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Tom tat

Nghién ctru tap trung vao anh hudng cta cac yéu té phun plasma nhu dong dién plasma, dién ap plasma va téc do
dong khong khi ddi vai véan toe hat, vi hiéu qua cia 16p phii phu thude nhidu vao né. Viéc ding khong khi thong thuong
lam khi tao ra plasma va giai thich m6 hinh toan hoc bién minh cho sy thay ddi van toc hat 1a nhitng khia canh sang tao
ctia cong trinh nay. Ham hdi quy méi duge phat hién giup mé hinh toan hoc t6i wu hoa quy trinh dé dat dwoc van tée hat
16n nhét. Nghién ctru tinh hop 1€ cua tham s6 da x4c nhan sy thich img so sanh t6t gitra m6 hinh todn hoc va két qua thi
nghiém. Thiét ké quy hoach da tiéu chi gitip két luan y nghia cua tit ca cac thong sé va duge ap dung t6t cho thi nghiém.
Két qua cua nghién ciru gitp tim ra cach nang cao déng hoc cua céc hat trong qué trinh va cham trén chét nén.

Tir khéa: Phun plasma trong khi quyén; mé hinh toan hoc; khong khi thudng; van tdc hat; khi tao plasma; phuong
trinh hoi quy.

Abstract

The work focuses on the effects of plasma spraying factors such as plasma current, plasma voltage, and air flow rate
on particle velocity because the effectiveness of the coating is heavily dependent on it. The use of ordinary air as the
plasma-generating gas and the explanation of the mathematical model justifying the alteration of particle velocity are the
innovative aspects of this work. The newly discovered regression function helps the mathematical model optimize the
procedure to achieve the greatest particle velocity. The parameter validity study confirms the good comparative adaptation
between the mathematical model and the experimental results. The multi-criteria planning design helps to conclude the
significance of all parameters and is well adopted for the experiment. The results of the study help to find the way for
elevation of the kinetics of particles during the collision on the substrate.

Keywords: Atmospheric plasma spray; mathematical model; ordinary air; particle velocity; plasma generation gas;
regression equation.
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1. it van dé

Hiéu qua va ning suit ctia phun plasma trong
khi quyén phu thude nhiéu vao van téc cua hat
bot trude khi két thiic voi chat nén. Tinh trang
ctia hat dang bay 1a rat quan trong; do d6, B.
Guduri va cong su da c6 nghién ctru chuyén sau
dé tao ra thiét bi phun hoat dong 6n dinh [1].
Trong thi nghiém, bot dé phun c6 kich thudc hat
tir 30—100 pm, nhung khong cé thanh phan co
hoc hodc phan bé kich thuéc nao duge dua ra,
mic du thuc té 1a kich thude hat rat quan trong
trong hoat dong phuc tap nay. Phan tich
ANOVA cho thdy dong dién va toc d6 dong chay
ctia khi tao plasma c6 anh huong dang ké dén
véan tdc hat. Van tdc cua hat dugc wu tién hon
nhiét d§ trong quy trinh phun lanh. Tuy nhién,
khoang cach phun va téc d6 nap bot c6 tac dong
dang ké dén van tdc hat [2]. Cac nha nghién ctru
da xéac dinh duge van toc ngudng cua hat, vuot
qua van tdc d6 né co thé lién két voi bé miat nén
va tao thanh 16p phu [3]. Trong moi trudong hop,
chung khong thé hién mdi quan hé dinh lugng
gilta van toc hat va mot sd dic tinh ky thuat
chinh. Vi van tdc t6i han cua hat khi phun dugc
cho 1a mot yéu t6 quan trong trong lién két, cac
nha nghién ctru trong [4] da nghién ctru hanh vi
cua hat trong qué trinh phun dong hoc dung vat
liéu AlSi bang phurong phap Kurochkin et al. [5]
dugc nang cép dé xac 1ap van tdc tGi han dat téi
400 m/s. Didu dang chi y 1a hat c6 van tdc cuc
dai 16m hon van tdc t&i han s& khong bi dinh vao
16p nén vi ning luong bam dinh nhé hon ning
luong phuc hoi. Trong [6] ngudi ta da thuc hién
nhiéu 16p phun plasma siéu thanh dung bot gbm
(YZS) trén siéu hop kim gdc niken GH 3030. Ho
trinh bay mot tap hop dir liéu, bao gdm dong
dién, dién ap, argon, hydro, tbe do nap nguyén
lidu, khoang cach phun va vén tdc, nhung thiéu

mdi quan hé hdi quy giita ching. Trong [7], mot
nd luc di duoc thuc hién dé dua ra moét mo hinh
toan hoc maoi bao gém vén tdc hat va khi, khoi
lwong hat, mat do khi, duong kinh hat va hé s6
kéo. Ho so sanh phép do thuc nghiém st dung
méy do van toc khe kép véi tinh toan ddi xing
truc 2 chiéu ciia dong chay. Sy phan bd kich
thudc hat da tao ra sy khac bi¢t trong tinh toan
ly thuyét vé vén tdc hat. Han ché chinh cua [8]
la mo hinh dua trén dinh luat thir hai cia Newton
khong tinh dén cac thong sb cong nghé trong
ling dong phun, chang han nhu cong suat dong
va toc do dong khi, hitu ich hon trong thiét ké
quy trinh. Két qua dang ké thu duogc trong [9]
bang cach sir dung phén tich hoi quy (RA) va
phuong phap luan bé mit dap ung (RSM) dé
danh gi4 tAim quan trong ctia bon tham s6: toc do
dong chay Ar va Hy; tbc do cép liéu hién tai va
bot trong qua trinh phun plasma trong khi quyén.
Tuy nhién, cong suat ciia dong plasma ciing phu
thudc vao dién ap va khong khi thong thuong dé
tao plasma c6 thé c6 mot tuong tac khac. Trai
nguoc véi cac cong bd gan ddy, cong trinh nay
tap trung vao viéc phat trién mot mo hinh toén
hoc dé du doan 1y thuyét vé vén toc hat trong
phun plasma bang cach sir dung khong khi thong
thuong 1am khi tao ra plasma, bao gom cac yéu
t6 chinh nhu dong dién, di¢n 4p mé han plasma.

2. Phwong phap nghién ctru

Phun plasma trong khi quyén di dugc su
dung trong thi nghiém cua chung t6i (SG-100
TAFA-Praxair, Hoa Ky). Khong khi thong
thuong dong vai tro 1a khi chinh, trong khi nito
dong vai tro 1a khi mang. [10] c6 trinh bay thanh
phan hoa hoc va quy trinh san xuidt bot
Ni85Al15. Kich thudc hat ctia bot dugce xac dinh
bang thiét bi Cilas-1090 [11].
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Béang 1. Phan bd ¢& hat vat liéu

Kich thudce Dai phan bo theo ¢ hat, %
Vatlicu tmnfn]fmh 0-1 | 1-1.5 | 1.52.0 | 12-16 | 32-48 | 48-64 | 64-96 | 96 -128
NiSSAILS 64 75 | 89 | 41 - - 7 | 42 32

Bang 1 cho théy sy phan bd ¢ hat bot. Trong
truong hop nay, bot Ni85SAL15 1a mdt loai vat
liéu t6t cho 16p pha nhiét do cao. Siéu hop kim
nay c6 kha nang chong oxy hoa cao trong pham
vi nhiét 6 1én dén 1250°C trong khi quyén. Pic
biét y pha lién kim loai Ni3Al c6 nhiét d§ nong
chay khoang 1400°C, 6n dinh nhiét dén nong
chay, diém ning suét ting trong pham vi nhiét
d6 800-900°C. Vat lidu nay c6 thé 1a mot khuyén
nghi tdt nhu 16p phu bao vé cho cac b phan hoat
dong trong diéu kién ning nhu voi phun phan
lyc, budng ddt trong k¥ thut hang khong vii try
[12]. Loi ich dang ké ctia viéc phun 16p phu bao
vé trén dong co hang khong c6 san thong qua
viée giam sy xubng cap 25% va 50 %, néu so
sanh voi phuong an khong phun phu [13]. Didu
thtt vi 1a hi€u qué ctua phun plasma trong khi
quyén so voi phuong phap bdc bay chan khong
trong viéc stra chita dong co may bay chién dau
MIG-29, do su don gian cua thiét bi va giam
dang ké chi phi san xuét [14]. Kinh hién vi dién
tr quét két hop véi quang phd phan tan ning
luong (SEM / EDS, SM-6510LV, Nhat Ban)
duoc st dung dé kiém tra hinh thai bé mit cta
16p phu va dia hinh cta cac hat kim loai.

Camera toc do cao Shimadzu HPV dugc sir
dung dé theo ddi van tdc phun céac hat [15]. May
anh c6 thé duoc sir dung két hop v6i phan mém
phan tich hinh dnh c6 san. Do d6, hinh anh van
tdc cao co thé duogc phan tich s6 bang cach luu
hinh anh da ghi ¢ dinh dang chung véi céach tai
ching vao phan mém xir Iy hinh anh c6 sin trén
thi truong. Hinh anh da ghi c6 thé duoc luu &
mot s dinh dang phd bién nhu AVI, BMP,
JPEG va TIFF. Mday anh dang hoat dong & hai
ché d6: ché d6 nutra diém anh (HP) va ché 46
diém anh day du (FP).

Khi tao plasma la khong khi thong thuong.
Khi mang cling 1a khong khi thong thuong.
Khong khi thong thuong 1a mét loai khi phan tur
phai duoc phan ly trudc khi né c6 thé bi ion hoa.
Diéu nay c6 nghia la khong khi thong thudng co
entanpy va dan nhiét 16n hon plasma argon. Do
do6, cac khi phan tir tiéu thy ning luong dau vao
cao hon nhiéu dé trd nén ion héa mot phan. Boi
vi n6 duogc tao thanh tir cac ion kich thich va cac
electron khong lién két, plasma co thé mang
dién. Trong phun plasma, cac khi do plasma tao
ra thuong bao gdm mot hodc nhiéu chét sau:
argon, hydro, nito va heli. Argon thuong dugc
st dung lam khi plasma chinh vi n6 dé tao ra
plasma nhét va it an mon hon d6i vai dién cuc
va nguyén liéu. Khi thir cdp bao gdm nito, hydro
va heli. Cac khi hiém 14 argon va heli. Mic du
tiét kiém chi phi va loi thé trong mot sb tmg dung
chuyén dung cta 16p pha phun nhiét, nhung van
chua co gi duoc cong bd vé viée sir dung khong
khi thong thuong lam khi plasma chinh. Tuy
nhién, nho cai tién két cdu dau phun va ché o
cong nghé phun phu hgp, khong khi thong
thuong cé thé dugc ding dé phun phu chong mai
mon tir vat liéu gbm, déc biét 1a hop kim vo dinh
hinh dya trén Fe [16, 17]. Plasma argon c6 mdt
s6 uu diém, nhung n6 c6 do dan nhiét va entanpy
thap hon so v6i khi nhi phan. Boi vi khi phan tir
phai bi phan hay trudce khi ion hoa, entanpy va
d6 dan nhiét cua plasma khong khi thong thuong
16n hon dang ké so véi plasma argon. Két qua 13,
ching can nhiéu nang luong hon dang ké dé bi
ion hoa mot phan. Nhung dau vao ning luong
cang 16n thi entanpy cang 16n va do dan nhiét
cang 16n. Ly do ndy goi mé vé viéc thay thé khi
tro va khi hiém cho phun plasma bang khong khi
thong thuong.
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3. Két qua va thio ludn
3.1. Phwong trinh hoi quy va phan tich bién sé

Bang 2 cho thay két qua ctia mot loat cac thi nghiém véi cac cai dit phun ddu vao khac nhau va
cac phép do van tdc hat.

Bang 2. Két qua phun plasma bot 85Nil5Al

TT Dong plasma, Dién ap, Luu lwgng khi, Vin toc hat,
1A] U [V] G |g/s] V [m/s]
1 130 140 0.55 18
2 130 160 0.75 40
3 130 195 0.34 62
4 130 200 1.13 73
5 130 210 1.42 84
6 130 220 1.76 97
7 130 225 1.95 105
8 130 240 2.72 140
9 130 250 2.92 152
10 150 150 0.55 36
11 150 185 0.84 67
12 150 205 1.13 78
13 150 207 1.42 85
14 150 220 1.76 99
15 150 240 241 128
16 150 245 2.92 153
17 150 250 3.17 167
18 180 145 0.55 33
19 180 160 0.75 49
20 180 180 0.84 65
21 180 202 1.13 82
22 180 220 1.76 104
23 180 240 2.60 140
24 180 250 3.17 170
25 220 150 0.55 43
26 220 160 0.75 53
27 220 190 0.94 76
28 220 200 1.13 84
29 220 220 1.76 106
30 220 245 2.60 143
31 220 260 3.17 172

Cac két qua thi nghiém da dugc xir Iy (Bang 3) bang phan mém Minitab va di dugc phan tich so
bo.
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Bang 3. Phan tich két qua thyc nghiém lan 1

Term Coef SE Coef T-Value P-Value
Constant 92.87 1.01 91.55 0.000
I 4.785 0.328 14.61 0.000
U 39.02 3.43 11.38 0.000
G 32.46 3.40 9.55 0.000
I? -1.547 0.383 -4.04 0.001
U? -30.33 4.19 -7.24 0.000
G? 9.56 3.02 3.17 0.005
18] -1.09 1.09 -1.00 0.329
1G -0.75 1.12 -0.67 0.508
UG 27.81 7.81 3.56 0.002
Nguoi ta phat hién ra réng mot sd hé sb co gia  bi loai bd, va céac két qud thi nghiém da dugc
tri p 16n hon dd chinh xac cua a = 0,05, dac bie¢t  phan tich lai (Bang 4).
1a twong tac hai chiéu gitta I va U va I va G, da
Bang 4. Phan tich két qua thuc nghiém 1an 2
Term Coef SE Coef T-Value P-Value VIF
Constant 94.51 1.20 78.75 0.000
1 4.856 0.317 15.31 0.000 1.27
U 35.01 432 8.10 0.000 144.33
G 36.59 4.27 8.57 0.000 168.78
I2 -1.334 0.521 -2.56 0.017 1.10
U? -33.03 5.70 -5.79 0.000 73.59
G? 10.65 4.15 2.57 0.017 40.48
UG 26.6 10.8 2.47 0.021 285.38

Phan tich phuong sai bang phuong phap
ANOVA duogc trinh bay trong Bang 5. Sau do,

Béng 5. Phan tich ANOVA

phuong trinh hdi quy theo cac don vi khong duoc
ma hoa dugc gidi thi€u trong phuong trinh (1).

Source DF Adj SS Adj MS F-Value P-Value
Model 7 58310.8 8330.1 6000.79 0.000
Linear 3 55023.1 18341.0 13212.39 0.000
1 1 325.6 325.6 234.52 0.000
U 1 91.2 91.2 65.69 0.000
G 1 101.9 101.9 73.41 0.000
Square 3 394.0 131.3 94.61 0.000
I’ 1 9.1 9.1 6.57 0.017
U? 1 46.6 46.6 33.58 0.000
G’ 1 9.1 9.1 6.59 0.017
2-Way 1 8.5 8.5 6.12 0.021
Interaction
UG 1 8.5 8.5 6.12 0.021
Error 23 31.9 1.4
Total 30 58342.8
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Phuong trinh hdi quy theo don vi chua ma Phaén tich cac hé s6 dé danh gia tinh nhat quan
hoa: ctia phuong trinh héi quy (1) dugc trinh bay
V = - 3472 + 03385 I + 3.703U- 55.5G-  'rong Bang 6:
0.0006591> — 0.00918U%+ 5.32G* +0.314UG (1)

Bang 6. Phan tich d6 dong quy

S R? R? (adj) |R? (pred)
1.17821 | 99.95% 99.93% | 99.82%

Su phtt hop cua dir liéu duoc danh gid bang  (Hinh 2) cho thay dong dién plasma (I), dién ap
cach str dung mot tip hop cac thong sb R2, R2  plasma (U), toc do dong khong khi (G), bao gdm
dugc diéu chinh va R2 dy doan. Céc gia trindy G2 va U * G 1a nhing yéu t6 ¢6 anh hudng 16n
déu 16n hon 90%, cho thay phuong trinh hdi quy ~ nhit dén van toc (G). Céc yéu td khéc, chang han
hoan toan twong thich voi dir liéu thyc nghiém.  nhu 12, U2 ¢c6 thé dugc bo qua.

Biéu do twong tac (Hinh 1) va biéu d6 Pareto
Interaction Plot for V

Fitted Means

u*G { G

Mean of V

150 175 200 225 250 275

Hinh 1. Biéu d6 tuong tac van toc hat (V)
Pareto Chart of the Standardized Effects

(response is V, a = 0.05)

Term 207

Factor  Name
A A |

8 v

C G

0 2 4 6 8 10 2 14 16
Standardized Effect

Hinh 2. Biéu dd Pareto [18] cho cac théng s6 diu vao
Xu hudng nay ciing dugc chimg minh bang biéu d6 binh thudng (Hinh 3). Két qua 13, cac thong
s6 ky thuat I, U va G ¢6 mau do. Sy khac biét 16n véi duong mau do cho thiy cc yéu td nay c6 anh
huong dang ké dén phuong trinh hoi quy.
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Normal Plot of the Standardized Effects

Percent
n
S

Standardized Effect

Hinh 3. Bi€u d6 phan bo chuan cta cac thong so hiéu ing chuan hoa

3.2. Toi wu héa so bé vin toc hat

S& rat hiru ich dé phan tich cac diéu kién dé

51
130 <7<220
140 < U < 260 )
034<G<3.17

dinh vi khu vuc t6i wu cho vén tdc hat, vi né cung
cap chét lugng 16p phu tt, chang han nhu mat
d6, do bam dinh, d6 bén két dinh, v.v. Dya trén
dir liéu thi nghiém, cac diéu kién bién sau da
dugc lya chon theo phuong trinh (2):

Két qua ciia viéc t6i uu hoa so by bang phan
mém Minitab, dugc hién thi trong Bang 7 va
Hinh 4.

Béng 7. Két qua t6i uu

Solution| I

U

G V Fit

1 220

256.364

3.17] 174.014

Dinh vi so bd ving t6i wu trong mién quy hoach (Hinh 4).

Main Effects Plot for V

Fitted Means

u G

140

120

=1
=2

Mean of vV

150 180 210 150

260 25.0 1 2 3

Hinh 4. Biéu dd hiéu tng chinh cho V

Dién 4p va dong dién cua plasma c6 tac dong
khéac nhau dén van tdc hat, nhu duoc thé hién
bang phuong trinh hoi quy (1). Toc do dong
khong khi ciing c6 tac dong thuan lgi dén véan toc
hat. Su gia tdng dong dién trong plasma lam tang
s6 luong electron, 1am ting luong ion héa va tao

ra nhiéu nhiét hon. Su gian n¢ cua khi dugce thyce
hién dé dang hon va véan tdc cua tia plasma, bao
gdm cac hat, duoc hd tro bai nhiét do 16n hon.
Hat s& chiu lyc can dang ké do van tdc phan luc
plasma cao, diéu nay s& khién no ting tdc. Tuy
nhién, diéu quan trong can luu y 1a van tdc hat
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thap hon van tdc phan Iyc plasma. Vi du, trong
khi phun bdt alumina plasma, van toc bay cua
hat ting 70 m/s trong khi van toc tia plasma ting
95 m/s [19]. Nén co hoc, mat dd nang lugng va
d6 dan nhiét cta tia plasma déu ting 1én khi toc
d6 dong khi tang 1én, khuyén khich van toc ctia
tia plasma tang toc nhanh hon. Theo hién tugng
dong, su gia ting toc 46 dong khi gép phan lam
tang dong luong tong thé cua dong plasma, lam
tdng van tdc hat.

Vi mé hinh toan hoc khong bao gdm nhiéu
bién, dang chu ¥ 1a phan b kich thudc [20], van
dé vé kich thudc va mat d6 cua vat liéu hat ciing
nhu phan b kich thudc phan doan van con dugc
tranh luan. Tuy nhién, trén thuc té, khong c6 nha
san xut bot nao dua ra thong s k thuét chi tiét
vé phan b kich thudc. Phan phdi kich thudc va
chi phi san xuét c6 mdi lién h¢ chit ché v6i nhau.
Trong tuong lai, s€ co loi khi tién hanh mot )
thi nghiém lién quan dén viéc phun plasma cac
vét liéu bot khac nhau dé lién quan dén thong tin
vé cac tinh chit co hoc va vat 1y cua chung nham
nang cao cach tiép can dy doan van tdc hat vé
mit tdi wu hoa. Dé don gian, tat ca cac mé hinh
toan hoc déu gid dinh rﬁng cac hat c6 hinh cau.
Nhung trong qué trinh san xuét cic hat phun,
ching c6 thé c6 hinh thai khac nhau. Van dé nay
cling gop phan gy ra mot sb sai sot trong tinh
toan 1y thuyét vé véan toc. Dé bu dip khoang cach
giita dy doan 1y thuyét va thi nghiém, cong thirc
thue nghiém c6 thé duoc st dung lam giai phap
chu yéu trong bdi canh.

4. Két luan

Anh hudng cta mot sé thong s6 chinh, nhu
cong suét tia plasma, toc 6 dong khi va kich
thudc trung binh cua hat, dbi voi van tde hat
duoc quan sat thiy trong phun plasma trong khi
quyén sir dung khong khi thong thuong lam khi
tao plasma. Sy gia ting cong suét plasma va toc
d6 dong chay cua khi gitip ting van tdc bay cia
cac hat. Didu kién can thiét cho qua trinh ling
dong 14 van tdc téi han, va gid tri nay s& quyét

dinh hi€u qua cta qué trinh. M6 hinh toan hoc
str dung phuong phap 1ap ké hoach da tiéu chi va
thiét ké thi nghiém phu hop voi dir liéu thi
nghiém va co thé dugc dé xuat dé tim ra van téc
hat t6i vu khi mot s thong s6 lién quan khac s&
duogc lién quan va mot thi nghiém 1ap ké hoach
hoan chinh hon c6 thé duoc thiét ké trong mot
nghién clru trong tuong lai.
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