nghién ceru, s dung vat ligu trong in 3D hién nay [7]

Nhua polyme 1a loai vat liéu dugc nghién ctru va su dung nhiéu nhét, v6i hon

8.300 sang ché (chiém 28% trong tong s6 sang ché vé cac vat liéu in 3D thong dung).
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Hinh 1.12. Hwéng nghién ceiru, sie dung vt li¢u trong in 3D theo thei gian
(2010-2022) [7]
Trong céc loai vat liéu in 3D, kim loai 12 nhém duy nhit c6 sé luong sang ché

vuot qua con sd 1.200 sang ché/nam (ndm 2020) [7].

2,000
5.000
4.000
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1" .’ a & ‘r & 7 yitiieu kim loai
2.000 - = s " Nhuya Polyme
’f a = =~ =~ = Mhwa Composite
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Trung Hoa Han PCT Birc EPC  Nhdat Anh
Cudc Ky Qudc Ban

Hinh 1.13. Bdo hg vé nghién cieu, si dung vat ligu trong in 3D
tai CAc quéc gia/té chrc [7]
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- Nghién ciru ttng dung Al cho cdc hé thong in 3D:

V61 cac hé théng AM hién tai, vin dé chit luong san phém in can dugc
xem xét. Cac nghién ctru gan day cho thiy viéc ap dung Al vao hé théng AM
cho phép cai thién chét luong san pham, giam thiéu 15i in [10,11]. Hién nay, Al
duoc dé xuat ap dung & ca giai doan thiét ké san phadm va giai doan in san pham
[12]. Goh va ddng nghiép d3 phan tich vé viéc tich hop sir dung Al vao hé thong
AM, dic biét trong linh vuc thiét ké, tdi uu hoa quy trinh va giam sat chat luong
trong bai bdo “A review on machine learning in 3D printing: applications,
potential, and challenges” [13]. Trong giai doan thiét ké san pham, viéc s dung
Al cho phép tdi wu héa thiét ké dé dam bao chirc ning cua bo phan dong thoi
giam chi phi vat liéu. Mat khac, Al cling dugc ung dung trong viéc lap ké hoach
in nhu st dung thuét toan dé nhan dang cac dac diém cua san phém in dé tao ra
cac chién lugc in t6i wu. Trong giai doan in san pham, Al dugc st dung dé theo
ddi chat luong san pham trong qué trinh in. Voi su két hop cua dir lidu tir cam
bién va camera, cac hé thong diéu khién dua trén AI cho phép chung ta diéu
chinh quy trinh in sao cho phu hop véi trang thai hién tai ciia hé théng.

- Nghién ciru xdy dwng, cdp nhit hé thong tiéu chudn cho sin xudt béi dip:

Dé trién khai cac hé thong AM trong nganh cong nghiép, mot hé thdng tiéu
chuan vé thuat ngit, vat liéu, quy trinh in, phuong phap thir nghiém, thiét ké va dir
liéu thiét ké 1a diéu can thiét dé thiét 1ap cac quy dinh chung. Phu luc 1 cho thiy cac
tiéu chuin cua quy trinh AM bao gdm cac tiéu chuan cii va cac tiéu chuan di cap
nhat. Trudc day, ASTM F2792-12a, ISO 17296-1 va ISO/ASTM 52921-13 duogc su
dung cho thuat ngit. Ngay nay, cac quy dinh vé thuit ngit trong san xuat boi dip sir
dung tiéu chuan ISO/ASTM52900-21 d3 cap nhat.

Céc tiéu chuan vé vat lidu duoc sir dung trong san xuat bdi dap ciing nhu quy
trinh in 3D duoc cdp nhat bao gém nhiéu loai vat liéu va phuong phap in. Nam
2016, chi c¢6 cac tiéu chuan vé thong sb k¥ thuét vat liéu cu thé bao gdm cac yéu cau
vé tinh chit co hoc tbi thiéu duge cong bd cho Ti6Al4V, Ti6AI4V-ELLI, Inconel718
va -625, CoCrMo, 316L, 15-5PH va 17-4PH [14]. Cho dén nay, di c6 cac tiéu

chuan cho nhiéu loai vat liéu.
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Nhu d3 dé cap & trén, vin dé chét luong san phdm in can dugc xem xét dé dam
bao riang san xudt bdi dip dugc st dung nhu mot phwong phap xir Iy dé tao ra san
pham cudi cing [15]. Do dé, cac tiéu chuan dé kiém tra va danh gia chat luong san
pham in 13 rat can thiét. ASMT va ISO d3 hop tac dé phat trién cac tiéu chuan qudc
té nhu ISO/ASTM52907-19, ISO/ASTM52902-23, ISO/ASTMTR52905-EB, V.v.
Trude ddy, cac tiéu chuin cho phuwong phap thir nghiém chi 1a ISO 17296-3 va
F2921-11e3.

Vé cac tiéu chuan cho thiét ké va dinh dang dir liéu thiét ké, truéc day co hai
tiéu chuan 1a ISO 17296-4 va ISO/ASMT 52915-13. Ngay nay, hé thdng tiéu chuan
d3 duoc cap nhat voi cac cu tric dir liéu va sb liéu cho cac phuong phap san xuat
boi dap.

1.2.2. Tinh hinh nghién cizu vé in nong chay bang tia laser c6 chon loc véi vt
ligu Ti6AI4V

Vit ligu bot Ti6Al4V dugc st dung voi phuong phap in SLM cho cac san phém
hang khong vii try hoac y té do c¢6 dd bén moi va cac dic tinh co hoc dic biét cao,
dam bao cac yéu cau lam viéc cua chi tiét nhu duoc gidi thiéu trong bai bao “In-
process sensing in selective laser melting (SLM) additive manufacturing” va
“Microstructure and fatigue performance of SLM-fabricated Ti6Al4V alloy after
different stress-relief heat treatments” [15, 16].

D6 nham bé mit va cac dic diém ciu trac t& vi 1a nhimg chi s quan trong vé
chat lugng cua cac chi tiét in. DO nham bé mat anh huodng dén diéu kién 1am viéc cua
cac chi tiét. Cac dic diém cau tric té vi anh huong dén céc tinh chat co hoc ciia cac
chi tiét in. Co6 nhiéu yéu t6 anh huong dén do nham bé mat va sy hinh thanh ciu tric
té vi cua cac san phém in nhu tinh chat vat liéu, phan bd kich thude bot va cac thong
s6 cong nghé cua qua trinh in.

Do nham bé mit mong mudn (R,) cia cic chi tiét in bang phuong phéap in
SLM dao dong tir 2 dén 10 pm tuy thudc vao vat lidu va cac thong sd cong nghé ctia
qua trinh in. M6t s6 nghién ctru thuc nghiém vé d6 nham bé mit khi in bot kim loai
bang phuong phap in SLM di dugc cong bd. Cac nghién ciru thuc nghiém véi bot
kim loai CoCr trén may in SLM dat duoc gid tri d0 nham bé mit R, dao dong tu
3.382 dén 7.410 pm, voi cong suat laser tir 88 dén 106 W; Toc d6 in tir 250 dén
1000 mm/giay [17].
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Nghién ctru anh hudng ciia phan b kich thude hat dén chit luong bé mit va
tinh chit co hoc ciia mau in bang phuong phap in SLM d3 dugc mot sd nha nghién
ctru thue hién. Két qua nghién ctru véi 3 loai bot thép 316L c6 phan bd kich thude hat
ting dan cho thay, khi do day 16p in t = 0.03 mm, mat d6 ning luong thé tich E nim
trong khoang tir 50 dén 100 J/mm®, kich thudc hat nhé (kich thudc hat trung binh
15.12 um) s& cho R, trong khoang tir 5 dén 7 pm; kich thudce hat 16n (kich thuée hat
trung binh 37.70 pm) s& cho R, trong khoang tir 8 dén 13 um [18].

Nghién ctru vat liéu bot Ti6AI4V ¢6 kich thudce hat trung binh 23.37 pm bang
phuong phép in SLM. Trong d6, bd thong sd quy trinh in bao gdm cong suét laser
thay d6i tir 100 dén 200 W, toc do in tir 600 dén 1600 mm/gidy va do day 16p in
khong do6i t = 0.03 mm. Nghién ctru cho thay gia tri R, dat dugc nam trong khoang tir
5 dén 15 pm. Khi cong suét laser ting, gia tri R, giam; khi téc do in ting, gia tri R,
tang. Trong nghién ctru ndy, sy thay doi do day 16p in khong duge dénh gia [19].

Do day 16p in bang SLM thudng nam trong khoang tir 20 dén 100 pm sir dung
bot c6 kich thudc hat tir 20 dén 45 um. Do day 16p in 16n doi hoi cong suat laser cao
dé dam bao vat liéu nong chay hoan toan. Chét luong bé mit in tét hon va min hon
khi in véi d6 day nho. Abele va cong sy da dé xuat mot phuong phap in goi 1a nong
chay laser chon loc vi mé (uSLM) véi do day 16p in nho hon 20 um va vat liéu bot in
can thiét c6 duong kinh hat trung binh nho hon 10 pm. V&i uSLM, céc nghién ciru
thuc nghiém véi bot kim loai 316L c6 duong kinh hat trung binh D50 = 3.62 um, tbe
d6 in trong khoang 200 dén 2500 mm/s, cong suit laser tir 25 dén 40 W, d6 day 16p in
7 um, gia tri R, nho nhat dat dwoc 1a 3.51 pm [20].

Déi voi cac tmg dung y té, dung cu y té va cac chi tiét phiu thuit ¢ yéu ciu tiét
tring cao, d6 nham bé mat trung binh dat dugc (R,) nho hon 0.8 um [20]. Véi yéu
cau nay, ca SLM va uSLM déu khong thé dap mg va thuong can cac giai phap xur ly
bé mit sau khi in dé dat duoc yéu cau R, néu trén.

Trong ndi dung nghién ctru cia ludn an, gi tri thay doi ciia ca 3 yéu té bao gdm
cong sudt laser, toc d6 in va do day 16p in déu duoc xem xét. Sy thay do6i cua bat ky

thong s6 nao trong 3 thong s6 nay déu s& anh hudng dén gi tri nang lugng thé tich E.
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Chat luong san phélm in bao gff)m dd chinh xac hinh dang hinh hoc, do chinh
xéc kich thudc [21] va cac tinh chét co Iy [22] dam bao yéu ciu lam viéc cia san
pham. Hién nay, hau hét cac nghién ctru tap trung vao chat lugng bé mit va tinh chat
co ly, trong khi d§ chinh x&c hinh dang, mot trong nhiing ti€u chi quan trong anh
hudng dén chat lwong san pham, dic biét 1a san pham cudi cung, lai it duoc nghién
cuu [23, 24]. B 1éch hinh dang bao gém do léch duong va do 1éch am, 1a sy khac
biét giita hinh dang chi tiét mong mudn va hinh dang chi tiét thu duoc.

Do léch hinh dang ciia san pham in 13 do tac dong ctia ning luong nhiét trong
qua trinh thiéu két bot kim loai va sy chuyén pha nhanh chong tir ran sang 16ng va
nguoc lai. Siyambas va cong sy di tién hanh cac nghién ctu thuc nghiém vé anh
hudng ciia cac thong s in, bao gdm cong suat laser va toc do in, dén do chinh xac
hinh dang khi in bot hop kim AISil0OMg bang phuong phap SLM. Trong nghién ciru
thuc nghiém nay, cong suat laser dugc chon trong khoang tir 170 W dén 390 W, toc
d6 in tir 534 mm/gidy dén 1225 mm/gidy, va do day 16p in duoc giit khéng doi & mirc
0.03 mm. Sy thay d6i d6 day 16p in ciing 1a mot yéu t6 anh huéng dén d6 chinh xac
clia san pham in, nhung chua dugc xem xét trong nghién ciru nay [23]. Ngoai cac
thong sb in, cac thong sb thiét ké nhu hudng chi tiét, do day chi tiét, vi tri in va kich
thude chi tiét ciing anh hudng dén d6 chinh xac hinh hoc cua chi tiét in [25]. Rizeal
va cong su da tién hanh nghién ctru thyc nghiém dé xac dinh d6 1éch hinh dang cua
céc chi tiét dugc in bang cong nghé in boi dap. Trong nghién ctru nay, do day 16p da
duoc xem xét. Tuy nhién, vat liéu in 13 nhwa véi phuong phap in mé hinh ling dong
néng chdy [26]. Feng va cong sy da nghién ctru do Iéch hinh dang cua cac kénh tron
bén trong ndm ngang duoc ché tao bang phuong phap ndng chay bot laser véi bot
thép khong gi 316 L. Vi cac gid tri cong suat laser tir 60 W dén 100 W, téc do in tir
150 mm/gidy dén 350 mm/gidy, nghién ctru cho thdy do léch hinh dang giam khi
cong sudt ngudn laser giam va téc do in ting [27]. Madaj va cong sy da tién hanh cac
thi nghiém ddi v6i cac maiu dugc in bang phuong phap SLM sir dung hop kim
AlSi10Mg. May SLM c6 cong suit laser 200 W, téc do in 250 mm/gidy dé in 16 da
dugc st dung, sau d6 may quét 3D FARO Quantum V2 FaroArm da duoc st dung dé
do do 1éch hinh dang. Két qua thuc nghiém cho thay d6 1éch kich thudc 16n nhit 1a
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0.423 mm tuong Ung véi 16 ¢6 duong kinh 6 mm [28]. Bompos va cong sy voi mod
phong va nghién ctru thuc nghiém vé quy trinh in SLM véi vat liéu thép 17-4PH,
cong sudt ngudn laser 183 W va téc do in 1045 mm/gidy cho thay do léch kich thudc
khong 16n hon 10% [29]. Pal va cong su di tién hanh nghién ciru thyc nghiém vé in
SLM véi bot Ti6AI4V trong d6 cong sudt ngudn laser thay doi tir 55 W dén 95 W,
tdc d6 in tir 150 mm/gidy dén 1000 mm/gidy va khoang cach duong in tir 0.0495 mm
dén 0.099 mm. D¢ léch kich thudc tdi da 1a +2.09 mm. Do chinh x4c kich thudc ot
nhat dat duoc & téc do in cao nhat va cong suat nguon laser trung binh [30].

C. Herpel va cong su khéng dinh chat lugng san phém in 3D phu thudc vao
bén nhom yéu t6 bao gdm phuong phap in, 4o chinh x4c cua mdy in, thong sé quy
trinh in va vat li€u in trong bai bao “Accuracy of 3D printing compared with milling
- A multi-center analysis of try-in dentures” [31]. Trong ndi dung nghién ctru cia
luan an, thong qua cac thi nghiém véi phuong phap SLM va vat licu bot Ti6Al4V,
mbi quan h¢ gitra d chinh x4c hinh dang hinh hoc va cac thong sb in da duoc thiét
lap. Tir md hinh héi quy thé hién méi quan hé ndy, mot tap hop cac thong sb cong
ngh¢ qua trinh in dé dam bao d6 1éch hinh dang nho nhat da duoc xac dinh.

1.3. Tinh hinh nghién ctru trong nwéc
1.3.1. Tinh hinh nghién cizu vé san xudt béi dip

Theo béo céo thdng ké tir Trung tAm thong tin va théng ké khoa hoc va cong nghé
thudc S& khoa hoc va cong nghé thanh phd Ho Chi Minh vé tinh hinh nghién ctru, ing
dung cong nghé in 3D tai Viét Nam cho thiy cac nghién ctru tip trung vao [7]:

- Lam chii céng nghé thiét ké, ché tao may in:

Lam chu cong ngh¢ thiét ké, ché tao may in da dugc nhiéu nhom nghién ctru tr
cac Vién nghién ctru, Truong Pai hoc, Doanh nghiép tai Viét Nam quan tdm thuc
hién. Nhiéu két qua nghién ctru vé thiét ké, ché tao may in 3D da duoc cong bd va
tmg dung trong thuc té phuc vu giang day, nghién ctru va san xuit. Phan 16n 1a cac
nghién ciru vé thiét ké, ché tao mdy in dé in cic san pham nhya nhu may in VINA
FDM nim 2015 theo phwong phap in mé hinh hoa bdi dép ling dong, may in FDM tir
nhom nghién ciru cta truong Pai hoc Giao thong van tai — san pham dé tai cip Bo

B2016-GHA-06 nhu thé hién & Hinh 1.14).
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TRUONG DALIOC ., 1l
GIAO THONG VAN TAI

Hinh 1.14. Méy in FDM [32]
Nhoém nghién ctru tr Hoe vién K¥ thuét quan sy da thiét ké, ché tao thanh cong
maéy in 3D sir dung vt liéu bot kim loai theo phuong phép in laser thiéu két bot kim
loai truc tiép nhu thé hién trén Hinh 1.15.

Hinh 1.15. May in DLMD [33]
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- Nghién cvu wng dung cong nghé in 3D:

Nghién ctru ing dung hiéu qua cong nghé in 3D trong cac linh vyc 14 rat can thiét,
dac biét vai vat licu kim loai. Nhém nghién ctru tr Hoc vién K§ thuat quan sy do TS.
Lé Vin Thao chu tri dd thuc hién thanh céng dé tai nghién ctu Nafosted: “Nghién
ctru sir dung ro bot han c6 khi bao vé dé in 3D céc chi tiét kim loai tir quan diém cong
nghé, kinh té, va méi truong” [34]. Bén canh d6 vao nim 2020, TS Lé Vin Thao di
cong bd nghién ciru “A preliminary study on gas metal arc welding-based additive
manufacturing of metal parts”. Nghién ctru nay danh gia chat luong luyén kim va co
tinh ctia chi tiét kim loai dugc ché tao bang cong nghé san xut bdi dip dua trén han
hd quang (GMAW-based AM) [35]. Hé thdng thiét bi in dya trén GMAW duoc thé
hién ¢ Hinh 1.16, trong d6 str dung robot han.

(1) Robot

(2) Nguon dién han
(3) Piéu khién robot
@) Bé chuyén doi

(5) M6 han

® Bé giir mé han

(@) Cap day han

® Cap

@ Bé diéu chinh khi
30 Cudn diy han

Piu han
Hinh 1.16. Thiét bi GMAW s dung robot [35]

Thong qua thuc nghiém tao hinh mot chi tiét thanh moéng bang thép carbon thap,
két qua phan tich cho thay cAu tric té vi ciia san pham c6 sy bién thién theo chiéu cao
(tir trén xudng dudi), nhung tong thé van dat duoc cac dic tinh co hoc (d6 cing, gidi
han chay va d6 bén kéo) twong duong vai thép rén truyén thong.

Ngoai ra, nghién ctru “Panh gia d6 chinh xac hinh hoc va hiéu qua str dung vat
liéu khi tao hinh chi tiét con rong tir thép hop kim d6 bén cao boi cong nghé WAAM”
[36] cua TS. Lé Van Thao va cong su tap trung vao viéc ng dung cong nghé in 3D
kim loai WAAM (Wire Arc Additive Manufacturing) dé tao hinh cac phoi chi tiét
con rong tir thép hop kim do bén cao. Piém ndi bat ciia cong trinh nay 14 viéc ching

minh dugc tinh kha thi cia WAAM trong viéc dam bao dd chinh x&c hinh hoc cho
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nguyén cong tiép theo, dong thoi 1am ndi bat hiéu qué kinh t& vurot troi khi tiét kiém
dén 80% luong vt liéu so voi phuong phép cit got truyén thong.

Nghién ctu “Anh huong cua vat liéu in dén dic tinh co ngot trong in 3D kim loai
bang cong nghé ép dun vat liéu” [37] caa PGS. TS. Nguyén Vin Cudng va cong su
phan tich 4nh hudng cta vat lidu dén hién twong co ngdt trong in 3D kim loai dang ép
dun (MEX), tap trung vao d6 6n dinh hinh dang va mét do ciu tric sau thiéu két. Két
qua nghién ctru cung cip co so toi wu hoéa cong thirc vat lidu va hé sé bu trir kich
thudc, nham nang cao do chinh xac hinh hoc ctia san phém.

Dbi voi linh vuc y té, nhiéu bénh vién 16n tai Thanh phd Ha Noi va Thanh phd
Hb Chi Minh d trién khai Gmg dung cac san pham tir in 3D vao phiu thuat. Bénh
vién Cho Ry, da phau thuat thanh cong cho mdt trudng hop bénh nhan bi mat
mot doan xwong chay (do ung thu xwong) bang k¥ thuit "stt dung manh ghép in
3D hop kim Titaninum dang t6 ong dé thay thé xwong chay mat doan". Pay la
truong hop dau tién duoc st dung k¥ thuat nay tai Viét Nam. Manh ghép Titanium
duoc in & nudc ngoai. Manh ghép Titaninum in 3D t6 ong la thiét ké dic biét,
ngoai trong luong nhe hon so v4i khéi Titanium dic, manh ghép dang to ong sé&
gitp té bao xuwong co6 thé "len 16i" vao, sinh sbi, phat trién, vé 1au dai s& bién manh
ghép Titanium sé& tré thanh mot phan cta co thé, khong bi thai loai ra ngoai [38].
May in 3D duoc dé xuét thiét ké, ché tao cho phép in dugc dang manh Titanium
nay. Tai Bénh vién Pa khoa Tam Anh [39]; Trung tdm Chan thuong chinh hinh va
Y hoc thé thao, Bénh vién Pa khoa Quéc té Vinmec [40] cling da st dung manh
ghép Titanium in 3D trong phau thuat thay thé. Hinh 1.17 thé hién tmg dung manh
ghép trong phau thuat thay thé tai Bénh vién Pa khoa Tam Anh. Sy két hop cua
vat liéu kim loai Titan v6i cong nghé in 3D gitp cho cac bénh nhan bj ton thuong
xuong, khuyét xuwong, ung thu xuwong... dugc “hdi sinh” van dong thay vi phai
chép nhan tan tat vinh vién nhu trudce day. Sau ca phﬁu thuat, bénh nhan c6 thé ty

van dong, tu di lai ma khong can dung téi nang.



Hinh 1.17. Ung dung manh hep kim Titanium in 3D
tai Bénh vién Da khoa Tam Anh [39]
1.3.2. Tinh hinh nghién cizu vé in nong chdy bang tia laser ¢ chen loc véi vt
ligu Ti6AI4V
Niam 2018, PGS. TS Pang Vin Nghin va cong su d khao sat va giai bai toan tdi

uu hoa cac thong sé cong nghé ciia qua trinh in 3D kim loai SLM (Selective Laser
Melting) [41]. Muc tiéu cdt 15i 13 ti da hoa do cimg té vi (Vickers) cta san pham ché
tao tur vat liéu bot thép khong gi 316L, voi diéu kién rang budc la mat dg chi tiét phai
dat tir 99,3% tré 1én. Két qua giai bai toan tdi wu héa di xac dinh duoc bo thong sd
cong nghé 1y tudng nhat 1a: Cong suét laser 175W, téc do quét 200 mmy/s, khoang cach
quét 0,04 mm va chién luoc quét chia ving trung gian 5 mm. Khi van hanh may SLM
& dai thong s nay, chi tiét thép 316L dat duoc do cimg cuc dai 1én t6i 228,3 HV.

Nham cai thién cac tinh chét co 1y clia san pham sau khi in véi phuong phap in
SLM cho vat liéu Ti6A14V, mot nghién ciru tong quan vé xir Iy nhiét cho san pham sau
khi in &nh huong nhu thé ndo t6i co tinh va dic diém céu tric té vi d3 dugc thuc hién
nham danh gia cac nghién ctru hién c6 [42,43]. Nguyen Minh Thuyet va cong sy da
nghién ctru trong tac khi in giita tim nén 13 vat lidu Ti v6i bot in 1a Ti6AI4V khi in
theo phuong phéap in SLS [44]. Nghién ctru thyc nghiém vé co tinh va dic diém cau
tric té vi ctia san pham khi in tir bot Ti6AI4V theo phuong phap in SLS ciing da duoc
Nguyen Minh Thuyet va cong sy thuc hién [45].
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Niam 2025, PGS. TS Trinh Vin Trung va dong nghiép da cong bd mot cong trinh
nghién ctru thyc nghiém ndi bat tai Viét Nam, tip trung dénh gid mbi quan hé giita
thong s6 cong nghé (cong sut laser, te do quét) va ciu tric vi md VA tinh chat co ly
ctia hop kim Ti64 [46]. Nghién ctru duge thuc hién véi bo thong sb cong nghé ¢b dinh
bao gdm: dudng kinh tiéu cu laser 180 um, khoang cach dudong quét 140 um, van tdc
quét 1600 mm/s, cong sudt laser 380 W, chiéu day 16p in 45 um va gdc xoay giira hai
16p in ké tiép 1a 45°. Két qua phan tich cho thiy to chirc vi cdu triic cia mau in bao
g6m chu yéu 13 pha o/a’. Vé mit co tinh, mau dat d6 cimg trung binh 343 HV, mo-dun
dan hoi 24,34 GPa, giéi han chay 93,5 MPa, giéi han bén kéo 1049.4 MPa va do gidn
dai 12,8%. Tuy nhién, danh gia tong thé cho thdy chat lwong miu in chua dat muc Iy
tuong do bé mat c6 d6 nham cao va van ton tai nhiéu khuyét tat 1o Xép, dan dén co tinh
tong hop thip hon so v6i hop kim ché tao bang phuong phap truyén thong.

Nhan xét va danh gia:

- Tr tong quan vé tinh nghién ctru trén thé gidi va trong nudce néu trén nhan thiy
rﬁng, vat liéu Ti6Al4V trong san xuét bdi dép dugc chi trong nghién ctru nham tao ra
céc san pham chit lugng cao, dic biét ap dung trong linh vuc cong nghiép dic thu, y té.

- Song nghién ctru vé ché do in theo phuwong phap nong chiy bang tia laser co
chon loc cho bot kim loai Ti6AI4V vé6i nghién ctru anh huong dong thoi clia cac thong
sd cong nghé in gdm cong sudt ngudn laser (U), van tdc in(V), chidu day 10p in (t) t6i
chi tiéu chit luong san phém in nhu d6 sai 1éch hinh dang (D), d0 nham bé mat (Ra) va
dic diém cau tric té vi van con it dugc tap trung nghién ciru.

1.4. Chét lwgng san pham trong san xuat bdi dap

Qua trinh in 3D noéi chung va SLM néi riéng can xét tdi cac thong sb anh
hudng t6i chat lugng in. Chat lugng in duge xét bao gdom nham bé mit, sai léch vé
kich thudc va hinh dang hinh hoc, cac thudc tinh co khi.

C6 nhiéu yéu td anh huong toi chét lugng in bao gém tinh chat vat liéu, may,
diéu kién in, ché do in nhu thé hién trén hinh 1.18. Viéc xac dinh hop 1y cac thong
s6 ché @6 in nhu téc d6 in, kiéu dién day, chiéu day in rit quan trong, anh hudng

quyét dinh t&i chat lugng san pham dic biét 13 do chinh xac vé kich thudc.
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Vat liéu May

Ung xu tinh va

Pwong kinh BP cmg dong cua may
bot vimg
Tinh chat Dy chizh ,
nhiét xac Tinh nang
Be rgnghm Tée d6in
Gia nhiét C hieu +*Chat lwong bée mat

Mo trudn ) ay in Ngudn “*Dung sai kich thwae
i g Huwémg in laser %+ Thugc tinh co
m +*Dung sai hinh dang

Dieu kién

in Thong so in

Hinh 1.18. Cdc thong sé anh hwong téi chit liwong in bjt

Xéc dinh chinh xac nhiét do trong qua trinh in rat quan trong dbi voi san xuét
bdi ddp. Nhiét d6 qua nho hay qua 16n déu anh hudng dén chit luong san pham in.
Pé dam bao chét lugng san pham in, nhiét do trong qua trinh in phai 16n hon nhiét
d6 chay cua vat liéu in. Nghién ctru ndy xac dinh anh hudng cua cac thong sd cong
ngh¢ in t61 phan bd nhiét d6 khi in vat liéu bot TiI6AI4V theo phuong phdp in ndng
chay laser chon loc (SLM). Cac thong sé cong nghé in SLM bao gdm cong suit
ngudn laser, van tc in, chiéu day 16p in. Két qua nghién ctru cho phép xac dinh bd
thong s6 cong nghé hop 1y khi in trén may in 3D.

Trong ndi dung ludn an, véi muc dich xac dinh anh huéng ciia ché do cong
nghé in nhu nguon laser, toc do in, chiéu day 16p in t&i do chinh xac vé kich thudc
cua san phém in, chat luong bé mat, cAu trac té vi cia san phém in, cac nghién clru
mo phong va thyc nghi¢m da duogc thyc hién. Mot s6 két qua da thyc hién véi qua
trinh WAMM va qué trinh SLM.

1.5. Phwong phap in néng chay bang tia laser c6 chon loc

Trong cong nghé AM, c6 nhiéu phuong phép in di va dang duoc 4p dung.
Phuong phap in noéng chay bing tia laser c¢6 chon loc (SLM) 13 mét trong nhimng
phuong phép in dugc ding dé tao san phdm tir bot kim loai nhu Rasiya G. va cong su

da nghién ctru trong “Additive Manufacturing-A Review” [47].
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Hinh 1.19. Co ché in SLM [48]

Hinh 1.19 thé hién co ché in SLM. Fu C.H va dong nghiép dd nghién ctru co
ché in SLM qua bai “3-Dimensional finite element modeling of selective laser
melting Ti-6Al-4V alloy” [48]. Ban dau 16p bot kim loai dugc rai trén tim nén,
ngudn laser thong qua hé thdng quang hoc 1am néng chay 16p bot va hinh thanh 16p
in dau tién. D¢ in 16p thir hai, ban in dwoc dich chuyén xudng theo phuong thang
dimg mot lugng bang chiéu day 16p in. Hé théng cap bot rai 16p bot méi 1én 16p vira
in. Sau d6 16p bot nay duoc 1am néng chay boi ning lwong laser dé hinh thanh 16p
thtr hai. Qua trinh nay duoc 1ap lai dén hét chiéu cao cta chi tiét can in. Dé dam bao
duoc céac yéu cau lam viéc, chi tiét in phai thoa man cac yéu ciu vé dd chinh xac
kich thudc, do chinh xac hinh dang, chat lugng bé mat va cac thudc tinh co khi.
Tuy viy, co ché in phuc tap v6i su thay doi trang thai cua vat lidu tir rin (trang
thai ban dau) dén long (giai doan nong chay) va cudi cung 1a trang thai rin (sau
khi in xong), thoi gian chuyén trang thai ngan din dén anh huéng dén chat luong
san pham in. Chinh vi vy, nghién ciru nham ning cao chit lugng va ning suat san

pham ludn dugc cac nha nghién ctru, don vi ng dung quan tam.
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1.6 Pé xuat cac théng sé nghién ciu trong luan an
Tir ludn giai néu trén dé xut cac théng s6 nghién ctru nhur sau:
- 3 tham s dAu vao bao gdm cong sudt ngudn laser (U), van tdc in (V), chiéu
day 16p in (t)
- 3 tham sb chi tiéu chat lugng: @6 chinh xac hinh dang (D), d6 nham bé mat
(Ra) va do xop cua san pham.
1.7 Nhiém vu nghién cttu ciia dé tai luan an
Twr nd1 dung phan tich néu trén xac dinh nhi€ém vu chinh can nghién ctru cua ludn
an nhu sau:

- Nghién ctru anh huéng cua 3 tham sd dau vao bao gdm: cong suat ngudn laser
(U), van toc in (V), chiéu day 16p in (t) tdi d6 chinh xac hinh dang (D), do
nham bé mat (Ra) va do xdp khi in 3D kim loai;

- Thyc nghiém kiém chtng dé xac dinh céc gia tri ctia cac tham s6 gom:

+ Cong suit ngudn laser (U), van toc in (V), chiéu day 16p in (t);
+ P9 chinh xac hinh dang (D), 46 nham bé mit (Ra) va do xop khi in 3D kim loai
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KET LUAN CHUONG 1

Tir nghién ctru téng quan vé san xuét bdi ddp va phuong phap in SLM véi bot
Ti6Al4V, mot s két luan nhu sau:

Chéat lwong san pham in 3D bang céng nghé SLM chiu tac dong tong hop boi
bbn nhom yéu t6 phirc tap lién quan dén thiét bi, vat liéu, ché do cong nghé va diéu
kién xur ly. Nham khéc phuc han ché cua cac cong trinh di trude (thuong chi khao sat
trén mot chiéu day 16p in c¢d dinh), nghién ctru nay di tién hanh danh gia su anh
hudng ddng thoi ciia ba thong sé cong nghé cdt 16i: cong suét laser, van toc in va
chiéu day 16p. Céach tiép can nay cho phép lam 16 quy luat tac dong cia ché do in dén
sai l1éch hinh dang, d0 nham bé mit va cdu trac té vi cua hop kim Ti6Al4V, qua do
cung cap co s& khoa hoc viing chic dé xac dinh bo thong s6 toi wu nham can bang

gitra yéu cau ve€ nang suat va chat lugng trong thuc tién san xuat.



30

CHUONG 2: CO SO LY THUYET QUA TRINH IN 3D KIM LOAI
BANG PHUONG PHAP IN SLM

Ttr nghién ctru tong quan ta nhan thiy rang van dé chat luong rat quan trong
v4i san xuat boi dap, ting kha ning ing dung cta cong nghé nay trong thyc tién.
Chat luong san pham in dugc danh gia théng qua mot sb chi tiéu chinh nhu chat
luong bé mat, do chinh xac hinh dang hinh hoc, tinh chét co hoc. Dé nang cao chét
lugng san phém can hiéu rd co ché in, md hinh chuyén pha cua vat li¢u khi in, cac
thong s6 cong nghé in. Tir d6, thong qua mo phong dé xac dinh bd thong sb cong
nghé véi trang thai chuyén pha cua vat lidu. Nhitng van dé nay sé duoc dé cap cu
thé trong phan sau.

2.1. Chat lwgng san pham in

In 3D 1a cong nghé cho phép tao ra cac san pham phirc tap tir nhiéu vat liéu
khac nhau va phu hop véi san xuat dinh huéng khach hang. Chét luong 13 yéu t6
then chdt trong san xuat ché tao. Nhiéu linh vyc nhu hang khong vil tru va 6 t6 doi
hoi ché tao cac chi tiét may phai dap ing cac tiéu chuan cao va chat luong cia chi
tiét dong nhat. Vi viée san xuat boi dip ngay cang dugc st dung nhiéu hon trong
cac tng dung cong nghiép, do do, dam bao chit luong (QA) tré thanh mot trong
nhimg chu dé quan trong nhat. Nhung lam thé nao dé dam bao rang cac san pham in
3D dap tng cac tiéu chuan chét luong ma khach hang mong doi va yéu cau.

Chét lugng san pham in dugc danh gia thong qua:

1- D6 chinh xac vé hinh dang.

2- Chit luong bé mit.

3- Tinh chét co hoc.

4- Tinh thim my.

5- Hiéu suit chirc ning.

6- Tuén tha cac tiéu chuan va an toan.

Chét lugng san pham in phu thudc vao nhiéu yéu tb, trong d6 cé cac yéu to
anh hudng chinh nhu phuong phép in, vat li€u in va ché do cong ngh¢ in.

Trong nghién ciru nay, nghién ctru sinh tip trung vao do chinh x4c vé hinh

dang, chat lugng bé mit va tinh chat co hoc.
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2.1.1. P$ chinh xac vé hinh dang

Mot trong nhitng tiéu chuan chat lugng quan trong nhét ddi véi cac san pham
in 3D 1a d6 chinh xé4c vé kich thudc, hinh dang cua san pham tirc 1a mirc d6 phu hop
gifta kich thudc, hinh dang vit 1y cua san pham in duoc vé6i thong sb kich thude,
hinh dang thiét ké. Do sai 1éch vé hinh dang bao gém do 1éch dwong va do 1éch am
la su khac biét gitra hinh dang chi tiét mong mubn va hinh dang chi tiét thu duoc
nhu thé hién trong Hinh 2.1.

Do sai léch hinh dang cia san pham in 1a do tic dong cua ning luong
nhiét trong qué trinh thiéu két bot kim loai va qua trinh chuyén pha nhanh tir ran
sang léng va nguoc lai. Mat khac, do sai 1éch hinh dang ciing bi anh hudng boi
cac yéu to nhu cai dit may in, dic tinh vat lidu, diéu kién moi trudong va ki thuét

xur ly sau in.

Hinh dang bd 7
phan thu duge

Hinh dang thiét ké

b6 lech dwong

D6 léch am k[/- ~\

Hinh 2.1. Dinh nghia vé dé sai léch hinh dgng

Dé xac dinh d6 sai 1éch hinh dang, Bang 2.1 thé hién mét sé phwong phap va
thiét bi tuong tng.
Bdng 2.1. Cdc phwong phdp xdc dinh d¢ sai Iéch hinh dang
va irng dung ceia ching

Phwong phap Thiét bi Do chinh xac Ung dung
Po tiép xuc st dung . 5 ..
Thudc cap, dong hé so | Vai pm — 0.1 mm Do co ban
dung cu do
Do tiép xuc st dung | May do d tron, may do
. ) pm —nm Do chinh xac
may chuyén dung | bién dang, may CMM
Do khong tiép xuc . Phan tich chi tiét vé
May scan 3D nm — pm

(Quang hoc/laser) sai 1éch hinh dang
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Ngay nay, voi su phat trién cia céng nghé, cac may quét 3D duoc sir dung
nhiéu trong danh gia d6 chinh xac hinh dang ctia san pham. Quy trinh danh gia do
chinh xac hinh dang ctia san pham in dwoc thé hién trén Hinh 2.2.

Véi cac bude bao gém tir mau in st dung may quét 3D dé quét mau in, dir
liéu thu duoc 12 ddm may diém. Sau d6 dit liéu nay duge xtr 1y st dung phan mém
chuyén dung dé tao bé mat dang ludi hoac dang NURBS, tir cac bé mat nay dé tao
dang khdi ran ciia mau in. Két qua miu CAD dugc xay dung s& dugc so sanh véi
mau CAD gbc (file CAD thiét ké trude khi in cia san pham) nham phan tich cac sai
1éch kich thudc.

Vit mau

h 4

May quét 3D

D liéu dédm may diém

C:b
MEEN

Lwéi da giac NURBS

<

Mau duvdi dang Surface
hodc khdi dac

M3u CAD

A 4
So sanh mau CAD duoc
tao tir dir lieu quet voi
mau CAD goc

Hinh 2.2. Cdc budc dinh gid sai Iéch hinh dang si¢ dung phwong phdp quét méu [49]
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Cac phuong phap thu nhan dir liéu tir mé hinh thure:

- Phurong phdp tiép xiic

V6i thiét bi thu nhan dir liéu theo phuong phap tiép xtc, cac dau do chuyén
dong theo cac dudng bién dang ctia miu san phim. Cac may CMM (Coordinate
Measuring Machine) str dung phuong phap do tiép xuc trong tao dir liéu voi dung
sai dat duge 0.01 dén 0.02 mm. Tuy nhién, phu thudc vao kich c¢& cua chi tiét duoc
quét, phuong phap nay thuong mat nhiéu thoi gian do mdi diém dir liéu duoc sinh
ra tuan ty khi dinh dau do tiép xuc véi bé mat chi tiét. Mat khac trong qua trinh do
luén duy tri 4p luc nhéat dinh dé giir sy tiép xuc ciia dau do voi bé mit chi tiét diéu

nay lam mon dau do, anh hudng dén do chinh xac cua dit li¢u quét.

/ Diu quét

Vit mau

Hinh 2.3. Phwong phdp tiép xiic dé thu nhan dir li¢u [50]
- Phurong phdp khéng tiép xiic

Pau quét ~—

Tialaser ~ .~ -

Vit mau

Hinh 2.4. Phuwong phdp khéng tiép xiic dé thu nhan di ligu [50]
Phuong phap thu nhan dit liéu nay hién tai dugc sir dung phd bién. Cac thiét
bi quét st dung tia laser dé thu nhan luong lon dit liéu cac diém trong thoi gian

ngan véi sai 1éch cho phép 0.025 dén 0.2 mm.
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Dé thé hién rd hon vé quy trinh quét trén, vi du vé cac budc quét mot chi tiét
trén xe may dugc thé hién trén Tir mot ddi tuong da co san duoc coi 1a chi tiét mau
hay mau thir nghiém. Dé dung lai mé hinh 3D cua chi tiét 4p dung cong quét phai
trai qua cc budc sau ddy: Chi tiét mau, quét mau va sé hoa dit lidu, xu 1y sb liéu sd
hoa, dyng lai m6 hinh 3D cho chi tiét, so sanh mau quét va mau géc, danh gia sai
s0. Cac bude ap dung phuong phap quét mau cho chi tiét cdp xe may cua xe Honda
Dream dugc thé hi¢n & Hinh 2.5.

- Quét va sé héa dir liéu

Pé s6 hoa san pham ta dung cac may quét hinh dé quét hinh dang vt thé. Dya
theo cach thirc quét hinh ngudi ta phan ra hai dang thiét bi quét hinh chu yéu 1a cac
may quét dang tiép xuc (CMM) va cac may quét khong tiép xtic (may quét laser).
Cac may CMM st dung cac dau do dé tiép xtic v6i bé mit can do. Mot s6 vi tri tiép

xuc s€ cho mot diém c6 toa do (x, y, z).

Chi tiét mau

I

Quét va so héa dit liéu

l

Xur 1y s6 liéu s6 hoa

J

Dung lai mo hinh 3D cho chi tiét mau

I

So sanh, danh gia

Hinh 2.5. Quy trinh ddnh gid méu in theo phwong phdp quét 3D [51]
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Tap hop cac diém nay sé tao thanh cac ludi diém vé trén hinh dang vat thé.
Con cac may quét laser thi str dung chum tia laser phét ra tir may chiéu vao vat thé.
Cac tia nay s& phan xa tré lai cam bién thu. May tap hop céc tia phan xa nay dé
dung Ién &nh cua vat thé. Hinh dang cua toan b vat thé duoc ghi lai bﬁng cach dich
chuyén hay quay vat thé trong chum anh sang hodc quét chum anh sang ngang qua
vat thé. Phuong phap ndy c6 d6 chinh xac kém hon phuong phap tiép xuc song
nhanh hon va ddy da hon. Dit liéu thu duoc khong phai 1a ludi diém ma 1a tap hop
v6 van cac khdi anh diém (dam may diém). Pam may diém nay s& chuyén sang ludi
tam giac dung dé xay dung cac bé mit. Cac budc cua qua trinh quét va sé hoa dix

lidu str dung may quét laser duoc thé hién & Hinh 2.6.

Chuan bi hé théng quét

!

' Chuan bi mau quét

Tién hanh quét mau

Hinh 2.6. Quy trinh quét mdu [51]
Xt 1y 56 liéu s6 héa
Céac budc cua qué trinh xir Iy dit liéu sd héa bao gdm: Chinh stra dit liéu, don

gian hoa ludi tam giac, chia nho ludi cat bé phan thira va cudi cung tao bé mat tron.

Két qua cua cac budc dugc thé hién ¢ Hinh 2.7.
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Chimnh sta lwdi dit lidu
\\;//__’ 7 Don gian héa ludi tam gidc
LEER
Chia nho ludi cit bo phan thira

J

Tao bé mit tron theo v muon

Hinh 2.7. Quy trinh sé héa [51]
Duyng lai mé hinh 3D cho chi tiét mau
Trén co so dit liéu s6 héa da xir 1y ta dung lai mé hinh 3D cho san pham dang
khéi hodic dang bé mit bang phan mém RapidForm ™. Két qua cudi cung ta nhan duoc
mot bé mit tron va dugc chuyén vao tép dir licu voi mot trong cac dinh dang: 1GS
(Initial Graphics Exchange Specification) hoac STL (STereoLithography).
So sanh, ddnh gid sai léch hinh dang gita mdu quét va mau goc.
Tir md hinh 3D dung lai dugc bang phuong phap quét, phadn mém CAE cho
phép thé hién sy sai 1éch kich thudce gitta mau quét va mau gde ban dau.
2.1.2. Chdt Iwong bé mat
Mot tiéu chuan chét luong quan trong khac ddi véi cac san phim in 3D Ia
chit luong bé mat, tic 1a do min, d6 nham hodc két cu cua bé mat san phém. Chat
lwrong bé mat bi anh hudng bdi cac yéu té nhu phwong phép in, chiéu cao 16p in,
kich thudc voi phun, toc d6 in va cac k¥ thuat xir 1y sau in.
Hinh 2.8 thé hién chat luong bé mit dat duoc vé6i cac phuong phap in Wax
Casting, DLP/LCD, SLA, Polyjet; FDM/FFF, Binder Jetting; va SLS, MJF,
DMLS/SLM.



Chat lwgng bé mit Phwong phap in
Wax Casting
DLP/LCD

Bé mdt mwot, chiéu SLA

day in hién thi mo Polyjet

SLS
MIF

Chiéu day in hién thi DMLS/SLM

mo, bé mdit dang hat min

FDM/FFF
Binder Jetting

Chiéu day in hién thi ro,
bé mat tho

Hinh 2.8. Chdt lwong bé mdt dat dwec Véi cdc phwong phdp in [52]

2.1.3. Tinh chdt co hoc

Mot tiéu chudn chét luong quan trong thir ba ddi véi cac san pham in 3D la
tinh chét co hoc nhu do bén, do cung, do xép, d6 bén moi cua san phﬁm. Tinh chét
co hoc dugc xac dinh boi cac yéu té nhu thanh phan vat liéu, phuong phap in,
huéng in, mat d6 14p day va cac k¥ thuat xtr 1y sau in. Pé do cac dic tinh co hoc, ta
c6 thé sir dung cac cong cu nhu may kiém tra d6 bén kéo, may kiém tra do bén nén
hoic may kiém tra d6 bén moi va so sanh két qua vai thong sb ky thuat thiét ké. Dé
cai thién cac dic tinh co hoc, ta ¢ thé chon dang vat liéu cho ung dung, str dung
phuong phap in phtl hop, t6i uu hoa thong sé cong nghé in va dp dung cac phuong
phap xu ly sau in phu hop.
2.2. M6 hinh chuyén pha caa vat liéu kim loai khi in

Trong qué trinh in 3D, tir phan tich cac chi tiéu vé chit lwong ctia san phdm
néu trén, phuong phép in, vat lidu in c6 vai trd quan trong trong quyét dinh t6i chét
luong san pham. Pdi voi vat liéu in, trong qué trinh in cac thudc tinh nhiét cia vat

liéu, su chuyén doi pha cua vat liéu rat phuc tap, anh huong 16n téi chét lugng san
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pham in. Vi vy can hiéu rd vé mo hinh chuyén pha cua vat liéu ciing nhu su thay
ddi cua cac dic trung nhiét cua vat liéu trong qua trinh in.

Hinh 2.9 cho thdy su thay d6i pha theo cic thong sé nhiét do cua hop kim
Ti6AI4V tir rin, 1ong téi bay hoi. Tir so d6 chuyén doi trang thai cua vat liéu nhan
thdy rang, cac thong s cong nghé in can tao ra duoc nhiét do khi in 16n hon 1268 K
moi dam bao qué trinh tao 16p in.

Sau khi in mot 16p, trang thai cta vat liéu thay doi tir rdn, 16ng rdi ran. Trong
giai doan ngudi nhanh (vat liéu ¢ trang thai long vé lai trang thai r'fln), nhiét do cua
hop kim Ti6AI4V tir 1268 K dén 1877 K 1a vang anh huong nhiét HTEZ, ton tai
g suat du do nhiét (thé hién boi chiéu dai x trén Hinh 2.9).

Chiéu dai ving anh hudng nhiét duoc xac dinh nhu sau [53]:

x=122/y-t (2.1)
v 13 hé s6 khuéch tan nhiét; va t> 12 thoi gian tuong tac laser.
Giira hé sb khuéch tan nhiét va hé s6 dan nhiét co méi quan hé sau [53]:
y=4p-C (2.2)
Trong d6 A 13 hé sé dan nhiét (J/(m s K)), p 1a khéi lwong riéng cua vat lidu
(kg/m®), va C la nhiét dung riéng (J/(kg K)).

ATemperature (K)
Boiling temperature 3560

Temperature profile along the x-axis

Liquidus 1933

N\ Solidification cooling rate and thermal gradient
Solidus 1877 :

HTEZ

1268

Hinh 2.9. So' d6 chuyén pha cia vt liéu TiBAI4V
va xdc dinh chiéu dai cia HTEZ
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Hinh 2.11. Dinh nghia ciia TG trong mé hinh phan tich nhigt [54].

Hinh 2.11 giai thich cach &p dung gradient nhiét do (TG) vao mot md hinh
phan tich in thyc té. M6 hinh phan tich in dugc chia thanh hai ving, ving anh
huong xir 1y nhiét thir nhat va tht hai, tiy thuoc vao mac do bién thién nhiét do.
Sau d6, TG duoc xac dinh bang gradient nhiét d6 trung binh caa mdi ving.

Moi quan hé giita TG véi dic tinh vat liéu dugc xac dinh nhu sau [55]:
p-m

ATG = |T62nd HTEZ — TGlst HTEZl = (2-3)

a

Trong d6 p 1a mat d6 cua vat liéu, m 1a tham s6 mang tinh thé, va o 1a hé s6
gidn nd nhiét. Voi T = 1173 K, gia tri m 14 3.63 - 107 (mm) [56]. Phuong trinh dé
tinh toan khéi luong riéng cua vat liéu dua trén gradient nhiét do, tham sé mang
tinh thé, va hé sé gian né nhiét:

p =ATG-a (24)

m

Tur d6, chiéu dai viing anh hudng nhiét duoc xac dinh nhu sau:

ATG.a

x =122yt =122 /1-p-C-t=1.22\//1 C-t (2.5)
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Dé x4c dinh chinh x4c cac dic tinh nhiét-co hoc cua cac chi tiét duogc in, sy thay
d6i pha cua vat liéu trong qua trinh in SLM, ciing nhu cac dic tinh phu thudc nhiét do
cua vat liéu phai dugc xem xét. Trong qué trinh gia nhiét, sy thay doi pha la tir rin
(b6t kim loai) sang long (bot nong chay), va tir long sang khi (bay hoi) trong truong
hop nhiét 4o cao hon nhiét do s6i. Trong qué trinh 1am ngudi, su thay doi pha I tir
long sang ran dé co chi tiét duoc in. Vi su thay d6i pha cua vat liéu, cac gia tri cua k
(hé s6 dan nhiét), C (nhiét dung riéng), va p (khdi luong riéng) cling thay doi, va duoc

tinh toan nhu sau [57]:

k = ekrénﬁléng +(1- e)kléng—ﬂchi (2.6)
C= ecréneléng +(1- Q)Cléngekhi (2.7)
p= 0P rin-1ongCrinsiong™ (1=0)P1ong—khiClong—khi 2.8)

0Crsniongt(1=6)Ciong—khi

Trong d6 0 1a ham luong thé tich nam trong khoang tir 0 dén 1 trong khoang
chuyén tiép. Gia sir nhiét do nam trong khoang tir nhiét do thiéu két (Ts) dén nhiét
dd néng chay (Tm), cac gid tri cua k, C, va p dugc xac dinh ma khong c6 pha

chuyén tir 16ng sang khi.

knguyen knsi—Kbot
krén—ﬂ(’)ng = To—Ts (T - TS) + kb@t (29)
__ Pnguyén khsi—Pbot
préneléng - Ty —Ts (T - Ts) + pbcf)t (210)

Khoi lugng riéng va do dan nhiét cua vat liéu & trang thai bot dugce tinh toan
bang cac phuong trinh sau. Trong do Prguven khdi VA Knguyen rndi 12 khéi luong riéng va
d6 dan nhiét cua vat liéu khi do rong bang 0.

Poor = (1 — 0.43)pnguyen knsi (2.11)

kpor = Knguyen knsi(1 — 0.43)* (2.12)

2.3. M6 hinh truyén nhiét khi in SLM

Khi ngudn laser quét trén bé mit 16p bot, nang luong duge truyén tir 16p trén
cung xudng cac 16p dudi thong qua nhidu thay doi vat Iy khac nhau, chang han nhur:
truyén nhiét, birc xa, ddi luu, dan nhiét, dong chat 1ong chay trong viing nong chay,

noéng chay, bay hoi va phan ing héa hoc [58].
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Hwong quét laser

Nguon lase

Birc xa —
> Truyén dan
ee ‘ \ Y
Lép in [ T e T Raea,  Lop bot
| Tam d&
Tam nén \i
Hip thu

Hinh 2.12. M6 hinh truyén nhigt khi in SLM [59]

M5 hinh toan dé xac dinh nhiét d6 trong qua trinh in trong mbi lién hé vai

thudc tinh nhiét cia vat li¢u, thong s6 cong nghé in duogc thé hién nhu sau [30]:
pC L+ pCV VT = V(KVT) + Qnguisn nnice (2.13)

Véi T 1a nhiét d6 (K); p 1a khoi luong riéng cua vat liéu (kg/m?’); C 1a nhiét
dung (J/(kg.K)); k 1a do dan nhiét (W/(m.K)); V la van tdc in (m/5); Q nguén nhiee 12
ning lugng laser phan bd cho ving can in cua 16p in (W/m3). Ning luong ngudn
laser duoc xac dinh trén co so 1a tong ning luong hap thu, truyén dan va birc xa nhu
thé hién & Hinh 2.12.

Ning luong laser phan b cho viing can in dugc xac dinh nhu sau:

Qngusn nhiet = Qcong sust yeu cau + Qdan nhise (2.14)

Qcong suit yeu ciu = Qngudn taser dén — Qasi weu — @bic xa — Qaznnniee  (2.19)

Cac md hinh phan bd ngudn nhiét khi in dwoc thé hién & Hinh 2.13. Hinh 2.14 thé
hién cac thong sb ctia mé hinh Goldak biéu dién phan b ning luong laser [60].

a) Uniform b) Gauss d Goldak d) — Cone

- fe

Hinh 2.13. Cac md hinh phan bé nguén nhiét [61]
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Ning luong cong suat laser yéu cau theo mé hinh Goldak dwogc xac dinh nhu sau:
—3x2

—3x7 —3x2
et + Z—re cF ‘ (2.16)

b2

Q A PP Q a?
cong suat yeu cau abn\T

o [ ] |1
e > -

Phan b6
nguon nhiét

Hinh 2.14. M6 hinh Goldak biéu dién phan bé ning lireng laser

Hinh 2.15 thé hién md hinh Gauss biéu dién phan b ning luong laser [62, 63].
Ning luong cong suit laser yéu cau theo mé hinh Gauss dugc xac dinh nhu sau:

2

b2

Qcéng suit yéu ciu — 2Q by (2.17)

2 2
-3z2 | -3y -3x
6V3 e[ +— 7tz

Y A

Phén bé
nguén nhiét

Hinh 2.15. M6 hinh Gauss biéu dién phan bé ning lireng laser
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Xac dinh nang lwgng cia laser

Trong qua trinh SLM, sy gidn nd nhiét xay ra bén trong cac lép caa chi tiét in,
c6 thé dan dén bién dang. Qua trinh in duoc dam bao hay khéng phu thudc vao ning
luong laser. Khi xem xét céc théng sé quy trinh in, mat d6 niang luong thé tich E,

(J/mm?) dugc tinh toan nhu sau [64]:

Ev _ Qning lwvong nung chay (2 18)
V-t -hg

Trong d6 V 14 tbc @6 in (mm/s), h, 1a khoang cach duong in (mm), va t 1a do
day lop (mm).
Ttr gid tri nang luong ndng chay, ngudn nhiét laser dugc tinh nhu sau:
Qngudn taser = Q ning twong nung chay +4Q (2.19)
AQ thé hién ton that ning luong laser bao gdm ning luong laser tiéu thy cho dan
nhiét, di luu, buc xa, phan xa va phét xa. Dé tinh dén ning luong laser can thiét
cho viéc ndng chay bét, hiéu suat nang luong laser (1) duoc dinh nghia nhu sau:

n = Q ning lvong nung chay (220)

Qngudn laser

2.4. Co ché in SLM

Hinh 2.16 thé hién so do cua quy trinh SLM. May in sir dung hé thong bdt min
dé phan phdi mot 16p 20-100 um 1én tim nén bén trong budng chira khi tro. Sau do,
16p nay duoc hop nhat bang cach quét chum tia laser trén bé mit bot. Nang lugng
laser cuong do cao lam tan chay hoan toan bdt kim loai dé tao thanh kim loai ran.
Qua trinh nay duoc lap lai hét 16p nay dén 16p khac cho dén khi hoan thanh phan
chi tiét in.

H¢ thong lingkinh  pEessessessssssssy o pEesessssmessssn

1 i i = i
LA E i W
\ 1 1 ) '
X‘Y INgudn Laser: E~ i ‘ | —
3 W iThermal contraction | | Thermal expansion !
deflection _ — : L
f-o lens P . L.
I -
:::3 09 . Metallic
Solidified powder
Sty zone
B¢ phin Chitiétin  Hgp thu bt thira Hat __E——— 00008 . jidified
i bit affected s < layer

«~ Base plate

Hé thé ing di Z
Hp cip li¢u ¢ thong ning ¢
= =

a) Co chéin b) Co ché nhiét
Hinh 2.16. Nguyén 1y in theo cdng nghé ndng chdy bang tia laser c6 chen loc
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Nguyén Iy truyén ning luong nhiét trong quy trinh ctia SLM duoc thé hién trong
Hinh 2.16, khi chum tia laser quét trén bé mit bot, ning luong duoc truyén tir bé mit
trén xuéng dudi bé mat thong qua cac hién tugng vat 1y khac nhau, chrfmg han nhu su
hép thy va tan xa cua birc xa laser, nhiét chuyén, dong chit 16ng trong bé nong chay, su
tan chay/bdc hoi va cac phan tmg hoa hoc.

Su tan chay bdt xdy ra khi nhiét do dat dén nhiét do néng chay cua vat liéu.
Kich thudc ctua viing nong chay bi anh hudng 16n béi ndng lugng dp dung trung
binh trén mot don vi thé tich, ning luong nay chii yéu dugc kiém soat bai cac thong
s6 quy trinh bao gdm cong suit laser va téc d6 quét. Nhiéu nghién ctru cho thiy
rang toc d6 quét cao hon dan dén ty 18 chiéu dai va dudng kinh trong bé noéng chay
ngay cang tang. Mot viing nong chay nhu vay c6 ty 1é chiéu dai va dudng kinh 16n
hon 7 s& gdy ra hiéu Gng bong. Hiéu tng bong co thé duoc dic trung boi sy v& cia
bé nong chay thanh cac qua bong, 1am suy giam tinh toan ven bé mit cua cac thanh
phén cudi cung. Do do, dé dat duoc tinh toan ven bé mat toi wu, pham vi toc do quét
t6i uu bi gidi han bai hiéu tmg bong. Mot nghién ciru khéc ciing béo céo rang cong
suét laser cao hon c6 thé mo rong pham vi dé dat toc do t6i wu [65].

Ban chét cta qué trinh gia nhiét bang laser dbi v6i 16p bot khac biét dang ké
s0 vGi qua trinh gia nhiét bang laser ddi véi mot khoi rin vi hai Iy do. Pau tién, do
hép thu laser ctia cac 16p bdt cao hon dang ké so voi do hép thu caa khoi vat liéu
khéi do mat do va hinh dang hat khac nhau cta chung [65], [66]. Thir hai, d6 din
nhiét cua 16p bot thép hon nhiéu so véi vat liéu nguyén khdi do cac hat bot ¢ dién
tich tiép xtc v6i nhau han ché, do d6, sy truyén nhiét chi bi chi phdi boi d6 dan
nhiét thap cta khi [67]. Do nhitng khac biét ndy, c6 thé suy ra rang viéc thay doi
duong kinh va do nén cta bot cé thé anh huong dang ké dén dic tinh dan nhiét
trong SLM.

Trong quy trinh SLM, dd dbc nhiét 1on nhat duge tao ra do su gia nhiét
nhanh chong ctia bé mit phia trén bang tia laser va sy dan nhiét cham cia céac 16p
bén dudi [68]. P dbc nhiét d6 gay ra do cing bé mit trong bé nong chay c6 thé giy
ra chuyén dong dbi luu. PO dbc nhiét d6 ciing gy ra Gmg sudt bén trong cao. Nhu

duoc hién thi trong Hinh 2.16(b), khi chum tia laser chiéu vao bé mit trén cung, su
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gian nd cua 16p dugc lam néng bi han ché boi khu vuc 1an can, do do, ung suét nén
duoc tao ra trén bé mat trén cung. Khi dat dén gi61 han chay cua vat li¢u, su bién
dang déo sé& xay ra. Khi tia laser di chuyén ra xa, qua trinh lam mat dién ra; sy co lai
ctia 16p trén cung sau do6 bi han ché boi khu vuc xung quanh, din dén tmg suit kéo
du trén bé mit trén. Ung suat kéo du sé tich tu trong mbi 1an quét laser, c6 thé giy
ra hién tuong tach 16p hodc nut. Ngoai ra, qua trinh lam mat va co ngot s¢€ tao ra céac
16p trén cung ngan hon céac 16p dudi cung, do o, chi tiét bi bién dang do uén cong
vé phia chum tia laser.

Do doc nhiét 6 kiém soat sy hinh thanh, chuyén dong va qua trinh hoa ran
nhanh chong cua bé nong chay, xac dinh truc tiép cAu trac vi mo, tinh chét vat liéu
va tinh toan ven bé mit cudi ciing cia san pham in. Nguoi ta nhan thay rang vat lidu
dugc xtr Iy bang SLM ¢6 cdu tric vi mo rat min [69]. Tuy nhién, luong nhiét dau
vao qua muc s& lam cac hat bi kéo dai va tao ra ving anh huong nhiét (HAZ), diéu
nay s& 1am giam tinh chat co 1y ciia san pham in.

Co ché gradient nhiét d6 rat quan trong d6i vi SLM vi nhitng 1y do sau: nd
truc tiép kiém soat kich thudc va dd 6n dinh cta bé noéng chdy, dong vai tro 16n
trong vi¢c xac dinh do nhadm bé mat va do xép cta cac chi tiét. Do doc nhiét do
cling kiém soat sy hinh thanh HAZ, ung suat kéo va bién dang chi tiét. Néu do déc
nhiét do c6 thé duoc do va kiém soéat chinh xé4c thi tinh toan ven bé mat va chuc
nang cua san pham in c6 thé dugc cai thién dang ké. Tuy nhién, gradient nhiét do
rat kho do do kich thudc rat nho va tinh chat nhat thoi ciia né. Do d6, md phong
phan tir hitu han d4 duoc sir dung trong nhiéu cong trinh nghién ciru dé hiéu rd hon
vé co ché xur 1y.

Sau do, gia tri bién dang du do nhié¢t nay dugc sur dung dé tinh toan bién dang
ctia chi tiét in. Bién dang du do nhiét hay bién dang “Eigen” 14 tén goi chung dé biéu
hién bién dang khong dan hdi. Thuét nglr bién dang du do nhi¢t dugc Ueda st dung lan
dau tién vao nam 1975 & phan tich qué trinh han. Nam 1982, Mura d dinh nghia
nhitng bién dang nay véi tén “Eigen strain”. Cac bién dang nay bao gém bién dang

nhiét, bién dang chuyén pha, bién dang déo va bién dang rio [70-72].
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Do qué trinh tdng va giam nhiét theo chu trinh ciia SLM, bién dang tong duoc
tinh bang tong cua cac thanh phan: bién dang dan hoi va bién dang du do nhiét (bién
dang khong dan hoi), dugc thé hién bang cong thirc:

Etong = Edanhoi T € (2.21)

Trong d0: €43, ns;: Bién dang dan hoi; €* : Bién dang du do nhiét
Gié tri ctia bién dang du do nhiét dugc xac dinh bﬁng cong thirc sau:

€ = Ennige T €aeot Echuyénpha T Erao (2.22)
2.4.1. Quatrinhin 1 lép

Sau khi rai 16p bot dau tién 1én ban may, ngudn laser tién hanh gia nhiét theo
chu trinh duoc thiét 1ap san. Hinh 2.17 va Hinh 2.18 thé hién ving truyén nhiét trong
qua trinh in 1 duong tir trai sang phai.

X e
| >T< >

C
—— er

Hinh 2.17. VOng truyén nhiét trén mat phang ZX

Hinh 2.18. Viing truyén nhiét trén mat phang XY

Céc vung nhiét duoc phan mau tir xanh nudc bién dén do thim thé hién nhiét
d6 ban dau cua bot kim loai dén nhiét do néng chay cua bot. Vi tri do thAm nhét trén
hinh 13 vi tri hién duoc ngudn laser chiéu xudng. Vung vang cam d6 1a ving dang
trong giai doan gia nhiét va néng chay. Tai day, bdt kim loai chuyén tur trang thai ran
sang trang thai 16ng, tao thanh “viing néng chay”. Ving xanh nhat cho dén vang —
khu virc ngudn laser d3 di qua dang trong giai doan lam ngudi va héa rin. Qua trinh
lam ngudi rat nhanh nay khién vat liéu chuyén tir trang thai long sang trang thi ran &

nhiét do thip hon. Chinh su thay d6i nhiét do dot ngot do khién vat liéu cua chi tiét in
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chiu mot lyc nén dan dén hinh thanh bién dang noi tai ba chiéu (Inherent Straint - 1S),

duoc dinh nghia nhu sau:
w. W, w,
& = 5 €;=F—y; &= -2 (2.27)
x y z

Trong do: Fy, Fy , va F, 1a di¢n tich cac ving chiu anh huong nhiét (HAZ) do
cac dai lugng W, , Wy, and W, dugc phan bd. Gia trj cia cac dai luong Wy, Wy, va
W, duoc tinh nhu sau:

W, = & qu; Wy = W, =K. g (2.28)

Trong cong thuc trén, q, la mat do nang lugng myén tinh (J/mm).

q, = Snguon nhigt (2.29)

v
Cac gia tri & and K (mm/J) lan luot 12 hé sd bién dang ndi tai doc va ngang.

Hinh 2.19 thé hién cac thanh phﬁn bién dang noi tai g, & va & vdi cac tham s6 nay.

Z Ez (Ka qV’ FZ )

PrintingAirection

X N [
‘{ ,,.';"‘-'Ey ----- v ExGay. Fy)

BUZER
€z(K, Yy FY) |/

Hinh 2.19. Céc thanh phdan bién dang ngi tai

Céc bién dang ndi tai theo hudng x, y va z cho lop dau tién dugce tinh toan nhu sau:

_E'QV.

_Ka. = K% (2.30)

€inh—x = Fy €inh-y = T €inh-z 5,
2.4.2. Qua trinh in nhiéu lép
Sau khi hoan thién 16p in dau tién, gia tri bién dang noi tai IS 13 &;,,,. May in
s& tiép tuc trién khai in tiép 10p 2, 3 dén 16p n. Cach tinh toan bién dang ndi tai cho n
16p duoc thé hién qua Hinh 2.20.
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f — 3rd Jayer
h, .d & = & te,, HTEZ

2h 82 = 285“]1 - Z:Einh
' nd
e, =€ +e. 274 layer
h, | id P 1 ik HTEZ
h, | 1 €= Guh  Einn 1# layer
hL €1 TEm 1t layer

Hinh 2.20. Phuwong phdp tinh todn bién dang ngi tai ciia toan bg cac lép in theo
bé mdt viing xa ly nhigt HTEZ [54]

Khi tién hanh in 16p thir 2, 16p dau tién duoc 1am néng chay lai v6i ving anh
hudng nhiét méi, vi vay gia tri IS con lai cho 10p dau tién [54]:
& = Einh — = Ein (2.31)
Sau do, 16p thtr 2 dugc thém vao, gid tri IS cta 16p nay la:
& = & + Emp = 2Eiqp — %ginh (2.32)
Khi 16p thtr 3 dugc thém vao, gia tri IS mdi cia 1op thir 2 s€ 1a:
d 2d

I —
& =& — ;ginh - Zginh - Tginh (233)

Va gia tri IS trong 16p thtr 3 dugc tinh toan nhu sau:

, 2d
&3 = & + Einp = 3Einn — Iginh (2.34)
Lip lai quy trinh SLM nay cho n 16p, ching ta c¢6 thé tinh toan gia tri IS cho n

16p nhu sau:

p (n—-1)d
En = Ep—1 T Einh = NEipp — Tginh (235)
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Déi vai toan gié tri theo hudng X, v, z, ching ta c6 gia tri IS nhu sau:

( _ . (n-1)d
! Ex (nlépin) — NEinh—x h €inh—x
_ (n-1)d
Sy (nlépin) — nginh—y - h ginh—y (236)
_ (n-1)d
€ (niopin) = NEinh—z =~ E€inh-z

2.5. Céc thdng sé ché @d in anh hwéng dén chat lwong san pham

C6 nhiéu yéu t6 anh hudng dén chit lugng san pham in, cac yéu td nay co thé
dugc phan loai thanh bon nhom gdm céc yéu td lién quan dén vat liéu nhu dic diém
phan b6 kich thude hat, tinh chat vé nhiét cia vat lidu; cac yéu tb lién quan dén may
va phuong phap in; cac yéu t6 lién quan dén diéu kién in nhu siy bot, siy tAm nén
hay khong va cac phuong phap xur 1y sau in; cac yéu t lién quan dén ché do in.
Trong nghién ctru ndy cac théng s6 ctia qua trinh in bao gdm coéng suit ngudn laser
U, chiéu day 16p in t, van toc in V dugce xem xét 1a cac thong s6 anh hudng chinh
ctia ché d6 in tGi do sai léch hinh dang, chat luong bé mat va dic diém cau trac té vi

cua vat liéu bot Ti6Al4V véi phuong phap in SLM.

Co s& dé luya chon ba thong s nay, cung véi dai gia tri khdo sat cua chung,
duogc thiét 1ap dua trén viée tong hop cac cong trinh nghién ctru trude day két hop
v6i két qua cua bai toan mo phong sd trudong nhiét do. Nham han ché cac rui ro va
tiét kiém chi phi thuc nghiém, céng cu mé phong duoc sir dung dé danh gia trudce
muc do anh hudng nhié¢t nang. Nho do, nghién ctru da xac dinh dugc khoang thong
sb gi61 han an toan sao cho nhiét do tai bé nong chay luén duy tri & muac ly tuong:
phai cao hon nhi¢t d§ nong chay cua vat liéu dé dam bao su lién két hoan toan gitra
cac 16p in, nhung dong thoi phai thdp hon ngudng bay hoi dé ngin chin sy hinh
thanh khuyét tat rd xdp. Dai gia tri t6i uu rt ra tir qua trinh md phong nay chinh la

co s& khoa hoc virng chac dé thiét 1ap ma tran quy hoach thuc nghiém.
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Bdng 2.2. B thdng sé in trong mét sé nghién creu trong cong nghé in SLM.

STT May in SLM U (W) V (mm/s) | t(um) | h (um)

May SLM
[73] | Solutions Group AG 260 - 380 | 10001700 | 30-60 |110-150
(LUbeck, Germany)

M4y SLM 250HL
AG, Germany)

May HRPM-II type
[75] SLM 180-380 | 300-800 | 30-60 120

[76] May SLM 280HL 150 -165 | 100 - 500 50 120

Bang 2.2 thé hién bo thong s6 cong nghé in dugc sir dung trong mdt s nghién
ctru gan day véi phuong phap in SLM cho vat liéu bot Ti6AI4V. Nhu dé cap & trén,
tuy thude vao dac diém phan bd kich thudce hat, tinh chat vé nhiét cua vat liéu cling
nhu cic yéu cAu vé dau ra, vé may in va quy trinh in hién c6 dé xac dinh khoang
pham vi thay ddi cac thong s6 cong nghé phu hop. Vé khoang cach gitta cac dudng
in s& anh huong chinh tdi ning suat in, théng thuong véi phuong phap in SLM,
khodng cach giita cac duong in trong khoang 70 dén 80% duong kinh hoi ty cia

chum laser.
2.6. Phwong phap mé phéng khao séat cac thong sé ché dé in

Phuong phap mé phong cho phép xac dinh duoc khoang gia tri b thong sb
cong nghé phu hop nhdm phuc vu cho nghién ctru thuc nghiém. Thong qua md
phong truong nhiét do khi in s& thay doi khi thay doi gia tri ctia cac thong so cong
ngh¢ in. Pé x4c dinh phan bd nhiét trong qua trinh in, cac budc thuc hién dugc thé

hién trén Hinh 2.21.
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- Thudc tinh vit liéu in
- M6 hinh 3D cia miu in

_
— = Phwong trinh truyén nhiét
Ll l‘-‘? mo 'fmh = Mo hinh Gauss phin bo niang
truyen nhiet lrgng laser
. . —_— =  Cac thudc tinh nhiét cia vit liéu
= Chia ludi phén tie .
= Nhip mé hinh Gauss, Goldak, dieu Phin tich quai trinh in
kién bién va théng sé cong nghé
= Phén tich phin hd nhiét ——
Phén tich két qui = PP&An bo nhi:fat voi cic bd thong
phin b nhiét 50 cong nghé L
* Sosanh va danh gia ket qua
_

Co ché phin bé nhiét va
bo thong s0 cong nghé in

Hinh 2.21. Cdc bwéc xdc dinh phan bé nhiét va bé thong sé cong nghé

Co ché phan bd nhiét va bo thong sé cong nghé in di duoc xac dinh ung
dung phan mém Comsol Vi cac budc tir thiét 1p mo hinh truyén nhiét, phén tich
qua trinh in téi phan tich két qua phan bd nhiét. Trong budc thiét 1ap mo hinh
truyén nhiét, cac mo hinh nhiét nhu mé hinh Gauss, mé hinh Goldak thé hién ning
lugng laser phan bd va cac thudc tinh vat liéu duogc nhdp vao moi truong Comsol.
Dé phan tich qué trinh in, phwong phap phan tir hitu han duoc ap dung, mé hinh in
dugc chia ludi cho phan tich; diéu kién bién va cac thong sd cong nghé in dugc thiét
1ap. Két qua phan bd nhiét voi cac bo thong s cong nghé in khac nhau nhu cong
suat ngudn laser, van tdc in, chiéu day 16p in nhim xac dinh duoc bd thong sb cong
ngh¢ in phu hgp.

2.7. Phwong phap quy hoach thuc nghiém 2%
2.7.1. Quy hogch thuc nghiégm

Quy hoach thuc nghiém (QHTN) 1a k¥ thuat dinh nghia va nghién ctru tit ca
céc diéu kién kha thi trong cac thi nghiém c6 nhiéu yéu té anh huong. Quy hoach
thuc nghiém duoc gidi thiéu 1an dau tién vao nim 1935 boi Ronald A. Fisher trong
tai liéu “Design of Experiment” [77].

Vao nam 1950, Geotrude Mary Cox va William Gemmell Cochran xuét ban
sach “Experimental Designs” va trd thanh sach tham khao chinh vé QHTN trong

nhiéu nam [78].
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Trong QHTN, céc thi nghiém dugc thiét ké dua trén cac yéu td & cac muc cu
thé. Trong bang thiét ké cia QHTN, cac yéu td dugc liét ké ¢ tidu dé cot, sé lan
chay thi nghiém duoc liét ké o tiéu dé hang, va mirc d6 ctia mdi yéu té duoc hién thi
trong tung 0.

QHTN dong vai tro then chdt trong nhiéu linh vuc tu khoa hoc, cong nghé,
k¥ thuat dén kinh té va dich vu. Muc dich chinh caa QHTN la thiét ké va phat trién
san pham/quy trinh m&i, nang cao chét luong san pham hién c6 va quan 1y cac qua
trinh san xuét.

Noi dung chil yéu chon phuong phap QHTN 14 tra 1i cho cau hoi: & cac mirc
gia tri nao va sy két hop nhu thé nao giira cac nhén t6 trong thyc nghiém.

Thuc nghiém ma khi d6 s6 muc thay ddi cia tat ca cac nhan t6 nhu nhau, va
tat ca to hop nay déu duogc sir dung trong nghién ctru goi 13 thuc nghiém nhan té
toan phan (TNT).

Néu s6 murc thay d6i nhan t6 14 2, va s6 nhan t6 13 k thi s6 thi nghiém thuc hién
la N=2% Theo két qua TNT 2% ta c6 thé nhan duoc phuong trinh hdi quy tuyén tinh:

y=bg+b1 X1 +hoXo+... +hyXy (2.37)

Phuong trinh ndy c6 thé bo sung thém c&c thanh phan 1a tich cic nhan td, hay
goi la cac tuong tac b;XiX;

Thuc nghiém nhan t6 riéng phan (TNR) cho phép ta giam bét s thi nghiém
chinh so voi TNT trong trudong hop phuong trinh hdi quy (PTHQ) c¢6 s6 nhé hon rat
nhiéu so v6i tdng s thi nghiém chinh N=2.

2.7.2. Quy hoach thuc nghiém nhan té toan phan 2
Trong ly thuyét QHTN thi thyc nghiém toan phan (TNT) c6 rat nhicu tng
dung trong nghién ctru khoa hoc nhu:
- Udc luong cac nhan t6 va hé sé phuong trinh hoi quy
- Xac dinh cac tac nhan c6 anh hudng nhét dén két qua
- Du doan xu hudng thay d6i két qua nghién ctru
Y tuong xay dung TNT vdi sb thi nghiém chinh N=2* + (1-3) don gian nhat
cho truong hop 2 nhan t6 X; va X,. Can cha y:

- Dau tién can chon mién gia tri cac nhan to (Xin<X<Xnax)



- Trong TNT 2“ mdi nhan t6 déu thay d6i ¢ 2 mirc — muc cao nhat va

murc thap nhat.

- Két hop tat ca gia tri co thé ciia cac mirc nay gitta cac nhan t6: khi d6
d6i v6i sb nhén t6 bit ky 1a k thi sé thi nghiém chinh trong TNT 14 2*

D6i voi TNT v6i 3 nhén td, ky hiéu 2%, ma tran quy hoach v6i cac nhan t6

duogc thé hién trong Bang 2.3
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Bdng 2.3. TNT véi 3 nhan té dgng ma héa [79]

N Nhan t6 tu nhién Nhan t6 ma hoa Két qua
X1 X, X3 X1 X2 X3
1 | Ximin Xamin Xs3min -1 -1 -1 Y1
2 | Ximax Xamin X3min +1 -1 -1 Y2
3 | Ximin Xamax X3min -1 +1 -1 Y3
4 | Ximax Xamax X3min +1 +1 -1 Ya
S | Ximin Xamin X3max -1 -1 +1 Ys
6 | Ximax Xamin X3max +1 -1 +1 Y6
7| Ximin Xamax X3max -1 +1 +1 Y7
8 | Ximax Xamax X3max +1 +1 +1 Ys

Bang 2.3 chi ra diéu kién tién hanh thuc nghiém. Trinh tu tién hanh thi

nghiém khong nhat thiét phai theo thir ty trén ma theo thuan tién chon gia tri cac

nhan to.

(-1,1,1)

(-1,1,-1)

(-1,-1,1 )‘

A,1,-1) &
(-1,-1 1)1

(1,1,1)

(1,-1,1)

(1,-1,-1)

Hinh 2.22. Biéu dién hinh hec trwong hep 3 nhan té deng mé hoéa [79]
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Céc dinh cua khdi chir nhat trong Hinh 2.22 dai di¢n cho cidc muc thi
nghiém. O dang mi héa, cac dinh ndy twong Gmg véi cac dinh ciia mot khdi vudng.
Khi s6 nhan t6 k > 3, viéc biéu dién hinh hoc tré nén rat hitu ich dé hinh dung
nhung lai khé thé hién trén gidy.

Céc wu diém TNT 1a do mot sd tinh chat dac biét ciia ma tran thuc nghi¢m.
Ma tran thyc nghiém TNT 2% v6i cac nhan td duoc ma hoa ¢ cac tinh chat sau:

- Tinh d6i xing v6i tim quy hoach. Tong dai sd cac phan tir cot cla

bat ky nhén té ndo ciing bang 0.

N
. Xij =0 (238)
ZJ=1

Trong do: x;; - gia tri nhan td i trong thi nghiém tht j; 1=1,2,....k; j=1,2,...,N;
N - s6 thi nghiém chinh trong quy hoach
- Tinh chuin héa. Tong binh phwong cic phan tir cot ctia mot nhan t6

bat ky bang s thi nghiém chinh N:

N
2 __
E Xij =

=1
i=12.k (2.39)
- Tinh truc giao. Téng cua tich 2 cot bat ky trong ma tran quy hoach
bang 0. Vi du trong truong hop TNT:
ZN ik = 0;i#u;u=1,2..k1a sd nhan tb (2.40)
j=
2.7.2.1. Biéu dién md hinh hai quy theo dang tuyén tinh
Céac PTHQ dang tong quat:
- Khong co6 tuong téc:
y=bo+bX;+hoXo+... +byXy (2.41)
- C6 thanh phan twong tac:
Y= Do +h1X1+0oXo+. . DX+ D1oX1 X 013X Xa+ . AD e yiX (e-1) Xk (2.42)
Trong nghién ctru ndy, thuc nghiém nhan t6 toan phan 2° dugc sir dung,
ngoai 3 hé $6 tuong tdc doi XXy, X1X3, XoX3 ta con tuong tdc 3 nhan td Xx1XoX3, NO
duogc goi la tuong tac bac 2. Mo hinh khi dé c6 dang:

Y= Do+b1X;+0Xo+D3X3+D1X1 X0 +H013X1 X3 +023X0X3+HD123X1 X0 X3 (2.43)
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Dé x4c dinh cac hé sb trong PTHQ cua TNT ta sit dung phuong phap binh
phuong nho nhit. Stir dung phuwong phap nay ta phai giai hé phuong trinh vé6i p an
s6 (p 12 hé s PTHQ).

Céc tinh chét tir 1 dén 3 (cong thic 2.38, 2.39 va 2.40) cua TNT giup cho
viéc xac dinh cac hé sb PTHQ tr¢ thanh dé dang hon. PAu tién ta tim cac hé sb
PTHQ duoc viét dudi dang ma hoa:

y=bo+h1 X1 +0oXo+... DXy

Ta c6 ma tran xac dinh cac hé s6 PTHQ:

— 2 —_
by > Xoi » Xojz(lj Y XojXgj v 2 XojXkj Y Xo; Vi
[bl] X X3Xoj X X D XqjXgj e XXXk X X415 Y
lbz‘ ) X2iXoj 2 X2iX1j > ij w2 XX 2 X2) ¥ (2.44)
b : : : : o
k _Z ijXoj Z ijxlj Z ijXZj Z Xlz(]- ] -Z Xk] y]—

Thay duong chéo bang N, va do tinh chat truc giao cac thanh phan con lai bang 0.

bo] N 0 0 071 [2 %o} ¥j]

b, |0 N 0 0 X%V

bd too0 0 . N |Exyy

Suyra

b, 2 Xoj V]

by L 2X1j}’j

b2 = E Z ij y]- (246)
lka _ZijYj_

2.7.2.2. Biéu dién mé hinh héi quy theo ham mii
Mo hinh hdi quy ciing dugc biéu dién dang ham mii nhu sau:
D = aUPvet (2.47)
Trong d6 a, b, ¢, d 14 cac thong s6 md hinh tir thuc nghiém.
Logarit hai vé ctia phuong trinh 2.47 ta co:
In(D) = In(a) + b In(U) + ¢ In(V) + d In(t) (2.48)



56

bat y = In(D); x1= In(U); X,= In(V); X3= In(t) ta co:
y = PBo * Buxy + Baxz + BaXs (2.49)
Véi By =1In(a); B1 =b; B =c; s =d
Ma tran thiét ké X, véi X duoc xac dinh nhu sau:
1 x11 X2 X3
¥ = 1 x5 X3  X23 (2.50)
1 x3 X3 X33
Gia tri ham dau ra y:
V1
V2
= 2.51
Y= 1y, (2.51)
Gié tri cua cac tham sb:

Vi B = [BOa B17 BZ; B3]
Céc gia tri B dugc xac dinh nhu sau (cong thirc OLS): Phuong phap binh

phuong t6i thiéu [79].
B=X"X)' X"y (2.52)
Tu d6 cac giad tri a, b, ¢, d dugc xac dinh nhu sau:
a=e";b=PByc=Ppyd=Bs (2.53)

2.7.3. Piém trung tam trong quy hoach thuc nghigm 2

Trong quy hoach thyc nghiém 2% diém trung tam 1 diém thi nghiém ma tat ca
yéu t6 déu dugc dit & mirc trung binh ciia khoang thi nghiém da chon. Cac gié tri (ma
hoa) thap va cao cia mdi bién 1an luot 13 +1; cac diém trung tAm 13 m phép do dugc
thyc hién khi tit ca cac bién bang 0. Thiét ké nay c6 2+m diém véi m>0 [80].

Cac diém trung tdm l3p lai c6 hai céng dung. Thtr nhat, d6 bién thién giita
cac két qua ¢ diém trung tAm cung cap mot udc lwgng cua sai s6 thuan. Thir hai,
phép so sanh giita trung binh cta cac diém trung tdm va trung binh cta cac diém
nhan to cho phép kiém dinh mutc do6 khong phu hop. Khi dir lidu tudn theo mo
hinh bac nhét, gia tri ky vong cua phép so sanh nay bang 0; con khi dit liéu tudn
theo mo hinh béc hai, thi gié tri ky vong ctia nd s€ phu thudc vao cac hang tu bac

hai thuan tay.
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KET LUAN CHUONG 2

Chuong 2 di dwa ra co s& 1y thuyét nhiét - co cho qua trinh in SLM. Béng viéc

xdy dung mo hinh truyén nhiét tng dung ngudn nhiét Gauss va Goldak, nghién ctru

d3 1am 16 duoc co ché chuyén pha va sy hinh thanh Gng suit du gy bién dang chi

tiét. Qua do, khang dinh duoc méi lién hé ban chét gitra cac thong sé cong nghé dau

vao, mat do nang luong laser va chat lugng san pham in cudi cung. Cu theé:

1-

IS
1

Phén tich co ché in SLM va céc thay d6i chuyén pha cia vat liéu theo truong
nhiét d¢ 1a cin ctr xac dinh co ché hinh thanh tng suit du do nhiét la nguyén
nhén cua bién dang chi tiét in khi cat khoi tAm nén va cach xac dinh gia tri
g suat du khi in mot 16p, nhiéu 16p.

Xay dung dugc mo hinh truyén nhiét khi in véi cac hé sb thé hién tinh
chét nhiét cua vat liéu thay doi theo nhiét do; cling nhu xac dinh dugc
ngudn nhiét tiéu hao, hiéu suat truyén nhiét tir nguon laser ti ving nong
chay cua vat liéu;

Phan tich cac mo hinh nhiét cua nguén laser nhu Gauss, Goldak lam co so
dé giai dugc phuong trinh truyén nhiét nham xac dinh gia tri cua nhiét do
khi in 3D.

Xac dinh dugc cac thong sd cong nghé in anh huéng dén nang lugng thé tich
ngudn laser, anh huong dén qua trinh in va s& dan dén anh huong dén chat

lugng in.
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CHUONG 3
HE THONG THI NGHIEM VA PHUONG PHAP NGHIEN CUU

Chuong 3 gidi thiéu céc thiét bi thi nghiém va phuong phap nghién ciu dé
xac dinh cac chi tiéu dau ra cua san pham in, hé thdng thiét bi nham tao ra cac
mau in da dwoc s dung bao gdm may in 3D SLM, may cit day EDM, may say
bot truéc khi in, may 1 nhiét sau in va vat liéu in Ti6AI4V. Mau in sau d6 dugc
tién hanh do dé thu thap cac dit liéu vé @6 nham bé mit, 6 chinh xac hinh hoc
va dic diém cau trac té vi. Bé tién hanh thu thap di liéu do, cac thiét bi do luong
d3 duoc str dung nhu may do do6 nham, may do cau tric té vi, may quét 3D. Pé
gigi han pham vi cua bo thdng sé cdng nghé in, phuong phap mé phong sé da
duoc sir dung. Bé xu ly dir liéu do duoc tir mau in nham xac dinh méi lién hé
gitra cac chi tiéu chat luong voi bo thong sé cdng nghé, phuong phap quy hoach

thuc nghiém da duogc ap dung.
3.1. Hé théng thiét bi dwgrc sir dung trong nghién ciu

Dé danh gia d6 chinh xac hinh dang, d6 nham va dic diém céu trac té vi cia
mAu in, cac budc thi nghiém va hé thdng thiét bi can thiét duoc thé hién trén hinh
3.1. Vat liéu bot Ti6Al4V duoc séy 0 nhiét do 200 %C. M6 hinh 3D ctia mau in duoc
chia 16p trén may tinh va duoc tao file G code dé chuyén toi may in. May in 3D FF-
M180D dugc st dung dé in cac miu in. Sau in miu in va tim nén dugc u dé khir
g suat du do nhiét trong qua trinh in. Dé tach mau in khoi tim nén, may cat day
EDM duoc st dung. Dé c6 duge cac thong sé dau ra do chinh xac hinh dang, do
nham va dic diém céu tric t€ vi, may quét 3D, may do do nham va may do cdu triic

té vi dugc s dung twong tng.
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Mo hinh 3D N
cua mau in May in 3D Maiu in U
FF- » vatam " nnict [
vatligubgt | | Maysiy | | MI80D — .
TiGAI4V bot
Miy do (»p§nham
do nham
Cit day
R El]l)lgfl(i‘]:lat | Miy _’B('j sai 1éch
! 5 hinh dan
khéi thm quet 3D e
neén)
Maydo | pjc diém
cau tr.uc ~ciu trac té
te vi vi

Hinh 3.1. Cdc bwéc thi nghiém va hé théng thiét bj

3.1.1. May in 3D SLM

Dua trén két qua mo phong trén phan mém ComsolTM, cac mau thi nghiém
dugc tién hanh trén may in kim loai SLM FF-M180D tai cong ty 3D HONY, Thon
3, X4 Tan Huong, Huyén Ninh Giang, Tinh Hai Duong. Hinh 3.2 thé hién tong thé
may in 3D FF-M180D theo phuong phap in SLM v&i cac cum chinh nhu budng in,
man hinh diéu khién va bo phan cip khi bao vé budng in khi in. Cac thong sb k¥
thuat chinh ciia may duoc thé hién & Bang 3.1. véi kich thuéc miu in t6i da dang
khéi try voi D 180mm, H 100mm; cong suat ngudn laser 1000 W; chiéu day 16p in
0.02-0.06 mm



v -
Hinh 3.2. May in kim logi SLM FF-M180D tgi cong ty 3D HONY

Bing 3.1. Cdc thong so ky thudt ciia mdy in 3D nhw sau:

Théng so ky thugt
Dién tich xay dung

Cai dat tAm nén

Do chinh xac

bo day 16p

Phuong phép trai bot
Loai lu6i

Tai bot toi da

Vit liéu in

S6 lugng laser

Cong suit laser
Phuong phap lam mat
Puong kinh tia laser
Khi bao v¢

Mirc oxy tdi thiéu
Tiéu thu nang lugng

Téc d6 quét

Gid tri
Puong kinh 180 mm, chiéu cao 100 mm
Cé dinh tir tinh
+0.05 mm
0.02-0.06 mm
Cép bot va trai bot hai chidu
Ludi cao su
30 kg
CoCr, TC4, Ti
Laser d6i, ho tro hoat dong laser don
1000 W (hai laser 500 W)
Nudc
50-80 um
Ar/Nitrogen
0.01%
3 KW
0~7 m/s
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3.1.2. Méy cit day EDM

May cit day EDM duoc sir dung dé cit cac mau in khoi tim nén.

Hinh 3.3. May cit ddy EDM va so dé nguyén Iy cit

Bing 3.2. Cdc théng so ky thudt ciia mdy cdt day

Ma may Goldsun GS4050B
Hanh trinh gia cong 400*500 mm

Kich thudc ban lam viéc 780*510 mm

Puong kinh day cét @0.1-@0.2 mm

Dong dién gia cong 16n nhat 5A

Trong lugng may 1700 kg

Kich thugc ngoai cua may 1900*1450*1800 mm

3.1.3. May sdy bgt trwéc khi in

it
1w

—

Hinh 3.4. May sdy bét kim logi 303-0B
Bot Ti6Al4V dugc say ¢ nhiét ¢ 200 °C trudc khi in nham dam bao say kho
dong déu vat lidu, loai bo do 4m ciia bot in, tranh hién twong dinh bot, gitip cai thién

chat lugng in.
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Bing 3.3. Cdc thong so kj thudt ciia mdy sdy bot nhw sau:

M& may 303-0B
Nguén dién dau vao 220V, 50 Hz
Cong suit dinh mirc 300 W

Kich thudc bén trong 250*250*250 mm
Kich thudc tong thé 550*320*400 mm
Khéi luong 12 kg

Pham vi nhiét do (tr nhiét d6 phong)  Nhi¢t d0 phong +10-99 °C
3.1.4. May xu ly sau in (& nhiét)

e

2 | <
)

Hinh 3.5. May # nhigt chan khéng Fastform 00-00012990
Bing 3.4. Cdc thong so ky thudt ciia mdy i nhi¢t chan khong

M3 may 00-00012990
Nhiét d6 hoat dong t6i da 1200 °C dén 1350 °C
Murc chan khong 10™* dén 10 mbar
Do ddng nhat nhiét 4o +5°C

Céc chi tiét duoc san xudt bang cong nghé ndng chay laser chon loc (SLM)
ton tai tng suit du do nhiét do cao va qua trinh ngudi nhanh trong qua trinh in. Lo
xtr 1y nhiét chan khong cho phép khir ing suat du do nhiét nham tranh hién tugng

cong vénh san pham khi cat khoi tam nén.



63

Total distortion [mm]

Process [100.00 %] oW,
L

EEE o

0.2
max: 0.93
min: 0.00

1”"

Hinh 3.6. Vi du vé bién dang mdu in khi cdt khéi tdm nén
3.1.5. Vit ligu thi nghiém - Bgt in Ti6Al4V

Vit lidu bot hop kim titan Ti6Al4V c6 phan bd kich thuéc hat 16n trong
khoang tir 25 pm dén 63 um dugc st dung dé in cic miu. Phan bd phan trim kich
thudc dudng kinh hat (d) nhu sau: d' < 25 pm chiém 0.8%; d' trong khoang tir 25
um dén 63 pm chiém 83.4%; va d' > 63 pm chiém 15.8%. Vit liéu sir dung trong
thi nghiém duoc 13y truc tiép tir cong ty 3D HONY.

1111111111

400 pm
Hinh 3.7. Hinh dang bét Ti6AI4V [5]
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Element

Nitrogen, max.
Carbon, max.
Hydrogen, max.
Iron, max.
Oxygen, max.
Aluminum, range
Vanadium, range

Titanium

Chemical analysis laboratory: Luvak Inc. (72? Maln SlrgiLP 9 Box 597, Boylston MA, 01@)7

r Pl /{ P N Pa) M
3.5. Cdc thong so vt liéu bot TiGAI4V
POWDER COMPOSITION (weight percent)

ASTM F136 Measured Testing method Status
0.05 0.02 ASTM E1409 Conforming
0.08 0.02 ASTM E1941 Conforming
0.012 0.002 ASTM E1447 Conforming
0.25 0.20 ASTM E2371 Conforming
0.13 0.09 ASTM E1409 Conforming

55-6.50 6.39 ASTM E2371 Conforming
35-45 39 ASTM E2371 Conforming
Balance Balance ASTM E2371 Conforming

Do

Dso

Dso
<20 pm

_ Apparent Density (g/cm?)

3.1.6. Mdu thi nghiégm

POWDER CHARACTERIZATION
Description o Required Measured Status / Comments
Particle size distribution per ASTM B214
Particle Size (um) % By Mass % By Mass
>63 Max. 5.0 08 Conforming
s 63 > 25* Not specified 83.4* NA
< 25* Not specified 15.8* NA

“Standard ASTM B214 applies to powder sizes 45 microns and higher. The results are for information only.

Particle size distribution per ASTM B822 (Coulter® LS li’artlclo Size Analyzer)

Flow Rate (sec.for50g)

Not specified 23 ym NA

Not specified 43 ym NA

Not specified 59 ym NA

Not specified 5 % by volume NA
Flow Rate per ASTM B213

Not specified 27 NA
- 7 Apparent Density per B212

Not specified 251 NA

Hinh dang va kich thudc cta cac mau in dugc thé hién & Hinh 3.8. Kich thude

clia mau (dai x rong x cao) 1an luot 1a 40x32x3 (mm).

(a2
Y S —— = — |
2
~
=
LUTG
g Mguyen Thai Son

2.5

40

Hinh 3.8.

Kich thwéc va hinh dang mdu thi nghiém
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3.2. Thiét bi danh gia chat lweng san pham in
3.2.1. Céc thiét bi va phan mém sik dung trong dinh gid dé chinh xac hinh hec
Céc chi tiéu vé& hinh hoc cin kiém tra d6i v6i san pham in 3D bao gdm do
théng, do tron, do nham, va kich thudc.
3.2.1.1. Bé thang, do tron va dé nham
Céc tiéu chuan duge phat trién dé huéng dan do do théng, do tron va do nham
ctia mot chi tiét nhu sau:
- ISO 12780 Théng sb k¥ thuat hinh hoc ciia san pham (GPS)-d6 thang.
Tiéu chuan nay thao luan vé khai niém do6 théng, thudc vé mot trong
cac thong sb k¥ thuat hinh hoc ctia san pham.
- ISO 12181 Théng sd k¥ thuat hinh hoc ciia san pham (GPS)-do tron.
Tiéu chuan nay thao luan vé khai niém do tron, thudc vé mot trong cac
thong s6 k¥ thuat san pham hinh hoc.
- ASTM D7127 Phuong phap thir tiéu chuin dé do d6 nham bé mit cua
bé mat kim loai duoc 1am sach. Tiéu chuin nay mo ta cach st dung

thich hgp may do d§ nham bé mat dé danh gia thong s6 bé mat.
3.2.1.2. B¢ chinh xadc kich thuoc, hinh dang hinh hoc

Ngoai cac thiét bi do ludong truyén théng nhu thudc ciap, dong ho so...Ngay nay
nhiéu thiét bi quét 3D da dugc img dung hiéu qua. Cac thiét bi ndy st dung phuong
phép do tiép xtic hodc phuong phap do khong tiép xtic. Cac thiét bi str dung phuwong
phap do tiép xic nhu tay may, may do toa d6 CMM, may gia cong CNC (computer

numerical control). C6 hai kiéu thu nhan dit liéu voi phuong phép do tiép xtc:
3- Diém t6i diém
4- Quét tuan tur

Véi ki thuat quét diém toi diém, mot dau do duge dit trén may CMM hodc
tay may dé do mot s6 diém gdc trén bé mit can do. Viée st dung tay may cho phép
thao tac tay v6i do linh hoat cao hon khi di chuyén dau do so véi mdy CMM. May
CMM cho phép 1ap trinh cac duong do trén bé mit can do. CMM cho két qua do
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chinh x4c hon so vdi tay mdy, tuy vy CMM bj giéi han khi do cac bé mit phirc tap
do dau do bi khdng ché vé sb bac ty do hon so véi tay mdy.

Véi ky thudt quét tudn tu, dau do duoc dit trén may CMM hodc may CNC.
Pau do tiép xtic v6i bé mit can do va di chuyén lién tuc doc bé mat chinh vi vay thu

nhan dit liéu lién tuc. Toc do quét nhanh gap ba 1an k¥ thuat quét diém toi diém.

Céc thiét bi st dung k¥ thuat do tiép xtic c6 vu diém vé d6 chinh xac cao, gia
thanh thap, c6 thé do ranh sau, do hdc. Tuy vay, ky thuat do nay c6 tdc do thu nhan
dir liéu thép, 6 thé pha hong vat mau dic biét 1a nhirng vat mau mém do co su tiép
xuc truc tiép ctia dau do 1én vat mau.

Bing 3.6. Mt s6 mdy theo phwong phdp do tiép xiic [52, 53, 54]

. R Hang san x ) Do chinh xac, toc )
Cong nghé A Mau may o Thao tac
xuat do quét
Tay may | B0 chinh xac: £0.09
Faro . Tay
g (FaroArm) t61+£0.431 mm
biém to1 diem ; ,
. MicroScribe Do chinh xac:
Immersion Tay
MX 0.101 mm

Budc quét theo

Quét tuan ty véi P
X,Y:0.05dén 5 Chuong

dau do lap trén | RolandDGA | MDX-20

mm, theo truc Z: trinh
may CNC
0.025 mm
Diém t61 diém o .
o ) Euro C- Do chinh xac: Chuong
v6i dau do lap Mitutoyo .
121210 0.001 mm trinh

trén may CMM

. Toc do: 508 dén
Quét tuan tu voi ’

N, 1016 mm/phut
dau do lap trén ) Renscan N . | Chuong
Renishaw Toc do thu nhan dir
may CMM, may 200 o P trinh
liéu 16n nhat: 70
CNC

diém/giay

Céc thiét bi sir dung phuong phap do khong tiép xuc sir dung ngudn ning
lugng nhu anh sang, 4m thanh, hodc trudng tir tinh dé tac dong toi ddi tuong do.

Céc thiét bi do khong tiép xtuc dugc phan loai dua trén k¥ thuat thu nhan dir liéu.
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Céc thiét bi do khong tiép xuc c6 cac wu diém nhu khong lam hong bé mat vat do
hodc dau do do loai bo duoc tiép xuc truc tiép, s6 hoa nhanh va d6 chinh xac cao.

Bing 3.7. Mét s6 mdy theo phwong phdp do khong tiép xiic [52, 53, 54]

Cone nehé Hang san Miu ma Kich thudc Do chinh xac
ong nghe xuat U may quét (mm®) (mm)
Laser Cyberware 3030RGB | 260x340x300 0.25+1.0
3030RGB

Laser Cyberware MS 1000x260x300 0.25+1.0
Konica

Laser ) VIVID 910 | 355x266x92 0.1+0.22
Minolta

3.2.1.3. Phan mém si dung trong quét 3D:

Trén thé gi6i hién nay, phan mém sir dung xr 1y dit liéu sau quét 3D rat nhiéu
va da dang, d6 c6 thé 1a phan mém di kém theo thiét bi c6 chirc ning sta chita va
chuyén dbi dir liéu hodc co thé 13 phan mém doc 1ap v6i thiét bi. Phan mém doc 1ap
v6i thiét bi hién nay c6 rat nhiéu nhu: rapid form, geomagic, cac modul thiét ké
nguoc cua CATIA, NX.

a. Phan mém Rapid Form

Rapid Form Xo Redesign (XOR) 1a phan mém thiét ké nguoc ciia hang Rapid
Form (Han Qudc). Pay 1a mot giai phap phan mém hoan chinh xtr 1y dir lidu tir dir
liéu quét tédi mo hinh CAD. Rapid Form (XOR) thyc hién mot quy trinh tao cac moé
hinh CAD tham sd tir cac chi tiét thuc mot cach nhanh chong va dé& dang bang mot
quy trinh thiét ké va giao dién quen thudc véi nguoi st dung CAD.

b. Phan mém geomagic

Phan mém Geomagic Studio sir dung dir liéu quét 3D dé tao ra mo hinh chinh
xac nhu san phdm ban dau. Ngoai ra, tir dit lidu quét 3D, c6 thé thay ddi theo ¥
tuong thiét ké moi nham tai tao mot hay nhiéu cac hinh dang phirc tap mot cach
nhanh chéng va dé& dang. Geomagic Studio tich hop duoc véi tit ca cac may quét
3D va phan mém CAD/CAM. Tinh ning ty dong va don gian héa quy trinh 1am

viéc giup giam tbi da thoi gian va tiét kiém chi phi.
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c. Modul thiét ké nguoc trong phan mém CATIA
C6 2 modul str dung trong thiét ké nguoc bao gdom:

+» Digitized shape editor
CATIAVS

.nfrastructure

" Mechanical Design 4

Edit

4 Analysis & Simulation »
AEC Plant .
-Machining 8l
@ visitai Mockup v
Equipment & Systems > @ Quick Surface Reconstruction
. Digital Process for Manufacturing > % Automotive Class A
~ Machining Simulation > d‘ Shape Sculptor

Hinh 3.9. Modul Digitized shape editor

s Selected File |
[C\Users\dan\Desktop\Self_Exercise.st =
[Format. s _v| 'S Grouped Dsmiszics]
~ Previey Ascil free A= = |
| Ascii RGB ' ’

Ascii User Format ){100.000000 =]
S ReplajAtos 1.000000

Cgo — |

Gom-3d = Millimeter (mm) ]

Hyscan Moress: I

“liges -
Kreon
Opten

Steinbichler

Hinh 3.10. M¢ dinh dang dé ligu STL
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¢ Quick surface reconstruction
EZLJJ ENOVIAVSVPM  hile  kdit  View  Inset  lools  Analyze

lnfrastructure ’ IA"' ll I Aut ;“None _v_|§

1 Mechanical Design ’
R\ i<
£ Analysis & Simulation 3 B Sketch Tracer
AEC Plant 4 ud Imagine & Shape
Machining ’ ;@ Digitized Shape Editor
'Qigital Mockup ’ & Generative Shape Design

Equipment & Systems » -:,v Quick Surface Reconstruction

Hinh 3.11. M6 dun tdi tao nhanh bé mt

3.2.2. Thiét bi ddnh gid tinh chdt co hoc ciia mdu in

Céc dic tinh vat lidu trong san xuit boi dip thuong cé trong cac bang dit liéu
do nha san xuat cung cap, cling nhu tir cac thir nghiém riéng 1¢. Cac dic tinh co hoc
clia cac chi tiét in cho phép cac k¥ su lwa chon vat liéu phu hop cho cac tng dung
khac nhau. Tuy thudc vao cac dac trung co hoc can xem xét dé lya chon céc thiét bi
thi nghiém phu hop.
3.2.3. Thiét bi do
3.2.3.1. May scan 3D

bé danh gia do bién dang hinh hoc cta chi tiét in, may scan 3D Handy Silver

ctia hang Creaform duoc st dung dé do kiém tai cong ty 3D Master (Hinh 3.12).

Hinh 3.12. Thiét bi do bién dang hinh hec Scan 3D Handy Silver ciia hang

Creaform
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Bing 3.8. Cdc thong so kj thudt ciia mdy Scan 3D Handy Silver
Ma may HandySCAN SILVER

Do chinh xac 0.025 mm

Do chinh xéc do thé tich (phu thudc

vao kich thudc méu) 0.02 mm +0.04 mm/m

b9 phan giai do luong 0.025 mm

DJ phan giai luoi 0.1 mm

Téc do do 1.300.000 lan/giay
Tiét dién quét 310*350 mm

3.2.3.2. May kiém tra d¢ nham

Dé danh gia d6 nham cua chi tiét in, mdy do 3D bang giao thoa anh sang tring
Zygo ZeGage Pro HR, My duoc str dung dé do kiém tai hoc vién k§y thuat quan su
(Hinh 3.13).

Hinh 3.13. Thiét bi do d¢ nham Zygo Zegage Pro HR

Bing 3.9. Cdc thong so ky thudt ciia mdy Zygo Zegage Pro HR

M& may Zygo Zegage Pro HR
Kich thudc may 82*53*53 cm

Trong lugng may 54 kg

Do phan giai doc <0.15 nm

Pham vi quét doc tdi da <20 mm

Téc d6 quét dir licu t6i da <171 pm/s

Do phan giai ngang quang hoc 0.52 pm (v6i vat kinh 50X)
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3.2.3.3. May kiém tra cdu tric té vi

Dé danh gia to chirc té vi va do x6p cua vat liu chi tiét in, thiét bi do FESEM
S4800 HITACHI, Nhat ban (Cty TU VAN HCM VINAUCARE) duoc str dung dé
do kiém (Hinh 3.14).

Hinh 3.14. Thiét bj do FESEM S4800 HITACHI
Bing 3.10. Cdc théng sé ky thudt ciia mdy FESEM S4800 HITACHI

Ma may FESEM S4800 HITACHI
Loai ban mau Ban mau 5 truc

Hanh trinh XY 110x110 mm

Kich thudc mau t6i da Puong kinh t6i d3 150 mm
Géc nghiéng —5° dén +70°

Xoay 360°

b0 phan giai 1nm

Kiéu phong dai thap: 20X dén 2,000X

Do phong dai o _ .
Kiéu phong dai cao: 100X dén 800,000X
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3.2.3.4 Nguyén Iy do té chirc té vi cua thiét bj FESEM S4800 HITACHI

Thiét bi do d6 xbp FESEM S4800 HITACHI 1 thiét bj do d6 xp tién tién,
trén thiét bi dugc tich hop phan mém chuyén dung dé xac dinh d6 x6p ctia mau thir.
Khi mau thir dugc kiém tra, 16p phu duge phong to téi hang nghin 1an. Pong thoi
phan mém xéac dinh d6 xdp cta 16p phu tinh bang ty 1& % so véi tong thé tich 16p
phu. Lép phit duoc danh gia dat chat lwong khi d6 xdp dat tir 3-5% tiy theo yéu cau
chét luong cua 16p phu cang nho cang t6t
3.3. Phwong phap nghién ciru
3.3.1. Phwong phdap mé phong

San xuét boi ddp 13 mot qua trinh phirc tap lién quan dén cac hién twong va co
ché vat 1y, héa hoc ¢ cac mirc d§ va quy mo khéac nhau cua chi tiét duoc ché tao.
Nhitng hién tuong va co ché nay, bao gdm ning luong, truyén nhiét, co ché nong
chay va dong luc hoc cta viing nong chdy, qua trinh dong ddc va su hinh thanh cua
cAu tric vi md, phai duoc hiéu va kiém soat.

M6 hinh héa va moé phong sb6 da duoc chtirng minh 1a mdt cong cu hi¢u qua
cho phép thuc hién céac thi nghiém 4o dé hiéu rd hon céac khia canh vat 1y da cap va
da quy mé nay, ciing nhu mot cach hiéu qua vé chi phi dé t6i uvu hoa cac thong sb
quy trinh cong nghé va cac thudc tinh co 1y cta chi tiét in, nhim ché tao cac chi tiét
dat tiéu chuan cho muc dich sir dung céng nghiép.

Trong nghién ctru nay, véi mo hinh nhiét dugc thiét 1ap c6 xét dén tinh chat
vat liéu, thong s6 cong nghé in bao gdm cong suit ngudn laser, van tdc in, chiéu day
16p in, va diéu kién moi truong in, két qua ciia mo phong sb 1a truong nhiét do khi
in (nhu thé hién trén Hinh 3.15). B thong s6 cong nghé in duge xem 1a phu hop
cho qué trinh in khi tao ra truong nhi¢t do trong khoang 16n hon nhiét d§ chay cua

vat li¢u va nho hon nhi¢t do bay hoi cta vat li¢u in.

Tinh chit vat liéu

v

Théng s6 cong nghé in | Phwong Truéng nhiét @5 Khi in
*| phap mo >
MGoi trwong in phong so

v

Hinh 3.15. Céc thong sé dau vao va dau ra ciia md phéng sé
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Trong nghién ctru ndy, dé xac dinh truong nhiét d6 khi in, vi tinh chat lip lai cua

cac duong in nén chi nghién ctru qua trinh in mot duong don. Bang 3.11 thé hién

cac gia tri dugc st dung dé xéac dinh truong nhiét vai mo hinh phan bd nhiét Gauss.

Bing 3.11. Gid tri ciia cdc théng sé mé phéong [101, 102]

Ky hi¢u Théng sb M0 hinh Gauss

Xo Toa dd x ban dau 0 [mm]

Yo Toa d6 y ban dau 0 [mm]

U Cong suat ngudn laser tir may 150 [W]

a Chiéu rong chum tia laser theo truc y, X 0.4205[mm]

b Chiéu sau thAm nhap cta chum tia laser theo truc z  0.1682[mm]

V. Vantdcin 400 [mm/s]

C  Nhiét dung 710. 10 [3/(g.K)]
k  Hé sb dan nhiét 7.5.10° [W/(mm.K)]
T, Nhiét @6 moi trurong 293 [K]

he  Heé sb truyén nhiét ddi luu 186.3[W/(mm?.K)]
h,  Hé s truyén nhiét buc xa 4.4[W/(mm*.K)]

t  Chiéu day Iép in 0.045[mm]
Ha  Khoang cach gilra hai duong in 0.08[mm]

Xét cac truong hop véi sy thay d6i cong suat ngudn laser, van toc in; giir

nguyén gia tri chiéu day 16p in t = 0.045mm, cac két qua vé phan bd nhiét dat duoc

nhu sau:

Truong hop 1: Cong suit ngudn laser U = 150 W: van toc in V = 400 mm/s;

chiéu day 16p in t = 0.045 mm. Gia tri nhiét d6 in dat dwgc 16n nhat 1 2610 K.
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Time=0.028015 s Volume: Temperature (K)
x10?

2.5

mm L 115

0.5

y_\T/_x

Truong hop 2: Cong suat ngudn laser U = 350 W; van toc in V = 400 mm/s;
chiéu day 16p in t = 0.045 mm. Gia tri nhi¢t d¢ in dat dugc 16n nhét 14 2610 K. Gia
tri nhiét do in dat dugc 16n nhét 1a 2750 K.

Time=0.028015 s Volume: Temperature (K)

A 2.75x10°
x10*

2.5

i 1.5

V¥ 228

Truomg hop 3: Cong suat ngudn laser U = 150 W; véan toc in V = 1500 mm/s;
chiéu day 16p in t = 0.045 mm. Gia tri nhiét d6 in dat dugc 16n nhat 1a 2480 K.
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Time=0.020023 s Volume: Temperature (K) =
A 2.48x10°
x10°?
2
mm
115
N 11
0
0.5
z
y.\T/'X
¥ 266

Truong hop 4: Cong suat ngudn laser U = 350 W; véan toc in V = 1500 mm/s;
chiéu day 16p in t = 0.045 mm. Gia tri nhiét do in dat dugc 16n nhat 1a 2720 K.
Time=0.013348 s Volume: Temperature (K)

A 2.72x10°
x10°

2.5

11.5

¥ 256

Truong hop 5: Cong suat ngudn laser U = 250 W; van toc in V = 950 mm/s; chiéu
day 16p in t = 0.045 mm. Gia tri nhiét d6 in dat duoc 16n nhét 14 2660 K.
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Time=0.024654 s Volume: Temperature (K)

A 2.66%10°
x10°

I25

1.5

0.5

¥ 246

Véi 5 truong hop xét & trén, cac bo thong s6 cong nghé in khac nhau (trong
truong hop nghién ciru nay chi thay d6i cong sut ngudn laser va van tdc in), gia tri
ctia nhiét do khi in (Tm) dat duwoc thé hién ¢ Bang 3.12. Trong d6 vdi cong suat
ngudn laser 150 W, gia tri cua chiéu sadu tham nhap cta chum laser 1a 1.682 mm
(nhu thé hién & Bang 3.11); v6i cong suat ngudn 16n hon, gié tri cta chiéu sau tham
nhap cua chum laser s& 16n hon. Cu thé, v6i cong suat ngudn laser 1a 250 W gid tri
ciia b = 0.35 mm; véi cong suat ngudn laser 1a 350 W gia tri ciia b = 0.5 mm da
duogc str dung cho qua trinh mo6 phong.

Bang 3.12. Gia tri nhiét dj tai ving nong chdy (T.) vdoi mé hinh Gauss

STT | Ngudn laser (W) | Van téc in (mm/s) M6 hinh Gauss T, (K)
1 150 400 2610
2 350 400 2750
3 150 1500 2480
4 350 1500 2720
5 250 950 2660

Tir két qua Bang 3.12 nhan thay rang, v&i cong suat ngudn laser 150 W, 250
W, va 350 W: van toc in 400 mm/s, 950 mm/s, va 1500 mm/s gia tri truong nhiét do
ap dung mo hinh Gauss déu 16n hon nhiét do chay yéu cau cua vat liéu hop kim
Titan la 1877 K [79, 80].
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3.3.2 Phwong phdp thuc nghiém

Phuong phap thiét ké thi nghiém DOE (Design of experiments) duoc sir dung
phd bién nhat 1a thiét ké thuc nghiém nhan té toan phan. Thyc nghiém ma khi d6 sb
muc thay d6i cac tit ca cac nhan td nhu nhau, va tat ca sy té hop nay déu dugc sir
dung dé nghién cau goi la thuc nghiém nhan té toan phan. Trong ly thuyét quy
hoach thuc nghiém thi thuc nghiém nhan té toan phan c6 rat nhiéu wu diém so véi
cac dang quy hoach khac nhu uéc luong doc 1ap cac hé sé phuong trinh hdi quy;
phuong sai chinh 12 nho nhét; va xir Iy két qua thuc nghiém don gian nhat. Véi sé
mtc thay d6i nhan té 1 2 (gia tri tdi thiéu va gia tri téi da cua cac nhan td), va sb
nhan té 1a k thi sé thi nghiém chinh phai thuc hién 1a N = 2¥[81]. Mit khéc, dé kiém
tra tinh phi tuyén tinh caa ham dap ung y, 01 thi nghiém trung tam dugc bd sung
thém [82]. Hinh 3.16 thé hién khong gian thiét ké thi nghiém 3 nhan té véi hai muc
dAy du c6 tong sb thi nghiém 14 9. Theo két qua thuc nghiém nhan t6 toan phan 2* ta
c6 thé nhan duoc phuong trinh hdi quy bac 1 nhu sau:

Y =bg +b1X; + boXo + ...+ DX + ZbiXiX; (3.1)
Trong phuong trinh trén c6 xét toi anh huéng cua don nhén t6 cling nhu anh

huong tuong tac gitra c4c nhan té toi ham dau ray.

“X2
(-1,1,1) (1,1,1)
(-1,1,-1) (1,1,+1)
/i :
X1
(0,-0,0)
1.1
( ) (1,-1,1)

111
(‘l’"l,'l) ( )

Hinh 3.16. Thiét ké thi nghiém 3 nhan té véi hai mizc ddy dii [81, 83]
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Dic diém trong xay dung thuc nghiém nhan té toan phan: dau tién can chon
mién gia tri cac nhan té. Gia sir d6i voi nhan té X, ta chon mién Ximin < X1 < Ximax
va ddi voi nhan t6 Xo: Xomin < X < Xomax: trong thuc nghiém nhan té toan phan 2k
mdi nhan té déu thay d6i & 2 mirc — muc cao nhat va thap nhat. Vi bang thiét ké thi
nghiém nhan té toan phan ma héa nhu thé hién & Bang 3.13.

Bing 3.13. Thuc nghiém toan phan véi 3 nhén té dang ma héa

N Nhan to tw nhién Nhan t6 mi hoa Két qua thue nghiém
| Ximin | Xomin | Xamin -1 -1 -1 Y1
2 | Ximax | Xomin | Xamin +1 -1 -1 Y2
3 | Ximin | Xomax | Xamin -1 +1 -1 Y3
4 Ximax | Xomax | Xamin +1 +1 -1 Va
S | Ximin | Xomin | Xamax -1 -1 +1 Ys
6 Ximax | Xomin | Xamax +1 -1 +1 Y6
7 Ximin | Xomax | Xamax -1 +1 +1 Y7
8 Ximax | Xomax | Xamax +1 +1 +1 Ys
9 Xith Kot | Kat 0 0 0 Yo

Trong d6 véi thi nghiém trung tdm (thi nghiém 9), gié tri cia cac nhan té 1a
trung binh cong cta hai mac ciia mdi nhan té.

Trong nghién ctu nay, voi 3 thong sé dau vao l1a cong suat ngudn laser, van
téc in va chiéu day 16p in, ¢é 9 thi nghiém da duoc thuc hién véi cac dit liéu dau ra
cua thuc nghiém 1a dit liéu vé do nham, dit liéu vé sai Iéch hinh dang, va dit liéu vé

dic diém cau tric té vi (Hinh 3.17).

Cong suit nguon laser (U)
> Dit liéu vé d6 nham
Dit liéu vé sai 1éch hinh dang
Thl;rc . . .

nghiém

Vin téc in (V)

v

Dir liéu vé dac diem cau trac

Chiéu day lép in (t) ¢
> te vi

Hinh 3.17. Cac nhan té dau vaoe va ham dau ra cia thiec nghigm
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KET LUAN CHUONG 3

Théng qua mé phong sb, nghién ctru di xac dinh dugc dai thong sb cong nghé
dau vao an toan, dap ung chinh xic yéu cau vé nhiét do chuyén pha cua vat liéu.
Viéc chuén bi dong bo dai thong sb ndy cing hé thdng thiét bi ché tao va do luong
chinh 14 tién dé viing chic dé trién khai thyc nghiém dénh gia chat lugng san pham
& Chuong 4. Cu thé:

1- Quy trinh thiét ké thi nghiém 3 nhan t voi gia tri gidi han cua cac thong sd
dau vao nhu sau:

150 < Cong suat nguon laser < 350 (W)
400 < Van téc in < 1500 (mmy/s)
0.03 < Chiéu day Iop in < 0.06 (mm)

2- Thong qua phuwong phap mo phong sd, bo thong sd cong nghé trén 1a phu
hop boi cho gia tri cia trudong nhi¢t do khi in boi gia tri nhiét sinh ra 16n nhét
16n hon nhiét do chay va nhé hon nhiét dg soi cua vat liéu Ti6Al4V.

3- Hé thong thiét bj bao gdm thiét bi tao mau in va thiét bi xir Iy dit liéu sau in
da dugc xac dinh dam bao thyc hién dugc cac phuong an thi nghiém va xir 1y

két qua thi nghiém.
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CHUONG 4
THU'C NGHIiEM XAC PINH ANH HUONG CUA CAC THONG SO
CONG NGHE PEN CAC CHI TIEU CHAT LUQNG KHI IN SLM

4.1. it van dé

Tir co s& 1y thuyét va hé thdng thiét bi hién c6, thiét ké thi nghiém va tién
hanh thi nghiém. Phuwong phap quy hoach thyc nghiém st dung nham xac dinh anh
huong ciia cac thong s6 cong nghé: cong suat ngudn laser (U), van tdc in (V), chiéu
day 16p in (t) t6i qua trinh tdi wu hoa theo phuong phap don muc tiéu va da muc tiéu

vé chit luong san pham in 3D. Céac budc duge mé ta trén Hinh 4.1

Méi lién hé giia U, V, t véi

Céng suit ngudn laser (U) Po6 nham
— Dit liéu vé d6 nham Qu ]
Vin téc in (V) Dir liéu vé sai léch hinh dang gl Mdi lién hé gitra U, V, t véi
. Thwe - i - hoach |—— n R
—_— o . Do sai léch hinh dang
B nghigm [ o 3 dic didm ciu tri thwre : ¢ :
Chiéu day 16p in (t) ir lieu ve af ‘lem cau triac nghiém '
’ €vi Mbi lién hé giia U, V, t véi
I !

DPiic diem cau trac te vi

Hinh 4.1. Céic buéc xdc dinh méi lién h¢ gida thong sé cong nghé véi chi tiéu
chdt lwrgng

Dé xac dinh mdi lién hé giita b thong sd cong nghé U, V, t v6i chat lugng san
phém in bao g@)m céc chi tiéu vé do nham, do sai 1éch hinh dang va dac diém clu tric
té vi, thuc nghiém va quy hoach thyc nghiém da dugc thuc hién. Cac bude trong xac
dinh mdi lién hé gitta thong s6 cong nghé vdi chi tiéu chat lwong duge thé hién trén
Hinh 4.1. Két qua ctia budc thuc nghiém 14 dir liéu do dugc vé d6 nham, do sai léch
hinh dang va dic diém cau trac té vi. Két qua cta quy hoach thuc nghiém 14 xac dinh
duoc anh hudng cua cac thong sé cong nghé t6i cac chi tiéu chat luong dau ra.
4.2. Thi nghiém
4.2.1. Muc tiéu thi nghiém

Nghién ctru thuc nghiém di duoc tién hanh nham xac dinh anh hudng cua cac

thong s6 cong nghé bao gdbm cong sudt ngudn laser, van toc in, chiéu day 16p in dén
céc chi tiéu dau ra bao gém do sai lé€ch hinh dang, o nham bé mat, cau trac té vi

cua chi tiét duoc in trén may in SLM voi vat liéu bt Ti6Al4V.
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4.2.2. Thiét ké thi nghiém

Trong nghién ctru ndy 3 thong sé cong nghé duoc sir dung dé nghién ctiu d6
1a: Cong suat ngudn laser (W); van tdc in (mm/s), chiéu day 16p in (mm). Céc thdng
$6 cong nghé con lai duoc lya chon ¢ dinh theo cai dat ctia nha san xut thiét bi.
Dé danh gia anh hudng cac thong sé qua trinh dén chat luong in, thi nghiém 2 mirc
day du véi 3 yéu td duoc dung dé thiét ké thi nghiém. 8 miu thi nghiém va 01 thi
nghiém trung tdm duoc thiét ké theo Hinh 3.8 d3 duoc thuc hién véi cac gia tri thay

d6i ctia bd 03 thong s6 néu trén. Thiét ké thi nghi¢m dugc thé hién & Bang 4.1.

Bing 4.1. Bj théng sé cong nghé in SLM

STT Cong suat ngudn laser Vin toc in Chiéu day 16p in
(W) (mm/s) (mm)
1 150 400 0.03
2 350 400 0.03
3 150 1500 0.03
4 350 1500 0.03
5 150 400 0.06
6 350 400 0.06
7 150 1500 0.06
8 350 1500 0.06
9 250 950 0.045

4.2.3. Tién hanh thi nghiém
4.2.3.1. In cac mau

Trén co s& dit liéu tir thiét ké thi nghiém, cac mau da dugc in trén may in 3D
kim loai SLM FF-M180D. Bot hop kim Ti6A14V di duoc sy 1én 200°C trude khi
in. Dé loai trir cac sai s6 ngau nhién khi in va khi do san pham sau in, trong qué
trinh thuc nghiém thi nghiém trung tam da duoc lap lai 3 1an véi két qua do do sai
léch hinh dang tuong ng, sai s6 chénh léch rat nho (0.1 mm), tir &6 chon mau trung
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tam thi nhat 1am miu do thir 9. Két qua in 9 miu thi nghiém v6i 9 ché do t, U, V
khéc duoc thé hién nhu Bang 4.2 va Phu luc 2a.

Bing 4.2. Két qud in méu trén mdy in FF-M180D

Ché a6 in MAu in
t=0.03 mm
U=150W
V =400 mm/s

Céc mAu in sau khi in xong duoc tach khoi tim nén st dung may cit diy EDM.
4.2.3.2. Cac budc xac dinh do sai léch hinh dang

Pé xac dinh do sai léch hinh dang ctia mau in, cac mau in dugc quét 3D. Dir
liéu quét 3D cta mdi mau dugc so sanh voi md hinh 3D CAD goc ban dau. Cac

budc xac dinh d6 sai 1éch hinh dang ctia mau in dugc thé hién trén Hinh 4.2.

Pé tao mo hinh 3D cuia cic mau in, may quét 3D HandySCAN véi phuong phap
quét 3D khéng tiép xuc dugc st dung. Cac miu in duge quét; dir liéu quét 1 mot
dam may diém. Phan mém Geometric dugc st dung dé xt 1y dit liéu ddm may diém
thanh cac bé mat. Sau d6 cac bé mat nay dugc xu ly thanh khdi ran dé so sanh véi

mo hinh ban dau cia mau in dé xac dinh d¢ 1€ch hinh dang.
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Mau in

U

Quét va so hoa dir lieu

U

Xit Iy dir liéu s6 héa

4

Tao mo6 hinh 3D cac
mau in

J

So sanh m6 hinh 3D
mau quét véi moé hinh
3D goc

i

Do sai léch hinh dang
Hinh 4.2. Cac buéc xdc dinh d¢ sai Iéch hinh dang
Bing 4.3. Két qud do d¢ sai léch hinh dang

Ché d¢ in MAu do
t=0.03 mm
U=150W
V =400 mm/s

D=0.319 mm
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Bé mit thu dugc 7 Do 1éch duong
boi quét 3D (mau do)
Do 1éch 4m
(mau xanh
duong)

Hinh 4.3. Quy wéc hién thi mau cria céc sai so

Céc két qua do do sai lI¢ch hinh dang cho céc mau dugc thé hién & Bang 4.3,
trong d6 mau dé tuwong ung v4i do léch duong (kich thude mau 16n hon kich thude
yéu cau); mau xanh duong tuwong Gng voi do 1éch 4m (kich thuéc miu nho hon kich
thudc yéu ciu); va mau xanh 14 cay tuong ing voi do léch bang khong (kich thudc
mau bang kich thudc yéu cau) nhu thé hién ¢ Hinh 4.3.
4.2.3.3. Cdc buoc do do nham

Dé x4c dinh do nham ctia mau in, may do Zygo Zegage Pro HR tai Hoc vién
K¥ thuat quan sy da dugc str dung, cac bude dé xac dinh d6 nham duoc thé hién
trén Hinh 4.5. Nham tang do chinh xac khi do, mdi mau in duge do tai 3 vung do,
gia tri d§ nham dugc tinh 1a gi4 tri trung binh tai 3 vung do nay. Cac vung do do

nham ctia mdi mau in nhu thé hién trén Hinh 4.4.

Hinh 4.4. Cdc vang do dj¢ nham
Vi mdi mau in gia tri R, dugce xéac dinh nhu sau:

R, = Ra1+R;2+Ra3 (4.1)
Trong d6 R,1, Ry2, R,3 tuong ing 1a gia tri d6 nham do duogc tai cac vung 1, 2

va 3 cia moi mau in.
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Miu in

4

Xic dinh cac vang do

i3 .
Po d6 nham

{ @& -

X Iy dir ligu va
Téng hop két qua

Hinh 4.5. Cac buéc do do nham
V6i 9 mau in, mdi mau tién hanh do tai 3 vung khac nhau voi cac chi tiéu do
nham gém Ra, S, VA S,. nhu thé hién tai Béang 4.4 va Phu lyc 2c. Trong nghién ctru
nay, chi tiéu R, duogc sur dung dé danh gia d6 nham ctia mau in.

Bing 4.4. Két qud do dp nhdm

Ché a6 in Mau do
t=0.06 mm
U=350W
V =400 mm/s

nm
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Bing 4.5. Két qud do S,, Sy, S;, VAR,

Miu do Vung do Sa(Um) | Sq(um) | S, (um) | R, (um)
Vung do 1 4.078 5.301 53.347 3.920
Miu 1 Vung do 2 5.954 7.336 54.460 6.015
Vung do 3 4.487 6.096 68.715 5.328
Gia tri trung binh 4.840 6.244 58.841 5.088
Vung do 1 4.820 6.198 40.437 3.507
Miu 2 Vung do 2 4.625 5.975 56.290 3.318
Vung do 3 4.705 5.965 43.255 3.132
Gia tri trung binh 4,717 6.046 46.660 3.319
Vung do 1 13.263 16.372 | 114.537 12.634
Mau3 | Vung do 2 11.552 14.099 | 105.819 13.809
Vung do 3 12.518 15.536 97.725 15.265
Gia tri trung binh 12.886 15.336 | 106.027 13.902
Vung do 1 16.210 19.731 | 107.145 18.172
Miu 4 Vung do 2 16.350 20.325 | 111.853 13.486
Vung do 3 14.204 17.806 | 107.479 15.596
Gia tri trung binh 15.588 19.288 | 108.826 15.751
Viung do 1 8.796 10.887 69.603 5.005
Miu 5 Vung do 2 7.995 10.177 80.697 8.277
Vung do 3 10.423 13.493 92.919 6.379
Gia tri trung binh 9.071 11.519 81.073 6.553
Vung do 1 7.981 9.872 65.186 9.373
Miu 6 Vung do 2 7.736 0.818 79.213 7.008
Vung do 3 6.956 8.693 90.701 5.215
Gia tri trung binh 7.558 9.461 78.367 7.198
Vung do 1 18.859 23.364 | 113.586 26.127
Miu 7 Vung do 2 20.585 24.862 | 112.778 23.135
Vung do 3 22.387 26.677 | 106.474 22.812
Gia tri trung binh 20.610 24.967 | 110.946 24.025
Vung do 1 10.594 13.813 | 100.452 9.833
Miu 8 Vung do 2 11.585 14.816 | 105.387 10.737
Vung do 3 13.593 16.429 94.019 10.515
Gia tri trung binh 11.924 15.019 99.953 10.362
Vung do 1 7.285 10.057 82.620 7.452
Miu 9 Vung do 2 7.745 10.505 87.224 9.346
Vung do 3 5.205 7.718 73.213 5.422
Gia tri trung binh 6.745 0.427 81.019 7.407
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4.2.3.4. Cdac buéc do cau tric té vi

Dic diém cau trac té vi c¢6 vai tro quyét dinh dén tinh chat co 1y, hoa hoc va
nhiét hoc cua vat liéu. Trong nghién ctru ndy, thong qua cac két qua kiém tra ciu
tric té vi trén may FESEM S4800 HITACHI tai Pai hoc Cong nghiép Ha Noi, cac
khuyét tat va 156 héng trong cac miu in & cdp do micromet di duoc dénh gia. Phan
mém Imagel duogc st dung dé xu 1y hinh anh, tir d6 danh gia dugc do xép, dac cua
mau in. Cac két qua kiém tra cdu trac té vi cho cac mau dugc thé hién & Bang 4.6 va

Phu luc 2d.

=

Chon vi tri kiém tra, tien
hanh cat mau

Chuan bi mau (mai, tAm
thurc)

T vy = Tien hanh chup mau
T f"'ﬂ )
Phan tich ket qua thong
qua phan mem ImageJ
sumonont 1sowvasemxeose Y 1o @
4 Summary - 0 X
Fie Edt Font ; ik 2 K. 5
S ot e lvsagesis Wi e [ Danh gia cau truc te vi

Sontpg 163 4810380 20511534 97867 255

Danh gia do xop/dc

Hinh 4.6 Cdc buéc dinh gid cdu tric té vi
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Bdng 4.6. Két qua kiém tra ddc diém cdu truc té vi clia mdu in

Ché dé in

t=0.03 mm
U=150 W
V =400 mm/s

Mau in

SU3800 0001 15.0kV 9.5mm x2.00k SE

bd xop: 7.81 %

20.0pum

4.3. Két qua va ban luan

4.3.1. Anh hwéng ciia cac thong sé cong nghé in téi sai léch hinh dang

Vé6i myc dich thiét 1ap mé hinh hdi quy thé hién mdi lién hé giira thong sb
cong nghé in voi thong sé dau ra 13 do sai 1éch hinh dang miu in, tién hanh quét va

xt 1y dit liéu 3D cac mau in. Két qua do sai 1éch hinh dang (D) 16n nhéat ctia mdi

mau in dugc thé hién & Bang 4.7.

Bing 4.7. Két qud do dj sai léch hinh dang I6n nhit ciia cdc méu in

MAu in |Cong suit ngudn| Vén téc in V |Chiéu day 16p| D4 sai 1éch hinh
laser U (W) (mm/s) int (mm) dang D (mm)
1 150 400 0.030 0.319
2 350 400 0.030 0.611
3 150 1500 0.030 0.142
4 350 1500 0.030 0.121
5 150 400 0.060 0.682
6 350 400 0.060 0.664
7 150 1500 0.060 0.447
8 350 1500 0.060 0.370
9 250 950 0.045 0.417
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Trong sb cac mau in trén, mau sb 4 c¢6 do sai 1éch hinh dang nho nhét tuong
g v&i cong suat ngudn laser U = 350 W, vén tdc in V = 1500 mm/s va chiéu day

16p t = 0.03 mm nhu trong Hinh 4.7.

Hinh 4.7. Mdu sé 4 c¢6 dé sai léch hinh dgng nhé nhat
Mau s6 5 c6 d6 sai 1éch hinh dang 16n nhit tuong tng v6i cong suit ngudn laser
U =150 W, vén tdc in V =400 mny/s va chiéu day 16p t = 0.06 mm nhu trong Hinh 4.8.

Hinh 4.8. Mdu sé 5 ¢é dg sai léch hinh dgng lén nhat

Tir dit liéu thi nghiém, moé hinh hdi quy dugc xac dinh bing phin mém
MiniTab. M6 hinh héi quy cho thdy mdi quan hé giita d6 léch hinh dang (D) va cac
thong sd cta qua trinh in bao gém cong suit ngudn laser (U), van toc in (V) va
chiéu day 16p (t) duoc 1ap theo phuong trinh tong quat (4.1):

D=-B,+B;U +B,V +B3t -B; UV -BsVt -BgUVt

St dung phan mém Minitab -19 xac dinh duoc cac hé s6 hdi quy By, By,... Bg
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Két qua thu duwoc phuong trinh hdi quy thuc nghiém (4.2):
= -0.6071 + 0.004041 U + 0.000278 V + 22.862 t — 0.000003 U *

V —0.06706 U *t—0.007530 V * t + 0.000038 U * V *t (mm) (4.2)
Bing 4.8. Phén tich cdc bién
Ky hiéu Hé s Gia tri P

U 0.004041 0.024

v 0.000278 0.004

t 22.86200 0.004

U*V -0.000003 0.011

U*t -0.067060 0.012

V*t -0.007530 0.031

U*V*t 0.000038 0.017

Céc bién U, V, t va tuong tac giira cac bién U*V, U*t, V*t va U*V*t déu co y
nghia trong mo hinh héi quy véi gia tri P nho hon 0.05 dugc thé hién trong Bang
4.8. Ciing tir biéu do Pareto thé hién trong Hinh 4.8, c6 thé thay rang cac bién va
tuong tac cia cac bién déu anh huong dén ham muc tiéu dau ra (D), trong do tbe do

in c6 anh hudéng lon nhat dén do I¢ch hinh dang cia bd phan in.

Pareto Chart of the Standardized Effects
(response is D, a = 0.05)

Term

Factor Mame

B A u
B W
C t

AB

AC

ABC

BC

IE! 5I0 160 1%0 ZI’.I!O
Standardized Effect

Hinh 4.9. Biéu dé Pareto ciia cac bién
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Cong thirc 4.1 cho phép xac dinh do 1éch hinh dang lién quan dén ba thong sb
in bao gdm cong suat ngudn laser, toc do in va do day 16p. Trong nghién ciru cia
Feng va cong su, do sai I¢ch hinh dang khi in 16 bﬁng may in EP-M100T véi vat
lidu bot thép 316L co xét t6i hai thong s in bao gdm cong suit ngudn laser va tde
d6 in [84]. Trong khi chiéu day 16p in ciing 1a mot yéu t& quan trong anh huong dén
d6 chinh xac hinh dang. Chiéu day 16p in cang 16n thi d6 sai léch hinh dang cang
ting nhu duoc phén tich trong Hinh 4.10 dén 4.13. Tir m6 hinh hdi quy dugc thiét
lap, dé xac dinh cac thong sd quy trinh in toi wu, mbi quan hé gitta D va céc bién U,
V, t dd duoc phan tich nhu thé hién trong Hinh 4.10, 4.11, 4.12 va 4.13 twong tng
voi1 cac gia tri t = 0.03, 0.04, 0.05 va 0.06 mm.

Tu két qua phan tich, mot s6 két luan vé gia tri cac thong $6 cong ngh¢ in anh
huong téi do sai Iéch hinh dang nhu sau:

* Gia tri d6 sai léch hinh dang nhé nhét dat duoc khi vén tdc in 16n; trong khi
gia tri chiéu day 16p in nho. So véi két qua nghién ciru cua Pal va cong sy voi vt
lidu Ti6AI4V, d6 sai 1éch hinh dang giam khi van tdc in ting [85].

« D sai léch hinh dang giam khi van tdc in ting va gia tri cong sut ngudn
laser trung binh trong pham vi khdo sat 13 tir 150 W dén 350 W. Két qua nay phu
hop véi két qua nghién ctru ciia Feng va cong su voi vat lidu bot thép khong gi
316L khi in trén may in SLM [84].

« V6i chiéu day 16p in t = 0.03 mm, chi tiét in s& c6 d6 sai 1éch hinh dang nho hon
0.2 mm khi gi tri van tdc in nam trong khoang 1250 dén 1500 mm/s va gi tri cong
suat nguon laser nam trong khoang 150 dén 350 W nhu thé hién trong Hinh 4.10.

« V6i t = 0.05 mm (Hinh 4.12) va t = 0.06 mm (Hinh 4.13), dé dat duoc d6 sai
léch hinh dang nh6 hon 0.3 mm, c¢an ¢6 gia tri U va V 16n.

« Trong nghién ctru nay, do sai léch hinh dang 16n nhat 1a 0.682 mm tuong
g véi cac thong sd cong nghé in bao gdm cong suit ngudn laser 150 W, vén tdc
in 400 mm/s va chiéu day 16p in 0.06 mm.

« Cic thong sb quy trinh in t6i wu dat duoc véi t = 0.03 mm, U = 350 W va
V = 1500 mm/s tuong ung v6i D = 0.1207 mm.
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Contour Plot of Dvs V, U
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Hinh 4.10. Pé thi méi quan h¢ giia D vei U, V khit =0.03 mm
Contour Plot of Dvs V, U
1500
D
< 0.3
M o3- 04
W 04- 05
MW o0s5- 06
1250 B - 06
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t 0.04
1000
=
750
500
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U

Hinh 4.11. Pé thi méi quan h¢ gi@#a D véi U, V khi t = 0.04 mm
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Contour Plotof Dvs V, U
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Hinh 4.12. Pé thi méi quan hé gi@#a D véi U, V khi t = 0.05 mm

Contour Plotof Dvs V, U
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Hinh 4.13. Pé thi méi quan h¢ gi@#a D véi U, V khi t = 0.06 mm
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Ap dung véi dir liéu thi nghiém & trén, ta co:

Bing 4.9: Gid tri ciia cdc thong sé mé hinh ciia D

U V t D In(U) In(V) In(t) In(D)
150 400 0.03 0.319 5.011 5991 | -3.507| -1.143
350 400 0.03 0.611 5.858 5.991 -3.507 -0.493
150 1500 0.03 0.142 5.011 7.313 -3.507 -1.952
350 1500 0.03 0.121 5.858 7.313 -3.507 -2.112
150 400 0.06 0.682 5.011 5.991 -2.813 -0.383
350 400 0.06 0.664 5.858 5.991| -2.813| -0.409
150 1500 0.06 0.447 5.011 7.313 -2.813 -0.805
350 1500 0.06 0.473 5.858 7.313 -2.813 -0.749
250 950 0.045 0.417 5.521 6.856 -3.101 -0.875
1 nU1 [nV1 Intl inD17
1 nU2 [InV2 Int2 InD?2
1 nU3 I[nV3 Int3 InD3
1 nU4 [InV4 Int4 InD4
X=|1 [nU5 nV5 Int5|, y =|InD5
1 nU6 InV6 Int6 InD6
1 nU7 InV7 Int7 InD7
1 [nU8 [nV8 Int8 InD8
L1 nU9 [nV9 Int9- LInD9-
r1 5.011 5.991 -—-3.5077 r—1.14.37
1 5.858 5991 -3.507 —0.493
1 5.011 7.313 -3.507 —1.952
1 5858 7.313 -—-3.507 —2.112
X=|1 5.011 5991 -2.813|; y=1]-0.383
1 5858 5991 -2.813 —0.409
1 5.011 7.313 -2.813 —0.805
1 5858 7.313 -—-2.813 —0.749
1 5.521 6.856 —3.101- L—(0.875-
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9.000 48997  60.072 —28381
WTx | 48997 268187  327.054 —154505
60.075 327.054 404493 —189.423
—28381 —154505 —189.423  90.464
43597 —3.767 —1.883 3.302
XTx)* = |~3767 0694 —0003 —0.003
~1.883 —0.003 0283 —0.003
3302 —0.003 —0.003 1.035
~8.921
r_|-48337
XY =1_61.630
29.303
Ta co:

B=1[5.932,0.162, -0.595, 1.217]

a=376.908; b=0.162; c= -0.595; d=1.217
D0 sai 1éch hinh dang:

D - 376908 U0.162 V-0.595 tl.217

Bing 4.10: Gid tri thwe nghi¢m va gid tri chin dodn ciia D

u |V t D’ D InD’ InD RES |SSre |K

150 {400 |0.03 [0.338|0.319 |-1.089 |-1.143 |0.054 |0.003 |0.098

350 | 400 |0.03 |0.388 |0.611 |-0.951 |-0.493 |-0.459 |0.210 |0.194

150 [ 1500 | 0.03 | 0.154 | 0.142 |-1.875 |-1.952 |0.077 |0.006 |0.275

350 | 1500 | 0.03 |0.177 (0.121 |-1.738 |-2.112 |0.374 |0.140 | 0.296

150 {400 |0.06 |0.787|0.682 |-0.245 |-0.383 |0.138 | 0.019 |0.265

350 | 400 |0.06 |0.902 |0.664 |-0.108 |-0.409 |0.302 |0.091 |0.247

150 | 1500 | 0.06 | 0.358 | 0.447 |-1.032 |-0.805 |-0.226 | 0.051 |0.03

350 | 1500 | 0.06 |0.411 [0.37 |-0.894 |-0.994 |0.100 |0.010 |0.047

250 | 950 | 0.045 | 0.360 | 0.417 |-1.027 |-0.875 |-0.152 |0.023 |0

Vo1 D' 1a gia tr1 d6 l1éch hinh dang tinh theo m6 hinh hi quy; D la gia tri do 1éch
hinh dang do duogc tir thuc nghiém. RES la do 1éch gitra gia tri thuc nghi¢m va gia tri
tinh todn. SSre 1a binh phuong ctia do Iéch. K 1a gia tri tuyét dbi d6 1éch cua D so v6i D
trung binh. Gia tri D trung binh tir két qua do thuc nghiém 14 0.417. Ta c6 tong cua
RES 14 0.206; tong cta SSre 14 J = 0.554; tong do 1éch so v6i D trung binh 1a S= 1.452.
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Heé s6 r* =1- (J/S) = 0.618. Gi4 trj r* gan t&i 1 thé hién tinh chinh x4c ciia mo hinh. M6

hinh thé hién méi lién hé giita D véi ché d6 cong nghé 1a phu hop.

4.3.2. Anh hwéng cia cac thong sé cong nghé in dén dé nham bé mat
Tir két qua thuc nghiém, két qua do do nham bé mit R, (1D) va S, (2D) duoc
thé hién ¢ Bang 4.11.

Bing 4.11. Két qua do dp nham R, va S, ciia cdc mdu in

MAu in| Coéngsuat |Van tdcin V| Chiéuday | P$nham R, | P nham S,
ngudn laser U|  (mm/s) l6pin t (um) (um)
(W) (mm)
1 150 400 0.03 5.088 4.840
2 350 400 0.03 3.319 4.717
3 150 1500 0.03 13.902 12.886
4 350 1500 0.03 15.751 15.588
5 150 400 0.06 6.553 9.071
6 350 400 0.06 7.198 7.558
7 150 1500 0.06 24.025 20.610
8 350 1500 0.06 10.362 11.924
9 250 950 0.045 7.407 6.745

Ung dung Minitab véi cac dir liéu trén, mo hinh hdi quy xac dinh mbi lién hé

giira cac thong so cong ngh¢ in bao gom cong suat nguon laser (U), van toc in (V),

chiéu day 16p in (t) v6i d6 nham bé mat R, nhu sau:

R,= 12.2 - 0.0601 U - 0.0145 V - 279 t + 0.000098 U*V + 1.49 U*t + 0.670 V*t -
0.00272 U*V*t (um)

(4.2)




97

Main Effects Plot for Ra
Fitted Means
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Hinh 4.15. Pé thi anh hwéng twong tic giira cic yéu té téi R,

Hinh 4.14 thé hién anh hudéng cua cac yéu to cong suat ngudn laser (U), van
tdc in (V), chiéu day 16p in (t) v6i d6 nham bé mit R,. Khi V, t ting déu cho gia tri
d6 nham bé mit 16n, trong khi ting cong suit ngudn laser s& cho gia tri d6 nham

bé mat nhé. Khi ting gia tri cong suat ngudn laser kha ning néng chay kim loai s&
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tdt hon nén chét luong bé mat thu duoc cua chi tiét sau in s& tot hon. Hinh 4.15
thé hién anh hudng tuong tac giita cac yéu té U, V, t voi gia tri @6 nham bé mat
R,. Khi V va t déu tang, gia tri d0 nham cang 16n, bé mat chi tiét in thu dugc ¢
chét luong thap.

Khi t= 0.03 mm nhu thé hién trén Hinh 4.16, gi4 tri 6 nham bé mit R, dat duoc
trong pham vi nho hon 5 pm (chat lugng bé mat tt) khi cong suat nguon laser trong
giéi han 150 dén 350 W, van téc in nhoé hon 500 mm/s. Gia tri R, dat duoc 16n hon
15 pum (chit lugng bé mit thap) tmg véi cong sudt ngudn laser 350 W, van tdc in
1500 mml/s.

Contour Plot of Ravs V, U

Ra
< 5.0

50- 75

W 75- 100

B 100 - 125

M 125 - 150

| > 15.0
Hald Values

t 0.03

500
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Hinh 4.16. Pé thi anh hwéng ciia U, V téi R, khi t = 0.03 mm

Khi t=0.04 mm nhu thé hién trén Hinh 4.17, gia tri 46 nham bé mit R, dat duoc
trong pham vi nho hon 5 um (chat lugng bé mit t6t) khi cong suat ngudn laser trong
gidi han 250 dén 350 W, van tdc in nho hon 500 mm/s. Gia tri R, dat duoc 16n hon
15 pm (chét luong bé mat thip) ing v6i cong suit ngudn laser trong pham vi tir 150

dén 250 W, van tbc in trong pham vi tir 1300 dén 1500 mmy/s.
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Contour Plot of Ravs V, U
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Hinh 4.17. Pé thi anh hwéng ciia U, V téi R, khi t = 0.04 mm

Contour Plot of Ravs V, U
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u
Hinh 4.18. Pé thi anh hweéng cia U, V téi R, khi t = 0.05 mm
Khi t = 0.05 mm nhu thé hién trén Hinh 4.18, gia trj 46 nham bé mit R, dat
duoc trong pham vi nhé hon 6pm (chat lugng bé mit tot) khi cong sudt ngudn laser
trong gidi han 150 dén 350 W, van tdc in nhé hon 600 mm/s. Gia tri R, dat duoc
16n hon 18um (chat luong bé mit thip) ing véi cong suat ngudn laser trong pham

vi tir 150 dén 250 W, van tdc in trong pham vi tir 1300 dén 1500 mmy/s.
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Contour Plot of Ravs V, U
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Hinh 4.19. Pé thi anh hwéng ciia U, V téi R, khi t = 0.06 mm

Khi t=0.06 mm nhu thé hién trén Hinh 4.19, gia tri d6 nham bé mit R, dat duoc
trong pham vi nhé hon 9um (chit lwong bé mit tot) khi cong sut ngudn laser trong
giéi han 150 dén 350 W, van tdc in nho hon 550 mm/s. Van tdc co thé dat tGi 1000
mm/s khi U= 350 W. Gia tri R, dat dwoc 16n hon 21pum (chét lugng bé mit thap)
mg v6i cong suat ngudn laser trong pham vi tir 150 dén 180 W, van tdc in trong
pham vi tir 1300 dén 1500 mm/s.
M6 hinh hdi quy ciing duoc biéu dién dang ham mi nhu sau:
R, = mU"VPt? (4.3)
Trong d6 m, n, p, q 13 cac théng sé md hinh tir thyc nghiém.

Logarit hai vé cua phuong trinh 4.3 ta c6:
In(R,) = In(m) + n In(U) + p In(V) + q In(t) (4.4)
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Bing 4.12: Gid tri ciia cdc thong s6 mé hinh ciia R,

U Vv t R, In(U) In(V) In(t) In(Ry)
150 400 0.03 5.088 5.011 5991 | -3.507 1.627
350 400 0.03 3.319 5.858 5991 | -3.507 1.200
150 1500 0.03 13.902 5.011 7.313 | -3.507 2.632
350 1500 0.03 15.751 5.858 7.313 | -3.507 2.757
150 400 0.06 6.553 5.011 5991 | -2.813 1.879
350 400 0.06 7.198 5.858 5991 | -2.813 1.973
150 1500 0.06 24.025 5.011 7.313 | -2.813 3.179
350 1500 0.06 10.362 5.858 7.313 | -2.813 2.338
250 950 0.045 7.407 5.521 6.856 | -3.101 2.002

1 nU1 [nV1 Intl] rinRalj
1 nU2 InV2 Int2 InRa?2
1 [nU3 InV3 Int3 InRa3
1 [nU4 [InV4 Intd [InRa4
X=|1 InU5 I[nV5 Int5|; y =|IlnRa5
1 [nU6 InV6 Int6 [InRab6
1 nU7 InV7 Int7 InRa7
1 [nU8 I[InV8 Int8 [InRa8
L1 InU9 [nV9 Int9- LInRa9-
1 5.011 5.991 -—-3.5077 1 5.088 1
1 5.858 5.991 -3.507 3.319
1 5.011 7.313 -3.507 13.902
1 5.858 7.313 -—-3.507 15.751
X=]|1 5.011 5991 -2.813|; y =] 6.553
1 5.858 5.991 -2.813 7.198
1 5011 7.313 -2.813 24.025
1 5.858 7.313 -—-2.813 10.362
L1 5,521 6.856 -—-3.101- L 7.407

B =10.005,-0.329, 0.781, 0.397]

m = 1.0005; n=-0.329; p=0.781; g= 0.397.

Do sai nham bé mit Ry;

R — 1 0005 U-O.329 VO.781 t0.397
a=1.
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Bing 4.13: Gid tri thwe nghiém va gid tri chdn dodn ciia R,

U \Y t Ry’ R, InR,” | InR, RES | SSre K
150 | 400 | 0.03 | 5.174 | 5.088 | 1.644 | 1.627 | 0.017 |0.000 | 2.319
350 | 400 | 0.03 | 3.916 | 3.319 | 1.365 | 1.200 | 0.165 |0.027 | 4.088
150 | 1500 | 0.03 | 14.527 |13.902 | 2.676 | 2.632 | 0.044 |0.002 | 6.495
350 | 1500 | 0.03 | 10.993 | 15.751 | 2.397 | 2.757 | -0.360 | 0.129 | 8.344
150 | 400 | 0.06 | 6.813 | 6.553 | 1.919 | 1.880 | 0.039 |0.002 | 0.854
350 | 400 | 0.06 | 5.156 | 7.198 | 1.640 | 1.974 | -0.334 | 0.111 | 0.209
150 | 1500 | 0.06 | 19.129 |24.025| 2.951 | 3.179 | -0.228 | 0.052 | 16.618
350 | 1500 | 0.06 | 14.475 | 10.362 | 2.672 | 2.338 | 0.334 |0.112| 2.955
250 | 950 |0.045| 10.097 | 7.407 | 2.312 | 2.002 | 0.310 |0.096 0

Véi Ra' 1a gia tri @6 nham tinh theo mo hinh hdi quy; Ra 1a gia tri d nham
do duogc tur thuc nghiém. RES 1a d6 1éch gilra gia tri thuc nghi€ém va gia tri tinh
toan. SSre la binh phuong cua d6 1éch. K 1a ¢ 1éch ctia Ra so vdi Ra trung binh.
Gia tri trung binh cua Ra do duoc tir thuc nghiém 14 7.047 pm. Ta co téng cua
RES la -0.012; téng cua SSre la J = 0.531; téng do 1éch so voi Ra trung binh 1a
S =41.882. Hé s6 r2 = 1- (J/S) = 0.987. Gia tri r2 rat gan t6i 1 thé hién d6 chinh
xac ctia mo hinh cao. M6 hinh thé hién méi lién hé gitta Ra véi ché do cong nghé
1a phu hop.

Qua trinh str 1y dit lidu va xay dung mé hinh héi quy cho S, tuong tu R,. Str dung
dit liéu do S, & Bang 4.11 va tmg dung Minitab, ta c6 mé hinh hdi quy nhu sau:
S,=1.0 - 0.0170 U - 0.0046 V + 43 t + 0.000058 U*V + 0.37 U*t + 0.333 V*t -
0.00151 U*V*t (um) (4.9)

Anh huéng don yéu té va anh hudng twong tac gitra cac yéu td duoc thé hién
trén Hinh 4.20 va 4.21. Tir hinh v& ta nhan thiy rang mirc 46 anh hudng ciia cac yéu
t dén S, cling tuong tuy nhu ddi voi R,. Cu thé: Khi V hodc t hodc ca 2 tang déu cho
gia tri 6 nham bé mat 16n, trong khi ting cong suat ngudn laser s& cho gia tri do
nham bé mit nho. Tuy nhién v6i bo thong ) cong ngh¢ dang xét, gia tr1 S, s€ nam
trong giai tir 6-15 pm con R, nam trong giai tir 5-16.5 pm. Piéu d6 ching to rang

khi do gia tri Sa s€ danh gia dugc toan dién hon bé mit do.
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Main Effects Plot for Sa
Fitted Means
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Hinh 4.21. Pé thi anh hwéng twong tdc giiva cac yéu té téi S,

Khi giit nguyén gia tri t dé khao sat anh hudng ciia bo thong s cong nghé t6i
Sa, ta ciing c6 dugc cac pham vi S, twong tmg nhu khdo sat voi R,. Cu thé nhu Hinh
4.22 dén Hinh 4.25,

Khi t=0.03 mm nhu thé hién trén Hinh 4.c, gia tri d6 nham bé mit S, dat dugc
trong pham vi nhé hon 5Sum (chat luong bé mit tot) khi cong suat ngudn laser trong
gidi han 150 dén 350 W, van tdc in nho hon 500 mm/s. Gié tri S, dat dugc 16n hon
15 um (chit luong bé mit thip) ung véi cong suat ngudn laser 350 W, vén tdc in
1500 mm/s
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Contour Plot of Savs V, U
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Hinh 4.22. Pé thi anh hwéng ciia U, V téi S, khi t = 0.03 mm
Khi t = 0.04 mm nhu thé hién trén Hinh 4.23, gia tri ¢ nham bé mit S, dat duoc
trong pham vi nhé hon 6pm (chat luong bé mit t6t) khi cong suit ngudn laser trong
gidi han 150 dén 350 W, van tdc in nho hon 500 mm/s. Gid tri S, dat dugc 16n hon
14 um (chat luong bé mat thap) Gmg voi cong suat ngudn laser trong pham vi tir 150
dén 300 W, van téc in trong pham vi tir 1400 dén 1500 mm/s.

Contour Plot of Savs V, U
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Hinh 4.23. Pé thi anh hweéng cia U, V téi S, khi t = 0.04 mm
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Contour Plot of Savs V, U
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Hinh 4.24. Pé thi anh hwéng ciia U, V téi S, khi t = 0.05 mm

Khi t = 0.05 mm nhu thé hién trén Hinh 4.24, gia tri d6 nham bé mat S, dat
duogc trong pham vi nho hon 8um (chét lugng bé mat tot) khi cong suat ngudn laser
trong gidi han 150 dén 350 W, van tdc in nho hon 600 mm/s. Gia tri S, dat duoc 1on

hon 16 um (chat lugng bé mit thip) Gmg véi cong sut ngudn laser trong pham vi tir

150 dén 200 W, van toc in trong pham vi tir 1300 dén 1500 mm/s.

Contour Plot of Savs V, U
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Hinh 4.25. Pé thi anh hweéng cia U, V téi S, khi t = 0.06 mm
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Khi t = 0.06 mm nhu thé hién trén Hinh 4.25, gia tri d6 nham bé mit S, dat duoc
trong pham vi nho hon 8 um (chat lugng bé mit t6t) khi cong suat ngudn laser trong
gidi han 250 dén 350 W, van tdc in nho hon 600 mm/s. Gia tri S, dat dugc 16n hon
20 pum (chit luong bé mit thip) tng véi cong suat ngudn laser tai 150 W, van tde in

trong pham vi tor 1500 mm/s tr¢ 1én.

M6 hinh hdi quy cua S, cling dugc biéu dién dang ham mi nhu sau:

S, = kUMv9te (4.3)
Trong d6 k, h, g, ¢ 1a cac thong s6 mo hinh tir thuc nghiém.
Logarit hai vé cuia phuong trinh 4.3 ta co:
In(S,) = In(k) + h In(U) + g In(V) + e In(t) (4.4)
Bdng 4.14: Gia tri cia cac thong sé mé hinh cia S,

U V t Sa In(U) In(V) In(t) In(S,)
150 400 0.03 4.840 5.011 5991 | -3.507 1.577
350 400 0.03 4.717 5.858 5991 | -3.507 1.551
150 1500 0.03 12.886 5.011 7.313 | -3.507 2.556
350 1500 0.03 15.588 5.858 7.313 | -3.507 2.747
150 400 0.06 9.071 5.011 5991 | -2.813 2.205
350 400 0.06 7.558 5.858 5991 | -2.813 2.023
150 1500 0.06 20.610 5.011 7.313 | -2.813 3.026
350 1500 0.06 11.924 5.858 7.313 | -2.813 2.479
250 950 0.045 6.745 5.521 6.856 | -3.101 1.909

1 nU1 [nV1 Intl] rinSali
1 nU2 InV2 Int2 InSa?2
1 nU3 InV3 Int3 InSa3
1 nU4 [InV4 Int4 InSa4
X=|1 [nU5 InV5 Int5|; y=]|InSa5
1 nU6 InV6 Int6 InSa6
1 nU7 InV7 Int7 InSa7
1 [nU8 I[InV8 I[nt8 InSa8
L1 InU9 [nV9 Int9 LInSa9-
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5.011 5.991
5.858 5.991
5.011 7.313
5.858 7.313
5.011 5.991
5.858 5.991
5.011 7.313
5.858 7.313
5.521 6.856

B =10.493, -0.194, 0.627, 0.442]

k=1.6372; h=-0.194; g = 0.627; e = 0.442.

Do nhdm bé mat S;;

S — 1 6372 U-O.194 VO.627 t0.442
a - .
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—3.5077
—3.507
—3.507
—3.507

—-2.813|; y=

—2.813
—2.813
—2.813
—3.101-

11.5777
1.551
2.556
2.747
2.205
2.023
3.026
2.479

-1.909-

Bdang 4.15: Gia tri thgc nghiém va gia tri chdn dodn ciia S,

U \Y t S Sa InS,;’ InS, RES SSre K
150 | 400 | 0.03| 5.628 | 4.840 1.728 | 1.577 0.151| 0.023| 4.231
350 | 400 | 0.03| 4.775| 4.717 1.563 | 1.551 0.012| 0.000| 4.354
150 | 1500 | 0.03 | 12.890 | 12.886 2.556 | 2.556 0.000 | 0.000| 3.815
350 | 1500 | 0.03 | 10.936 | 15.588 2392 | 2747 | -0354| 0.126| 6.517
150 | 400| 0.06 | 7.645| 9.071 2034 | 2.205| -0.171| 0.029 0
350 | 400| 0.06 | 6.486| 7.558 1.870 | 2.023| -0.153| 0.023 | 1.513
150 | 1500 | 0.06 | 17.510 | 20.610 2863 | 3.026 | -0.163| 0.027|11.539
350 | 1500 | 0.06 | 14.856 | 11.924 | 2.698 | 2.479 0.220 | 0.048 | 2.853
250 | 950 |0.045|10.487 | 6.745 2.350 | 1.909 0.441| 0.195| 2.326

Véi S,’ 1a gia tri ¢6 nham tinh theo mé hinh hdi quy; S, 1 gié tri d6 nham do

duoc tir thuc nghiém. RES 1a d6 léch gitra gia tri thuc nghiém va gia tri tinh toan.

SSre 1a binh phuong ctua d6 Iéch. K 1a d 1éch cua S, so véi S, trung binh. Gia tri

trung binh cia S, do duoc tir thuc nghiém 1a 9.071 um. Ta c6 tong cia RES Ia -
0.012; téng cua SSre 1a J = 0.471; tong d6 léch so vai S, trung binh 13 S = 37.148.

Hé sé r* = 1- (J/S) = 0.9873. Gi4 trj r’ rat gan toi 1 thé hién d6 chinh xac cua md

hinh cao. M hinh thé hién méi lién hé gitta S, v&i ché a6 cong nghé 1a phi hop.
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Cac két qua nghién ctru trén pha hop voi mot sb két qua da cong bd voi cac
bot kim loai khi in 3D. Cy thé nhu sau:

Céc nghién cuu thuc nghiém vai bot kim loai CoCr trén may in SLM dat duoc
gia tri d6 nham bé mit Ra tir 3,382 dén 7,410 um, véi cdng suit laser tir 88 dén 106
W va téc do in (van toc quét) tir 250 dén 1000 mm/s [86].

Anh huong cia phan bé kich thude hat dén chit luong bé mit va co tinh cua
c4c mau in bang phuong phap SLM ciing da dugc tién hanh khao sat. Két qua
nghién cau trén 3 loai bot thép 316L c6 phan bd kich thudc hat ting dan cho thay:
khi chiéu day Iép in t = 0,03 mm va mat d6 ning lugng thé tich E nam trong khoang
50 dén 100 J/mm3, loai bot ¢ kich thudc hat nho (kich thuéc trung binh 15,12 pm)
s& cho Ra trong khoang 5 dén 7 um; trong khi loai bot c6 kich thudc 16n (kich thudc
trung binh 37,70 um) s& cho Ra trong khoang 8 dén 13 pm [87].

Vit liéu bot TiBAI4V véi kich thude hat trung binh 23,37 um in bang phuong
phap SLM ciing di duoc nghién ctiru. Trong dé, bd thdng sé cdng nghé in bao gom
cong suat laser thay doi tir 100 dén 200 W, van téc in tir 600 dén 1600 mm/s va chiéu
day 16p in duoc giit ¢ dinh & mic t = 0,03 mm. Két qua nghién ctu chi ra rang gia tri
Ra thu duoc nam trong khoang tir 5 dén 15 um. Khi cong suat laser ting, gia tri Ra
giam; nguoc lai, khi van tdc in ting thi Ra ciing ting. Tuy nhién, trong nghién cttu nay,
su thay d6i cua chiéu day 16p in chua duoc dua vao danh gia [88].

Trong céng nghé SLM, chiéu day I6p in thong thudong duoc thiét 1ap tir 20 dén
100 pm, twong (ng véi dai bot nguyén liéu cé kich thudce hat 20-45 pm. V& mat
nguyén ly, 16p in cang day thi doi hoi cong suat laser cang cao dé vat liéu duoc
nung chay hoan toan; nguoc lai, 16p in mong lai 1a chia khoa gitp bé mat chi tiét dat
d6 nhan min tét hon. Nham t6i uu héa chat luong bé mat, Abele va cong su da phat
trién phuong phap in SLM vi mé (uSLM) sir dung chiéu day 16p dudi 20 um két
hop véi bot siéu min (kich thude trung binh < 10 pum). Minh chang cho hiéu qua
cta phuong phap nay, cac thuc nghiém in uSLM trén bot thép 316L (Dsq = 3,62
um) véi 16p in siéu mong 7 pm, dai cdng suat 25-40 W va van tbc 2002500 mm/s

d3 ghi nhan duoc gi tri d6 nham Ra cyc tiéu & mac 3,51 pum [89].
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4.3.3. Anh hwéng ciia cac thong sé cong nghé in téi dé xap
Tir két qua kiém tra cau trdc té vi ctia cAc mau in, cac khuyét tat nhu 16 hong
do bot vat liéu khong dugc in, hat vat lidu khdng néng chay van con ton tai & mot sé

mau in. Két qua cu thé thé hién & Bang 4.16.

SU3800 0001 15.0kV 10.1mm X200 SE 200um

A
'

SU3800 0001 15.0kV 10.1mm X2.00k SE ' 20.0um.
b — & do phong dai X2000
Hinh 4.26. Cdu tric té vi ciia mdu in sé 2 véi dé xop 3.78%
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)

Lo rong

SU3800 0001 15.0kV 9.7mm X200 Si 200um

!
SU3800 N01 15.0kV 9F¥mm- X500 SE 100pum

b — & d6 phong dai X500

Hinh 4.27. Céu tric té vi ciia mdu in sé 7 véi d xop 12.375%
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Do x0p va cac khuyét tat khi in phu thudc rat 1on vao bo thong sé cong nghé
in va dugc thé hién thong qua méi lién hé gitta ning lwong thé tich laser (E) véi do

8]
Vxtxh

x6p va céac khuyét tat. Cu thé: gia tri E duogc tinh nhu sau: E =

Trong d6 V 1a vén tdc in, t 1a d6 day 16p in va h 1a khoang cach duong in.

Tir ning luong thé tich laser ta c6 thé thiy rang khi V 10n, t 16n, h 16n thi
nang lugng laser nho s€ dan dén d6 xép 16m va ton tai cac khuyét tat khi in. Nguoc
lai, khi cong suét nguén laser 16n, tdc dd in, chiéu sdu in nho thi do xép va cac
khuyét tat in giam. Co ché nay da dugc mot sb tac gid da nghién cuu véi vat licu
thép 316L [90]. Theo cac nghién ciru nay, gia tri do xop <0,1% va cac khuyét tat in
giam khi nang luong laser dat duoc 65 J/mm® duoc thé hién trong Hinh 4.28.
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E (J/mm?®)
Hinh 4.28. Pé thi méi lién hé dg xép va ning lweng thé tich laser
Trong nghién ctru nay co ché trén cling dugc 1ap lai, véi bg thong s6 d3 thiét
1ap, nghién ctru sinh tinh dugc E = 73.1 J/ mm?
Céc khuyét tat co thé nhan thay trong Hinh 4.26 va 4.27 bao gom:
L réng méo mo, gdc canh, c6 bot ket bén trong: Khuyét tat thiéu chay, do
thiéu nang luong (E thap). Khi ning luong dau vao khong du, nhiét do viing kim

loai 16ng khéng dat mirc toi wu khién d6 nhét cua chat 1ong cao va kha ning tham



112

wdt kém. Bé nong chay luc nay co kich thude qua nong va hep, khong du st thim
nhap vao 16p vat liéu ran da in bén dudi, ddng thoi khong lan hoan toan t6i dudng
quét 1an can. Sy thiéu hut dong chay long dé dién day cac khoang tréng din dén
viéc hinh thanh cac hdc rdng méo moé, goc canh nam ket giita cac ranh gi6i 16p hoic
ranh gidi duong quét. Do nhi¢t nang kém, cac hat bot kim loai tai vung nay khong
thé néng chay, bi mic ket lai nguyén ven bén trong cic hc rong nay.

Ld tron to, sdu tham (nhu cai giéng), khong co bot: Khuyét tat 16 khoa, do
thira nang luong lam boc hoi (E 16n). Nhiét lugng du thira va tap trung 1am nhiét do
viing 16ng vuot qua diém soi ctua hop kim, din dén hién twong kim loai bj bdc hoi
cuc bd. Sy bay hoi nay sinh ra mot luc déy manh. Ap suét nay nén truc tiép 1én bé
mit chat 1ong, khoét mot hd hep va sdu cim thang xudng day viing chay (tao hinh
dang nhu mot chiée 16 khoa). Do dong chay cua viing kim loai 1ong & ché do nay rat
hon loan, thanh chat 16ng bao quanh 16 khoéa rat d& bi mat 6n dinh va sup dd, bit kin
phan miéng 15 phia trén. Luong khi/hoi kim loai dang ton tai bén trong bi nhét chit
lai & day viing chay. Khi qua trinh 1dm ngudi dién ra nhanh chéng, chiing tao thanh
cac 16 xép 16m, sau tham, nhin bong va hoan toan khong c6 hat bat.

LJ tron xoe, nhd, nhan min, nam rai rac ngﬁu nhién: Khuyét tat 6 khi, do khi
mic ket khong kip thoat ra. Trong qua trinh in SLM, nguon khi sinh ra c6 thé dén tir
3 nguén chinh: Khi bdo vé (Argon/Nito) bi ket san bén trong cac hat bot rSng rudt
(sinh ra tir cong doan ché tao bot bang phuong phap nguyén tir hoa khi); Khi trong
budng in bi cubn vao viing chdy do su nhiéu loan cua dong dbi lvu Marangoni; Khi
sinh ra do phan ung bdc hoi cua hoi am, tap chit bam trén bé mat hat bot.

Mot s6 nhan xét vé dic diém cau tric té vi nhu sau:

- Khi chiéu day 16p in 16n t = 0.06 mm, v&i cong suat nguodn laser nhé U = 150 W
va van toc in 16n V = 1500 mm/s, ton tai nhiéu khuyét tat bén trong chi tiét in nhu
16 hong 16m, hat kim loai.

- Khi chiéu day 16p in 16n t = 0.06 mm, véi cong suat nguon laser 1én U = 350 W
va van toc in 16n V = 1500 mm/s, ton tai nhiéu khuyét tat bén trong chi tiét in nhu

vét nirt, 16 hong.
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- Khi chiéu day 16p in nho t = 0.03 mm, cAu tric vat liéu dat dugc d(‘”)ng déu hon,
c6 ton tai mot s6 16 hong véi kich thude nho.

- Xét trong mdi lién hé voi gia tr1 d0 nham bé mit cua cidc mau in, mau in sd 2 cO
gi4 tri @6 nham nho nhit (bé mit min) R,= 3.319 pm véi ché d6 in cong suit ngudn
laser 350 W, van tdc in V = 400 mm/s, chiéu day 16p in t = 0.03 mm, tuong ting voi
ciu trac té vi ddng déu nhét, c6 mot sb it cac 16 hong nho (Hinh 4.26). Mau in s6 7
6 gia tri 46 nham 16n nhit (bé mat thd) R, = 24.025 um voi ché d6 in cong suit
nguon laser 150 W, van téc in V = 1500 mm/s, chiéu day 16p in t = 0.06 mm, tuong
g véi cau trac té vi c6 nhiéu khuyét tat nhu 16 hong 16n, hat kim loai (Hinh 4.27).
Do x6p 14 mot chi tiéu quan trong anh huéng dén co tinh cta san pham in. Cong
thire xac dinh do xop (%) nhu sau:

Dién tich 16 rdng

Do xop (%) = * 100%

Téng dién tich anh ctia mau
Str dung phan mém ImageJ dé tinh dién tich 15 rdng, dién tich anh, céac két qua cho

C4C MAu in nhu sau:
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Bing 4.16. Két qua do dé xép ciia cdc méu in

MAuin| Cong suat Véan tocin V | Chiéu day |Pé xop (%)
ngudn laser U (mm/s)  |16p in t (mm)
(W)
1 150 400 0.03 7.810
2 350 400 0.03 3.780
3 150 1500 0.03 4581
4 350 1500 0.03 7.022
5 150 400 0.06 7.345
6 350 400 0.06 5.565
7 150 1500 0.06 12.375
8 350 1500 0.06 9.548
9 250 950 0.045 3.563

Nhin xét két qua thi nghiém trén bang 4.16: do x0p tai 2 mau 7 va 8 cao.

Nhung 7 mau con lai dat do Xép. Vay co thé két luan: Ché do cong ngh¢ on dinh

M6 hinh hdi quy d6 x6p duoc biéu dién dang ham mii nhu sau:

P =zUW v (4.3)
Trong d6 z, 1, f, w 1a cac thong s6 md hinh tir thuc nghiém.
Logarit hai vé cua phuong trinh 4.3 ta c6:
In(P) = In(z) + I In(U) + f In(V) + w In(t) (4.4)
Bdng 4.17: Gia trj ciia cac thong sé mo hinh da xép
U v t P InU) | In(v) | In@® | In(P)
150 400 0.03 7.81 5.011 5991 | -3.507 2.055
350 400 0.03 3.78 5.858 5.991 | -3.507 1.330
150 1500 0.03 4,581 5.011 7.313 | -3.507 1.522
350 1500 0.03 7.022 5.858 7.313 | -3.507 1.949
150 400 0.06 7.345 5.011 5991 | -2.813 1.994
350 400 0.06 5.565 5.858 5.991 | -2.813 1.716
150 1500 0.06 12.375 5.011 7.313 | -2.813 2.516
350 1500 0.06 9.548 5.858 7.313| -2.813 2.256
250 950 0.045 3.563 5.521 6.856 | -3.101 1.271
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1 [nU1 I[nV1 Intl] rinP17
1 nU2 I[nV2 Int2 InP2
1 [nU3 I[nV3 Int3 [InP3
1 nU4 I[nV4 Intd InP4
X=|1 [nU5 I[nV5 Int5|;, y=|InP5
1 InU6 InV6 Inté6 InP6
1 nU7 [InV7 Int7 InP7
1 [nU8 InV8 Int8 InP8
L1 [nU9 [nV9 Int9 LInP9-
1 5.011 5991 —-3.507 2.0557
1 5.858 5991 -3.507 1.33
1 5.011 7.313 -3.507 1.522
1 5.858 7.313 -3.507 1.949
X =|1 5.011 5991 -2.813|; y=11.994
1 5.858 5991 -2.813 1.716
1 5.011 7.313 -2.813 2.516
1 5.858 7.313 -—-2.813 2.256
L1 5.521 6.856 —3.101 L1.271

B =1[3.909, -0.284, 0.181, 0.548]
z=49.853;1=-0.284; f=0.181; w = 0.548.

Do x6p P’
P’ = 49,853 U084 \/0.181 {0548 (4.5)
Bdng 4.18: Gia tri thuc nghiém va gia tri chdn dodn dg xop
ul v t P’ P InP> | InP | RES | SSre | K

150 | 400| 0.03| 5.201| 7.810| 1.649| 2.055| 0.406 | 0.165| 0.788

350 | 400| 0.03| 4.089| 3.780 | 1.408 | 1.330|-0.079 | 0.006 | 3.242

150 | 1500 | 0.03 | 6.607 | 4.581 | 1.888 | 1.522 | -0.366 | 0.134 | 2.441

350 | 1500 | 0.03| 5.194| 7.022 | 1.648 | 1.949 | 0.302 | 0.091 0

150 | 400 | 0.06 | 7.605| 7.345| 2.029 | 1.994 | -0.035| 0.001 | 0.323

350 | 400| 0.06| 5978 | 5.565| 1.788 | 1.716 | -0.072 | 0.005 | 1.457

150 | 1500 | 0.06 | 9.660 | 12.375 | 2.268 | 2.516 | 0.248 | 0.061 | 5.353

350 | 1500 | 0.06 | 7.594 | 9.548 | 2.027 | 2.256 | 0.229 | 0.052 | 2.526

250 | 950|0.045| 6.571| 3.563 | 1.883 | 1.271|-0.612 | 0.375| 3.459

Véi P’ 12 gia tri do x6p tinh theo mé hinh héi quy; P 1a gia tri d6 x6p do duoc
tur thuc nghiém. RES la d6 léch gitta gia tri thuc nghiém va gia tri tinh toan. SSre la
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binh phuong cta d léch. K 1a d6 Iéch ctaa P so vai P trung binh. Gia tri trung binh
cua P do duoc tir thuc nghiém 1a 7.022 (%). Ta cé tong cua RES 12 0.021; tong cua
SSre 13 J = 0.891; tdng d6 léch so vai P trung binh 1a S = 19.589. Hé sé r? = 1- (J/S)
= 0.95451. Gid tri r’ rat gan t6i 1 thé hién do chinh xac caa mé hinh cao. M6 hinh
thé hién mdi lién hé gitta P véi ché d6 cong nghé 1a phi hop.
4.4, Ché @p cong nghé in t6i wu
4.4.1. Ché d¢ cdng nghé in téi wu véi don muc tiéu vé chat lwong
Trong xem xét ché do cong nghé dé dat duoc don muc tiéu vé chi tiéu chat
lugng nhu dd sai 1éch hinh dang nho nhat; hodc d6 nham bé mat nho nhat; hodc do
x6p nho nhét. Cac ham hoi quy duogc sir dung bao gdm:
Do sai léch hinh dang:
D = 376.908 U%'%? /%% 1217 > min
Do nhdm bé mat Ry;
Ra = 1.0005 U %2 V781 {9397 > min
Do x6p:
P =49.853 U# VO 95 > min
Vi cac diéu kién bién:
150 <U <350
400 <V <1500
0.03<t<0.06
Xét vé do sai léch hinh dang, trén co sé méi lién hé gita D véi U, V, t ta xét
dau cua cac mii:
U%*®? tang theo U (mii dwong): mubn nho D ¢in chon U nho;
V%% giam theo V (mii 4m): mudn nhé D can chon V 16n;
"% ting theo t (mil dwong): muén nhé D cin chon t nhé.
Vi vay tbi wu ndm & bién: U = 150, V = 1500, va t = 0.03. Thay vao ta c6 gia tri
Dmin = 0.153 mm.
Ung dung Minitab-19 ta cd két qua sau: Thong sé cong nghé dé dat dugc do sai

léch hinh dang nho nhat: U = 150 W; V = 1500 mm/s, va t = 0.03 mm.

Parameters

Response Goal Lower Target Upper Weight Importance
D Minimum 0.15 0.8 1 1




117

Variable Ranges

Variable Values

U (150, 350)
\ (400, 1500)
t (0.03, 0.08)
Solution
D Composite
Solution U v t Fit Desirability
1 150 1500 0.03 00678329 1
Optimal 35%0 15300 Ut;ﬁt]
D:1000 '3 [150.01 [1500.0] [0.030]
Low 150.0 400.0 0.030
D
Minirmum
y = 0.0676
d = 1.0000
__-=—:—__:T:__—_{_—:—_

Hinh 4.29. Két qud téi wu don muc tiéu D
Xét vé do nham, trén co sé mdi lién hé gira R, v6i U, V, t ta xét diu cua cac mi:

U%3% giam theo U (mil 4m): mubn nhoé R, can chon U I6n;

V%" tang theo t (mil dwong): mudn nhé R, cin chon V nho;

%% tang theo t (mil dwong): mudn nhé R, cin chon t nhé.

Vi vay tbi uvu nam ¢ bién: U = 350, V = 400, va t = 0.03. Thay vao ta cd gia tri
Ramin = 3.916 um.

Ung dung Minitab-19 ta cd két qua sau: Thong sé cong nghé dé dat dugce do nham
nhé nhat: U = 350 W; V = 400 mm/s, va t = 0.03 mm.

Response Optimization: Ra

Parameters

Response Goal Lower Target Upper Weight Importance
Ra Minimum 3.9 15.5 1 1
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Variable Ranges

Variable WValues

U (150, 350)
W {400, 1500)
t (0.03, 0.06)
Solution
Ra Composite
Solution U Vv t Fit Desirability
1 350 400 0.03 3.10594 1
Optimal v v :
0: 1,000 High 350.0 1500.0 0,080
o Cur [350.0] [400.0] [0.030]
Low 150.0 400.0 0.030

Ra
Minimum
y=3.1059
d = 1.0000

Hinh 4.30. Két qud téi wu don muc tiéu R,

Xét vé do xbp, trén co so mbi lién hé gitra P vai U, V, t ta xét dau cua cac mil:

U%?* tang theo U (mii am): mudn nhé P can chon U 16n;

V%8 giam theo V (mil dwong): mudn nho P can chon V nho;

t%°* giam theo t (mii duong): muén nhoé P can chon t nhé.
Vi vay tdi wu nam & bién: U = 350, V = 400, va t = 0.03. Thay vao ta cé gié tri P = 4,089%
Ung dung Minitab-19 ta c6 két qua sau: Thong sb cong nghé dé dat dugc do x6p

nhé nhat: U = 350 W; V = 400 mm/s, va t = 0.03 mm.
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Parameters
Response Goal Lower Target Upper Weight Importance
P Minimum 4.21158 9.36693 1 1
Variable Ranges
Variable Values
U (150, 350)
Vv (400, 1500)
£ (0.03, 0.06)
Solution
P Composite
Solution U Vv t Fit Desirability
1 350 400 0.03 4.15733 1
Optimal High 35L{J)O 15:00 O(:GO
D:1.000 ] [350.0] [400.0] [0.030]
Low 150.0 400.0 0.030

=]
Minimum
y = 4.1573
d = 1.0000

Hinh 4.31. Két qud téi wu don muc tiéu P
4.4.2. Ché d¢ cdng nghé in toi wu véi da muc tiéu vé chat lwong
Trong xem xét ché do cong nghé dé dat duoc da muc tiéu vé chi tiéu chat luong nhu
d6 sai léch hinh dang nho nhét, d6 nham bé mat nhé nhat, va d6 x6p nho nhat.

D = 376.908 U0162y~0595¢1217 _, i
Ra = 1.0005 U~0329y0781¢0397 — min
P = 49.853U_0'284V0'181t0'548 — min
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Parameters

Response Goal Lower Target Upper Weight Importance
Ra Minimum 405681 18.2748 1 1
D Minimum 0.15334  0.8892 1 1
P Minimum 421158  9.3669 1 1

Variable Ranges

Variable Values

U (150, 350)
V (400, 1500)
t (0.03, 0.06)
Solution

Ra D P Composite
Solution u Vv t Fit Fit Fit Desirability
1 341919 400 0.03 406501 0335110 4.20157 0.909592

Cac budc giai bai toan toi vu da myc tiéu trong Minitab:
1. Xay dung mo hinh (Fit Model).
2. Thiét lap myc tiéu (Goals).
3. Chay t6i uu hoa.
4. Phan tich két qua bao gom:
Composite Desirability (D): Gi4 tri tong thé, cang gan 1, két qua cang tbi uu.
Optimal Settings: Biéu do hién thi gia trj cac yéu té dau vao (cot mau do) dé
dat duoc két qua tét nhat.
Interactive Plot: C6 thé kéo cac dudng mau do trén d6 thi dé kiém tra sy thay
d6i cua muc tiéu khi thay doi yéu t dau vao.

Tir d6 thu duoc két qua nhu Hinh 4.32.



Optimal
D: 0.9096 Cur

Low

Composite
Desirability
D: 0.9096

Ra
Minimum
y = 4.0650
d = 0.99942

D
Minimum
y = 0.3351
d = 0.75299

P
Minimum
y = 4.2016
d = 1.0000

High

]

350.0
[341.9192]

150.0

121

vV t

1500.0 0.0e0
[400.0] [0.030]

400.0 0.030

R

__——‘-_‘_“‘—m_

Hinh 4.32. Két qud t6i wu da muc tiéu

Théng sé cong nghé dé dat dugc bai toan da muc tiéu: U = 341.919 W;
V =400 mm/s, va t = 0.03 mm.
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KET LUAN CHUONG 4

Biang quy hoach thue nghiém, nghién ctru dd lam rd quy luat: cong suét laser

(U) cao két hop véi chiéu day 16p in (t) mong giup giam dang ké do nham bé mit,

sai 1éch hinh dang va khuyét tit trong ciu trac té vi. Dya trén cac quy lut nay, bo

thong s in t6i wu don va da muyc tiéu (sai 1éch, d6 nham va do x6p nho nhat). Céc

két qua cuy thé 1a:

1-

Tt quy hoach thuc nghiém da xay dung duoc mbi quan hé phu thudc cua cac
yéu td dau ra véi cac tham sd dau vao: Gia tri d6 sai 1éch hinh dang nho dat
duoc khi van tdc in 16n; trong khi gia tri chiéu day 16p in nho, do sai 1éch
hinh dang giam khi van tdc in ting va gia tri cong sut ngudn laser trung
binh trong pham vi khao sat 1a tir 150 W dén 350 W.

Véi chiéu day 16p in t = 0.03 mm, chi tiét in s& c6 do sai 1éch hinh dang nho
hon 0.2 mm khi gia tri van téc in nam trong khoang V = 1250 dén 1500
mm/s va gia tri cong suat ngudn laser nam trong khoang U = 150 dén 350
W.

Véit=0.05 mm va t = 0.06 mm, dé dat duoc do sai léch hinh dang nho hon
D = 0.3 mm, cin c6 gia tri U va V 16n. Trong nghién ctru ndy, do sai 1éch
hinh dang 16n nhét 12 0.682 mm twong Ung vé&i cac thong s6 cong nghé in
bao gdm cong suat ngudn laser U = 150 W, vén toc in V = 400 mm/s va
chiéu day 16p in t = 0.06 mm.

Céc thong sb quy trinh in t6i wu dat duoc v6i t = 0.03 mm, U = 350 W va
V = 1500 mm/s tuong tng véi D = 0.1207 mm.

Khi V, t ting déu cho gia tri d6 nham bé mit Ra 16n, trong khi ting cong suat
ngué)n laser U s& cho gia tri d§ nham bé mit nho. Khi tang gia tri cong suét
ngudn laser U kha ning ndng chay kim loai s& tot hon nén chat lugng bé mat
thu duoc cua chi tiét sau in s& tot hon.

Xét trong mbi lién hé vé6i gia tri 6 nham bé mat ctia cic mau in, mau in ¢o
gia tri d6 nham nho nhét (bé mat min) R,= 3.319 um vé6i ché do in cong suat

ngudn laser U = 350 W, vén téc in V = 400 mny/s, chiéu day 16p in t = 0.03
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mm, twong Ung véi cdu tric té vi ddng déu nhit, c6 mot s it cac 16 hong
nho. Mau in ¢6 gia tri d6 nham 16n nhat (bé mit thd) R, = 24.025 um voi ché
do in cong suét nguén laser 150 W, van toc in V = 1500 mm/s, chiéu day lép
in t = 0.06 mm, trong Gmg voi cau tric té vi ¢6 nhiéu khuyét tat nhu 16 hong
16n, hat kim loai 16n.

Trong xem xét ché do cong nghé dé dat dugc da muc tiéu vé chi tiéu chat
lwong nhu d6 sai 1éch hinh dang nhé nhat, 3o nham bé mat nhé nhat, va do
x6p nho nhat, bo thdng sé céng nghé dé dat duoc bai toan da muc tiéu la:
U =350W; V=500 mm/s, vat=0.03 mm.
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KET LUAN CHUNG VA HUONG NGHIEN CUU TIEP THEO

a) KET LUAN CHUNG

Ttr nd1 dung va két qua dat dugc cua luén an, co thé rat ra cac két luan sau:

1 - Voi dac tinh vat liéu, truong nhiét thay doi trang thai pha cua vat li¢u da
duoc phan tich 1am co s¢ xac dinh bd thong ) cong nghé phu hop dé dat dugc nhiét
d6 nong chay vat liéu Ti6Al4V la trén 1877 K va nho hon nhiét do bay hoi la 3533
K; mit khac cac tinh chat nhiét cua vat liéu nhu nhiét dung, h¢ s6 dan nhiét thay doi
theo nhiét d va trang thai chuyén déi pha ciing di duoc xac dinh.

2 - Véi phwong phdp in SLM, co ché in SLM da duoc phan tich dé xac dinh
cac tng xr co — nhiét — hoa cua vat li€u trong qua trinh in. Xay dyng mo hinh
truyén nhiét voi cac thong sb chinh bao gdm dic tinh vat liéu (nhiét dung, hé sé dan
nhiét); ché @6 in (van tde in, nguén laser). Mat khac, xac dinh dugc mo hinh nhiét
va nang luong nhiét ton hao.

3 - Vi diéu kién in, cac xur 1y trude in (gia nhiét bot in 16n 200°C), cac xtr Iy
sau in (0 c4 mAu in va tim nén) d3 duoc 4p dung nham giam Gng suat du do nhiét.

4 - Véi ché @6 cong nghé in, bd thong s6 cong nghé in bao gém cong suat
ngudn laser, chiéu day 16p in, van tdc in da duoc nghién ctru dé xac dinh anh huong
cua bd thong sb cong ngh¢ nay to1 do nham bé mat; dd chinh xac hinh dang, va dac
diém ciu tric té vi. V&i ché do cong nghé in trong mdi lién hé véi cac chi tiéu chat
lugng, céac két qua dat duogc bao gém:

- Thiét 1ap duoc phuong trinh truyén nhiét khi in theo phwong phap in SLM,
trong d6 ngudn niang luong tiéu hao di dugc xac dinh. Phuong trinh truyén nhiét
v6i m6 hinh nguon laser theo phan bd Gauss da dugc st dung dé sinh trudng nhiét
do khi in. Gia tri cua truong nhiét do rat quan trong, lam co s& dé xac dinh nang
luong laser E va bo thong sé cong nghé in phu hop.

- Thiét 1ap duoc mo hinh toan thé hién mbi lién hé giira d6 sai léch hinh dang
(D), d6 nham bé mit (R,)va do xbp véi cac thong sd cong nghé in gdm cong suit

ngudn laser U; van tdc in V (mm/s) va chiéu day 16p in t (mm).
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- Xac dinh duogc bo thong $6 cong nghé in t8i wu thao man bai toan ti wu don
muc tiéu va da muc tiéu va dat duogc déng tho1 do sai Iéch hinh dang nho nhét, do
nham nhé nhat va do chit 16n nhat

b) Hudéng nghién civu tiép theo:

Trén co s& cac két qua nghién ctru da dat dugc, nghién ctru sinh s¢ tién hanh
danh gia tinh chit co tinh ca 16p in. Tir d6 tién hanh cac nghién ctru kiém soat chét
luong ngay trong qué trinh in véi viéc tmg dung théng minh nhan tao nhim giam

thiéu 13i khi in va tién hanh nghién ctru in 3D céc san pham c6 bé mit phirc tap.
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PHU LUC 2

Phu luc 2a Két qud in cdic méu trén mdy in FF-M180D
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Phu luc 2b Két qud do dp sai léch hinh dang

STT

Ché d¢ in
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Phu luc 2d Keét qua kiem tra dac diem cau tric té vi ciia cdc mau in

STT

Ché d¢ in

t=0.03 mm
U=150 W
V=400 mm/s

Mau in

SU3800 0001 15.0kV 9.5mm x2.00k SE 20.0pm

bd xop: 7.81 %

t=0.03 mm
U=350 W
V=400 mm/s

t=0.03 mm
U=150 W
V=1500 mm/s

»

SU3800 0001 15.0kV 10.1mm x2.00k SE

Do x6p: 4.581%




t=0.03 mm
U=350 W
V=1500 mm/s

t=0.06 mm
U=150 W
V=400 mm/s

SU3800 0001 15.0kV 10.2mm X500 SE

Do xop: 7.345%

t=0.06 mm
U=350 W
V=400 mm/s

SU3800 0001 15.0kV 9.8mm X2.00k SE
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PHU LUC 3

Phu luc 3.a. Két qud do d@é bién dang hinh hec mdu trung tdm the# nhat




Phu luc 3.c. Két qud do dé bién dang hinh hec mdu trung tam thaz ba
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PHU LUC 4
Phu luc 4.a. Po thi méi quan hé gi@a P véi U, V khit = 0.03 mm

Contour Plot of Pvs V, U
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Phu luc 4.b. Po6 thi méi quan hé giga P véi U, V khi t = 0.04 mm

Contour Plot of Pvs V, U
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Phu luc 4.c. Pé thi méi quan hé gi@#a P véi U, V khi t = 0.05 mm

Contour Plot of Pvs V, U
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Phu luc 4.d. Po thi méi quan hé gi@a P véi U, V khit = 0.06 mm
Contour Plot of Pvs V, U
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