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TO CHUC VA TiNH CHAT CUA LOP PHU HQP KIM ENTROPY
CAO CHE TAO BANG PHUONG PHAP PHUN PHU LASER

Nguyén Thanh Hung!”, Trin Vin Nghia®, Ly Xuan Nam?
'Pai hoc Ky thudt Lé Quy Don
2Truwong Cao dang Cong nghiép quoc phong

Tém tit

L6p phit hop kim entropy cao FeMnNiCrCugs dd dugc ché tao trén bé mit thép C45 bang
phuong phap phun phu laser (Laser Cladding). Nhiéu xa tia X (XRD), hién vi dién tir quét
(SEM) va phan tich phd phan tan ning lugng (EDS) dugc sir dung dé danh gia ciu tric pha,
t6 chure té vi va thanh phan hod hoc cuia 16p phil. Do cing va tinh chat chéng an mon cua
16p phu ciing duge nghién ctru bang do d6 cing té vi va do dong an mon Tafel. Két qua chi
ra rang, mot 16p phu c6 lién két tot véi thép nén dwoc hinh thanh, cau tric 16p phu gom
ving anh huong nhiét, ving lién két va vang 16p phi. T chirc té vi cta 16p phi thé hién
mdt ciu tric dang nhanh ciy dién hinh phat trién tir tim thép nén. L6p phu ¢6 cdu trac mot
pha 1ap phuong dién tam (face-center cubic - FCC) vi d6 cimg 16p pha khoang 195 HV..
Trong méi truong axit H2SO4 0.5M, 16p phu ¢o tinh chdng dn mon tét hon thép nén C45,
diéu nay cho phép né c6 thé dugc sir dung nhu mot 16p phi chéng an mon trong cc tng
dung k¥ thuat.

Tir khéa: Hop kim entropy cao; phun phii laser; cdu triic FCC; chéng dn mon.

1. Gi6i thi¢u

Khai niém vé hop kim entropy cao (high-entropy alloys - HEA) di dugc hoc gia
Yeh va cong su [1] cong bb nghién ctru dau tién vao nim 2004. Cac hop kim truyén
thong nhu: thép, hop kim nhém, hop kim niken... 13 nhitng hop kim dua trén mot
nguyén t6 chinh ham lugng chiém hon 50% va duoc hop kim hoa lugng nho cac nguyén
t6 khac dé cai thién to chirc, tinh chat ctia chung. Khéac voi hop kim truyén thong, HEA
dugc dinh nghia 14 hop kim da nguyén t6, cdu thanh tir 5 nguyén t6 chinh tro 1én ¢
phan trim nguyén tir bing nhau hodc gan bang nhau, ham lugng ciia mdi loai nguyén tb
nam trong khoang 5+35 at.% . Do dic trung gia tri entropy cao ctia loai hop kim nay,
ching c6 xu huéng hinh thanh cau tric dung dich rén nhu 1ap phwong dién tam (face-
center cubic - FCC), lap phuong tam khdi (body-center cubic - BCC) hodc sau phuong
xép chat (hexagonal close-packed - HCP) hon 14 hinh thanh cac pha trung gian, pha lién
kim loai. Mot s hé hop kim dién hinh ung voi tung ciu trac dung dich ran nhu
CrMnFeNiCo (pha FCC) [2], TaNbHfZrTi (pha BCC) [3], GdHoLaTbY (pha HCP) [4].
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Nghién ctru vé HEA cho thiy rang chung c6 d6 cimg cao [5], d6 bén nhiét cao [6],
kha ning chéng mai mon, dn mon tbt [7-9]. Vi nhitng dic tinh nay, HEA ¢6 tiém ning
phtt hop 1am 16p phu bé mit. Gan day, nhidu phuong phap dugc sir dung dé ché tao 16p
phit HEA, ching han nhu phun phu plasma [10], phun ngudi [11], phtin xa magnetron
[12], va phun phu laser [13]. So v&i cac phuong phap khac, cong nghé phun phu laser
cho thdy nhiéu wu diém nhu tc d6 1am ngudi nhanh, lién két luyén kim tot giira 16p pha
va tim dé, t6 chtrc 16p pha nhé min. Ngoai ra, 16p phi dugc ché tao bang phuong phap
phun phi laser c6 do day cao hon céac 16p phit khac, diéu nay phu hop véi cac ing dung
ky thuat thuc t& [14]. Ye va cong sy [15] da ché tao 16p phit HEA AlxFeCoNiCuCr trén
tam dé thép C45 bang k¥ thuat phun phu laser. Két qua da cho thiy thanh phan pha cua
cac 16p phii bao gdbm cac dung dich rain FCC va BCC, viéc ting ham lugng nhom co thé
thiic day viéc tao ra cau triic pha BCC. Hop kim c6 ham lugng nguyén tir Al cao hon thé
hién d6 ctng cao hon, chdng mai mon va an mon t6t hon. Trén nén nhom, Shi va cong
su [16] cling di ché tao thanh cong 16p phit HEA AlCrFeNiCuCo bang k¥ thudt phun
phu laser. Lp phii ndy c6 cau trac hdn hop 2 pha (FCC + BCC), ¢6 thé dat do cing 500
HVo2, va cho thay kha ning chdng an mon tét trong moi truong axit H2SOs.

Céc nguyén to duge sir dung pho bién trong HEA 1a céc kim loai chuyén tiép nhu
Fe, Co, Cr, Mn, Ni, Cu, Ti, Mo. Trong nghién ctru ndy, nhom tac gid lya chon cac kim
loai chuyén tiép thudng gip voi gia thanh thap va sir dung cong nghé phu laser ché tao
thanh cong 16p phu hop kim entropy cao FeMnNiCrCugs. Céac nghién ctru trude da chi ra
rang Cu dé bi thién tich do nhiét tron (enthalpy of mixing) ctia né véi cic nguyén t6 con
lai déu c6 gid tri duong [17, 18]. Dé giam bét sy thién tich thanh phan trong hop kim,
nhém téc gia di giam mot nira ham lugng Cu (theo at.%) so véi cac nguyén té khac. Cau
trac pha, dic diém t6 chire té vi, tinh chat dién hoa cta 16p phu da dugc nghién ciru.

2. Thuc nghiém

Chon tAm thép C45 lam tAm dé, kich thuéc 100 mm (dai) x 50 mm (rong) x 10 mm (day).
Bé& mit dugc mai bang gidy rap dé loai bo 16p 6xi hoa va tap chat, ding con rira sach
loai b ddu m& trén bé mat tim thép. Vat liéu ché tao 16p phit HEA 14 cac bot kim loai
Fe, Mn, Ni, Cr va Cu don chat, d6 tinh khiét 16n hon 99,97% duoc cung cip bai
Cong ty Changsha Tianjiu - Trung Qudc. 30g bot duoc can do theo ti 1& mol
Fe : 1Mn : INi : 1Cr : 0,5Cu (Bang 1). V&i muc dich 1am dong déu hdn hop bot, hdn
hop bot duoc tron déu trong may nghién bi hanh tinh voi ty 18 bi : khdi luong bot (g) 1a
1:3, thoi gian tron 8 gio, téc d6 quay 250 vong/phit. Qué trinh tron kho va khong sir
dung chat trg nghién (process control agent - PCA).
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Bdng 1. Khéi lwong tirng logi bot kim loai trong 30 g bot
twong vung voi cong thire hop kim FeMnNiCrCugs

Nguyén to Fe Mn Ni Cr Cu

Khéi lugng (g) 6,62 6,51 6,95 6,16 3,76

Hdn hop bot sau khi tron duge phu 1 16p voi d6 day khoang 1,2 mm trén bé mit
tam dé. Lop phu don dudng va da duong dugc ché tao trén thiét bj phun phu laser YLR-
1000-MM-WC, tham sb cong nghé ti wu dugc cho nhu sau: cong suit laser P = 800 W,
duong kinh tia laser D = 3 mm, toc d6 quét v = 8 mm/s. Khi Ar duoc st dung dé ngin
ngira sy Oxi hoa trong qua trinh phun phi laser. Mau sir dung dé danh gia tinh chét dién
hoé dugc ché tao bang cach quét laser da dudng, voi do chong 1an giira 2 dudng ké nhau 1a
35%. Mau thu dugc sau khi pht laser duoc cit thanh cac mau nho, kich thude 10 x 10 (mm)
dugc mai, danh bong va tam thuc dé tién hanh kiém tra t6 chic va tinh chét.

Bé mit mau cta 16p pha da duong sau khi duoc mai va danh bong duoc sir dung
dé phan tich thanh phan pha boi phwong phap nhidu xa tia X. Sir dung thiét bi nhidu xa
tia X XRD-6100 (SHIMADZU - Japan) voi tia Cu-Ka, dién ap 40 kV, dong dién
30 mA, tdc do quét 4°/phut, dai quét tir 30° dén 100°. TS chire té vi dugc quan sét tai
mit cit ngang cua 16p phi don duong bang kinh hién vi dién tr quét SEM- FEI Quanta
250F (Japan) voi phan tich phd phan tan nang luong EDS. Do cing té vi cua 16p phu va
vat liéu nén tim thép C45 dugc do trén may do do cing té vi HVS-50. Tinh chat dién
hoa bé mit 16p phu da duong dugc danh gia bang phuong phap do duong cong phan
cuc trong dung dich H2SO4 0.5M trén thiét bi electrochemical workstation (Thales
Zennium - Germany). Cac thi nghiém dugc thyc hién tai Phong thi nghiém laser va
kiém tra vat liéu - Pai hoc Khoa hoc va Cong nghé Nam Kinh - Trung Qudc.

3. Két qua va thio luin

Két qua phén tich nhidu xa tia X duoc cho nhu trong hinh 1. Két hop véi phan
mém phan tich Jade6 c6 thé nhan thy, xuit hién cic pic nhifu xa dic trung dién hinh
cua pha FCC ¢ cac goc nhiéu xa 20: 43,38°; 50,42°; 74,42°; 90,16°; 95,05°; véi thong
s6 mang a = 3,570 (A). Thong s6 mang dugc xac dinh dua trén dir liéu nhiéu xa tia X va
tinh toan bang dinh luat Bragg. Nhu vay, da thu duoc 16p phu don pha FCC - hop kim
entropy cao FeMnNiCrCuos, day 1a két qua thé hién tinh chit dic trung cua HEA, tirc
hop kim dugc cdu thanh boi nhiéu nguyén t6 khac nhau nhung lai ¢6 khuynh huéng
hinh thanh ciu tric pha dung dich ran.
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Hinh 1. Gidn do6 nhiéu xq tia X cia I6p phii hop kim entropy cao FeMnNiCrCugs.
Céc nghién ctru truc ddy da dua ra cac yéu to nhu entropy tron AS__ , enthalpy tron
AH _ . su khac biét vé kich thudc nguyén tir & va ndng do dién tir hoa tri VEC (valence

electron concentration) ¢ thé duoc du doan vé su hinh thanh dung dich ran trong HEA.
Chung dugc dinh nghia nhu sau boi cac phuong trinh (1)-(4) [19]:

mix °

AS, =—RY (6 InC)
®

trong do: R, ¢, la hang s6 khi va ndng d nguyén tir ciia nguyén to tht i.

AH ;= Zn: Q.cc (2

ijuiv]j
i=Li%]

trong do, €; =4AH ™ voi AHI™ 1a nhiét tron ciia cip 2 nguyén td A-B [20].

5= @ (1_9 3)

trong do, ¥ =Y ¢, voi I; 1a ban kinh nguyén t6 thir i [19].

i=1
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VEC = ici (VEC), (4)

i=1

trong d6, (VEC). 1a ndng do dién tir hod tri ciia nguyén t6 thtr i [21].

Guo va cong su [19] chi ra riang khi cic thong sb nim trong pham vi sau:
11K *mol * < AS,;, <19,5JK'mol ™, -22kJmol* < AH_, < 7kJmol™, va 0<5<8,5%),
dung dich rin d& dang duoc hinh thanh. Céu truc pha trong HEA duogc du doan boi gia
tri nong dg dién tir hoa tri VEC cua no [21]. Cu thé, khi VEC > 8,0, hop kim hinh thanh
cdu trac pha FCC. Khi VEC <6,87, hop kim hinh thanh pha BCC. Hdn hop pha

FCC/BCC s¢ hinh thanh khi 6,87 <VEC <8, 0.

Bang 2. Cac gia tri AS H VEC va & cua hop kim FeMnNiCrCuos

mix A

mix
AS,..: AH__.
Hep kim mix mix 5 VEC Loai pha
JK 'mol ™ kJmol *
FeMnNiCrCuos 13,14 0,10 3,37 8,11 FCC

Bang 2 ligt ké cac gia tri AS,,, AH_,, VEC va ¢ cua hop kim entropy cao
FeMnNiCrCups. C6 thé thdy ring cac gia tri trén déu nim trong tiéu chuin hinh thanh
dung dich rin pha FCC dong nhét.

D6 climg ciia bé mit 16p phi thu dugc c6 gia tri khoang 195 HVoy, gia tri ndy cao
hon so v&i do clig ciia vét lidu nén tim thép C45 (186 HVo2). Diéu nay phu hop vai két

qua phén tich pha, 16p phit chi c6 ciu tric pha FCC 1a cau tric ¢ do cling khong cao.

Hinh 2. Hinh thdi bé mat: a) Lép phi don dwong; b) Lép phii da duwong.
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Hinh thai thé dai bé mit caa 16p phu don dudng va da duong thu duge sau phun
phu laser dugc thé hién trong hinh 2. C6 thé nhan thiy rang voi cac thong sb cong nghé
da duoc tdi wu, dudng phu c6 do cao twong dbi dong déu, dam bao tinh lién tuc, bé mat
hoan chinh, khong c6 khuyét tat hay nit gay.

T6 chirc té vi miat cat ngang 16p phit don duong duge thé hién trong hinh 3. Tur
hinh 3a c6 thé thay rang 16p pha ¢6 hinh dang dudng pha dién hinh v6i bé rong khoang
2 mm va dd cao tinh tir bé mat tim dé khoang 0,8 mm, dugc chia thanh ba vung ro rét 1a
ving 16p phi, viing lién két va ving anh hudng nhiét.

T6 chire 16p phu duogc cAu tao chu yéu boi céc hat tinh thé hinh tru va déng truc,
duoc thé hién trong hinh 3. Theo quy luat dong dac, t6 chirc té vi phu thudc vao gradient
nhiét d6 (G) va tdc d6 phat trién tinh thé (R) [22]. Hinh 3b thé hién t6 chirc ving lién
két giira 16p phu va vat liéu tim dé, tai day toc do lam ngudi nhanh, gradient nhiét do
nén mot mit phang tinh thé nhé dugc hinh thanh. Tiép dén 1 1 ving tinh thé c6 cau trac
hinh try dwgc hinh thanh, c6 huéng vudéng goc v6i bé mit nén, s¢ di nhu vay vi khi vao
sdu bén trong 16p phu, gradient nhiét d¢ giam, cac tinh thé phat trién wu tién theo hudng

tan nhiét nhanh nhat, cy thé 1a huéng vudng goc véi mit phang nén. Bén ving 16p pha
(Hinh 3c), gradient nhiét d6 giam nhanh, cau triic tinh thé nhanh cay duoc hinh thanh.

30 P2 e et a)
30 T NS g A S

Hinh 3. &) Anh SEM mt cdt ngang l6p phii don dwong HEA FeMnNiCrCugs;
b) Anh dé phéng dai cao ving lién két A; ¢) Ving l6p phii B.
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Hinh 4. (a) Anh SEM; (b, ¢) Anh phé6 nguyén t6 EDS ciia cdc ving khdc nhau
trong lop phi HEA FeMnNiCrCugs.

Bdng 3. Thanh phan hod hoc cdc ving khéc nhau trong 16p phi

Lép phii Khu vye Ham hrong nguyén to (at.%6)
Fe Mn Ni Cr Cu
Theo 1y thuyét 2222 | 2222 | 22,22 | 22,22 | 11,11
FeMnNiCrCuos 1 28,28 | 16,69 | 21,28 | 25,74 | 8,02
2 21,68 | 23,64 | 22,43 | 19,33 | 12,91

Két qua ctia phép phan tich thanh phan hod hoc tai cic ving khac nhau trong 16p
pha duoc thé hién trong hinh 4 va bang 3. Su phan bd cic nguyén t6 duoc phan tich tai
ving ndi hat (ving 1) va bién hat (ving 2) va anh phd EDS tuong tng chi ra trong hinh
4b, 4c. Tir bang 2 thay rang Cu va Mn ¢6 xu hudng thién tich vao cac vi tri bién hat
(viing 2 - Hinh 4c), trong khi d6 tai viing noi hat (ving 1 - Hinh 4b) 13 noi nguyén t6 Fe
va Cr chiém ham luong cao, con nguyén t& Ni phan bd twong ddi dong déu trong ca
2 viing. Su phéan b cac nguyén td chi yéu bi anh hudng boi gia tri nhiét tron gitta cac
nguyén td trong hop kim [23]. Gia tri nhiét tron giita Cu voi Fe, Cr, Mn va Ni lan luot 1a
13, 12, 4, 4 kJ/mol [20], Cr va Fe s& bi day ra khoi khu vuc gidau Cu. Diéu nay 1a do gia
tri nhiét tron gitta Cu-Cr, Cu-Fe 1a twong dbi cao so véi cac nguyén to khac. Hon thé
nita, gia tri nhiét tron gitra Cu-Mn, Cu-Ni tuong d6i thap do d6 ving giau Cu hoa tan
Mn va Ni nhiéu hon. Gia tri nhi¢t tron ctia Ni véi Fe, Cr, Mn lan lugt la -2, -7 va
-8 kd/mol, do vay Ni phan bd kha dong déu trong hé hop kim nay.
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Tinh chat dién hoa cta 16p phu duoc danh gia trong dung dich axit H,SO4 0.5M
bang phuong phap do dong Tafel. Mdi quan hé dién thé an mon (Ecorr) - mat d6 dong in
mon (lcorr) dugc cho nhu trong hinh 5.

0

Log icorr(A.cm?)
w
T
—

6 | + Tdm dé C45
- Thép 304
L&p pht HEA FeMnNiCrCug s

1 L 1 \ 1 L I L 1
-1.0 -0.5 0.0 0.5 1.0 1.5

Ecorr(V/ Ag'AgCI)

Hinh 5. Puong cong phén cuec ciia I6p phii, thép 304 va tam dé C45 trong méi truong HSOy 0.5M.
Theo ly thuyét dién hod v61 mat do dong an mon Ieorr nhd hon, dién thé an mon

Ecor cao hon sé& thé hién kha ning chéng an mon tot hon. Nguoc lai, tinh chéng in mon

s& kém hon [24]. Céc thong sb dién hoa dugc xac dinh bang phuong phap ngoai suy

Tafel (Bang 4).

Bang 4. Cdc thong sé dién hod cuia thép nén C45, 304 va I6p phit HEA trong dung dich H2SO40.5M

Miu Ecorr (MV) leorr (A.cM?)
Tam dé C45 -450 6,29x10°
Thép khong gi 304 -410 2,07x10*
Lép phtt FeMnNiCrCugs -303 1,67x10°

Tir két qua co thé thdy, so voi tim dé C45 va thép khong gi 304 thi 16p phu
FeMnNiCrCuos HEA c6 gia tri dién thé an mon Ecorr cao nhit (-303 mV), mat d6 dong
an mon Icorr thap nhét (1,67x10° A.cm). Diéu nay c6 thé so b két luan rang 16p phii co
kha ning chdng an mon tét hon so vé6i thép khong gi 304 va thép nén C45 trong dung
dich axit HoSO4 0.5M. Vi ham luong Cr trong cac pha cao hon giéi han thanh phan
giy ra su thy dong (18% Cr), do d6 d& hinh thanh mot 16p mang thu dong trén bé mit
16p pha HEA [25]. Piéu nay dugc cho 1a nguyén nhan chinh ting cuong tinh chdng an
mon cua 16p phu nay trong dung dich axit HoSO40.5M.
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4. Két luan

Str dung cong nghé phu laser, nhom tac gia da ché tao thanh coéng 16p phu hop

kim entropy cao FeMnNiCrCuos. Lop phu c6 to chirc mot pha FCC ddng nhat, do cing
bé mit 16p phii khoang 195 HV. Giita 16p phu va nén hinh thanh lién két bén chat, duoc

chia ra cac ving 16 rang nhu ving 16p phu, ving lién két, ving anh hudng nhiét. Thong

qua do dong an mon trong méi trudng axit H2SO4 cho thay, 16p phu c6 kha ning chiu an

mon tét hon thép nén va thép khong gi. Pidu nay mang dén tiém ning st dung 16p phu

HEA lam 16p phu bdo v¢ trong moi trudong chiu an mon.
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MICROSTRUCTURES AND PROPERTIES OF THE HIGH-ENTROPY
ALLOY COATING FABRICATED BY LASER CLADDING

Abstract: FeMnNiCrCugs high-entropy alloy (HEA) coating was prepared on the C45
steel by laser cladding. Constituent phase, microstructure and chemical composition of the
coating was investigated using X-ray diffraction (XRD), scanning electron microscopy (SEM)
with energy dispersive spectroscopy (EDS), respectively. The microhardness and corrosion
resistance of the coating are also studied. Results showed that the HEA coating reveals a good
metallurgical bonding to the substrate, and they consist of the heat-affected zone, bonding zone
and cladding zone. The microstructure of the coating showed a typical dendrite crystal growing
from the substrate. FeMnNiCrCuos coating was composed a single face-center cubic (FCC)
phase, and the surface hardness of the coating is 195 HVo2. In 0.5M H,SO, solution, the coating
has better corrosion resistance than the substrate, which allows the HEA coating to be used as
an anti-corrosion coating in engineering applications.

Keywords: High-entropy alloy coating; laser cladding; microstructure; corrosion resistance.
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