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TOM TAT

Muc dich cia bai bdo la nghién citu cong nghé sira chita dau noi cia canh tuabin hoi nwée
bang qud trinh in 3D laser bot thép khéng gi AISI 422 (422 SS) 1én canh tuabin cé vit liéu twong tir.
Viéc phan tich, so sanh cdu triic té vi va co tinh cia ca kim loai co ban va [6p bot kim logi in trong
cd hai trwong hop in mét 16p va in nhiéu I6p nham tim ra bé théng sé phit hop cho qud trinh han in
3D laser bot kim logi. Trong bao bao, cac thi nghiém do do bén kéo, do dai va ddp va do cung duoc
tién hanh dé xdac dinh co tinh ciia ca kim loai co ban va 16p kim logi in 3D. Cdc két qud thi nghiém
cho thdy kich thuwoc hat cua lop kim logi in 3D nho hon so voi kim loai co ban trong ca hai diéu kién
ngay sau khi in 3D va sau khi xir [y nhiét va diéu nay lam tang dg cieng 16p kim logi in so véi kim
logi co ban. Véi qud trinh in laser 3D nhiéu 16p, cdc két qua thi nghiém do d bén kéo va dé dai va
ddp ciia 16p kim loai in sau khi xit Iy nhiét ¢é do bén kéo cao hon nhwng dg dai va dip twong dwong
so véi kim logi co ban. Sau khi thi nghiém véi cdc canh tuabin thir nghiém khi ldp vao rotor cho
thdy cdc ddau néi sau khi dwege sira chiva, phuc hoi bang qud trinh in laser 3D bt kim loai nhiéu 16p
6 kha nang chiu tai kéo 16m hon so véi kim loai co ban nén hodan todn c6 thé sir dung cong nghé in
3D laser bét dé sira chira, phuc héi cdc canh tuabin khi dau chot néi bi hong.

Tw khéa: AISI 422 SS; In Laser 3D bot kim loai nong chay; Canh tua bin hoi nuoc,; Sia
chita dau chot néi canh tuabin.

ABSTRACT

The purpose of this investigation was to study the tenon repairs of steam turbine blade using
laser 3D powder fusion process by added AISI 422 stainless steel (SS) powder on a 422 SS used
blade. The microstructures analysis, mechanical properties tests of base metal (BM) and printing
layer in both single layer and multi-layer processes with various process parameters were analyzed
and compared to find out the adequate laser 3D printing metal powder process parameters. In
this study, tensile test, impact test and microhardness test were carried out to characterize the
mechanical properties of both BM and printed metal layer. Experimental results showed the grain
size of printing metal layer was smaller than that of BM either in the as- printed condition and the
700°C/2h tempered condition, these small grains also increased the hardness of printed metal layer.
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In the multi-layer laser printing condition, the results of tensile and impact test showed the printed
metal layer after 700°C/2h tempering had higher tensile strength than the BM did, while both
printed metal layer and BM possess approximately the same impact energy. Experimental results of
mock-up trials showed that the repaired tenons, through multi-layer laser 3D printing process, can
sustain higher tensile loads than the BM after pinning deformation.

Keywords: AISI 422 SS; Laser 3D powder fusion,; Steam turbine blade,; Tenon repair.

1. TONG QUAN

Trong nhimg nim gan day, viéc tmg
dung thép khong gi martensitic dé ché tao cac
bd phan st dung trong moi truong an mon
va/hodc nhiét do cao, chang han nhu 6ng hoi
nhiét do cao, canh tua bin hoi nudc, roto,... da
mang lai két qua thanh cong va dap Gng nhu
ciu ngdy cang tang tir nganh san xuat dién [1].
Thép khong gi loai 422 1a mot bién thé cua thép
khong gi martensitic AISI 420 da duoc cai tién
v6i thanh phan héa hoc duoc bd sung Molypden
va Wolfram, duoc thiét ké dé co thé hoat dong
& nhiét do 1én dén 650°C ma van dam bao do
bén va do dai can thiét. Ung dung chu yéu cua
loai thép khong gi nay la lam canh tua bin, van
ap sudt va cac bo phan két ciu cua may bay [2].

Trong qua trinh kiém tra dinh ky tai mot
nha may dién hat nhan, cac yéu td quan trong
nhat gy ra hu hong hity 16n cho canh tua bin
hoi nuée 1a cac chdt bi mon/gdy cia canh tua
bin ap suét cao duge tan dinh dé ¢ dinh cac
vo rotor. Do d6, can phai stra chira céac chét bi
hong hodc thay thé cac chdt mai trude khi dua
tua bin trd lai hoat dong. V61 muc dich gidm
chi phi van hanh, nhu cAu stra chira cac chét bi
hong 1a rat 16n. Bén canh phuong phép sira chira
truyén thong, ¢ thé ap dung quy trinh tién tién
hon dugc goi 1a in 3D laser bt, 1a mot trong
nhirng tng dung quan trong trong gia cong vat
lidu laser, duoc dé xuét dé tién hanh cong viée
stra chira, phuc hoi céac chi tiét quan trong [3].
Viéc stra chita nay dugc thuc hién béng cach

dung lai chét (Tennon) bi hong bang quy trinh
in 3D laser. Véi céc canh tua bin hoi nude da
qua sir dung duoc 1am bang thép khong gi 422
martensitic s€ dugc nghién ctru sua chira, phuc
hoi bang qua trinh in 3D laser sir dung bot thép
khong gi 422 cung loai.

Muc dich chinh cta bai b4o nay 1a tim
ra cac thong sd quy trinh in 3D laser bot thich
hop dé stra chira, phuc hdi chdt ciia canh tuabin.
Do vay, viéc nghién ctru tac dong cua cac thong
s6 quy trinh (cOng sut ngudn laser, tbc do cap
bot) cho quy trinh in 3D laser nhiéu 16p 1én cac
mAu phu 14 rit quan trong. Cudi cing, cac thu
nghiém mé phong dugc tién hanh bang cach sir
dung su cac thong s toi wu cho qué trinh in 3D
laser nhiéu 16p kim loai dé tao chdt trén canh
tuabin mo phong va sau d6 kiém tra co tinh cua
lién két chot.

2. VAT LIEU, THIET BI NGHIEN CUU
VA QUA TRINH THU'C NGHIEM

2.1. Vit liéu, thiét bi nghién ctru

Céanh tuabin thép khong gi AISI 422
(Kim loai co ban-KLCB) da qua sir dung va
bot thép khong gi cung loai do Vién Nghién
ctru Nang lugng DPai Loan cung cip di duoc st
dung trong nghién ctru ndy, voi thanh phan hoa
hoc va cac co tinh duoc thé hién trong Bang 1.

Bo6t kim loai dugc str dung lam vat li¢u

in c6 dang hat cau, duong kinh nho hon 150 &
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um. Canh tuabin 422 SS da qua st dung co
chét ndi bi hong tir canh dong co tuabin khi
duoc st dung cho céc thi nghi¢m in laser 3D
mot 16p va nhiéu 16p. Ngudn laser soi quang
cong suit cao 5000W — YLR-5000 (Hinh 1) voi
dau in 3D c6 thé diéu khién chinh x4c CNC da
duogc sir dung cho qua trinh in laser 3D. Trudc
qua trinh in laser 3D, vat licu KLCB tr canh
tuabin da qua st dung dugc xu ly nhiét bao
gbm austenit hoa & 1040°C voi thoi gian 1 gio
trong 10 chan khong, sau d6 lam ngudi trong

khi quyén, tiép theo 1a xtr Iy nhiét u trong 2
gid & nhiét d6 750°C va lam mat bang khong
khi dé cai thién d6 déo va do dai va dap [4].
Dé tranh nit ngudi trong qua trinh xur 1y vat
li¢u c6 do cung cao nhu vat licu thép khong gi
AISI 422, tit ca cac mau déu dugc nung nong
trudc ¢ 200°C trude qua trinh in laser 3D. Sau
qua trinh in laser 3D, cac mau in 3D duoc xir Iy
nhiét sau han dé giam (mg suét bang cach u kim
loai ¢ nhiét 6 700°C trong 2 gio (700°C/2h) va
lam ngudi ngoai khong khi.

Bang 1(a). Thanh phcfn hoa hoc cua kim logi co ban thép khong gi AISI 422 va bot kim logi cuing logi

Thanh phin
héahoc | Fe| C Si | Mn
Vit li¢u

Kim loai co ban

i oal 00 024 038|071 | 0.016 | 0.006 | 0.034 | 0.76 | 11.98 1.07 | 0.26 | 0.99
Botiim loal AISI 024 | 0.15| 037 | 0.007 | 0.007 075 | 121097 02 095

Bang 1(b). Co tinh cua kim loai co ban thép khong gi AISI 422 §S [5]

Piéu kién Gi6i han bén Gi6i han chay
Do dan dai Do cirng
. tuong doi (%) Vicker
< (ksi) (Mpa) (Mpa)
ba duoc
xu 1y nhiét
133 915 808 15 304 HV

2.2. Qua trinh thyc nghiém

Pé tim ra cac thong sé quy trinh in laser 3D phu hop, trudce tién qua trinh in laser 3D mot 16p
kim loai duoc thir nghiém voi cac thong sb thay doi bao gdm cong suit laser tir 1000W = 1500W,
tdc d6 cAp bot tir 5 g/phit +12 g/phut trong khi toc d6 dau in duoc giit khong d6i ¢ mirc 750 mm/
phut. Sau khi téi vu héa thong sb cho chat lugng 16p kim loai in 1 16p tét cung véi viung anh hudng
nhiét (HAZ) cang hep cang t6t, qua trinh in Laser 3D nhiéu 16p duoc tién hanh véi cac thong sé bao
gom cb dinh cong suat ngudn laser 1300W, toc do dau in dugc giit khong doi & mirc 750 mm/phit
va toc do cap bot thay doi tir 5 g/phit dén 8 g/phit da duoc thir nghiém (Bang 2).
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Bdng 2. Cdc théng so thiee nghiém ciia qud trinh in laser 3D nhiéu I6p.

Théng s6 | Cong suét ngudn Téc dp diu in Téc do cap bot
Thi nghiém Laser (W) (mm/phit) (g/phut)
Thi nghiém 1 1000W + 1500 W 750 5
. Thi nghi¢m 2 1000W + 1500 W 750 6
In nhiéu 16p
kim loai
Thi nghi¢m 3 1000W + 1500 W 750 7
Thi nghi¢m 4 1000W + 1500 W 750 8

Sau khi tao hinh in 3D b0t kim loai 1én
trén KLCB theo quy trinh in laser nhiéu 16p,
cac mau thir kéo va dai va dap Charpy, duoc
ché tao bang cach cat ddy EDM tir 16p kim loai ;‘!%,I
bot va KLCB (Hinh 2), d3 tuan theo tiéu chudn R
ASTM ES8 va E23. Do han ché vé vat li¢u, kich
thudc ctia mau thtr nhu duoc mo ta trong tiéu Hinh 2. Phoi thu co tinh dwoc cdt ra tir 16p kim
chuan ASTM E8 d6i v6i cac mau thir do bén loai dwoc in laser 3D nhiéu 16p va kim loai co ban
kéo c6 kich thude thu gon nhu Hinh 3 va cac
mau thir 46 dai va dap c6 kich thude thu gon 55

1)

;-"I

mm X 10 mm x 2,5 mm nhu Hinh 4. —__ 1\ 1
Ao —". O [} [

Céu tric vi md ctia cac mau in laser 3D
dugc phan tich bang Kinh hién vi quang hoc
OLYMPUS GX-51 (OM) va Kinh hién vi dién - N . -
tor quét JEOL-5410 (SEM). Cac quan sat ciu Hinh 3. Mau thir do bén kéo voi kich thucc thu gon
trac té vi cling dugc phén tich sau khi tim thuc
cac mau bang vat lidu Vilella.

5.__/ AN f
i I:I i
A Y l
Hinh 1. Nguéon han va dau in laser 3D Ytterbium Hinh 4. Mau thir @6 dai va ddp véi kich thuée
Fiber Laser YLR-5000W. thu gon &
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3.KET QUA NGHIEN CU'U VA BAN LUAN

3.1. Céu tric té vi cia miu kim loai in cho
qua trinh in laser 3D nhiéu 16p

Twr 4 thi nghiém 16p kim loai in laser
3D nhiéu 16p trong Bang 2, qua quan sat cau
tric té vi, ¢6 thé thay mot s6 khuyét tat dap nhu
thiéu lién két, 15 rng va vét niit nho xuat hién
& ving 16p kim loai in sau khi két tinh nhu cac
hinh bén dudi. Khi tc d6 cip bot cao tng véi
7 g/phut (Thi nghiém 3 - Bang 2) va 8 g/phut
(Thi nghiém 4 - Bang 2) ngudn cung cip nhiét
khong di1, c6 thé dan dén thiéu lién két va nut
té vi & ving néng chay nhu Hinh 5 (a) véi cac
thong so thi nghiém 3, 4 6 Bang 2. Bén canh do,
khuyét tat rd khi, duge hiéu 1a cac diém khong
lién tuc kiéu khoang (khoang tréng) hinh thanh
do khi bi gilr lai trong qua trinh bt kim loai
dong dic, da duoc quan sat thdy trong Hinh 5
(b) trong Thi nghiém 3 cua Bang 2.

Hinh 6 va Hinh 7 1a cac anh cdu tric té
vi kim loai in nhiéu 16p dién hinh trong diéu
kién ngay sau khi in 3D va sau khi xtr Iy nhiét
(700°C/2h) tuwong ung voi vi tri quan sat la
ving tiép giap gitta 16p kim loai in va HAZ va
gitra HAZ va KLCB. Do qua trinh bdt kim loai
duoc in va két tinh rit nhanh, cAu tric cua bot
kim loai SS 422 min hon véi cac vung dang
cay nhu dugc thé hién trong Hinh 6 va Hinh
7. So sanh cau trac té vi cua 16p kim loai in va
KLCB trong Hinh 6, c¢6 thé thiy rang 16p bot
kim loai in ¢ cAu triic hat nhé min hon dang ké
khién no6 c6 do ctng vi mé cao hon KLCB. Sau
khi xur Iy nhiét (700°C/2h) nhu Hinh 7, da tang
kich thudc hat cua 16p bot kim loai in, do do bot
kim loai in c6 do cimg giam di dang ké sau khi
xtr 1y nhiét (700°C/2h).

Hinh 5. Cdc khuyét tit xudt hién trong ving 16p
bt kim logi két tinh ciia Thi nghiém 3 4 trong
Bang 2: (a) kim loai bot khong duoc cap du nhiét
dé noéng chay va bi mit ; (b) ré khi

Bét kim logi in 3D

Hinh 6. Cdu tric té vi I6p bét kim logi in da I6p
dién hznh khi sau khi in 3D va két tinh: (a) cu
triic 1é vi viing tzep giap giita bot klm logi in 3D
-HAZ va (b) cdu triic té vi viing tiép gidp giita
HAZ-KLCB

Hinh 7. Céu tric té vi [6p bét kim logi in da l6p
dién hlnh khi sau khi in va xw ly nhiét (7000C/2h):
(a) cdu triic té vi vung tiép glap gitta bot kim logi
in 3D -HAZ va (b) cdu triic té vi ving tiép gidp
gitta HAZ-KLCB

3.2. Co tinh ciia miu kim loai in cho qua
trinh in laser 3D nhiéu l6p

Duya trén quan sat vé cau truc té vi chat
luong cua 16p bot kim loai in sau khi két tinh
(tranh cac khuyét tat nhu khong lién két, rd
khi va nut t& vi), hai bo thong sd Thi nghiém
1 va 2 cta Bang 2 dugc lua chon tiép tuc in
laser 3D nhiéu 16p va sé tién hanh xir Iy nhiét &
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(650°C/2h va 700°C/2h) nhu Bang 3. Sau do,
cac mau KLCB va bot kim loai in d3 duge chon
dé kiém tra co hoc bao gém Thir nghiém do
ctng té vi, Thir nghiém kéo va Thir nghiém dai
va dap.

Dua trén d4anh gia do cimg té vi cho thay
do cung cua 16p bot kim loai in laser 3D, HAZ

va KLCB dugc xép hang theo thir tr giam dan
nhu sau: Lép bot kim loai in > HAZ > KLCB
trong ca diéu kién in thong thuong va sau khi
xir Iy nhiét (Hinh 8). Ngoai ra, ciing luu y rang
16p bot kim loai in va HAZ c6 d§ cing cao
hon khoang 20HV trong diéu kién xtr 1y nhiét
650°C/2h so voi xur ly nhiét 700°C/2h (Hinh 8
(b)).

Bang 3. Cdc théng sé thuwe nghiém ciia qud trinh in laser 3D nhiéu 16p ding dé kiém tra co tinh

MAu Cong suit Téc dd Téc dd
Qua trinh thi Piéu kién xir Iy miu nguon Laser dau in cap bot
nghiém W) (mm/phit) | (g/phit)
Al Théng thuong
s i 3 1300 750 5
In laser 3D B1 Xu 1y nhiét (700°C/2h)
nhiéu 16p bot A2 Thong thuong
kim loai B2 Xt 1y nhiét (650°C/2h) 1300 750 6
C2 X 1y nhiét (700°C/2h)
@ e (b) = dang ké so véi KLCB trong diéu kién ngay sau
romso : \ khi 14y ra khoi noi lam viéc (~1021 MPa). RS

Hinh 8. D¢ cung 1é vi ca vung bot kim logi in 3D,
viing danh hwong nhiét (HAZ) va KLCB ciia mau thi
nghiém: (a) Trong Thi nghiém [ cua Bang 3 trudc
va sau khi xuw ly nhiét va (b) Trong Thi nghiém 2 cua
Bang 3 truoc va sau khi xu Iy nhiét.

Duya trén danh gia do bén kéo tir Bang
4, cho thay 16p bot kim loai in laser 3D trong
diéu kién thong thudong co do bén kéo, do bén
chay cao hon so voi1 sau khi dugc xur 1y nhiét.
Hon nita, qua cac két qua do do gidn dai tuong
d6i cho thay 16p bot kim loai in laser 3D c6 do
déo duoc cai thién sau khi nhié¢t xur 1y nhiét.
So véi do bén kéo ctia KLCB, cho thay 16p
bot kim loai in laser 3D trong diéu kién thong
thuong c6 d6 bén kéo va do bén chay cao hon

rang, sau khi xtr 1y nhiét (700°C/2h), 16p bot
kim loai in laser 3D c6 dd bén kéo va do bén
chay cao hon mot chut so véi KLCB trong diéu
kién xur Iy nhi¢t (~927 MPa).

Kiém tra dai va dap Charpy dé danh gia
do dai cua 16p bot kim loai in laser 3D trong
diéu kién thong thuong va sau khi xir 1y nhiét.
Duya trén danh gia va dap, cho thay 16p bot kim
loai in laser 3D trong diéu kién thong thudng
c6 d6 dai va dap thap hon dang ké (~5J) so
v6i sau khi xur 1y nhiét (~13J). So sanh véi do
dai va dép cia KLCB, khong c6 sy khéc biét
dang ké vé do dai va dap cua 16p bot kim loai
in laser 3D trong diéu kién thong thuong va xu
1y nhiét (700°C/2h) véi KLCB trong diéu kién
sau khi 14y ra khoi noi 1am viéc va xir 1y nhiét
(700°C/2h).
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Badng 4. Két qua do do bén kéo, do dai va dap dwoc thuc hién ¢ nhiét do phong.

Miu kiém Pidu kién xir Iy Gi6i han bén | Gi6i han chay | D) gidn dai D(.‘)Adai va
tra co tinh : (MPa) (MPa) tuwong doi (%) | dap (J)
TAIL Thong thudng 1420.7 970.7 3.60 4.5
TBI X ly nhiét (700°C/2h) 1010.36 860 13.19 12.0
TA2 Théng thudng 2010.7 1756.5 6.88 55
TB2 Xir 1 nhiét (650°C/2h) 1074.7 901.4 13.13 11
TC2 Xir 1y nhiét (700°C/2h) 998.4 852.8 10.94 13.5
KLCBla | S khily ra khoinoi 1021 850 12 3.5
lam viéc
KLCB2a | Xir Iy nhiét (700°C/2h) 927 798.5 15 13

3.3. Thir nghiém mo hinh trwdéc khi stra chira
chot bi héng ciia canh tua bin da qua sir dung

Dua trén cAu tric té vi va co tinh cta cac
mau bot kim loai in laser 3D sau khi in nhiéu 16p
bang laser véi cac thong s6 khac nhau c6 thé lya
chon théng sb phu hop (Cong suit ngudn laser
(1300 W), Téc d6 dau in (750 mm/phit) va Toc
do cap bot (5 g/phut)) dé in chdt 1én trén canh
tuabin thu nho. Sau khi tao chét, canh tuabin thu
nho c6 chét in da duoc xur Iy nhiét (700°C/2h) dé
so sanh d6 bén kéo véGi cac mau vat co chdt 1am

bang KLCB ¢ diéu kién sau khi 1y ra khoi noi
lam viéc. TAt ca cac mau vat da duoc tién hanh
thir kéo dé danh gia do bén cta phan chét in sau
khi tan ngudi vao vo rotor. Dya trén danh gia do
bén kéo, d6 bén cua phan chdt in ¢ diéu kién xu
Iy nhiét (700°C/2h) c¢b gia tri cao nhét (54-55
kN) so v&i 30 kN ctia chdt lam bang KLCB &
diéu kién sau khi 1y ra khoi noi lam viéc. Két
quéa thyc nghiém cho thdy cac chdt duoc sira
chita, thong qua qué trinh in laser 3D nhiéu 16p
v6i cac thong sé phu hop c6 thé dap ung duoc tai
trong kéo thiét ké tdi thiéu 1a 30 kN (Bang 5).

Bang 5. Kiém tra do bén kéo chét duoc tao méi sau khi dwoc tan ngugi vao vo rotor [6].

A peA X % . Mau thi Tai trong kéo lon
Diéu kién mau do Quan sat mau sau khi thir kéo nghiém nhét (kN)
1 30+3
Céanh tuabin thu nho co
chot lam bang KLCB &
trang thai nhu khi lay ra 2 30+3
khoi noi lam viéc
1 55+3
Cénh tuabin thu nho co
chdt in laser 3D da duoc 5 5543
xtr ly nhiét (700°C/2h)
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4. KET LUAN

1) Cac tinh chét co hoc cta 422SS tir
canh tuabin da qua str dung bao gom do cling,
do déo va do dai sau 100.000 gid str dung co thé
duogc phuc hdi sau khi xir Iy nhiét (austenit hoa &
1040°C trong 1 gio trong 16 chan khong, sau do
1am ngudi trong khi quyén 5 bar, tiép theo 14 & &
750°C trong 2 gid va lam mat bang khong khi).

2) Két qua thyc nghiém cho thiy cac
thong sd quy trinh in 3D laser bot kim loai dong
vai tro quan trong trong chat lugng va cau trac
té vi mé cua 16p bot kim loai in. Sau khi phan
tich céu triic té vi va cac tinh chit co hoc clia cac
mau bot kim loai in trong ca quy trinh in laser
mot 16p va nhleu 16p, bo théng s quy trinh in
t61 uu bao gdm Cong suit laser (1300 W), Téc
d6 dau in (750 mm/phat) va Toc d6 cap bot (5
g/phut) da duoc chon dé tao chét (Tenon) trén
canh tuabin.

3) Két qua thyc nghiém cho thay chot
c6 thé stra chita bang cong nghé in laser 3D
nhiéu 16p kim loai va c6 do bén cua phan chot
in sau khi tdn ngudi vao vo rotor c6 tai trong
kéo (~55 kN) cao hon KLCB sau khi tan nguoi
bién dang va dat tai trong kéo thiét ké tdi thiéu
la 30 kN. Nhu vay, qua trinh in 3D laser bot
kim loai nhiéu 16p c6 thé duoc 4p dung dé sira
chita chét dau chdt ndi bi hong cua canh tuabin
da qua su dung.

Loi cam on:

Téc gia xin cam on Gido su Ye-Ee Wu
va Gido su Hsien-Lung Tsai di gitip d& va hd
trg. Xin cam on Tién si Hsien-Cheng Wu va céac
dong nghiép tai Vién Nghién ctru Nang luong
Dai Loan d3 ho tro thoi gian, phuong tién va co
s& vét chat cho nghién ctru nay. <
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