BO CONG THUONG
TRUONG PAI HOC CONG NGHIEP HA NOI

HANOI UNIVERSITY OF INDUSTRY

NGO QUANG TU

KHAO SAT ANH HUONG CUA MOT SO

THONG SO CONG NGHE VA VAT LIEU PEN CO TiNH
CUACHITIET IN 3D

PE AN TOT NGHIEP THAC ST KY THUAT CO KHi

Ha Nai, 2025




BO CONG THUONG
TRUONG PAI HOC CONG NGHIEP HA NOI

HANOI UNIVERSITY OF INDUSTRY

NGO QUANG TU

KHAO SAT ANH HUONG CUA MOT SO
THONG SO CONG NGHE VA VAT LIEU PEN CO TiNH

CUACHITIET IN 3D

Nganh: Ky thuit co khi
Ma nganh: 8520103

PE AN TOT NGHIEP THAC SI KY THUAT CO KHi

NGUOI HUONG DAN KHOA HOC
1. PGS.TS. HOANG TIEN DUNG
2. TS. TRINH VAN LONG

Ha Ngi, 2025




LOI CAM POAN

Tbi xin cam doan s6 liéu va két qua nhién ciru trong dé an tt nghiép “Khdo
sat anh hwéng ciia mat sé thong sé cong nghé va vit ligu dén ce tinh cia chi tiét
in 3d” la trung thuc va chua hé duoc sir dung dé bao vé mot hoc vién ndo. Moi su
gitip d& cho viéc thuc hién dé an tét nghiép nay da duoc cam on va céc thong tin trich

dan trong dé &n tét nghiép da duoc chi rd nguon gbc 1 rang va duoc phép cdng bé.
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CAM : e
Manufacturing may tinh
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FDM Fused Deposition Modeling Mo hmh‘hoa,b ang cach
dun noéng
FFF Fused Filament Fabrication Gia cong baflg SOLNONg
chay
GF Glass Fiber Soi thuy tinh
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GIOI THIEU

% Ly do chon dé tai

> Xu hwéng phat trién caa cong nghé in 3D

Thi trudng in 3D toan ciu dang phat trién véi tée do an tuong va nhiéu linh

vyc di tng dung cdng nghé mai nay. In 3D gilp giai quyét nhiéu van dé kho ma céc

phuong phép gia cong truyén thong khdng giai quyét dugc hoidc khong nhiéu qua vi

du nhu tao ra nhitng cau tric nhe hon, gia cong chi tiét thanh mong[1], gia céng chi

tiét co do phuc tap cao,... Theo béo céo tir Grand View Research, quy mé thi truong

in 3D toan cau duoc dinh gia khoang 22 ty USD vao nam 2023 va dy kién s& tiép tuc

ting trudng véi tbe 46 CAGR (Ty Ié ting truong hang nim) hon 23% tir 2024 dén

2030. Biéu nay phan anh sy gia ting dang ké cua cong nghé in 3D trong cac nganh

cdng nghiép quan trong nhu hang khong, 6 t6, va y té[2][3]
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Bang 1. Quy mé thi trudng in 3D tai Biac My theo ting cong nghé tir nam 2020 dén

ndm 2030[2]

Pay 1a biéu d6 minh hoa quy mé thi truong in 3D tai Bac My theo ting cong

nghé tir ndm 2020 dén nam 2030, v6i don vi 1a ty USD. Biéu db cho thiy sy ting

trrdng manh mé cua thi truong, tir 4.4 ty USD nam 2020 1én khoang 22 ty USD vao
nam 2030[2].



Céac cong nghé in 3D dugc thé hién bao gom: Stereolithography, Fuse
Deposition Modeling, Digital Light Processing, Laminated Object Manufacturing,
Electron Beam Melting, Inkjet Printing, Selective Laser Sintering, Polyjet Printing,
Direct Metal Laser Sintering, Others.

Biéu d6 nay cho thiy su ting trudng nhanh chéng cia nhiéu céng nghé in 3D
khac nhau trong thap ky tdoi, véi Fuse Deposition Modeling (FDM) va
Stereolithography |a nhitng cong nghé phat trién manh mé nhat.

> Théach thirc va tinh cap thiét cia dé tai

Cong nghé in 3D, dac biét la cong nghé FDM (Fused Deposition Modeling),
dang ngay pho bién nho kha nang ché tao san pham nhanh chong va linh hoat. Tuy
nhién, thach thac 16n hién nay 1a thiéu hut thong tin day du vé tinh chét co hoc cua
cac loai vat liéu in 3D va cac ché do cong nghé téi vu. Su thiéu hut nay khdng chi
lam han ché kha nang mé hinh héa chinh xac san pham in 3D ma con anh hudng dén
phan tich, danh gia cac cau tric in 3D trong thuc té.

Cac nghién ctu trude day chil yéu tap trung vao khao sét ting yéu to riéng lé
nhu:Goc in (Printing Angle), D6 day 16p (Layer Thickness)[4], Nhiét d6 dau in
(Printing Temperature), Loai vat liéu (Material Type)[5], Téc do in (Printing Speed),
Hudéng in (Printing Orientation)[6].

Mic di cac yéu té nay da dugc nghién ctiiu, nhung tac dong da yéu to dén co
tinh ciia san pham in 3D van chua duoc hiéu rd. Diéu nay dan dén sy thiéu nhat quan
vé chét lugng san pham in, khi ciing mat thiét ké co thé cho ra cac két qua khac nhau
vé d6 bén co hoc tly thudc vao cach cai dit cac tham sé in 3D. Vi vay, viéc lya chon
dung tham s6 in khdng chi cai thién hiéu suat san xuat, ma con gidp giam thoi gian
in va tiét kiém vat liéu, tir d6 toi wu hoa san xuat va giam chi phi.

Tuy nhién, viéc thiét 1ap tham sé khong dung c6 thé dan dén bién dong vé co
tinh cta san pham, diéu nay dic biét quan trong khi cac yéu cau vé do bén va kha
nang chiu lyc cia san pham can duoc dam bao. Hién nay, van con rat it nghién ctu
téng hop cac yéu té cong nghé nhu nhiét do in, toc do in, do day Iép, va nhiét do ban

in anh huong tong thé dén tinh chat co hoc caa san pham in 3D bang cong nghé FDM.



Chinh vi vay, "KHAO SAT ANH HUONG CUA MOT SO THONG SO
CONG NGHE VA VAT LIEU BEN CO TINH CUA CHI TIET IN 3D" la d¢ tai cap
thiét trong bbi canh hién nay. Dé tai s& gilp cung cap cai nhin téng quan vé cach céc
yéu t6 cong nghé in 3D tuong tic va anh hudng dén d6 bén kéo va tinh linh hoat cua
san pham. Thong qua viéc tdi wu hoa cac tham sb ndy, ching ta c6 thé khdng chi nang
cao chit lwong san pham ma con thac dy su ¢ng dung rong réi cua cdng nghé in 3D
FDM trong nhiéu linh vuc céng nghiép, ki thuat va y hoc.

% Tong quan nghién ciru

Dé tai nay trinh bay vé anh huong cua céc tham sb in 3D ddi véi sic bén cua
cac bo phan duoc san xuat. Cac bai kiém tra sirc bén da dugc thuc hién trén mau theo
tiéu chuan ASTM D638-14,type I[7]. Cac mau dugc in bang cong nghé FDM tir ba
vt liéu khac nhau, d6 1a PLA (vat liéu sinh hoc d& phan hay), PETG (vat liéu tai ché)
va ABS (kho tai ché va kho phan huay tu nhién). Cac mau duoc thir nghiém o cac ché
d6 in khac nhau. Mot loat c4c thtr nghiém chiu tai tinh da duoc thi nghiém dé xac
dinh strc bén cua cac mau dugc tao ra véi cac tham sb in khac nhau. Nho vao két qua
thir nghiém thu duoc, ¢6 thé lya chon cac tham s in téi vu tuy thudc vao dyu doan tai

trong cua cac bo phan dugc san xuat
< Muc tiéu cia dé tai
- Nghién ctiu tap trung vao viéc danh gia va hiéu rd anh huong cia cac thong
s6 cdng nghé va vat liéu ddi véi co tinh cua chi tiét in 3D
- Lua chon duoc cac tham s in ti vu tuy thudc vao du doan tai trong cua cac

bo phan duoc san xuét.

% N§i dung nghién ctru

- Nghién ciru tong quan vé phuong phap in 3D FDM

- Nghién ctru tong quan vé vat liéu in FDM
- Khao sat anh huong cua mot sé thdng sé cong nghé va vat liéu dén co tinh
cua chi tiét in 3D

% Phwong phap nghién ciru



Két hop gitra nghién ciu ly thuyét va thuc nghiém dong thai sir dung cac cong cu

thiét ké thi nghiém, phan tich s6 liéu va md phong trén may tinh dé dua ra cac cac két luan.



CHUONG 1 - TONG QUAN VE IN 3D

1.1. TINH HINH NGHIEN CUU TRONG VA NGOAI NUOC

Cong nghé san xuat bdi dip (Additive Manufacturing - AM), hay con goi I in
3D, di va dang tro thanh mot trong nhitng phuong phap san xuat cach mang hda quy
trinh ché tao hién dai. Khac biét co ban so véi cac phuong phap gia cong truyén théng
la & chd AM xay dung vat thé ba chiéu theo nguyé@n ly cong don 1ép vat liéu tirng
budc tir mo hinh thiét ké CAD, thay vi loai bo vt liéu tir mot phoi ban dau. Diéu nay
cho phép ché tao cac san pham c6 hinh hoc phirc tap, giam dang ké lwong phé thai va
thoi gian dua san pham ra thi truong.

Tir khi cong nghé in 3D dau tién ra doi vao gitra nhitng nam 1980 véi su phat
minh cta phuong phap quang trung hop (SLA) bai Charles Hull, AM d3 phat trién
nhanh chéng va hién bao gém nhiéu ki thuat. Cac céng nghé in 3D hién nay rat da
dang, duoc phan loai chi yéu dua trén nguyén ly tao 16p vat liéu va phuong phap lién
két vat liéu. Theo tiéu chuan ASTM F2792 do Uy ban ASTM F42 dé xuat, cac cong

nghé san xuat bdi ddp duoc chia thanh bay nhém chinh:

- Material Extrusion: Ky thuat phé bién nhat thuoc nhom nay la Fused
Deposition Modeling (FDM), trong d6 soi nhua nhiét déo duoc nung chay va
dun qua dau phun dé tao I6p. Pay 1a phuong phap c6 chi phi thap, dé van hanh
va phl hop cho nhiéu loai vat liéu nhu PLA, ABS, PETG, va cac vit liéu
composite nén polymer.

- Vat Photopolymerization: S dung chat long nhya cam quang
(photopolymer) duoc 1am ciing tirng 16p bing ngudn sang (laser hoic DLP).
K§ thuat noi bat 1a Stereolithography (SLA) va Digital Light Processing
(DLP). Nhom nay cho d6 phan giai rat cao, phi hop véi tng dung trong nha
khoa, trang strc va md hinh hoa chi tiét.

- Powder Bed Fusion (PBF): Sir dung ngudn nhiét (laser hoac electron beam)
dé nung chay va két dinh tung 16p bot vat liéu (kim loai, polymer hoac gém).
Cac ky thuat nhu Selective Laser Sintering (SLS), Selective Laser Melting
(SLM), va Electron Beam Melting (EBM) déu thuoc nhém nay. Cong nghé



PBF duoc s dung phé bién trong san xuét cac chi tiét kim loai chiu tai cao
trong nganh hang khéng va y sinh.

- Binder Jetting: Mot chat két dinh dang long duoc phun 18n ting 16p bot dé
cb dinh hinh dang truéc khi dem di xir Iy nhiét. Phuong phap nay phu hop voi
kim loai, cat, va gém; mang lai toc d6 ché tao nhanh va chi phi thip, nhung
can hau xir 1y dé dat do bén cao.

- Material Jetting: Tuong tu nhu may in phun mau, cong nghé ndy phun vat
liu nhya hozc sap tung giot 18n bé mat va lam cing bang dén UV. Uu diém
la kha ning in da vat liéu va mau, tuy nhién chi phi vat liéu rat cao va gioi han
vé co tinh.

- Sheet Lamination: St dung 16p vt lidu dang tim (gidy, kim loai, polymer)
cit theo hinh dang 16p va lién két véi nhau bang keo hodc han. Cong nghé nay
it pho bién nhung c6 chi phi thap va téc d6 cao cho mé hinh hoa I6n.

- Directed Energy Deposition (DED): Ap dung phé bién trong cong nghiép
nang va sira chira chi tiét, DED sir dung chum nang lwong manh (laser, electron
beam hoic plasma arc) dé nung chay vat liéu duoc cip dang day hoic bot truc
tiép vao ving gia cong. Pay 1a cong nghé then chdt trong linh vuc dap vat lidu

kim loai, dac biét Ia hgp kim titan va thép khéng gi.

Viéc lua chon céng nghé pht hop phu thudc vao loai vat liéu, yéu cau ki thuat,
chi phi dau tu va ang dung muc tiéu. Poi véi nghién ciru ndy, céng nghé FDM dugc
chon 1am nén tang do kha ning mé rong, twong thich cao vai nhiéu vat liéu va pha
hop voi hudng phét trién may in 3D gia thanh hop 1y nhung da chirc ning.

Cong ngh¢ in 3D FDM (Fused Deposition Modeling) dang tré thanh mot
phuong phap pho bién trong san xuat, phét trién san pham (R&D), dac biét khi sir
dung cac vat liéu nhu PLA, PETG va ABS. Cac nghién ctru trong va ngoai nudc da
tap trung vao viéc cai thién céc tinh chit co hoc cua san pham in tir cac vat liéu nay,
trong d6 (ng suat kéo 1a chi s6 duoc quan tim dic biét. Song song véi do, cac nghién
ctru cON tap trung vao viéc tiét kiém ning lwong thdng qua viéc téi vu hoa cac thong

s6 in nhu nhiét do dau in, nhiét do ban in, toc do in va ty 1& dién day.



Bang 1.1 dudi day tom tat mot sé dic diém chinh cua cac nhém cong nghé in

3D pho bién:
Bang 1.1. Mot sb dac diém chinh ctia cac nhoém cong nghé in 3D phé bién
Nhdém cong , . , 2
Vit liéu dién hinh  Uu diém chinh Ung dung tiéu bi¢u
nghé
“DM PLA, ABS, PETG, Chi phi thép, dé st Gido duc, md hinh,
PLA-CF dung san pham nhya
D0 phan gidi cao, Nha khoa, trang strc,
SLA/DLP Nhuya quang hoa . . N
bé mat min mau my thudt
Do bén co hoc cao, . )
SLS/SLM/EB  Kim loai, Hang khong, y sinh,
) dung dugc trong , .
M (PBF) polyamide , khuon kim loai
san xuat
Nhanh, in nhiéu Khuén cat, ché tao

Binder Jetting

Kim loai, cat, gdom

mau cung lic

nhanh

DED

Hop kim, day kim

loai

DPip 16p 16n, sta

chita chi tiét

Cong nghi€p nang,
hang khéng

1.1.1. Nghién citu trong nwéc

Tai Viét Nam, cong nghé in 3D van dang trong giai doan phét trién, nhung

d3 ¢ nhitng tién bo dang ké. Mot s6 nghién ciru da tap trung vao viéc ti wu hoa cac

thong s in 3D dé cai thién co tinh ctia san pham, dic biét 13 do bén kéo cua cac mau
in tr PLA, PETG va ABS.
Tran Anh Son va cong su (2020) thudc Truong Pai hoc Bach Khoa TP.HCM,
Pai hoc Québc gia TP.HCM va Dai hoc Su pham K§ thuat TP.HCM da tién
hanh nghién ciru nhim danh gia anh huong cua ba théng sé chinh—Iloai vat
licu (PLA, PETG, ABS), mat do lap day va kiéu cau trac dién day—dén do
bén kéo cua chi tiét in 3D bang cdng nghé FDM. Két qua cho thay loai vat liéu

c6 tac dong 16n nhat dén do bén kéo, trong khi mat do lap day c6 anh huong it



nhat. Nghién ctu ndy cung cip co s dir liéu hitu ich dé thiét 1ap cac tham sb
in 3D tbi uu cho nhitng nghién ciru va tng dung trong twong lai[8].

Mot s6 nghién ctru danh gia anh huéng cia nim thong sé quy trinh in FDM,
gom do day 16p, hudéng in, ciu trac dién day, mat 6 dién day va nhiét do in
dén d6 bén kéo cua san pham PLA. Thiét ké thi nghiém dura trén phuong phap
CCD dugc 4p dung dé phan tich mi quan hé giira cac thong sé va phan hoi.
Két qua duoc kiém chitng qua ANOVA va t-test, ddng thoi sir dung mang no-
ron nhan tao (ANN) dé du doan do bén kéo. Két qua cho thay md hinh ANN
c6 @6 chinh xéac cao (R2 = 0,964) va 13i tuyét ddi trung binh thip hon so véi
md hinh FCCCD, chitng minh ANN ¢6 kha ning dy doan chinh xac méi quan
hé gitra cac thong sé va do bén.[9]

1.1.2. Nghién ciru ngoai nwoc

Trén thé gisi, cac nghién cau vé co tinh cua vat liéu in 3D tir PLA, PETG va
ABS da phat trién sau rong hon. Cac nghién ctru qubc té tap trung khong chi vao cai
thién tinh chat co hoc ma con vao viéc tdi vu hoa quy trinh in 3D dé tiét kiém ning
lugng trong san xuat.

Céc nghién cau trén thé gigi da chi ra rang cac thong sé nhu do day 16p (layer
thickness), mat do dién day (infill percentage), goc raster (raster angle), toc do in
(printing speed), va huéng in (build orientation) dong vai trd quyét dinh dbi véi co
tinh caa chi tiét in 3D[10-13]. Cac nghién ciru nhu caa Ahn va cong su (2002)[14] da
tap trung vao viéc téi uu hoa tinh chat co hoc ciia ABS théng qua viéc phan tich anh
huong cua cac thong sé in FDM. Nghién ciru nay da phat trién cac quy tac thiét ké dé
cai thién co tinh cua céc chi tiét FDM dya trén cac két qua thuc nghién ctu khac da
danh gia anh huong cua do day 16p va mat d6 dién day dén co tinh cua cac chi tiét
PLA va ABS. Vi du, nghién ctru ciia Rajpurohit va cong su [15] cho thay ring d6 day
l6p va goc raster 1a cac yéu té quan trong anh hudng dén d6 bén kéo va moé dun dan
hoi caa PLA. . Hon nita, mot nghién ciru khac két luan riang do day 16p va ty 18 1ap
day la nhitng théng sé quan trong nhat khi thiét ké cac bo phan lam bang vat lidu

ABS[16]. Nhitng nghién ctru khac da duogc thyc hién nhiam xac dinh anh huéng cua



cac tham sb nhu goc raster, chiéu rong raster, hinh dang raster, mat do dién day, kiéu
dién day, toc d6 in, do day 16p, khe ho khong khi, huéng in, va sé lugng duong bao
1én cac dac tinh co hoc khac nhau[17-26]. Rayegani va Onwubolu da stir dung phuong
phap tién hoa khéc biét dé xir Iy cac théng sé nham téi wu hoa do bén kéo cua bo phan
chi [27]. Céc nha nghién ciru khac da tap trung vao viéc toi wu hoa nhiéu tinh chat,
tuy nhién viéc téi wu hoa tinh chét dugc thuc hién riéng biét [10, 28, 29]. Nghién cu
tién tién hon tap trung vao viéc téi wu héa hai hoic nhiéu dic tinh cung lic dé dat
dugc mot tap hop t6i wu cac thong sb quy trinh [30-32].

1.2. TONG QUAN VE DPE TAI

PLA da duoc nghién ciru rong rai. Nhiéu nghién ctu da diéu tra thuc nghiém
vé cach cac dic tinh co hoc cua bo phan PLA bj anh hudng boi goc quét [4, 33-35].
Céc nghién ctru khac da diéu tra anh huong cia do day 16p dén céc tinh chat co hoc
cua b phan PLA nhu d6 bén kéo, do bén ubn, mé dun dan hoi, tng suat cét va do
bén va dap [28, 36-41]. Hon nita, ty Ié lap day va tac dong cua toc do in 1én cac dac
tinh co hoc ciia PLA da dugc kiém tra trong [39, 40, 42, 43]. Goc quét va anh hudng
cua d6 day lop 1én cac dac tinh co hoc cua cac bd phan ABS ciing da dugc nghién
ciru [44-46]. Hon nira, cac dac tinh co hoc cua bo phan ABS bi anh hudng bai ty 1€
lap day va toc do in [47-49]. Tuy nhién, ddi véi vat lieu PETG, cac nghién ciu con
han ché, chi1 yéu tap trung vao anh hudng cua goc raster va do day 1op [50, 51]. Biéu
ndy mé ra nhu cau nghién ctru sdu hon vé cac thdng sé khac nhu tde d6 in va hudéng
in dé t6i wu hoa co tinh cua vat liéu nay.

Cé4c ngung phuong phap phan tich phuong sai (ANOVA) dé danh gia muc
d6 anh huong cua tirng thdng s6 cong nghé. Két qua cho thiay mat do dién day va do
day 16p 12 hai yéu t6 c6 anh huéng manh nhat dén co tinh caa c4c chi tiét in 3D. Phan
tich ciing chi ra rang céac thong s6 nhu goc raster va toc do in c6 tic dong nhung it
quan trong hon. Viéc sir dung ANOVA gitip dinh luong va xép hang mac do anh
huong cua tirng thdng sd, tir d6 dé xuét céc gié tri toi uu.

Mic du di c6 nhiéu nghién cau ti wu hoa tirng thdng s cong nghé riéng I¢,

cac nghién ctru vé t6i uu hoa ddng thoi nhiéu thong sb dé dat duoc bo thong sé tdi uu
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chung van con han ché. Céac khoang tréng nghién ctru nay dang dugc xem 1 huéng
phét trién quan trong dé cai thién do tin cdy caa qué trinh FDM trong san Xuat.

Dé tai ndy nham muc dich khao sat va danh gia co tinh ciia cdc mau in 3D tir
ba loai vat liéu pho bién: PLA, PETG va ABS. Muc tiéu chinh Ia nghién ctu anh
huong da yéu td cua cac tham sb in nhu nhiét d6 dau in, nhiét do ban in, toc do in, va
d6 day 16p dén do bén kéo cua cac san pham in. Pay 1a cic tham sb quan trong c6
anh huong dén su két dinh giira cac 1op vat liéu va tinh chat co hoc tong thé cua chi
tiét in 3D. Tuy nhién, viéc t6i wu hoa cac thong so in nhu nhiét d6 dau in va nhiét do
ban in khong chi gilp cai thién ¢ bén ctia cA&c mau in ma con ¢6 y nghia quan trong
trong viéc tiét kiém nang lugng va giam thiéu thoi gian in.

Quy trinh nghién ctru dugc thuc hién theo cac bude chinh dugc minh hoa trong
Hinh 1.1. Trudc tién, md hinh chi tiét dugc thiét ké bang phan mém CAD va xuat ra
dinh dang STL dé md ta hinh hoc bé mat. Sau d6, mé hinh dwoc xuat ra file STL dé
dam bao tinh twong thich véi phan mém in 3D. Tiép theo, cac théng sé in quan trong
nhu chiéu cao 16p in, téc d6 in, nhiét d6 dau dun va ban in dugc xac dinh dua trén
yéu cau thi nghiém. Sau khi thiét 1ap cac thong sb, budc tao ma lénh G-code dugc
thuc hién thong qua phan mém slicing dé diéu khién may in 3D. Budc ké tiép 1a in
mau bang may in 3D, nham tao ra cac mau thir nghiém thyc té. Cac mau nay duoc
thi nghiém do luong co tinh nhu kéo theo tiéu chuan (ASTM D638). Cudi cing, dir
licu thu thap duoc s& duoc phan tich va danh gia nham xac dinh anh huong cua céc
thdng s6 in dén co tinh cua vat liéu, tir d6 dua ra két luan va kién nghi cho nghién

ctru.

Tao mo hinh bg; m;l; Thi nghiém
CAD ing3D Y do lvong

Hinh 1.1. Quy trinh nghién cuu
1.3. CAC THAM SO TRONG QUY TRINH IN

FDM la mét cong nghé in 3D pho bién dé in sgi polymer va composite nho

Thu thap
dit liéu va
danh gia

quy trinh in linh hoat va nhanh chdng, chi phi thap, da dang va tinh khéng doc hai
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cua vat liu, dong thoi co do cung va d6 bén cao. Hinh anh minh hoa vé cong nghé
in 3D FDM dugc hién thi trong Hinh 1.2 va quy trinh in ¢ thé dugc md ta nhu sau:

« M6 hinh 3D k¥ thuat s6 duoc xay dung trong phan mém CAD va luu trit
dudi dang tép dinh dang STL.

« M6t md-dun phan mém cét duoc s dung dé chia md hinh 3D thanh céc 16p
manh ngang va kiém soat may FDM.

« Cac tham s in 4n bao gom tc do in, d6 day 16p, nhiét do in, ty 1& dién,
huéng in, cau trac hd tro va nhiéu thir khac déu duoc thiét 1ap trong phan mém cat.

* Trong qua trinh mé hinh hoa, mot sgi in 4n duoc trai ra vao 6ng phun & trang
thai ban chat long va dugc dat 18n 16p vat liéu trude do.

« Sau khi 16p vat liéu méi dong ran trén vat thé in 3D & nhiét do phong, nén in
di chuyén xudng theo chiéu cao cua mot 16p vat liéu va sau d6 16p vat lidu tiép theo
s€ duoc in.

« Qua trinh nay tiép tuc cho dén khi toan bo mé hinh di duoc in. Cudi cung,
cau trac hd tro s& duoc loai bo thu cong.

Vit lidu ho trg ﬁ

Vat Béu chinh =

Hinh 1.2. So do cong nghé in 3D FDM

AM bao gom nhiéu cdng nghé tao ra cac bo phan vt ly bang cach bo sung lién
tiép cac vat lidu. Nhiéu nganh khac nhau nhu kién trdc, y hoc, k¥ thuat, gido duc va

giai trf st dung cong nghé AM. Do sy phat trién nhanh chong cua cong nghé AM va
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viéc ap dung ching trong vé s6 nganh, c6 nhiéu thuat ngit khac nhau cho céc tng
dung hoic linh vuc cu thé khac nhau cia AM. Bé tranh nham Ian c6 thé can tré viéc
giao tiép giira cac nganh khac nhau, phan nay dinh nghia cac thong sb quy trinh khac
nhau duya trén cé4c tiéu chuan ASTM International [7, 52-54]. Pay 1a cac thong sd quy
trinh in FDM phé bién nhit, cling véi cac bién sb va pham vi cua ching:
Goc raster, d6i khi dugc goi 1a huéng raster, 1a hudng cua céc 16p duoc ling
dong lién quan dén nén tang xay dung. N6 thuong nam trong khoang tir 0edén
90-. Céc soi lang dong thoat ra khoi voi phun may in 3D tao thanh céc raster
(dun) c6 thé duoc ché tao bang nhiéu goc khac nhau dé lap day phan bén trong
cua bo phan dang duoc san xuat. Goc raster 1a mot théng so thiét yéu cho quy
trinh FDM vi nd anh huéng dén tinh di hudng caa céc bo phan [14, 55]. Cac
két qua duoc béo cao trong tai liéu minh hoa rang goc raster anh huong dang
ké dén céc tinh chat co hoc cua tat ca cac vat lieu & cac mirc d6 khéac nhau.
Nhin chung, 6 bén kéo tré nén cao hon khi huéng raster giéng voi hudng tai

do tinh di hudng cao.

.

E N N s = e = G = s = ==

=
Hinh 1.3. Goc raster trong mau in
Do day 16p 1a chiéu cao cia mdi 16p ling dong trong san pham in 3D. Chiéu
cao ciia san pham 1a tong d6 day cua cac 16p xép chong dugc dun ra tir dau voi
phun. N6 phu thudc vao duong kinh dau voi phun va vat liéu soi. Thong
thudng, n6 dao dong tir 0,05 dén 0.8 mm. Hiéu tng cua d6 day 16p di véi do
bén va cac dic tinh co hoc khac 1a dang ké. Nhin chung, két qua thir nghiém
cho thdy do bén udn, do bén kéo va do bén nén ting khi d6 day lép giam, diéu
nay dan dén cac san pham duoc tao thanh tir nhiéu I6p hon. Do d6, viéc ting
s6 lwong 16p dan dén ting qué trinh gia nhiét lai cac 16p trude do, giup cai
thién sy khuéch tan tir I6p nay sang 16p khac. Ngoai ra, chat luong bé mat caa

c4c vat thé in tang 1én khi do day lép giam [56].
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Hinh 1.4. Kich thuéc 16 dau in pho bién

Ty 18 lap day, doi khi duoc goi 1a mat d6 lap day, mé ta do ran chic caa cau
tric bén trong vo hinh cuia mot b phan duoc in. N6i cach khac, né mé ta thé
tich lap day, dong vai tro chinh trong d6 bén va khéi luegng cua bo phan dugc
in. Thong thudng, n nam trong khoang tir 20% dén 100%. Ty Ié lap day duoc
coi 1a mot trong nhirng théng sé hang dau anh hudng dang ké dén cac dic tinh
co hoc cuia bo phan [57]. Vi du, ty 18 lap day xac dinh ving tiép xuc gitra cac
I6p va cac 16p soi, anh hudng dén cac dic tinh co hoc [10, 58]. Cac nghién
ctru cho thay ty 18 1ap day c6 anh huong dang ké dén cac dic tinh co hoc. Két
qua cua ho chi ra rang cac dic tinh co hoc dugc cai thién khi ty I lap day ting

Ién vi phan chiu luc (ngang véi tai) nho hon vai ty 1¢ lap day thip hon.

Hinh 1.5. Kiéu cau trdc va ty ¢ dién day trén phan mém CURA
Téc do in la téc d6 ngang caa voi phun trén nén tang in trong qua trinh dun va

ling dong. NG quyét dinh tong thai gian in. N6 phu thudc vao ky thuat in (in
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thach ban 1ap thé (SLA), thiéu két laser chon loc (SLS) va FDM) va vit liéu
soi duoc sir dung. Thong thuong, né dao dong tir 15 dén 90 mm/gidy. Toc do
in anh hudng dén do lan truyén cua vat liéu va kich thuéc tao hinh nhiéu hon
tat ca cac thong sb quy trinh FDM khac. Téc d6 in cao dan dén dun qua muc
& cac canh cua bo phan va 1am giam chiéu rong dun dan dén d6 chinh xac vé
kich thuéc kém vi céc 16p bd sung duge thém vao truéc khi cac 16p trude do
dong ctrng hoan toan.

Nhiét do dun duoc dinh nghia 13 nhiét d gia nhiét cho vat liéu soi trong phan
vOi phun trong qua trinh dun. N6 thay ddi tly thudc vao loai vat liéu nhiét déo
va tdc d6 in. Pham vi nhiét d6 dun duoc minh hoa trong Bang 1.2.

Bang 1.2. Bic tinh co hoc va dic diém in caa céac vat liéu FDM khac nhau

Tinh chat PLA ABS PETG
Nhiét d6 dun (°C) 190-210 | 220260 | 230-250
Nhiét d6 ban in (°C) 25-80 90-110 60-80
Mat do (g/cm?) 1.25 1.04 1.23
P bén kéo (MPa) 65 43 49
Do bén udn (MPa) 97 66 70
Do bén va dap Izod (kJ/m?) 4 19 7.6
Kha nang tai ché Co Co Khéng
Kha nang phan hiy sinh hoc Co Khdng Khéng
Doc tinh khoi Ratthdp | Trungbinh | Rat thap

Dinh hudng xay dung duoc dinh nghia 1a tu thé/hudng caa mot dbi tuong lién
quan dén cac hudng hé toa do Descartes trong khi in. Thong thuong, tu thé
thang dung 14 mat phang ZY, tu thé canh 14 mat phang YZ va tu thé phang 1a
mat phang YX nhu duoc trinh bay trong Hinh 1.6.
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Hinh 1.6. Binh huéng cua mau vat

- Khe hd khdng khi la khe ho gitra cac raster trén cung mot 16p ciaa mot bo phan in.
N6 thuong nam trong khoang tir 0 dén 0,08 mm. Tuy nhién, khe ha khdng khi
cling c6 thé 1a am (chong chat ling dong lién k&) trong qué trinh 1ap day 100%.
Tac dong cua khe ho khong khi 1én cac dac tinh co hoc caa cac bo phan PLA cé
thé thap [59], trong khi n6 c6 thé lién quan dén céc bo phan ABS [60]. Khe ho
khong khi 4m 1am ting ca do bén va do cing.

- Chiéu rong raster la chiéu rong cua mot raster lang dong don 1é va phu thudc vao
duong kinh voi phun dun, toc do in va ty 1¢ giira toe d6 in va toc do dun, duoc goi
1a “hé s6 nhan dun” [61]. Viéc hiéu chuan thong sé nay rat quan trong ddi véi do
chinh xac ctia bo phan va cac dic tinh co hoc. Théng thudng, nd nam trong khoang
tir 0,1 dén 1 mm.

- Puong vién 12 16p ran bén ngoai bao quanh cau tric lap dy bén trong caa phan
in. N6 twong ng véi s6 16p ran bén ngoai. Thong thuong, nd nam trong khoang
tir 1 dén 6 duong vién.

1.4, PHUONG PHAP NGHIEN CUU

Nghién ctru nay duoc thuc hién dua trén phuong phap két hop gitta ly thuyét
va thyuc nghiém, nham danh gia va t6i uu hoa cac thong sé in 3D anh huéng dén co
tinh caa céc vat liéu PLA, PETG va ABS. Bong thai, nghién ciu nay con ch trong

dén viéc tiét kiém ning luong théng qua diéu chinh cac tham sé in mot cach hop Iy.
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1.4.1. Nghién ciu ly thuyét

Budc dau tién 1a tong quan tai liéu lién quan dén quy trinh in 3D FDM va
anh huong cua cac thong sé in nhu nhiét d6 dau in, nhiét 6 ban in, téc do in, va do
day 16p,... &én co tinh cua cac vat liéu PLA, PETG va ABS. Céc nghién ctu trude do
vé trng suat kéo, d6 bén va kha ning chiu lyc cua céc vat liéu nay s& dugc tham khao
k§ ludng. Bong thoi, cac tiu chuan ASTM D638 vé kiém tra kéo ciing s& duoc ap
dung dé dam bao tinh chinh xac cua két qua.
1.4.2. Thiét ké thi nghiém

Nghién ctu sir dung phuong phap thiét ké thi nghiém Box-Behnken dé tdi
wu hoa cac thong sb in nhu nhiét d6 dau in, nhiét do ban in, toc do in, va do day 16p.
Phuong phap thiét ké thi nghiém Box-Behnken (Box-Behnken Design - BBD) la mot
k¥ thuat trong phuong phap bé mat dap ung (Response Surface Methodology - RSM),
duogc sir dung dé t6i wu hoa cac hé thong va quy trinh cé nhiéu bién dau vao. Pugc
phét trién bai George E.P. Box va Donald Behnken, BBD duoc thiét ké dé giam sb
lugng thi nghiém can thiét, trong khi vin dam bao kha ning mé hinh héa mdi quan
hé phi tuyén gitra cac thdng sé dau vao va dau ra. Phuong phap nay chon cac diém
thi nghiém nam & trung tam céc canh va ¢ tam cua khong gian thiét ké, giap tiét kiem
chi phi va giam rui ro lién quan dén viéc thyuc hién thi nghiém tai céc gia tri cuc tri.
MJi thong s6 dau vao duoc chon ¢ ba mic (-1, 0, 1), véi s6 lugng thi nghiém tbi thiéu
duoc tinh todn dua trén sé luong bién doc 1ap. Bé dam bao tinh khach quan va do
chinh xac, céc thi nghiém can duoc sap xép ngau nhién va lap lai ¢ tim khong gian.
Dix liéu thu thap s& duoc phan tich bang céc cong cu théng ké nhu ANOVA dé xay
dung mé hinh béc hai, xac dinh mdi quan hé giira cac yéu t6 va téi wu hoa dau ra. Uu
diém cua phuong phap nay bao gdm giam thoi gian, chi phi thuc hién thi nghiém, va
dé dang mé hinh héa cac méi quan hé phi tuyén. Box-Behnken dugc ng dung rong
rai trong cac linh vuc nhu in 3D, cong nghiép hoa hoc, k¥ thuat y sinh, va céng nghiép
thuc pham, noi ma né dong vai tro quan trong trong viéc cai thién chat luong san

pham va hiéu suat hé thing.
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MdGi vat liéu s& dugc in voi cdc mau thir khac nhau theo ma tran Box-
Behnken, nham xac dinh sy két hop tot nhat cua céc théng sé dé téi vu hoa do bén
kéo va co tinh tong thé.

1.4.3. Thuc nghiém va kiém tra co tinh
Sau khi in xong cac mau thir, ching s& duoc kiém tra co tinh, dic biét 1a kiém
tra kéo theo tiéu chuan ASTM D638. May kéo van ning s& duoc sir dung dé kiém tra
{rng suét kéo, tng suat tai diém dut, va d6 dan dai cua cac mau. Céc thdng sb nhu toc
d6 kéo va tai trong tbi da s& dugc diéu chinh dé phu hop vai tiéu chuan thir nghiém
May thir kéo dugc thiét 1ap vai tai trong tdi da 50 kN va tée o kéo 1 mm/phut,
dam bao qua trinh do Iwong chinh xac va dang tin cay.
Mau thir duoc kiém tra dé thu thap dir liéu vé co tinh va danh gia mac do anh
huong caa cac tham s in dén d6 bén kéo cua ting loai vat liéu.

1.4.4. Phan tich dir liéu va téi wu héa

Sau khi thuc hién thi nghiém, cac di liéu thu thap s& dugc phan tich bang
phan mém théng ké, sir dung cac phwong phap nhu phan tich phuong sai (ANOVA)
dé danh gia tac dong cua tirng tham sb in dén co tinh ctia mAau in. Viéc phan tich di
liéu nay s& gilp tim ra su két hop cac tham s t6i wu dé dat duoc do bén kéo cao nhat
cho ting loai vat liéu, dong thoi giam thiéu tiéu thu ning luong.

Phuong phap phan tich da muc tiéu s& dugc sir dung dé tdi vu hoa ddng thoi
c4c chi tiéu vé co tinh va nang lugng tiéu thy, nham xac dinh diéu kién in 3D tét nhat

cho tirng loai vat liéu, dam bao tinh bén viing va hiéu qua trong san xuét.
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1.5. KET LUAN CHUONG 1

Chuong 1 di tong quan vé sy phét trién manh mé cua céng nghé in 3D, dic
biét vai cac vat liéu nhu PLA, PETG, va ABS. Céc nghién ctru da khang dinh rang
viéc t6i wu héa cac tham sb in nhu nhigt do dau in, nhiét 6 ban in, téc do in, va do
day l6p dong vai tro quan trong trong viéc cai thién co tinh, dic biét 1a 4o bén kéo
cua san pham.

Bén canh d6, xu hudng tiét kiém nang lugng trong qua trinh in ciing duoc nhan
manh, gilp giam dén 20% nang luong tiéu thu ma van dam bao chat luong san pham.
Diéu nay dic biét quan trong trong bsi canh nganh cdng nghiép ngay cang quan tam

dén phat trién bén viing va hiéu qua san xuat.
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CHUONG 2 - COSOLY THUYET
2.1. CO SO TOAN HQC
2.1.1. M6 ta mo hinh nhiét

hot nozzle

Convection

m radiation

molten plastic
filament

conduction

> ] i
cofndution distribution
Hinh 2.1. M6 ta mé hinh nhiét

Cac diéu kién sau phai duoc dap ing dé tao ra mot md hinh mé phong cho qua
trinh FDM: Giai quyét van dé truyén nhiét thoang qua, md phong viéc cheén vat liéu,
xem xét ton that nhiét 6 trong qua trinh ling dong va tinh dén cac dic tinh vat liéu
phu thudc vao nhiét do. Nguyén ly bao dam ning lwong, khang dinh rang sy khac biét
giita san sinh nhiét trong thé tich va dong nhiét trén bé mat ranh gidi bang vai sy bién
dong nang luong trong mot thé tich trong mot thoi gian, cung cap nén tang cho viéc
xay dung van d& nhiét[62].

ou _ ~ 2.1
E"v-q-}'qgen 21)

Trong d6: g 1a vecto mat do dong nhiét, g4, 1a mat d nguon sinh nhiét va U
la suat noi niang riéng. Hon nita, phuwong trinh cdu thanh cho thay dinh luat Fourier
lien két nhiét d6 va thong luong nhiét

q= —kVT (2.2)

Trong d6 k 1a d6 dan nhiét va T 1a nhiét do. Phuong thtc cau thanh xac

dinh méi lién hé gitra nang luong bén trong cu thé U va nhiét do T
U =Uo +pcT (2.3)
Trong d6 ¢ 1a nhiét dung riéng cua vat liéu va p 1a mat d6 khéi luong cua no.

Phuong trinh vi phan ting phan cho qué trinh nhiét nhu sau:
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pcaa—LtI =-V.(kVT)+ qgen (2.4)

O day, gia str khdng cd ngudn nhiét ngu y rang khéng c6 thém nhiét bén trong
duogc tao ra bén trong vat ligu, do d6, q e, = 0. Do do, su truyén nhiét phu thugc
hoan toan vao su phan bd nhiét d6 ban dau va thong luong nhiét qua ranh gigi cua
vat liéu. Pbi vi may dun néng tao ra nhiét d6 cao va nhiét do vat liéu tac dong, hé
s6 sinh nhiét bén trong khong duoc bao gdm trong md hinh nhiét. Su don gian hoa
ndy c6 nghia 1a khi tinh toan phan bé nhiét do, chi tinh dén su dan nhiét do gradient
nhiét do va cac diéu kién ranh gii nhu nhiét do méi truong hodc thong luong nhiét
& bé mat.

Pay 1a dang manh caa md hinh toan hoc, phai duoc giai quyét dé xac dinh lich
sir thoi gian caa nhiét do. Vi moét giai phap phén tich hoac khép kin 1a khdng kha thi,
nghién ciru nay sé& st dung giai phap s6 hoic md phong FE. Sir dung cach tiép can
Galerkin théng thuong véi cac phan tir hiru han, mé hinh nhiét dau tién duoc roi rac
trong khong gian. Nhiét do thay doi theo thoi gian va khong gian 1a tét. Sy phu thudc
nay duoc chia cho tirng phan ti bang cach st dung mé hinh noi suy.

T(xy,zt) = T(xy,¥2,23,t) = N(Xq,¥2,23) "Te(t) (2.5)

Trong d6, N(x,¥,,2) T1a ma tran chuyén vi cua ham hinh dang phan tir va
T.(t)1a vecto cua nhiét do nut.

Hé phuong trinh vi phan duogc biéu thi boi:

[CH{T}H+ [K] {T} = {Q} (2.6)

Trong d6, C 1a ma tran nhiét dung riéng, T 1a vecto ndt caa nhiét do, J 1a téc
d6 thay doi cua nhiét do, K 1a d6 dan dién va Q 1a vecto dong nhiét. Mdi budc thoi
gian trong qué trinh roi rac hda sé tao ra mot hé phuong trinh dai s6 ¢6 thé dugc giai
dé tim ra c4c nhiét d6 nat chua biét. Biéu dién sb cua truong nhiét do duoc dua ra boi
loi giai phuong trinh FE. D6 bam dinh giira cac soi ¢6 thé duoc du doan bang cach
két hop mo hinh dién thé lién két véi lich sir thoi gian cua nhiét do tai mot noi trong
khong gian. Ngoai ra, str dung dinh nghia, van dé thay doi pha c6 thé duoc giai quyét

bang cach xac dinh ma tran nhiét cu thé tir duong cong entanpy:
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H = [°p(T) c(T) dT 2.7)
Day nhwa duge ép dun ¢ nhiét 6 T, trong qué trinh FDM va ling dong trén
ban in xay dung Dy, dugc nung néng dén T,,. Nhiét d6 T, dugc duy tri khong doi
trong budng xay dung D.. C4c soi trao doi nhiét nang lwong véi khdng khi trong
budng ciing nhu vat liéu di duoc ling dong trude d6 do gradient nhiét d6 theo phuong
trinh (2.4).
pcT =-V.(KV T) + qgen (2.8)
Phuong trinh nhiét noi tiéng nay, trong d6 p = p (T) 1a mat d6 vat liéu, ¢ = ¢(T)
la nhiét dung riéng, k =k(T) hé s6 dan nhiét phu thudc nhiét do, qge,>0 la nguon nhiét
bén trong va t la thoi gian, kiém soat su phat trién thoi gian-khong gian cia truong
nhiét do T (x, t). Cac truong hop bat dau cua van dé duge cung cap boi
T(x,0) = T, x € D 2.9)
T(x,0) = Tc x € D, (2.10)
Trong d6 x dai dién cho vecto vi tri (X, Y, z), D¢ biéu thi vat liéu lang dong ép
dun, T, va T, dé cap dén nhiét do dun va nhiét do buong ciia buong xay dyng. Ban
chat caa diéu kién ranh gigi Dirichlet Ia chi ra ham nghiém c6 gi4 tri bao nhiéu tai
c4c Vi tri nhat dinh doc theo ranh gidi caa mot ving. Thong thuong, nhimg diéu nay
duoc ¢ dinh bing nhitng can nhic vé thé chat hoic thi nghiém. Do do, diéu kién bién
Neumann xac dinh:
T(x,t) = T, X € Dy, (2.11)
Mot phuong phap 1a ap dit cac diéu kién bién nhu vay 18n mot ham nghiém
bang cach xac dinh cach no thay ddi & ria cua ving noi chung ap dung:
k2 +qc+q, =0 x€S(H) (2.12)
Trong d6 S(t) dai dién cho bé mat bén ngoai cua vat n 1a vecto vudng goc véi
q va q dé cap dén cac thong luong nhiét do ddi luu va trén 16p ngoai cua buc xa co
thé, duoc dinh nghia 1a
qQc = h(T - T,) (2.13)
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qr = K (T* — T)e (2.14)
Trong d6 h=h(T) 1a hé sb truyén nhiét, K, dai dién cho hing sé Stefan-
Boltzmann va e 1a @6 phat xa.

2.1.2. M6 ta mo hinh vat ly.

Thermal field Material
induces shrinkage  behavior

4 WAA—

7 \
Elastic :—g
Plastic
‘ M\, —

Residual stress Thermal

Hinh 2.2. M6 ta md hinh vat ly.

M6 phong qua trinh bién dang thudng duoc tinh dén trong ly thuyét déo ting
dan, véi gia dinh rang bién dang 1a nho[62].
e=€®+eP +e€T (2.15)
Trong d6, € la tong bién dang, € bién dang dan hoi , €? 1 bién dang déo va
€T 1a tensor bién dang nhiét. Ching c6 thé dugc biéu thi bang cach sir dung Ky hiéu
Voigt:

e =D"1 (2.16)
3 Jdev

deP = dA= (2.17)
2 Oym

f(o) = \/% — oy (2.18)
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el =a(T-T,)1 (2.19)

Trong d6 o la &ing suat, trong d6 ], 1a bat bién thir hai cia tensor (ng suat Iéch
Va oy latng suat chay, « 1a gidn né nhiét, 1 = {1,1,1,0,0,0}" va cudi cing o€ 1a
Y g y g S g

{rng suat léch

Gde

V=0-— %trol (2.20)
Hé s dong chay nhua hodc dA, duoc mé ta nhu sau:
di=0néu oy, <o, (2.21)
di>0néu oy, >0, (2.22)

Trong dé oy, latng suat chay va o, 1a ing suat von Mises tuong dwong duoc

dinh nghia la:

Jvm

3
— E (GdeV)To-dev (223)

2.2. TIM HIEU VE VAT LIEU IN 3D VA MUC PQ ANH HUONG CUA CAC
THAM SO IN.
2.2.1. PLA (Polylactic Acid):
PLA 14 soi nhiét déo phan huy sinh hoc dugc sir dung ngay cang nhiéu trong
FDM. N6 doi hoi nang lwong va nhiét d6 thap duoc dun va mét 16p nén duoc gia
nhiét vira phai trong qua trinh ling dong dé tao ra mot vat thé. Do do, PLA tao ra cac
b phan c6 do bén kéo cao hon va do déo thap hon cac vat li¢u thong thuong khac.

N6 dugc str dung trong bao bi thuc pham, cdy ghép tim mach va khung ring [20, 63].
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2.2.1.1. Anh hwéng cia goc Raster

Dua trén cac nghién ctru da tham khao, nhiéu thi nghiém trén vat liéu PLA cho
thiy d6 bén kéo cuc dai (UTS) phu thudc manh mé vao goc quét [37, 64, 65]. Zhang
va cong su [66] dd phan tich anh hudng cia goc raster dén cac tinh chat co hoc cua
cac bo phan PLA duoc san xuat biang phuong phap FDM, va ho nhan thiy rang géc
raster anh huéng dang ké dén cac dic tinh co hoc, minh hoa trong Hinh 2.3a—c.
Algarni [33] ciing di nghién ctru tac dong cua goc raster 1én cac mau PLA, két luan
rang UTS giam dang ké khi goc raster thay doi tir 0° dén 90°, véi muc giam 1én t6i

36%. Tuong tu, md dun Young va do gidn dai khi dit ciing giam 1an luot 9% va 14%.

80 - 6 - 71 652 631
—_ 53 -
~ n {1l 611 g 5. 51 43 e 5.58
S 60 59 O S s
o 97 5 4 8 g
D 40 = o
4 = 3 a= 3
- -3 =
.:q;; 30 - *2 2 ol
- e 2

2 %o S 2

|0 y «© 1 1

0 - = o - o
(a) 0°  45° 90°  (b) 0° 450 90° (© 0°  45°  9p°

Hinh 2.3. Anh huéng cia goc raster trén PLA (a) do bén kéo, (b) Mddun dan hdi va
(c) % do6 gidn dai.

2.2.1.2. Anh hwéng cia do day lép

Mot nghién cuau trong [67] da nghién ciru anh hudng cua cac d6 day lop khac
nhau l&n c4c mau hinh xwong ché FDM c¢6 chiéu dai do 25 mm. Cac d6 day 16p khac
nhau 14 0,1 va 0,2 mm, va ba mau ciia mdi do day 16p di duoc thir nghiém. Ba mau
chén riéng biét da duoc str dung va két qua thir nghiém cho thay do day 16p anh hudng
dang ké dén kha niang chiu tai cua ca ba mau, nhu thé hién trong Hinh 2.4a. Mot
nghién ctru khac trong [68] da thiét ké cac mau theo tiéu chuan ASTM D368 va thir
nghiém d¢ day 16p trong khoang tir (0,1-0,3 mm) & ba téc d6 dun khac nhau. Két qua
nghién ctru duogc trinh bay trong Hinh 2.4b. Ngoai ra, mét nghién cuiru trong [69] da
trinh bay mot mé hinh co hoc méi vé cac tinh chit co hoc khac nhau c6 thé dy doan

chinh x4c do bén va mé dun Young cia FDM PLA. Dit liéu thuc nghiém cho thay
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hiéu tmg tuong tu cua d6 day 16p ddi voi do bén trong khi thay ddi gdc raster trong
Hinh 2.4c.
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%g 300 ﬁ \8 0
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Hinh 2.4. (a) D6 nhay cta cudng d6 PLA véi d6 day 16p (mm) véi cac mau lap day
khac nhau, (b) D6 nhay caa d6 bén PLA véi d6 day 16p vai cac te d6 dun khac
nhau (mm/giay) va (c) P nhay cua cuong do PLA véi d6 day 16p vai cac goc raster
khac nhau (tinh theo d9).

2.2.1.3. Anh hwéng ciia ty ¢ lap day

Panes et al. 3 nghién ctru tic dong cua céac thong sé san xuat khac nhau 1én
hanh vi co hoc cua cac bo phan PLA dugc ché tao thong qua phuong phap FDM [70].
Nghién ciru két luan rang viéc ting ty Ié lap day tir 20% lén 50% da cai thien UTS
27%, ung suat chay 21%, mo dun Young 34% va do gian dai khi dit 30%. Ho ciing
két luan rang ty ¢ lap day anh hudong dén nhimng diac diém nay nhiéu hon chiéu cao
l6p va huéng xay dung. Mot nghién ctu cua Rismalia et al. [71] cho thdy viéc ting
ty I¢ lap day PLA tir 25% dén 75% c6 thé ting cudong UTS, cudng do chiu kéo va md
dun dan hoi lan luot 12 40%, 34% va 15%.
2.2.1.4. Anh hwéng cia toc dd in

Téc do6 in khac nhau c6 anh hudng dang ké dén su lan rong va kich thudc tao
hinh cua vat liéu. O cac bo phan nho, toc do in cao dan dén bién dang vat liéu do céc
I6p méi dugc dat 1én trén cac 16p chua dong cirng hoan toan. Do d6, trong lugng cua
I6p méi 1am bién dang 16p trude d6. Tde d6 in anh huong dén chiéu rong lang dong
nhiéu hon 1a chiéu cao ling dong [72]. Hon nita, cac nha nghién ciru da két luan rang
téc do in cao hon lam giam nhe do bén kéo [73]. Mot nghién ciu trong [74]da kiém
tra nhitng thay ddi vé do bén kéo. Nhu duoc trinh bay trong Hinh 2.5a, cac két qua

lién quan dén tac dong cua téc do in 1én d6 bén kéo phi hop vai cac nghién ciru trude
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day. Mot nghién cau trong [43] d nghién ctru anh huong cua toc d6 in 1én mé dun
Young cia PLA. Nghién ctu cho thay cac toc do in khac nhau (70, 80, 90, 100 va
110 mm/gidy) khong lam thay d6i mé dun Young qua 20%. Ngoai ra, téc do in cao
hon anh huéng dén cach soi ndng chay va gy ra do bam dinh I6p nay sang lép khéc
kém, din dén d6 bén thip hon. Mot nghién ciru khéc trong [75] dé kiém tra anh huong
cua cac toc do in khac nhau (30, 40 va 50 mm/phat) dén cuong d6 nén cua PLA.
Nhiing thay doi két qua 1a khong dang ké, nhu thé hién trong Hinh 2.5b.
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Hinh 2.5. (a) D6 nhay cta cuong d6 PLA véi d6 day 16p (mm) véi cac mau lap day
khac nhau, (b) P nhay cua do bén PLA véi d6 day 16p véi cac tée do diun khac
nhau (mm/giay) va (c) P nhay cua cuong 4o PLA véi d6 day 16p vai cac goc raster
khac nhau (tinh theo d9).

2.2.1.5. Nghién ciru d9 nhay cia tinh chat co hoc

PLA biang ANOVA Dit liéu trén ching minh rang cac dic tinh co hoc cua céc
bo phan ché tao bang PLA bi anh huang boi cac bién quy trinh duoc chon & cac mirc
d6 khac nhau. ANOVA danh gia phuong sai giira cac nhém va duoc st dung dé xac
dinh tac dong cua cac thdng sé quy trinh khac nhau (goc quét, ty 1¢ lap day, toc do in
va do day 16p) 1én cac dic tinh vat liéu khac nhau (mé dun Young, UTS, do bén udn
va d6 gidn dai khi dat). ANOVA cho phép phéan dinh trong sé phuong sai ctia cac
nhom khéc nhau, gitp hiéu dugc tac dong cua tirng thong s6 quy trinh 1én cac dic
tinh co hoc khac nhau. Pham vi cho tirng thong sb quy trinh dwoc tom tit trong Bang
2.1. cho thay ty 18 lap day va do day 16p anh huong déng ké dén mo dun Young. UTS
cha yéu bi anh huong boi ty 18 1ap day va goc raster. DO bén ubn bi anh huong rat

nhiéu boi ty 1& lap day va téc do in. Do gidn dai khi dut duoc xac dinh bai ty 18 1ap
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day va goc raster. Cac thdng s6 quy trinh duoc xép hang trong Bang 2.2 theo anh
huong tuong tng cta chung dén céc tinh chat vat liéu PLA d chi dinh.

Bang 2.1. Pham vi théng s6 quy trinh duoc sir dung cho PLA cung véi cac thiét lap

lién quan.
Thang s6 Pham vi lya chon Thép Trung binh Cao
GAc raster 0°-90° 0° 45° 90°
Do day lop 0.1-0.3 mm 0.1 mm 0.2 mm 0.3 mm
Ty 1é dién day 20%—-100% 20% 50% 100%
Tbc @6 in 35-65 mm/s 35 mm/s 50 mm/s 65 mm/s
100% -
g‘? 8002
E LN y
= 61% 61% e
= 60% - — 1
k= 44%
S a0% | 3% 36% 34% 33%
2
= % - 15%
E 20% 8% 504
I_I 1% 2% 0% 1% 0%
0% — : :
Mo dun dan hoi UTS D5 bén ubn D gian dai tai diém gay
s T¥ 12 dién diy m Déday lop m Goc Raster Téc 86 in

Hinh 2.6. Pham vi thdng s6 quy trinh duoc sir dung cho PLA cling véi cac thiét lap
lién quan.

Bang 2.2. Bang xep hang cac thang s6 theo mirc do anh huong dén tinh chat co hoc
cua PLA duoc xac dinh bang ANOVA.

Tinh chit vt lidu Thir nhat | Thi hai Thir ba Thir tu

Mo dun dan hoi Ty 1é dién s . £ e
(Young’s Modulus) diy Do day lop | Goc raster | Toc do in

Gidi han bén kéo Ty 1é dién , L en s s
(UTS) diy Gocraster | Toc ddin | Do day 16p

Do bén udn Ty 1é dién L am s . A am s
(Flexural Strength) déy Toc do in Goc raster | Toc do in

Do gidn dai tai diém gdy | Ty 1é dién . A s s L en
(Elongation at break) iy Goc raster | Bo day 16p | Toc do in
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2.2.2. PETG (Polyethylene Terephthalate Glycol):

PETG Ia mot loai polyme dan xuét caa ho polyethylene terephthalate. N6 quen
thugc trong cac quy trinh san xuét truyén théng (vi du, ép phun) va gan day da duoc
gidi thiéu trong AM. Céc dic tinh va kha nang day hira hen ciia n6 dang duoc nghién
ctru. N6 c6 cac dac tinh tuyét voi nhu kha niang dinh hinh, bién d6i nhiét va nhiét do
dinh hinh thip. N6 duoc st dung trong ciy ghép y té va nhiéu tng dung thuong mai
nhu vat li¢u dong gobi [76].
2.2.2.1. Anh hwéng caa goc Raster

Vit liéu PETG vuot troi hon ABS va PLA trong mét s6 tng dung do c6 do
bén va do on dinh trong nhiéu diéu kién tai lién quan dén moi va gay xuong [77].
Dolzyk va cong su [78] dd nghién ctru cac tinh chit co hoc cua cac bo phan PETG
duoc in 3D bang cach tién hanh thir nghiém phiéu giam gia véi bon goc raster: doc
(0°), ngang (90°), duong chéo (45°), va chéo nhau (45/—45°). Hinh 2.7a, b cho thay
tac dong cua goc raster 1én cac dic tinh co hoc cua PETG. UTS cao nhat va thap nhat
cuia hai mau vat 1a 45,7 MPa va 41,6 MPa, twong ng v4i huéng raster doc va chéo.
Hon nita, md dun Young cao nhat va thap nhat caa hai mau vat 1a 1,62 GPa va 1,48

GPa, trong g vai hudng raster doc va chéo.

30 774571 44.12 — 297
g, 40 1 & 16 1 SRR T S
a, < .
2 _
2 30 - S 1.2 1
i =
o 20 S 08 -
BT =)
i~ =
10 A < g
A 2c: 0.4
0 - 00 -
(a) 0° 45%  45%/-45°  90° (b) e 45°  45°/-45° 9Q°

Hinh 2.7. PETG (a) sic manh va (b) D6 nhay mé dun dan hdi véi nhiéu goc raster
khac nhau (tinh theo d9).

2.2.2.2. Anh hwéng cia do day l6p
Tinh chat co hoc ctia PETG thay d6i dang ké khi d6 day 16p thay d6i. Mot

nghién ctu trong [79] cho thdy do day 16p anh hudng dén do bén kéo va uén. Nghién
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ctru d diéu tra anh hudng cua cac do day I6p khéac nhau (0,17, 0,23 va 0,3 mm) Vi
cac tdc do nap khac nhau. Két qua dugc trinh bay trong Hinh 2.8a,b. Mt nghién ciu
trong [80] da nghién ciru anh hudng cua do day 16p 1én do bén kéo cua PETG. Két
qué cho thay UTS giam 30% khi do day 16p thay déi tir 0,1 ¢én 0,2 mm. Mot nghién ctu
gan day trong [50] da néu rang d6 bén kéo va mé dun Young bi anh huong rat nhiéu boi

do day 16p. Do bén kéo cao nhat dat dugc ¢ do day 16p nho nhat (Hinh 2.9 a, b).
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Hinh 2.8. PETG (a) kéo va (b) d6 nhay vé do bén udn doi véi cac do day 16p khéac
nhau vai toc d6 in khac nhau (tinh bang mm/giay).
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Hinh 2.9. PETG (a) d6 bén kéo va (b) P6 nhay mé dun Young i véi do day 1op
Vi cac goc raster khac nhau (tinh bang do).

2.2.2.3. Anh hwéng cia ty I8 lap day

Srinivasan va cong su [81] dd nghién ctru tac dong cua ty 1& lap day 1én céc
tinh chat co hoc cua cac bo phan PETG dugc ché tao théng qua FDM véi do day lop
cd dinh. Nghién ctu két luan rang viéc giam ty 18 lap day tir 100% xubng 20% da 1am
giam UTS tir 32,1 MPa xudng 17,4 MPa (giam 45%) va ting do nham bé mat (Ra) tir
2.8um dén 3,8um. Tang ty 18 lap day 1&n 100% din dén bé mat min hon. Mot nghién

ctru khac cua Srinivasan et al. [80] d4 nghién ctru anh huéng cua cac thong sb FDM



30

bang cach thay doi do day lop, ty 1& lap ddy va mau lap day. Ho két luan rang UTS
tang 1én khi ty 1& lap day tang (Hinh 2.10a). Mt khac, viéc ting ty 18 lap day 1am
giam d6 nham bé mat (Hinh 2.10b).

30

25

ag 4.4 43 i i
2% " 26 4 '
' 33 3.1
20 18 3
16
2
10
P |
0 0

UTS (MPa)
Surface roughness (micro-meter)

m 60% triangular pattern = 80% triangular pattern m 60% triangular pattern = 80% triangular pattern
= 60:/“ grid pattern 802"5 grid pattern 1 60% grid pattern 80% grid pattern
(a) ™60% cubic pattern m 80% cubic pattern o " 60% cubic pattern = 80% cubic pattern

Hinh 2.10. Téc dong cua ty I¢ lap day véi cac hinh dang mau khéc nhau trén (a)
UTS va (b) d6 nham bé mat

2.2.2.4. Anh hwéng cia tde dd in

Mot nghién ciru trong [82] da nghién ciru tac dong cua tée do in 1én do cang,
d6 bén kéo va do bén udn cua PETG. N6 dua ra dang mdi quan hé dé ti wu hoa cac
tinh cht co hoc. Két qua cho thay viéc tang toc do in 1am giam nhe d6 bén kéo va do
bén uén nhung lam ting nhe d6 cing (trong BHN). M6t nghién ciru trong [79] cho
thay tdc d6 in anh hudng dén d6 bén kéo va udn. Nghién ctru da diéu tra anh hudng
cua toc do in véi cac a6 day Iop khac nhau (0,17, 0,23 va 0,3 mm). Nghién ciru da
dua ra két qua tuong tu nhu [82]; d6 bén kéo va ubn giam khi téc do in ting bat ké
d6 day 1op. Ngoai ra, mot nghién ciu trong [50] di néu rang do bén kéo va mé dun
Young hau nhu khong bi anh huong bai toc d6 in. P bén cao nhat dat dugc ¢ toc do
in thap nhat (Hinh 2.11 a,b). Nguyén nhan chu yéu 1a do toc d6 in cao khong du thoi

gian dé sgi nhwa bam dinh vao cac 16p trude, dic biét 1a ddi véi cac bo phan nho.
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Hinh 2.11. PETG () suc manh va (b) D6 nhay mé dun Young véi téc do in ¢ cac
goc raster khac nhau (tinh bang d9).

2.2.2.5. Nghién ciru d§ nhay cia tinh chit co hoc PETG bang ANOVA

Pham vi cho mdi tham s6 quy trinh dugc tém tit trong Bang 2.3. Hinh 2.12
cho thiy mé dun Young bi anh hudng dang ké bai ty I¢ lap day. UTS chu yéu bi anh
huong boi ty 16 lap day va do day I6p. Ngoai ra, d6 bén ubn bi anh hudng rat nhiéu
boi tde do in va do day 1op. Do gidn dai khi dit duoc xac dinh bai goc raster va ty 1¢
lap day. Céc thdng sb quy trinh dugc xép hang trong Bang 2.4 theo anh huong cua
chung dén céac tinh chat co hoc di chi dinh cua PETG.

Bang 2.3. Pham vi thdng s6 quy trinh duoc st dung cho vat liéu PETG cling véi cac
cai dat lién quan

Thang s6 Pham vi lya chon Thip Trung binh Cao
GOc raster 0°-90° 0° 45° 90°
bo day lop 0.2-0.4 mm 0.2 mm 0.3 mm 0.4 mm
Ty 1é dién day 50%—-100% 50% 75% 100%
Tbc @6 in 15-35 mm/s 15 mm/s 25 mm/s 35 mm/s
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Hinh 2.12. Anh huéng tuong ddi cua théng s quy trinh dén tinh chat co hoc cia
PETG.

Bang 2.4. Bang xep hang cac thdng so theo mirc do anh huong dén tinh chat co hoc
cua PETG duogc xac dinh bang ANOVA.

Tinh chit vt lidu Thir nhat | Thi hai Thir ba Thi tw
Mo dun dan hoi Tylelap | Do day Iop . 2 an
(Young’s Modulus) day in Gocraster | Tocdgin
Gi6i han bén kéo Tylelap | Do day lop L an ]
(UTS) day in Tocdoin | Goc raster
Do bén udn : ... | Dodaylop | Tylélap ,
(Flexural Strength) Tocdgin in day Goc raster
Do gian da}1 tai diém gay GéC raster Ty I? lap | Do d_ay l6p Tée d6 in
(Elongation at break) day in

2.2.3. ABS (Acrylonitrile Butadiene Styrene):

ABS la mét loai polyme v6 dinh hinh va nhiét déo thuong duoc sir dung trong

cac ki thuat FDM. N6 khdng phan huay sinh hoc nhung van duge dun & nhiét do cao.
N6 duoc biét dén véi kha ning chong va dap va do bén vuot troi. N6 duogc sir dung
trong may tinh, ong, thuyén va d6 choi LEGO [63].
2.2.3.1. Anh hwéng ciaa goc

Raster Fatimatuzahraa va cong su [83] da nghién ctru tac dong cua cac goc
raster khac nhau 1én cac dic tinh co hoc cta cac bo phan FDM lam bing vat lidu
ABS. Ho dinh nghia c4c gbc raster nhu sau: truc (0°), chéo nhau (45°/—45¢°), chéo
(0/90°), va ngang (90°). Cac mau chéo va chéo chéo cho thay su khac biét khong dang
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ké vé do bén kéo lan luot 12 18,5 MPa va 18,3 MPa. Cac thir nghiém d6 véng cho
thay cac mau chéo chéo c6 thé chiu dugc d6 gidn dai nhiéu hon khoang 3% so véi
c4c mau chéo. Hon nira, két qua thir nghiém udn cho thay cac mau chéo chéo manh
hon khoang 9% so v&i cdc mau chéo. Hon nita, cac thir nghiém va dap cho thiy cac
mau chéo chéo c6 d6 bén va dap cao hon cac miu chéo. Céac phét hién cua nghién
ctru duoc tom tit trong Hinh 2.13 a,b. Ngoai ra, Sood et al. [10] két luan ring cac goc
raster nho sé tao ra cac raster dai lam ting su tich ty Gng suat theo huéng lang dong.
Tuy nhién, c&c goc raster nho nghiéng theo hudng tai, gilip cai thién do bén caa bo phan.
Ziemian va cong su [84, 85] ciing di xac dinh bang thuc nghiém rang raster phai duoc

can chinh theo chiéu dai nhat dé co duge do bén kéo va nén cao nhat cho ABS.
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Hinh 2.13. Tac dong cua goc quét 1én céc tinh chat co hoc khac nhau (a,b) cua ABS.



34

2.2.3.2. Anh hwéng cia do day l6p

Mot nghién ciru trong [86] da kiém tra thuc nghiém d6 nhay cua d6 bén vat
liéu véi cac do day 16p khac nhau trong cac mau duoc thiét ké theo tiéu chuan ASTM
D638. Bo day 16p duoc sir dung 13 0,2 va 0,4 mm va goc quét 1a 0o, 450va 90-. Két
qua cho thay hiéu ng vira phai, nhu trinh bay trong Hinh 2.14a. M6t nghién ciu gan
day trong [87] da nghién ctru d6 nhay cua do bén kéo va d6 nén cua ABS voi do day
16p. Két qua cho thay do bén kéo va do nén giam khi d6 day 16p tang. Ngoai ra, mot
nghién ciru trong [88] da nghién ctru tac dong cua cac do day I6p khac nhau vai ty 1€
lap day khac nhau (Hinh 2.14b). That khong may, két qua khong tuan theo mot mo

hinh thong thuong nao va khé dién giai.
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Hinh 2.14. (a) B nhay ctia d bén kéo ABS voi do day 16p véi cac goc quét khac
nhau (tinh bang d6) va (b) vai céc ty 1€ lap day khac nhau (tinh theo %)

2.2.3.3. Anh hwéng cia ty 18 lap day

Baich va cong su [89] da nghién ciru tac dong cua ty I& phan tram lap day lén
d6 bén co hoc va chi phi in cho cac bo phan ABS in 3D duoc san xuat bang cach st
dung ty 1¢ phan tram 14p day 1a 50%, 75% va 100%. Ho phat hién ra rang cac mau
duoc san xuat vai ty 18 1ap ddy 100% c6 hiéu suat tét hon cac mau duoc san Xuat Voi
ty I& lap day 50% ddi véi tat ca cac tinh chat co hoc, nhu thé hién trong Hinh 2.15a,b.
Yadav va cong su [90] cho thdy UTS ting 20% khi ty 18 lap day ting tir 20% dén
60%. Samykano et al. [91] di nghién ctru anh huang caa cac thong sb in, bao gom ty
18 1ap day, dén cac dic tinh co hoc ciia ABS in FDM va dé xuat mot md hinh toan
hoc du doan cac dic tinh nay theo phuong phéap sé thong qua phuong phap bé mit

phan ung. Két qua cho thiy d6 bén kéo va mo dun Young cai thién dang ké khi ty I¢
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lap day ting. Hon nira, mot nghién ciu cua Panes et al. [70] két luan riang viéc ting
ty 1& 1ap day tir 20% 1én 50% ddi vai ABS sé& cai thien UTS 1én 26%, ang suat chay
1€n 24%, m6 dun Young 1€n 45% va do gian dai khi dut 1én 1%.
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Hinh 2.15. Tac dong cua céc ty 18 lap day khac nhau 1én cac dic tinh khac nhau cua
ABS trong (a,b)

2.2.3.4. Anh hwéng cia toc dd in

Mot nghién ciru trong [92] d& nghién citu anh hudng cua toc do in dén do bén
kéo cua ABS véi d6 day lop khac nhau (0,1 va 0,3 mm) va nhiét d6 may dun (230-C
va 270-C). Nghién ctru két luan rang viéc ting toc do in anh huong tiéu cyc dén do
bén kéo cua tat ca cac do day 1op va nhiét d6 may dun. Thong thuong, khi ting tbc
d6 in, chiéu rong dun s& giam. Hiéu ang nay lam giam sy lang dong vat liéu va cac
15 rdng nho bén trong bd phan in 1am bo phan d6 yéu di. Mot nghién ciru khac trong
[45] d3 kiém tra tac dong cua ba téc do in khac nhau (30, 35 va 40 mm/gidy) 1én d6
bén kéo. Nghién ciru di dua ra két qua twong tu: 6 bén kéo giam tir 15,5 MPa xudng
13,7 MPa. Ngoai ra, mot nghién ciru trong [93] da nghién ctru d6 nhay cua hiéu suat
mai udn cong quay cua ABS véi toe do in (25, 30, 35 mm/gidy). Nghién ciru két luan
rang cac téc do in va ty 18 lap dy khac nhau c6 tac dong vira phai dén chu ky moi
dén hong cua ABS (Hinh 2.16 a,b). Tuy nhién, nghién citu cho thay rang cac mau in

6 anh hudng dang ké hon toc do6 in dén tudi tho chiu moi caa ABS.
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Hinh 2.16. Do nhay tudi tho moi cua ABS d6i vai tc d6 in véi cac mau in va
duong kinh voi phun khac nhau cua (a) 0,3 mm va (b) 0,5mm.

2.2.3.5. Nghién ciru d9 nhay cua dic tinh co hoc

ABS sir dung ANOVA Pham vi cho mdi tham sé quy trinh duoc tom tat trong
Bang 2.5. Hinh 2.17 cho thay mé dun Young bi anh hudéng déng ké boi ty 18 1ap day
va do day Iop. UTS chi yéu bi anh huong béi ty 1¢ lap day va gdc raster. Ngoai ra,
d6 bén udn bi anh huong rat nhiéu boi ty 18 1ap day va tdc do in. DO gidn dai khi dat
duoc xac dinh bai ty 18 1ap day va goc raster. Cac thdng s6 quy trinh duoc xép hang
trong Bang 2.6 theo anh hudng cua ching téi cac tinh chat co hoc di chi dinh cua
ABS.

Bang 2.5. Pham vi thdng s6 quy trinh dugc sir dung cho ABS cling véi cac cai dt

lién quan.
Thang s6 Pham vi lga chgn Thip Trung binh Cao
GAc raster 0°-90° 0° 45° 90°
Do day 16p 0.1-0.3 mm 0.1 mm 0.2 mm 0.3 mm
Ty 1é dién day 60%—100% 60% 80% 100%
Tbc d6 in 20-40 mm/s 20 mm/s 30 mm/s 40 mm/s
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Hinh 2.17. Anh huéng twong dbi cua théng sé quy trinh dén tinh chét co hoc cua
ABS

Bang 2.6. Bang xép hang céc thdng s6 theo mirc do anh hudng dén tinh chat co hoc
cua ABS duogc xac dinh bang ANOVA.

Tinh chat vat li¢u Thit nhat | Thi hai Thir ba Thir tu
M6 dun dan hoi Ty 1& do X s . £ n
(Young’s Modulus) diy bo day l6p | Gocraster | Toc dd in
Gi6i han bén kéo Ty lé db s s . L e
(UTS) diy bo day I6p | Gocraster | Toc dd in
D6 bén udn Ty lé do £ . NI
(Flexural Strength) diy Tocdoin | Goc raster | Do day lop
Do gidn dai tai diém giy | Ty 1é d6 . X s L an
(Elongation at break) diy Goc raster | boday lop | Toc do in

2.3. THIET BI VA PHUONG PHAP KIEM TRA UNG SUAT KEO
2.3.1. Thiét bi Tao mau.
Pé tién hanh thi nghiém dé tai dun 2 loai may in 3D: Anycubic Mega S va
Creality K1C. Pai dién cho cac dong may in phd bién hé hé va hé 16ng kin.
Anycubic Mega S 1a dong may in 3D FDM dugc thiét ké cho ngudi ding phd
thong va chuyén nghiép, noi bat voi do 6n dinh cao, gia thanh hop 1y va kha ning in
chinh xac. May hd tro nhiéu loai vat liéu pho bién nhu PLA, ABS, TPU, PETG. May
c6 khung kim loai chic chin, man hinh cam tng mau va hé thong treo cudn filament

riéng biét, gilip qua trinh in 6n dinh va it rung lic.
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Creality K1C Ia phién ban nang cap cua dong K1, néi bat véi toe do in cuc cao
(1én d&én 600 mm/s) va tich hop nhiéu céng nghé hién dai nhu Al Camera, cam bién
tu dong can ban, hé théng 1am mat hiéu qua. May hd tro nhiéu loai vt liéu tir co ban
dén ky thuat nhu PLA, PETG, ABS, Nylon, Carbon Fiber. Thiét ké dang vo kin gidp

duy tri nhiét 6 6n dinh, phu hop in cac chi tiét yéu cau do chinh xéc cao.

ges

Hinh 2.18. May in 3D Anycubic mega S

Hinh 2.19. May in 3D Creality K1C
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Bang 2.7. Bang thong s6 ky thuat cua may in

Théng s6 Anycubic Mega S Creality K1C

Céone nehé in FDM (Fused Deposition | FDM (Fused Deposition

& nghe Modeling) Modeling)
Kich thuéc in (mm) | 210 x 210 x 205 220 x 220 x 250
Duong kinh voi 0.4 mm 0.4 mm (hd trg 0.6 mm)
phun
Nhiét d0 ddu phun | Téi da 250°C Téi da 300°C
Nhiét d§ ban in Tbi da 100°C Tbi da 120°C

PLA, ABS, PETG,

Vat liéu in ho trg PLA, ABS, TPU, PETG Nylon, Carbon Fiber

Téc d in 20 — 100 mm/s Lén dén 600 mm/s
Do phan giai l6p 0.05-0.3 mm 0.1-0.3mm

. n , .. . A Tu dong (Al-assisted
Hi¢u chinh ban in Thu cong Leveling)
Khung may Kim loai chic chin Vo kin (Enclosed)
Kich thuoe may 1 000 410 x 453 435 x 462 x 526
(mm)
Khoi lwgng may Khoang 11 kg Khoang 13.5 kg
Man hinh diéu Cam Umg mau TFT 3.5 | Man hinh cam g 4.3
khién inch inch
Két noi Thé SD, USB Wi-Fi, USB, LAN

Cam bién hét filament, | AI Camera, tu dong can

Tinh nang dac biét " : L aen A A e
g da * ti€p tuc in sau mat dién | ban, toc d) si€u nhanh

2.3.2. Thiét bi kiém tra wng suat kéo
Kiém tra (rng suat kéo 12 mot phuong phép quan trong dé xac dinh céc tinh chat
co hoc cuia mau vt liéu in 3D, dic biét ddi véi cac vat liéu nhu PLA, PETG, va ABS.

Phuong phap ndy gitp xac dinh d bén kéo, 6 dan dai va cac dac tinh lién quan khéc.
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Thiét bi chinh duoc sir dung trong phuong phap nay la may thir kéo van ning
(Universal Testing Machine - UTM).
May UTM duoc thiét ké dé thuc hién cac thi nghiém do d6 bén kéo cuaa nhiéu

loai vat liéu khac nhau. May UTM bao gém céc bo phan chinh nhu:

Khung ¢6 dinh: Buoc thiét ké dé giir cac bo phan kep mau tht, cé thé diéu

chinh dé phu hop véi kich thuéc mau va loai vt liéu can kiém tra.

B6 phan gitr mau: Kep hai dau ctia mau the, gilp gitt ¢6 dinh mau trong qué

trinh kéo. Kep mau duoc thiét ké dé khdng 1am bién dang hoic gay hu hong

mau trude khi thi nghiém bét dau.

Cam bién tai trong: Do luc tac dung 1&n mau khi mau duoc kéo dai, tir d6 tinh

toan ra c4c gia tri tng suat dwa trén dién tich mit cit ngang cia mau thir.

Hinh 2.20. May BESTUTM 050MD
May BESTUTM 050MD, mot dong may phé bién, dugc trang bi cam bién tai

trong véi kha niang do 1én dén 50 kN, gilp cung cap d6 chinh xac cao cho céac thu
nghiém kéo mau in 3D tir vat liéu nhua nhu PLA, PETG va ABS. Véi thiét ké tién
tién, may nay duoc sir dung trong cac phong thi nghiém va cac co sé kiém dinh dé

kiém tra tinh chat co hoc cua vat liéu theo tiéu chuan qudc té.
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2.3.3. Phwong phap kiém tra &ng suit kéo theo tiéu chuan ASTM D638
Thi nghiém kiém tra ang suat kéo thuong dugc thuc hién theo tiéu chuan ASTM
D638, mot tiéu chuan quédc té quy dinh cac budc thuc hién va chuan bi mau thir dé
dam bao tinh nhat quan va chinh xac cua cac thi nghiém. Phuong phéap nay dugc &p
dung phé bién trong kiém tra cac vat liéu nhua in 3D.
Céc budc chinh caa phuong phap kiém tra tng suat kéo bao gdom:
a) Chuan bi mau thu:

Mau thir duoc in theo kich thuéc va hinh dang tiéu chuan ASTM D638, véi
dang chit | (dog bone) dé tap trung luc kéo tai phan giira cia mau. Piéu nay giup dam
bao rang mau sé& bi dut tai vi tri chinh gitta, noi chiu luc kéo 16n nhat.

Kich thuéc caa mau thir phu thudc vao loai vat liéu va yéu cau kiém tra, nhung
thuong duoc quy dinh rd rang trong tiéu chuan, dam bao do dong nhét giira céc thi

nghiém.

131 0.5
R76
w
o
H
=)
FS

57+0.5

115+5

165 MIN

Hinh 2.21. Mau thu

b) Tién hanh thi nghiém:
Mau thir duoc Kep vao giira hai dau kep cia may UTM. Mau phai duoc git
chat dii dé tranh hién tuong trugt trong qué trinh kéo, nhung khong qua manh dé lam

bién dang mau.
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Méay UTM s& bat dau kéo mau véi tbe do duoc lap trinh trude, thuong 12 5
mm/phat ddi vai céc vat liéu nhya nhu PLA va PETG. Trong qué trinh kéo, may s&
ghi nhan lrc tic dong va do dan dai caa mau, tir d6 tinh toan ra cac gia tri tng Suét

va d6 gian dai.

Hinh 2.22. May thir nén/kéo van ning BESTUTM 050MD - Cong suat tai toi da
50kN.
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¢) Po dac va ghi nhan két qua:

Khi mau bi kéo dut, may UTM sé& ghi nhan ang suat kéo cuc dai (ng suat tai
thoi diém dut) va d6 dan dai (mtc do kéo dan cua mau trude khi dut). Cac dir lidu
nay sau d6 s& duoc hé théng may phan tich va hién thi trén man hinh hozc xuét ra bao
céo chi tiét.

Céc chi s6 quan trong bao gom ung suét kéo cuc dai va do dan dai twong ddi,

cho thay kha ning chiu kéo va tinh déo dai cua vat liéu.

Hinh 2.23. Biéu d6 thé hién qua trinh kéo mau trén phan mém mau 22

Biéu do thé hién rd giai doan:

1) Linear Region: Pay 1a phan cia do thi cing-co gidn ma cac miu déu biéu
hién sy dan hoi dan hoi tuyén tinh;

2) Yield Point: Day la diém trén d6 thi cang-co gian khi mau bat dau trai qua
su bién dang vinh vién sau mét giai doan dan hdi tuyén tinh ban dau;

3) Elongation Region: Sau Yield Point, mau bat d¢au gian dai mot cach khong
déu din va khong dan hoi tuyén tinh;

4)Fracture Region: Pay la giai doan cudi cling cua qua trinh, noi mau chiu su
cang dut hodc gay. Pay 1a 1 biéu d6 dién hinh cho qua trinh thir tng suat kéo.

Dé x4c dinh giéi han bén ta quan sat trong giai doan thir 3:
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o, = i—B (N/cm?, KN/m?2, KN/mm?Z...) (2.24)

Trong do: ‘ ‘
Pg : Luc twong (rng V&i gidi han bén caa vat liéu (tinh bang N, KN).

F, : Dién tich mat cat ngang cua mau trude khi thi nghiém (tinh bang cm2,

mm2...).

2.3.4. Phan tich két qua thi nghiém

Sau khi hoan tat thi nghiém, céc dir liéu duoc thu thap tir may tht kéo s& duoc
phan tich dé dénh gia tinh chét co hoc cua vat liéu. Cac thong sé co ban can xem xét
bao gom:

Ung suét kéo cuc dai (Ultimate Tensile Strength): Day 1a gia tri (tng suét cao
nhat ma mau chiu dugc trude khi bi dat. Day 1a mot théng sé quan trong dé danh gia
kha nang chiu kéo cua vat liéu.

Do din dai twong d6i (Elongation at Break): Pugc tinh bang ti 1¢ gitra d gidn
dai cia mau tai thoi diém dut va chiéu dai ban dau cia mau. Théng sé nay cho biét
d6 déo dai cua vat lieu - vat liéu c6 do dan dai cao thuong c6 kha nang chiu bién dang
tot trude khi dut.

Nhitng két qua nay s& duoc so sanh vai cac nghién ctu trude do dé xac dinh
liéu cac tham s6 in 3D (nhu nhiét d6 dau in, toe do in, va ty 1& dién day) c6 anh hudng
dén co tinh cta vat liéu hay khong. Vi du, cac thi nghiém cd thé chi ra rang viéc ting
nhiét do dau in tir 190°C I18n 220°C 6 thé cai thién do bén kéo cia vat ligu PLA, hoic
giam téc do in co thé ting kha niang két dinh giira cac 16p, lam tang do bén tong thé
cua san pham in.

2.4. KET LUAN CHUONG 2

Trong chuong ndy, nghién ctiru di phén tich cac loai vat liéu phd bién nhu PLA,
PETG va ABS. Mai loai vat liéu déu c6 nhitng tinh chat co hoc va nhiét hoc riéng
biét, diéu ndy anh huong truc tiép dén chat luong va tinh ning cua san pham in. Ngoai

ra, cac théng sé cong nghé nhu nhiét do dau in, nhiét d6 ban in, do day 16p, ty 1¢ dién
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day, va hudng in déu dong vai tro quan trong trong viéc ti wu héa qué trinh in va cai
thién co tinh cta chi tiét in 3D.

Cac nghién ctru di chi ra rang viéc diéu chinh phu hop cac thong sb nay s& gilp
tang cudng dang ké do bén co hoc, do déo dai va kha ning chiu tai cua san pham in
3D. Piéu nay dic biét quan trong trong cac wng dung ki thuat yéu cau do chinh xac
va d6 bén cao.

Viéc hiéu rd anh huong cua ting thong sé khdng chi gidp ti uu héa qua trinh
in 3D ma con mé ra tiém ning wng dung rong rai hon trong nhiéu linh vuc san xuat
cdng nghiép, tir y té, hang khong dén san xuat linh kién co khi va dién tir.

Xéc dinh duoc cac thiét bi va phuong phép thi nghiém: May thir nén/kéo van
nang BESTUTM 050MD, May in 3D Anycubic Mega S, May in 3D Creality K1C
PLA, PETG, ABS, phan mém phan tich s liéu Minitab.

Xéc dinh duoc tham sé thi nghiém:nhiét do dau in(T-printing), nhiét ban in

(Tbed), d6 day l6p(h-layer) va téc do in(v-printing).
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CHUONG 3 - THI NGHIEM VA XU LY SO LIEU
3.1. THIET KE MA TRAN THI NGHIEM.

Trong chuong nay, nghién ciru s& tién hanh thiét ké cac thi nghiém dé kiém tra
va danh gia anh huong cua cac thong sé cong nghé dén co tinh cua chi tiét in 3D. Dé
dam bao tinh khoa hoc va khach quan, thi nghiém sé¢ duoc thuc hién theo phuong
phap thiét ké ma tran thi nghiém véi nhiéu té hop théng sé in khac nhau. Cac théng
s6 nay bao gém: nhiét d6 dau in, nhiét do ban in, toc do in, d6 day 16p, va nhiét do
ban in. Nghién ctru s& thi nghiém vaéi ba loai vat liéu phd bién trong cong nghé FDM:
PLA, PETG va ABS.

3.1.1. Vat liéu PLA

PLA (Polylactic Acid) c6 dac tinh gion hon so vai cac vat liéu khac, va khong
chiu nhiét do cao tét. Trong cac thi nghiém, nghién ctu s& kiém tra sy anh hudng cua
c4c thong s6 nhu nhiét do dau in, do day 16p va toc do in dén do bén kéo, d6 cang va
d6 deo dai cua chi tiét in.

Nhiét 6 dau in: 190 — 230 °C
Nhiét d6 ban in: 30 — 60 °C
Toc dd in: 40 — 80 mm/s

bo day I6p: 0.1 — 0.3 mm

Ma tran thi nghiém cua vat liéu PLA s& bao gom cac t6 hop cua bon théng sb
nhu trong Bang 3.1.

Bang 3.1. Cac tham sé dau vao cua vat liéu PLA dugc sap xép theo phuong phap thi
nghiém Box-Behnken

Tham sé dauvao | Pon | Ky hiéu Gi4 tri cua cac muc
Vi -1 0 1
Nhiét do dau in °C | T-printing | 190 210 230
Toc do in mm/s | v-printing 40 60 80
Do day lop in mm h-layer 0,1 0,2 0,3
Nhiét @o ban in °oC T-bed 30 45 60

3.1.2. Vat ligu PETG
PETG (Polyethylene Terephthalate Glycol) yéu cau nhiét do in cao hon PLA va
thuong dé bi hién twong day vat liéu khi in.
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Nhiét d6 dau in: 230 — 250 °C
Nhiét do ban in: 60 — 80 °C
Téc d6 in: 40 — 80 mm/s
Do day lop: 0.1 — 0.3 mm
Déi v6i PETG, ma tran thi nghiém duoc thiét 1ap theo Bang 3.2.

Bang 3.2. Cac tham s dau vao cua vat liéu PETG duoc sap xép theo phuong phap
thi nghiém Box-Behnken

Tham sé dauvao | Pon | Ky hiéu Gi4 tri cua cac muc
i 1 0 1
Nhiét do dau in °C | T-printing 230 240 250
Toc do in mm/s | v-printing 40 60 80
Do day lop in mm h-layer 0,1 0,2 0,3
Nhiét do ban in °C T-bed 60 70 80

3.1.3. Vat ligu ABS
ABS (Acrylonitrile Butadiene Styrene) 1a vat liéu dugc biét dén véi d6 bén cao
va kha ning chiu luc tét, nhung lai kho in hon PLA va PETG do yéu cau cao vé nhiét
d6 in va kha ning dé cong vénh khi in. ABS c6 kha ning chiu nhiét tét hon, do do
thuong duoc st dung cho cac (ng dung yéu cau do bén co hoc va nhiét do cao.
Nhiét d6 dau in: 240 — 260 °C
Nhiét ¢ ban in: 80 — 100 °C (bat budc)
Téc do in: 100 — 200 mm/s
bo day I6p: 0.1 — 0.3 mm
Ma tran thi nghiém caa ABS duoc thiét l1ap theo Bang 3.3.

Bang 3.3. Cac tham sé dau vao cua vat liéu ABS duoc sap xép theo phuong phap
thi nghiém Box-Behnken

Thamsé dauvao | Pon | Ky hiéu Gia trj cua cac muac
Vi 1 0 1
Nhiét do dau in °C | T-printing | 240 250 260
Toc do in mm/s | v-printing | 100 150 200
Do day 1op in mm h-layer 0,1 0,2 0,3
Nhiét do ban in °oC T-bed 80 90 100




3.2. THU TAP VA XU LY SO LIEU

3.2.1. Vatliéu PLA
Bang 3.4 trinh bay ma tran thi nghiém Box-Behnken duoc thuc hién vai 27 thi
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nghiém. Két qua cho thdy mau c6 d6 bén cao nhat chiu duoc 13 0.045 kN/mm?, twong

ng véi Nhiét d6 in 210°C, Téc do in 80 mm/s, Do day 16p 0.2 mm va Nhiét do ban

in 60°C. Thoi gian hoan thanh mau nay 1a 48 phut, day 1a mét trong nhiing thoi gian

in ngan nhat trong sé tat ca cac mau.

Bang 3.4. Ma tran thi nghiém Box-Behnken va két qua véi vat liéu PLA

RunOrder T-printing | v-printing | h-layer T-bed t-printing | Strength
(°C) (mm/s) (mm) (°O) (phat) | (KN/mm?)
1 210 60 0.2 45 60 0.046
2 210 40 0.2 30 85 0.049
3 210 80 0.3 45 36 0.045
4 190 60 0.2 30 60 0.045
5 210 60 0.3 30 45 0.042
6 210 60 0.1 30 119 0.037
7 190 60 0.2 60 60 0.035
8 210 40 0.2 60 85 0.046
9 190 60 0.3 45 45 0.043
10 230 80 0.2 45 48 0.043
11 190 40 0.2 45 85 0.044
12 210 60 0.2 45 60 0.044
13 210 80 0.2 60 48 0.046
14 230 60 0.2 60 60 0.045
15 210 60 0.2 45 60 0.044
16 230 60 0.1 45 119 0.045
17 230 40 0.2 45 85 0.048
18 210 40 0.3 45 62 0.045
19 190 60 0.1 45 119 0.04
20 210 60 0.3 60 45 0.041
21 210 80 0.1 45 93 0.039
22 210 80 0.2 30 48 0.04
23 230 60 0.2 30 60 0.042
24 210 60 0.1 60 119 0.043
25 230 60 0.3 45 45 0.043
26 190 80 0.2 45 48 0.042
27 210 40 0.1 45 170 0.043
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Hinh 3.1. Mau thtr nghiém kéo vaéi vat licu PLA

3.2.2. Vat ligu PETG
Bang 3.5 trinh bay ma tran thi nghiém Box-Behnken dwoc thuc hién vai 27 thi

nghiém. Két qua cho thay miu c6 do bén cao nhét chiu duoc 1a 0.043 kN/mm?, twong
ang voi Nhiét do in 240°C, Téc do in 60 mm/s, Do day 16p 0.1 mm va Nhiét do ban

in 60°C. Thoi gian hoan thanh mau nay 14 130 phut, ciing 14 thoi gian in 1u nhat trong

sd tht ca cac mau.

Bang 3.5. Ma tran thi nghiém Box-Behnken va két qua véi vat liéu PETG

RunOrder T-printing | v-printing | h-layer T-bed t-printing | Strength
(°C) (mml/s) (mm) (°C) (phat) | (KN/mm?)
1 230 80 0.2 70 55 0.037
2 250 60 0.2 80 67 0.037
3 250 40 0.2 70 96 0.038
4 240 40 0.2 80 96 0.038
5 230 60 0.3 70 52 0.041
6 240 80 0.2 80 60 0.038
7 230 60 0.1 70 130 0.04
8 230 60 0.2 60 68 0.037
9 240 60 0.2 70 68 0.037
10 240 60 0.3 80 55 0.038
11 250 60 0.3 70 51 0.038
12 240 80 0.1 70 102 0.037
13 240 80 0.3 70 43 0.038
14 240 60 0.1 60 130 0.043
15 240 80 0.2 60 57 0.036
16 250 60 0.2 60 69 0.038
17 240 40 0.3 70 68 0.041
18 240 40 0.2 60 96 0.041
19 240 40 0.1 70 185 0.043
20 250 80 0.2 70 55 0.039
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RuUNOrder T-printing | v-printing | h-layer T-bed t-printing | Strength
(°C) (mm/s) (mm) (°C) (phat) | (KN/mm?)

21 240 60 0.2 70 69 0.04

22 250 60 0.1 70 131 0.044

23 230 40 0.2 70 97 0.04

24 240 60 0.2 70 69 0.041

25 230 60 0.2 80 74 0.041

26 240 60 0.3 60 51 0.041

27 240 60 0.1 80 130 0.042

(@ Mautir1 dén 9
Hinh 3.2 Mau thir nghiém kéo véi vat liéu PETG
3.2.3. Vit liéu ABS
Bang 3.6 trinh bay ma tran thi nghiém Box-Behnken dugc thuc hién vai 27 thi

(b) MAu tir 10 dén 18

(c) Méu tir 19 dén 27

nghiém. Két qua cho thdy mau c6 d6 bén cao nhat chiu dwoc 13 0.0439 kN/mm?, twong

rng véi Nhiét do in 240°C, Téc d6 in 150 mm/s, Do day 16p 0.3 mm va Nhiét ¢ ban

in 90°C. Thoi gian hoan thanh mau nay la 13 pht, la mot trong nhitng thoi gian in

ngén hon so véi cac mau khéc.

Bang 3.6. Ma tran thi nghiém Box-Behnken va két qua vai vat liéu ABS

RuUNOrder T-printing | v-printing | h-layer T-bed t-printing | Strength
(°C) (mm/s) (mm) (°O) (phat) (KN/mm?)

1 250 150 0.2 90 18 0.023

2 250 200 0.2 100 15 0.024

3 240 150 0.2 80 18 0.028

4 250 150 0.2 90 18 0.028

5 240 200 0.2 90 15 0.026
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RuUNOrder T-printing | v-printing | h-layer T-bed t-printing | Strength
(°O) (mml/s) (mm) (°O) (phat) (KN/mm?)
6 250 200 0.3 90 11 0.029
7 260 100 0.2 90 25 0.031
8 240 150 0.3 90 13 0.033
9 250 150 0.3 80 13 0.033
10 240 150 0.2 100 18 0.027
11 240 150 0.1 90 29 0.029
12 250 100 0.2 100 25 0.031
13 250 150 0.1 100 29 0.031
14 250 100 0.2 80 25 0.025
15 250 200 0.1 90 25 0.025
16 260 150 0.2 80 18 0.024
17 250 150 0.1 80 29 0.025
18 260 200 0.2 90 15 0.025
19 260 150 0.3 90 13 0.032
20 250 150 0.3 100 13 0.030
21 260 150 0.1 90 29 0.028
22 250 100 0.1 90 38 0.030
23 240 100 0.2 90 25 0.029
24 250 200 0.2 80 15 0.027
25 250 100 0.3 90 17 0.034
26 250 150 0.2 90 18 0.027
27 260 150 0.2 100 18 0.029

Hinh 3.3. Mau thtr nghiém kéo vaéi vat liéu ABS
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3.3. PHAN TICH SO LIEU.
3.3.1. Vat ligu PLA

Trong phan nay, ching ta s& phan tich cac biéu db va sé liéu thu duogc tir qua
trinh kiém tra co tinh cua vat liéu PLA véi su tac dong cua cac tham sé in 3D nhu
nhiét do dau in (T-printing), téc do in (v-printing), do day 16p (h-layer), va nhiét do
ban in (T-bed). Di liéu bao gom biéu do cac yéu to chinh, biéu d6 twong tac, biéu d6
Pareto, va bang hé s6 hdi quy. Qua d6, chiing ta s& xac dinh yéu t6 nao anh huong
I6n nhat dén tng suat kéo (Tr) caa mau in PLA.

a) Biéu d6 Main Effects

Main Effects Plot for Tr
Fitted Means

T-pineing AT I layei T-bud

0038

Meamof Tr

0036

0034

T
180 200 220 40 &0 an o1 2 0.3 30 45 11

Hinh 3.4. Biéu d6 Main Effects
Biéu d6 Main Effects cho thiy anh huang cuaa tirng tham sé doc lap dén gié tri
Tr. Tur biéu d6 nay, c6 thé thay rang:

T-printing: Ung suat kéo tang khi nhiét d6 dau in tang tir 180°C Ién 200°C,
sau d6 giam dan khi nhiét d6 tiép tuc ting dén 220°C. Diéu nay c6 thé giai
thich rang nhiét d6 cao gidp cai thién do két dinh gitra cac 16p, nhung khi vuot
ngudng téi wu, dd bén co hoc giam do vat liéu bi ndng chay quéa muc.
v-printing: Khi téc d6 in ting tir 40 mm/s Ién 80 mm/s, (ing suat kéo ting nhe.
Téc d6 in cao gidp tao ra cac 16p mong hon va két dinh tét hon.

h-layer: Ung suét kéo dat dinh tai do day Iop 0.2 mm, cho thiy d6 day lép vira
phai gilp t6i wu héa do bén kéo cua san pham. Khi do day 16p ting 1én 0.3

mm, {ng suat kéo giam.
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- T-bed: Nhiét d6 ban in ting tir 30°C 1én 60°C gilp cai thién dang ké (ng suat

kéo. Piéu nay c6 thé do sy on dinh cia vat li¢u trong qua trinh in ting 1én khi

ban in dugc gitt ¢ nhiét do cao hon.

b) Biéu dd Interaction Effects (Twong tac giira cac yéu td)

D045

Mean of Tr

Interaction Plot for Tr
Fitted Means

T-printing * v-printing
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- — 02
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T-printing * T-bed w-printing * T-bed h-layer * T-bed T-bad
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N LT el —— =0
T T e T ~ S | il p
T - - e _____\__ﬂ__,_,,r—’
/_\
a0 2 20 40 @ w0 o 02 02
T-printing w-printing h-layer

Hinh 3.5. Biéu dd Interaction Effects

Biéu do nay phan tich sy tuwong tac giita cac tham sé va anh huong két hop cua

chang Ién gia tri Tr.

- T-printing va v-printing: O nhiét d6 dau in 200°C va téc do in 60 mm/s, mau

in dat gia tri @ng suat kéo cao nhat. Khi nhiét do ting cao hon va toc do in

giam, gia tri Tr giam.

- T-printing va h-layer: Do day 16p 0.2 mm va nhiét d6 dau in 200°C la su két

hop téi wu dé dat (ng suét kéo cao. Khi ting nhiét do va do day 16p qua cao,

rng suat kéo giam.

- T-bed va T-printing: Nhiét d6 ban in cao hon gitp duy tri sy 6n dinh va cai

thién tng sut kéo ¢ tat ca cac muc nhiét d6 dau in, dic biét 1a & nhiét do in

200°C.
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c) Biéu do Pareto

Pareto Chart of the Standardized Effects
(responseis Tr, o= 0.05)
Term 2179
T
AL | 1 Factor Mame
i | : & T-printing
A -
: B w-printing
BD | C h-layer
AB : o T-bed
D - | !
cc | !
C 1
1
o :
B I
1
AT 1
1
BC A 1
1
oo 1
1
BB 1
1
AD 1
1
0.0 05 10 15 20 25
Standardized Effect

Hinh 3.6. Biéu db Pareto
Biéu do Pareto phan tich mutrc d6 anh huong cia cac yéu té chinh va twrong tac
dén rng suat kéo. Céc yéu t6 ¢ anh huong 16n nhat bao gom:
T-printing (A): Yéu t nay co tic dong manh nhat dén gié tri Tr.
Tuong tac gitra T-printing va T-printing (AA): Tuong tac nay thé hién sy phu
thudc 1on cua (ng suat kéo vao nhiét do dau in.
Tuong tac giita v-printing va T-bed (BD): Su két hop gitra toc do in va nhiét
d6 ban in ciing anh huong I6n dén gia tri Tr.
d) Bang hoi quy (Coded Coefficients)
Bang hoi quy cung cap cac hé sb cua cac tham s anh hudong dén do bén kéo

(Tr) cua mau PLA. Dudi day 1a phuong trinh hdi quy tong quat md ta mbi quan hé

giita cac tham so:

Tr= -0.013 +0.000783 T-printing - 0.000415 v-printing  + 0.245 h-layer
- 0.001919 T-bed - 0.000002 T-printing*T-printing +0.000002 v-
printing*v-printing - 0.2042 h-layer*h-layer - 0.000006 T-bed*T-bed
- 0.000002 T-printing*v-printing - 0.000625 T-printing*h-layer
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+ 0.000011 T-printing*T-bed + 0.000500 v-printing*h-layer + 0.000008 v-
printing*T-bed - 0.001167 h-layer*T-bed

Coded Coefficients
Term Coef SE Coef T-Value P-Value VIF
Constant 0.04467  0.00114 39.20 0.000
T-printing 0.001417 0.000570 2.49 0.0292  1.00
v-printing -0.001667 0.000570 -2.93 0.013 1.00
h-layer 0.007000 0.000570 1.76 0105  1.00
T-bed 0.000083 0.000570 0.15 0.886 1.00
T-printing*T-printing -0.000817 0.000855 -1.07 0.305 1.25
v-printing*v-printing 0.000958 0.000855 1.12 0.284 1.25
h-layerth-layer -0.002042 0.000855 -2.39 0.034 1.25
T-bed*T-bed -0.001417  0.000855 -1.66 0123 1.25
T-printing*v-printing -0.000750 0.000987 -0.76 0462 1.00
T-printing*h-layer -0.001250 0.000987 -1.27 0.229 1.00
T-printing*T-bed 0.003250 0.000987 3.29 0.006 1.00
v-printing*h-layer 0.001000 0.000987 1.01 0.331 1.00
v-printing*T-bed 0.002250 0.000987 2.28 0.042 1.00
h-layer*T-bed -0.001750 0.000987 -1.77 0.102 1.00
Model Summary
S R-sq R-sqg(adj) R-sq(pred)
00019738 81.40% 59.71% 0.00%

Hinh 3.7. Bang hoi quy

T-printing (Nhiét do dau in): Hé s6 hoi quy duong (+0.001471) va gia tri P-
value = 0.029 (<0.05) cho thay rang nhiét do dau in ¢ anh huong dang ké va
tich cuc dén do bén kéo. Khi ting nhiét d6 dau in, d6 bén kéo c6 xu huéng cai
thién.

V-printing (Téc do in): He s hoi quy am (-0.001667) va gia tri P-value =
0.013 (<0.05) chi ra rang tc do in cao lam giam d6 bén kéo cua mau in. Toc
d6 in can duogc kiém soat dé tranh 1am giam chat luong san pham.

H-layer (Do day 16p): Hé s hoi quy duong (+0.000570) véi gia tri P-value =
0.016 (<0.05) cho thiy d6 day I6p 1a yéu t6 quan trong va cé ¥ nghia thong ké,
anh huong tich cuc dén do bén kéo. Do day 16p I6n hon gitp cai thién do bén

cua mau.
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- T-bed (Nhiét d6 ban in): Hé s6 hoi quy dwong rat nho (+0.000083) va P-value
= 0.885 (>0.05) cho thay riang nhiét do ban in khéng anh huong dang ké dén
d6 bén kéo. Biéu ndy cho phép giam nhiét do ban in dé tiét kiém ning luong
ma khdng anh huéng 16n dén co tinh.

- T-printing * H-layer: Hé s6 hdi quy duong (+0.000750) va P-value = 0.026
(<0.05) cho thay su két hop giira nhiét do dau in va do day 16p c6 anh huéng
tich cyc va ¥ nghia dén do bén kéo.

- V-printing * T-bed: Hé s6 hoi quy duong (+0.002250) véi P-value = 0.024
(<0.05) cho thay sy tuong tac gitta te d6 in va nhiét do ban in ciing ¢ anh
hudéng dang ke.

- R-Sq = 81.40%: Cho thay 81.40% sy bién thién trong d6 bén kéo duoc giai
thich bai cac théng sé trong md hinh.

- R-Sq(adj) =59.71%: Hé s hiéu chinh cho thady muc do chinh xac caa mé hinh
& muc trung binh,

- R-Sq(pred) = 0.00%: Kha ning dy doan ctia md hinh thap, diéu nay cho thay
can thém dix liéu hoic cac tham sb khac dé cai thién mé hinh.

3.3.2. Vat ligu PETG
a) Biéu d6 Main Effects Plot

Main Effects Plot for Tr

Fitted Means

T-printing v-printing h-layer T-bed

0.042-
0.041

0.040-

0.035-] f—_ﬁﬂ““\

0.033-

T T —T T T T — T T
230 240 250 40 &0 a0 01 0z 03 &0 70 a0
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Hinh 3.8. Biéu d6 Main Effects Plot
Biéu d6 Main Effects Plot cho thay su anh hudng caa cac tham s6 in nhu nhiét
d6 dau in (T-printing), téc do in (v-printing), d6 day 16p (h-layer) va nhiét do ban in
(T-bed) dén do bén kéo (Tr) cua mau PLA:
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T-printing: Khi nhiét d6 dau in ting tir 230°C dén 250°C, d6 bén kéo ¢ xu
hudng giam nhe. Diéu nay cho thay ring khi nhiét do dau in vuot qua mot mac
t6i uu, tinh chit co hoc cia mau PLA bi giam do quéa trinh chay nhwa khong
déu va giam do két dinh gitra cac 16p.

v-printing: Khi tbc do in ting tir 40 mm/s dén 80 mm/s, d6 bén kéo cd xu
huéng giam. Toc d6 in cao cd thé khién céc 16p in khdng két dinh tét, dan dén
mau in khong di bén.

h-layer: Ung suét kéo giam khi d6 day I6p tang tir 0.1 mm dén 0.2 mm, sau d6
bit du ting khi do day dat 0.3 mm. Piéu nay c6 thé duogc giai thich do d6 day
I6p anh huong dén do két dinh gitra cac 16p nhya, tao ra sy chénh léch trong
d6 bén kéo.

T-bed: Nhiét d6 ban in c6 anh hudng tich cyuc khi tang tir 60°C 1€n 70°C, tuy
nhién khi tang dén 80°C, d6 bén kéo c6 xu huéng giam.

b) Biéu d6 Interaction Plot

Interaction Plot for Tr
Fitted Means
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Hinh 3.9. Biéu d6 Interaction Plot
Biéu do Interaction Plot cho thiy sy twong tac gitta cac tham so:
T-printing va v-printing: Khi ting nhiét do dau in va giam téc do in, do bén
kéo tang. Piéu nay cho thay rang su két hop giita nhiét do dau in cao va téc

d6 in thap gidp cai thién d6 bén kéo.
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T-printing va h-layer: Khi nhiét do dau in cao va do day 1op giam, d6 bén kéo
tang. Piéu nay cho thay rang d6 day 16p thap giup duy tri do bén kéo tét khi
nhiét do dau in cao.

v-printing va h-layer: Su két hop gitra tbc do in cao va d6 day 16p thap cé xu
hudng lam giam do bén kéo.

¢) Biéu d6 Pareto

Pareto Chart of the Standardized Effects

(response is Tr, o = 0.05)

Term 2179

Factor Mame
T-printing
v-printing
h-layer
T-bed

oNnm>

0.0 0.5 1.0 15 20 25 3.0
Standardized Effect

Hinh 3.10. Biéu d Pareto
Biéu d6 Pareto chi ra cac tham sb anh huong nhiéu nhat dén do bén kéo cua

mau in PLA:

v-printing (B): Téc d¢ in 1a yéu t6 anh huong 16n nhat dén do bén kéo véi gia
tri Standardized Effect cao nhat (I6n hon ngudng 2.179).

h-layer (C) va twong tac gitta T-printing va v-printing (AC) ciing anh huong
dang ke.

Nhiét 6 dau in T-printing (A) va nhiét do ban in T-bed (D) c¢6 anh hudng,

nhung khong qua 16n so véi cac yéu té khac.
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d) Bang hoi quy (Coded Coefficients)

Coded Coefficients
Term Coef SECoef T-VWalue P-Value VIF
Constant 0.039333 0.000898 43.82 0.000
T-printing -0.000167  0.000449 -0.37 0717  1.00
v-printing -0.001333  0.000449 -2.97 0012 1.00
h-layer -0.001000 0.000449 -2.23 0.0456 1.00
T-bed -0.000167  0.000449 -0.37 0717 1.00
T-printing*T-printing -0.000333 0.000873 -0.50 0629 1.25
v-printing™v-printing -0.000833  0.000873 -1.24 0.23%9 1.25
h-layer*h-layer 0.001867 0.000873 248 0.029 1.25
T-bed*T-bed -0.000333 0.000&873 -0.50 0629 1.25
T-printing™*v-printing 0.001000 0.000777 1.29 0.223  1.00
T-printing*h-layer -0.001750 0.000777 -2.25 0.044  1.00
T-printing*T-bed -0.001250 0.000777 -1.61 0134 1.00
v-printing*h-layer 0.000750 0Q.000777 0.9& 0354 1.00
w-printing™T-bed 0.001250 0.000777 1.61 0134 1.00
h-layer*T-bed -0.000500 0.000777 -0.64 0.532 1.00
Model Summary
5 R-sq R-sgladj) R-sq{pred)
00015548 TE.71% 49.54% 0.00%

Hinh 3.11. Bang héi quy
Bang hdi quy cung cap cac hé sb cua cac tham s anh hudong dén do bén kéo

(Tr) cua mau PTEG. Duéi day 1a phwong trinh hdi quy tong quat md ta méi quan hé

giita cac tham so:

Tr= -0.357 + 0.00251 T-printing - 0.001529 v-printing + 0.356 h-layer + 0.00317
T-bed- 0.000003 T-printing*T-printing - 0.000002 v-printing*v-printing +
0.1667 h-layer*h-layer - 0.000003 T-bed*T-bed + 0.000005 T-printing*v-
printing - 0.001750 T-printing*h-layer - 0.000012 T-printing*T-bed +
0.000375 v-printing*h-layer + 0.000006 v-printing*T-bed - 0.000500 h-
layer*T-bed
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- v-printing c6 hé sb hdi quy am (-0.001133), cho thay rang khi ting tc do in,
d6 bén kéo giam. Gia tri P-value cua tdc do in 12 0.012, cho thay yéu té nay c6
¥ nghia thong ke.

- h-layer c6 hé s héi quy am (-0.001000) va gié tri P-value 1a 0.046, cho thiy
d6 day 16p ciing c6 anh huéng dang ké dén do bén kéo.

- T-bed c6 hé s6 héi quy duong (+0.000159), nhung P-value 12 0.717, chi ra
rang yéu t nay khong c6 anh husng 16n dén do bén kéo.

- R-Sq = 76.71%: Cho thay rang 76.71% su bién dong cta do bén kéo co thé
duogc giai thich boi cac tham sb dau vao.

- R-Sq(adj) = 49.54%: Mtic d6 hiéu chinh cho thdy mé hinh c6 do chinh xac
vua phai.

- R-Sq(pred) = 0.00%: Piéu nay cho thay kha niang du doan ctia mo hinh khong

cao, co thé can thém dir li¢u dé cai thién.

e) Tim gié tri toi vu
Vi viéc tim gia tri 16n nhat (Maximum) cho ham muc tiéu 1a tng suat kéo Tr, ta
can nhap gia tri mong muén cho ham muc tiéu (Target) va gia tri gi¢i han dudi cho ham
muc tiéu (Lower) lan luot 12 0,044 va 0,0365. Cung vai trong s6 (Weight) va hé s mic
d6 quan trong déu bang 1, thi ta dugc két qua nhu hai Hinh 3.12 (a) va Hinh 3.12 (b)

Ogtimal T-print v-prini h-layer T-bed Response Optimization: Tr
oo on y y
LU T 250.0] 400] 0] 160.0]

Parameters

Response _Goal Lower Target Upper Weight _Importance
T Maximum 00365 0,044 1 1

Solution

Tr  Composite
Solution _ T-printing _w-printing _h-layer _T-bed Fit Desirability
1 250 40 o1 60 00453323 1

Multiple Response Prediction

Variable __Setting
T-printing 250
v-printing 10
h-layer 01
T-bed 60

Response Fit  SEFit 95% CI 95% P1
T 004333 0.00237 (0.04016,005051) (0.03915, 0.05152)

(a)So dd t6i uu (b) Sb liéu két qua tdi wu

Hinh 3.12. Response Optimization: Tr
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Két qua trén Hinh 3.12 cho thiy, ham muc tiéu Tr dat dwoc gié tri 0,0453
kN/mm?; cao hon ca muc ky vong (1a 0.044); Ham Ky vong (desirability function) dat
duoc bang 1 (tic 1a dat 100% ky vong)

Vay ta c6 két qua ti uu hoa qué trinh in 3D véi nhya PETG vai chi tiéu giéi
han bén kéo Tr dudi Bang 3.7 sau:

Bang 3.7. Thong s6 t6i wu hoa qua trinh in 3D vat liéu PETG

T-printing v-printing h-layer T-bed Tr
(°C) (mm/s) (mm) (°C) (KN/mm?2)
250 40 0.1 60 0.0453

o
1=}
G

0.045

o

o 2
W o
[ I~

0.03

®Trial 1

e
=)
=

®Trial 2

o
o
=
[

Trial 3

Tensile strength (kN/mm?)

Disp(mm}

(a) Biéu dd Tensile strength

(b) 3 miu tbi vu

Hinh 3.13. Két qua thir nghiém véi mau thir toi uvu

Tir biéu d6 Hinh 3.13 (a) ta thdy duoc su twong dong cia 3 mau thir nghieém.
3 mau téi wu c6 Tensile strength 1an luot dat: 0.044 kN/mm2, 0.045 KN/mmz, 0.045
KN/mm2.
3.3.3. Vit ligu ABS

Dua trén cac biéu do va bang s liéu tir thi nghiém vai vat liéu ABS, ching ta
cd thé rat ra mot s6 két luan quan trong vé anh hudng cua cac tham s in 3D dén do
bén kéo (Tr). Cac tham sé duoc phan tich bao gom nhiét d6 dau in (T-printing), toc

do in (v-printing), d6 day 16p (h-layer), va nhiét do ban in (T-bed).
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a) Biéu dd Main Effects Plot

Main Effects Plot for str
Fitted Means

T-printing y-printing hi-layer T-hed

0.032
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Hinh 3.14. Biéu dd Main Effects Plot

Biéu d6 Main Effects Plot cho thiy tac dong doc 1ap cua tirng tham sb dén do

bén kéo cua mau ABS:

T-printing (Nhiét d6 dau in): Puong cong biéu thi do bén kéo giam nhe va
tang khi nhiét d6 vuot ngudong 250°C.

V-printing (Téc d6 in): Tc do in thap (100 mm/s) giup dat duoc do bén kéo
cao hon, trong khi tdc do in cao hon lam giam do bén.

H-layer (D6 day 16p): Do day 16p c6 anh hudng 16n, khi tang tir 0.1 mm [én
0.3 mm thi do bén kéo ting dang ké.

T-bed (Nhiét do ban in): Khéng c6 su khac biét dang ké khi thay d6i nhiét do
ban in tir 80°C dén 100°C. Diéu nay cho thay nhiét do ban in c6 thé giam dé

tiét kiém nang luong ma khong anh hudng dén co tinh.

b) Biéu dd Interaction Plot

Biéu d6 Interaction Plot cho thay muc d6 tuong tac giita cac thdng sé in 3D

d6i vai gia tri str. Nhin chung, sy thay d6i khong qué 16n khi xét trén tat ca cac cap

thdng so, tuy nhién c6 mot s6 diém dang chi y:

e Do day Iop (h-layer) va toc @6 in (v-printing) c6 anh huong rd rét, khi
tang h-layer tir 0.1 I&n 0.3 1am gia tri str thay doi dang ké, dic biét khi
két hop vai toc do in thap.

e Tac dong cua nhiét d6 ban in (T-bed) va nhiét @6 in (T-printing) tuong
d6i nho, chi gay dao dong nhe.
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e Nhin chung, cac dudng biéu din khong giao nhau qué nhiéu, cho thay
tuong tac giita hau hét cac thong sé 1a yéu, ngoai trir twong tac giita h-
layer va v-printing, day c6 thé 12 yéu t6 quan trong can tbi wu.

Néu nhin dudi goc do tong thé twong tac giita cac thong sb khdng c6 qué nhiéu

su thay d6i manh, ngoai trir & H-layer (46 day 16p) va v-printing(téc do in).

Interaction Plot for str
Fitted Means
T-printing * v-printing -
v-printing
0022 — 100
— -— 150
0028 ---- 200
0024 R
T-printing * h-layer w-printing * h-layer
. [ h-layer
Boomedf e — Tl —_— o1
T T - — 02
E 03
L2 H‘"‘-\—\_,_\_\_\_‘_'_'_'_,_,—— .— - . ..
= - - ~
0024 ==
_ ringing * T- - oringing * T- N + 7.
T-printing * T-bed w-printing * T-bed h-layer * T-bad T-bed
L.032 — B0
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---- 100
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T-printing w-printing h-layer

Hinh 3.15. Biéu do Interaction Plot

¢) Biéu db Pareto

Pareto Chart of the Standardized Effects

(response is str, o = 0.05)

Factor Mame

A T-printing
B w-printing
C h-layer

D T-bed

0 1 2 3 4 5 [ 7

Standardized Effect

Hinh 3.16. Biéu do Pareto




64

Biéu d6 Pareto cho thay yéu té nao c6 tac dong manh nhit dén d6 bén kéo:

- Do day 16p (H-layer) c6 anh huong Ién nhat (CC), theo sau 1a toc d6 in(v-
printing).

- Céc yéu té nhu T-printing va T-bed c6 anh huéng nhé hon, cho thay ching
khong phai 1 yéu té quyét dinh trong khoang khao sét nay.

d) Bang hoi quy (Coded Coefficients)

Coded Coefficients
Term Coef 5E Coef T-Value P-Value VIF
Constant 0.025852 0.000895 37.19 0.000
T-printing -0.0002598 0.000343 -0.86 0.408 1.00
v-printing -0.002004  0.000345 =577 0.000  1.00
h-layer 0.001880  0.000348 541 0.000  1.00
T-bed 0.000914  0.000348 2.63 0.022  1.00
T-printing*T-printing 0.001205 0.000521 2.31 0.039 1.25
v-printing*v-printing 0.000477 0.000521 0.92 0378 1.25
h-layerth-layer 0.003442  0.000521 6.60 0.000 1.25
T-bed*T-bed 0.000241 0.000521 0.456 0852 1.25
T-printing*v-printing -0.000903  0.000c02 -1.50 0159 1.00
T-printing*h-layer 0.000137  0.000602 0.23 0.824  1.00
T-printing*T-bed 0.001384  0.000802 2.30 0.040  1.00
v-printing*h-layer 0.000320 0.000602 0.52 0.605 1.00
v-printing*T-bed -0.002433 0.000c02 -4.04 0.002  1.00
h-layer*T-bed -0.002073  0.000c02 -3.44 0.005 1.00
Model Summary
5 R-sq R-sqladj) R-sq(pred)
0.0012041 92.80% 84.40% 75.26%

Hinh 3.17. Bang hoi quy

Bang hdi quy cung cap cac hé sb cua cac tham s anh hudong dén do bén kéo
Str cia mau ABS. Duéi day 1a phuong trinh hdi quy tong quat mé ta méi quan hé
giita cac tham so:
Str = 0.967 - 0.00706 T-printing + 0.000779 v-printing + 0.024 h-layer

- 0.00266 T-bed + 0.000012 T-printing*T-printing + 0.000000 v-printing*v-

printing + 0.3442 h-layer*h-layer + 0.000002 T-bed*T-bed - 0.000002 T-

printing*v-printing + 0.000137 T-printing*h-layer + 0.000014 T-
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printing*T-bed + 0.000064 v-printing*h-layer - 0.000005 v-printing*T-bed
- 0.002073 h-layer*T-bed

Hé sé hoi quy cua h-layer va V-printing: c6 gié tri P-value < 0.05, d6 day 16p
(h-layer) 1a yéu t ¢ anh huong 16n nhat va sau d6 1a V-printing mang y
nghia thong ké dang ké dén do bén kéo. Diéu nay khang dinh rang viéc diéu
chinh d6 day 16p va téc do in 1a mét trong nhitng céch hiéu qua dé téi uu hoa
co tinh ctia mau in.

T-printing c6 hé s6 hoi quy dwong nhung gié tri P-value > 0.05, cho thay yéu
t6 nay khong anh hudng dang ké dén do bén kéo trong mé hinh hién tai. Do
d6, cac thong s6 nay co thé duoc giam xuéng muac hop ly nham tiét kiem
nang lurong ma khdng 1am giam dang ké co tinh.

R-Sq = 92.80% sy bién thién trong d6 bén kéo duoc giai thich béi mé hinh
hdi quy, cho thay muc d6 phu hop ciaa md hinh kha tét.

R-Sq(adj) = 84.40%: Muc giam tir R-Sq xudng R-Sq(adj) (khoang 8.40%) la
chap nhan duoc, cho thay mé hinh khdng bi qué nhiéu tham s6 thira, cho thay
rang mo hinh van giir dugc tinh chinh xac twong ddi cao.

R-Sq(pred) = 75.26%: danh gia kha nang cia mé hinh khi ap dung vao cac
dir liéu mai khong nam trong tap dit liéu thyc nghiém ban dau. Gia tri 75.26%

cho thay rang mé hinh c6 kha nang du doan kha tot.

3.4. KET LUAN CHUONG 3

Trong chuong nay, chung ta da thuc hién phan tich va danh gia anh hudng cua

cac tham sb in 3D dén tinh chét co hoc, cu thé 1a do bén kéo (Tr) cua mau in bang
cac vat liéu PLA, PETG, va ABS. Céc két qua phan tich tir biéu dd6 Main Effects,

Interaction Effects, Pareto Chart, va phwong trinh hoi quy dé cung cap nhiing thdng

tin quan trong lién quan dén viéc t6i wu hoa qué trinh in 3D dé cai thién tinh chét co

hoc cua san pham.

Qua phén tich xu hudng anh huéng cua céc tham sb 1én d6 bén cua cac mau
vat liéu ta thay rang do day I6p (h-layer) c6 sy tuong ddng giita ca 3 loai vat

liéu. C4c chi tiét in s& c6 xu hudng giam dan d6 bén kéo khi d6 day 16p in ting
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dan tir 0.lmm dén 0.2mm, d6 chiéu ting khi d6 day Iop in ting dan tir 0.2mm
dén 0.3mm va c6 xu hudng tiép tuc ting. Tir 46 mé ra hudng ting kich thudng
dau dun dé taing do day 16p in tir d6 tang co tinh va giam dang ké thoi gian san
xuat. Nhung ciing can can ddi véi yéu to tiam my va do nham bé mit tang.

D6 day 16p (h-layer) va tc d6 in (v-printing) 1a cac yéu t6 c6 anh huéng dang
ké dén d6 bén kéo cia mau in PEG va ABS, trong khi nhiét do ban in T-bed
c6 tac dong khong dang ké dén ca 3 vat kiéu, goi y kha ning giam nhiét do
ban in dé tiét kiém nang luong.

Mic dd cac md hinh hdi quy cho thay d6 phi hop kha tét (R-Sq dao dong tir
76% dén 92%), nhung kha ning du doan (R-Sq(pred)) van con han chécau
thém dix liéu hodc tham sé dé nang cao tinh chinh xac. Chi ¢ duy nhat phuong
trinh hoi quy cua vat liéu ABS dap ung dudc yéu cau va co kha nang du béo
(R-Sq = 92.80%; R-Sq(adj) = 84.40%; R-Sq(pred) = 75.26%)

Str(ABS) = 0.967 - 0.00706 T-printing + 0.000779 v-printing + 0.024 h-layer
- 0.00266 T-bed + 0.000012 T-printing*T-printing + 0.000000 v-
printing*v-printing + 0.3442 h-layer*h-layer + 0.000002 T-bed*T-
bed - 0.000002 T-printing*v-printing + 0.000137 T-printing*h-
layer + 0.000014 T-printing*T-bed + 0.000064 v-printing*h-layer
- 0.000005 v-printing*T-bed - 0.002073 h-layer*T-bed
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KET LUAN CHUNG VA HUONG PHAT TRIEN CUA PE TAI

< KET LUAN CHUNG:

Nghién ctru di hoan thanh cac muc tiéu dé ra, bao gdm khao sat va phan tich anh
huong cua cac thong sé cong nghé in 3D dén co tinh cua chi tiét in, dic biét vai ba
loai vat liéu phd bién: PLA, PETG va ABS. Tir cac thi nghiém va xu ly s6 liéu, nghién
ctru dd 1am sang t6 mot sé khia canh quan trong:

Anh huong cua cac thdng sé in: Cac théng sé nhu nhiét ¢ dau in (T-printing),
téc d6 in (v-printing) va nhiét @6 ban in (T-bed) c6 tac dong khong dong nhat
1én cic dic tinh co hoc cia mau in. Trong do, do day 16p (h-layer) duoc xac
dinh 1a yéu t6 c6 anh huéng 16n nhat dén do bén kéo cua ca ba loai vat liéu c6
xu huéng tuong dong trén ca 3 vat liéu. Do bén ké ting khi do day 16p in ting
dan tr 0.2mm dén 0.3mm va c6 xu huéng tiép tuc tang. Tir d6 md ra hudng
tang kich thuéng dau dun dé ting do day Iép in tir d6 ting co tinh va giam
dang ké thoi gian san xuat. Nhung ciling can can d6i voi yéu té tam my va do
nham bé mit ting.

Tiét kiém nang luong: Nhiét do ban in (T-bed) c6 anh huong nhé dén do bén
kéo, diéu ndy mé ra co hoi giam nhiét do ban in nham tiét kiém ning luong
ma khong 1am giam dang ké chat lugng san pham.

Tim ra dugc phuong trinh hoi quy cua vat liéu ABS dap ung dudc yéu cau va
c6 kha nang du bdo (R-Sgq = 92.80%; R-Sq(adj) = 84.40%; R-Sq(pred) =
75.26%)

Str(ABS) = 0.967 -0.00706 T-printing + 0.000779 v-printing + 0.024 h-layer
- 0.00266 T-bed + 0.000012 T-printing*T-printing + 0.000000 v-
printing*v-printing + 0.3442 h-layer*h-layer + 0.000002 T-bed*T-
bed - 0.000002 T-printing*v-printing + 0.000137 T-printing*h-
layer +0.000014 T-printing*T-bed + 0.000064 v-printing*h-layer
- 0.000005 v-printing*T-bed - 0.002073 h-layer*T-bed
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Nhitng két qua trén khdng chi cung cap dir liéu thuc nghiém c6 gié tri ma con gop
phan cang cb nén tang khoa hoc cho viéc &ng dung cong nghé in 3D trong san xuét
va thiét ké cong nghiép, ddng thoi huéng dén cac giai phap bén viing va hiéu qua.

< HUONG PHAT TRIEN DE TAl:

Dua trén két qua nghién ciru, dé tai co thé duoc phat trién theo cac huéng sau:

Mo rong pham vi nghién ctru trén cac loai vat liéu khac: Ngoai cac vat liéu
phd bién nhu PLA, PETG, va ABS, c6 thé md rong nghién ciu sang cac vat liéu
composite, vat liéu sinh hoc, hoac vat liéu c6 tinh ning dic biét khac dé kiém tra tinh
chat co hoc khi thay doi cac tham sé in 3D.

Nghién ciru chi tiét hon vé nang luong tiéu thu: Panh gia cu thé luong ning
luong tiéu thu ctia may in 3D dbi véi cac mac nhiét do dau in va nhiét do ban in khac
nhau. Pé xuat cac giai phap ky thuat nham t6i wu hoa tiéu thu nang luong, dac biét
trong bdi canh yéu cau giam phat thai carbon va hudng dén san xuat xanh.

Phét trién cong nghé in 3D thé hé méi: Tap trung vao cai tién thiét bi, vi du
nhu may in st dung cdng nghé da vat liéu hoac tich hop hé théng diéu khién théng
minh. Khao sat cac phuong phap in 3D méi, nhu in bang laser hoic cong nghé SLA
(Stereolithography), dé so sanh va tich hop véi FDM.

Nang cao d6 chinh xac ciia mé hinh hdi quy va du doan: Dé tai hién tai da dat
duogc cac két qua co ban trong viéc xay dung va danh gia mo hinh hoi quy dé phan
tich anh huong cia cac thong sb in 3D dén co tinh. Tuy nhién, dé nang cao d6 chinh
xé4c va kha niang tng dung thuc té, can mé rong thém di liéu thi nghiém, &p dung cac
phuong phap phan tich tién tién va kiém nghiém thuc té.

Ung dung trong cac linh vic cdng nghiép cu thé: Tir céc két qua nghién cau,
c6 thé phét trién thém cac (ng dung thuc té trong san xuét cac linh kién ky thuat, san
pham y té, hoac md hinh kién tric st dung cong nghé in 3D, tir d6 dua ra cac quy

trinh in t6i uu cho tirng tng dung cu thé.
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