#50% & 24H/2023 F 12 B/FEEN

D OE PR AL 4% TiB,-TiC Bik: B o 8 36 vk 2 H 2L %
PEREWE 52

R4 BRRY, RER RBA A, g
VT Tl K AER O de i i iE F ST BE L WTIT B 3100235
P Tl KM TR 24 B, WY1 BLM 3100235
150 i O ) i 2 A A IR AL A B [E B L, WV BN 310023

FE BT A e B AR T 22 Y )AL, R T

A T IR AR A TR [ AE TiB,-TiC Uk g 5 i1

HEABE HEBC-TIAAY 12%.36% =M RSET W5 T & 2402 WAL ROW AL 2R s fE . A
FH -2 VE g AR R (E2E MR R0 ) T30 T B [ A 0 A9 S T D BC N 00, AW T R 1 2 AR g S 0RO A% A 0 1 T i
o ZEIRBW, A SR T8 i AR R Fe-AL S 8 AL A 4 M R R B i ST 4il/N B TiB, . TiC . Cr,B %5 i
o7 38 08 WURE 20 B . JEE E AR TIC  TiBL A 5 o ALK L TiC/ TiB, W AR =2 8] i T 1] FE 25 10 R0 5 - 18] JE 28 e Y /N T
10%% , 2 WA 38 5 ok 5 3 56 =22 W] Al 45 5 R4, B TiB, ol /4 TiC BB O o & 4102 035 i 1 5 0k
1156.11 HV , 25 Jg LR A 15.2 4% , BE SRR L JE R FR AR T 89.6 % , Tiif B M fE i & i o

KEE BOGHAR; BOLH ek AL BOREMRIRZ; -l VCECEIRL TR AR

HESES TGL78 NERES A

1 51 5

R LS =Ry - I 7. SN = i 191 ]
Pl TCREME S YRR 2 TR AR E R B R H BT
CHA LBV E . B AT g W R &
L (I ) Y S | PRV S 1 BT 3 = ) B A o/ S
LA ST TICEE (IS 1/3) 78715 B s HE
HA RN HERRHR REWL, 8420
4] {E R J 0 2 Tif B 4 i R ot R A 1 L AR BB R R B P i
M. NEGER A &R MERNA L P E A G
iy, 7F H 2w A PR AR AL S B A MR (AMCs) 1% )2
BB Z MR . fE AMCs R 3ERE B, 51 A
W % OB (4 ALO,Y  SiCY W CH 45 ) AV kg 488 5 4H AT LA
HE— 25 R v TR R R b A . K
W, TiB, M TiC Uk 2 41k foki i 68, B 5 8 i 1k
A R, A R SR A S SR R A W 5]
MRz =

TER A 4 B VTR AMCs 3 2 09 1 3 T 2040 455 44
LR SRV T RN = I R = B -y, 7 1
Fo L ot R m A 4R —F A m /N i TRCRE LT
M B I S 0 3 T R B AR e R v RE R O

DOI: 10.3788/CJL230645

oo E5EMERmEEEL, ARLIARESH
MW RAFR &S A A 04 R 2 H ot S 2 AT T
IV A IO FF T O i R R T TR R St A P
[ 2 A b, W1 LR AR BR 4R A 4 PR AR AL B8 1 IR B 4R A5
B2 G0 B R TR 42 B A A RN 2 T T
YIS SO &L ZE . BN A RO S
SAF ARG & RE MG & T AMCs iR )2 LUR
WEHAEE LA P . kWS E T 70758 A
S EH4E T TI/TIBCN ESRZE . 5E 464Kk
A EE , % J2 09 SF 249 B 13 5 T % 1 4 15 24 T . Chong
FUHE 6061 A A LR HEOLE S ERGIATA
] Ee A5 9 Mo/ TiC By 2K , 24 TiC Ji & 43 0k 21 70 % B
T s P i A A, L L B e A UKL 3 A N 3 5 BT S
% . Katipelli 25" 7E 6061 R & 4 F W EHE T
TiC Ky AR /D& Stk A, Wi #os A e ARSGH T
e B RE L TS B R 2 O KBRS TN SioT R BB 98 A AL
A A L T M R U B L B TR 2 T i . Zhang
VTR 6061 R A A R LR O R A 2B R
SR A BT TiB, 3 AR 2 A MR, & 0T 3 i ek AR
TiB, & 5k V8 5 &2 A bR b A RSE R B, i 2 40
KA BE AN E] 2.74 GPa. 7 LRWFIE R KB, i T45

KR EHEE: 2023-03-23; 1B B H: 2023-05-09; FABH: 2023-06-13; MEE L BH: 2023-07-04
EE£WB: HEAARR IS (52205221,52175443) , Wil A R F#FE 4 8 KT H (LD22E050013) | H [E L2 B 77 I 44 %)

FooR 5 TR BT B2 G & T 3 4
BEIEE . Tlaser@zjut.edu.cn

2402202-1


https://dx.doi.org/10.3788/CJL230645
mailto:E-mail:laser@zjut.edu.cn
mailto:E-mail:laser@zjut.edu.cn

% 50% £ 24 #1/2023 £ 12 B/ E#

B B IR 5 R 22 B I B R OR 22 T ) ) A T 2
RHRR PR 22 | Ak %% By 7= 1 i 1 4 v R AR AR TP
SEBLG BRIEI N . ot — A PR R B T L SR
TE 0t v B 2R B R ORE , RE % 3R A B 4 10 i
s &k, BLHRST4/N o A S8 2], A R T b R
A TERERY PR T .

F B R Fe- Al 4 & 6] 16 5 o i i T B PR 4 i
RYCANEI S, B Fe U 2K I8z AIE, 2 B A
LA A JR U 3 0 s T L TR ORE Y AR ST Fe JE R
il # Fe-Al 4 J& WAL & W15 8 525 02 19 & 8 2R K
IeAh, Ti5 BLC NS Z ARG JE o0 2 B A B 9 55 F
T, %% 5y 38 i D 7 SO A A A P B R S Y R 5 P
LI H TG EAE N — G PEoC &, al B R R & A S
<5 Jm 22 18] ) 5 THTBE R 2 T 5K 7, B g I, DA T
— AR B A S EE . HIL, A SCRA Fe-Ti-B,C
RZ 726061 65 & 4w L, il i O A 6 B AR il
# 1R AL A A TiB,-TiC W3R 25 IR 2, WH5E 7 AR B

PO BT I 2 R £ R RO 2L 4 R T RE (1 B
FF I 1 300 VG eSS 78 6t DA [ A Pl I A 1 B T 2
AT T 5007
2 IR RS ik
2.1 RIEF R

R 6061 40 A 4 M, R5F 2 40 mm X 60 mm X
10 mm , HoAb 2 i 20 R % 1R % o K 58 i & i
(40 mm X 60 mm) ] SiC #4840 0%, B O BE vk =
WAL T R s SE &M . WREM B B.C
WA CRLEE S 20~30 pm, JiE 43 50k 99.9%6) A4l Ti
By A O 3 B0 99.9%) , #e W) i) & L 1: 3R A&
B3 B,C-TiM K, RIS Fedk A4 &8 KT
Foo 7EmAE AT B BRI BB AR IR A, & A
T3 F BRI E] R 2 h, #% 3k 300 r/min, IR AR B
W AMETREH o 56 T RE S RS B4y D L Nk 2
R o

1 60610 A G MPILS GBI AR (BRI H, %0)

Table 1 Chemical compositions of 6061 aluminum alloy and Fe-based alloy powder (mass fraction, %)

Element B Si Mn Mg Cr Ni Others Al Fe
6061 - 0.40-0.80 0.15-0.40 0.80-1.20 0.04-0.35 - 0.15 Bal. 0.70
Fe-based powder 0.81 0.95 0.40 17.96 4.23 0.69 Bal.

*2 T (B H, 0)

Table 2 Composition proportions (mass fraction, %)

Specimen No. B,C-Ti Fe-based alloy
LA1 4 96
LA2 12 88
LA3 36 64
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Fig. 1 Morphologies of mixed powder and schematic of laser alloying process. (a) Schematic of laser alloying process; (b) pre-placed

powder morphology of LA1 sample ; (c¢) pre-placed powder morphology of LA2 sample ; (d) pre-placed powder morphology of
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Fig. 3 Thermodynamic calculation results of in-sizu reactions in melt pool. (a) AG; in chemical reactions (1) and (2); (b) AG, before

and after formation of 1 mol reactants
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Fig. 4 Cross-sectional morphologies of alloyed layers. (a) Cross-sectional morphology of alloyed layer of LA1 sample; (b) element

distributions; (¢) cross-sectional morphology of multi-lap alloyed layer
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Fig. 6 Typical microstructures and compositional analysis of alloyed layer of LA1 sample. (a)(b) Typical microstructures; (¢)-(f) EDS

analysis results

g MMWM@MMM
'% @ o
z e jo B
E MW‘ WW&
b o

Distance

K7 faZE PR adgl.(a) SEMIESL; (b)EDS 214 X 48 ; (¢)EDS LA 45
Fig. 7 Composite structure in alloyed layer. (a) SEM morphology; (b) EDS line scanning area; (¢) EDS line scanning result

2402202-6



% 50% 5 24 #1/2023 £ 12 B/ E#

A TiB WA T 2, H 2 T A AN B0 000 kR A0k D) 32
BLE A TiLC M Rl oT 2, B o 0 5 mT BB O TiC 7
TiB, 3% i 38 i 5 JUE % B U &2 A 4141, Duschanek
ST Ti-B-C “ oM E I T TIC-TiB, & & 45
MM &, & BRAE (2620+15)°C Ak AT RLFE ), TiC,,-TiB,
(xR TiM JEF 505 80 L 454, B TiC 5 TiB, Z [H]
A0 Y R U EC B AT R T TIC A TIB, A BT
DI R

J A T AR SC R TIC-TiB, & A 414U B i AL ER , F
FH 1 - 71 T Bg A5 R () BR E2EM BB ) X o-Al/TiC |
«-Al/TiB, L J TiC/TiB, Z [8] §) § ¥ 2k B ¥ 17 31
SR i R A e 2 bR R HE AR ) 1Y JRL - [R] B
1 b 10T [B) B A9 DT L, ST A (R 40 A D)1 A A DS C 6
Fo JEFIEEE R B () 55 b T ) BE R B () i a5 A
515

s g S S AR A R — 2 HE Ty 1) B R (R BE e SR SR
TE AR - FH I DG B 25 HE 5 ) 19 J5 181 B 5 o v 2 SE AR AH
Hp A 2 HE ) % HE T O T AL EE o 0 R RO A R T
A B 5 A VL DG C %% HE 5 1) %% HE T I ()R . o
0% BN £ 5 £ R L B

a-AlLTiC F1 TiB, 1y & & 2% Z B 55 3 s,
Ha.b.c HMmME= " MK E. HE SR &G4
BE SR, B a-Al 5 TiC.«-Al 5 TiB, Bl K
TiC 5 TiB, Z ] B9 J5t [ B J¢ B A0 a) #E 2K e 3 /2
E2EM #5585 5 {8 , H «-Al/TiB, i 2% il JF B K T
a-Al/TiC. %12 B B2 A7 R F P % A 5 4w S5 [a]
VI R M T - Al R A = TR~ DAER i R
M, P A7 AR R TIC L TiB, 2 a] 7F ok a2 1Y 46
A SR UKL , B TiB./ AL B T 045 Ak M ka E
P — SRS 0 A OBk E M — B BeAh,
T TiB,/TiC Z [a] HA 3K B9 28 B B LA K& TiC 5 TiB,

plmnl (ny AT ATy A S 0 R AT
o TiC fig % LA AR ¥ e 2% 4 0 U7 TiB, i A i 9 K
o |du— K, B I8 WAL 6 BT 7R B B OIR - B Bk B2 A
= O,
#3 @ ALTIC HTiB, Y & A2 e
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Abstract

Objective

The low hardness and poor wear resistance of aluminum materials greatly limit their use in wear environments.

Preparing coatings of particle-reinforced aluminum matrix composites (AMCs) by the laser alloying process can effectively improve

their surface properties while maintaining their bulk advantage. However, large differences in physical and chemical properties and the

low wettability between the particle reinforcements and aluminum melt cause significant stress concentration and plastic deformation at
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the interface, resulting in serious defects. To further improve the properties, in-sizu synthesized TiB,-TiC particle-reinforced AMCs
coatings are fabricated by laser alloying on the surface of a 6061 Al alloy using the Ti-B,C system. The phase composition,
microstructure, and wear properties of the alloyed coatings with various Ti-B,C mass fractions are investigated. Interfacial matching

of in-situ particles is calculated by an edge-to-edge matching model, and the possibility of heterogeneous nucleation is discussed.

Methods Fe-based alloy, Ti, and B,C mixed powders are pre-placed on a 6061 Al alloy substrate with a thickness of 0.4 mm.
Then, the laser alloying process is conducted using a continuous laser (Fig. 1) to fabricate in-situ TiB,-TiC-reinforced AMCs
coatings. The microstructure of the coatings is investigated using a scanning electron microscope (SEM), and the chemical
compositions are analyzed with an attached energy dispersive spectrometer (EDS). For the phase constituents of the coatings, X-ray
diffraction (XRD) patterns are recorded on an X-ray diffractometer with a working voltage at 40 kV and a scan rate at 10(°)/min. A
Vickers microhardness tester is used to measure the hardness distributions of the coatings at a load of 200 g for 10 s. To test the wear
resistance of the alloyed coatings, a ball-on-disc wear tester is used. The load is 750 g, and the rotational speed is 350 r/min. After a
20-min test, a laser scanning confocal microscope (CLLSM) is used to examine the three-dimensional morphologies and cross-section
profiles of the worn surface. Additionally, interfacial matching of the in-situ particles is calculated by an edge-to-edge matching

(E2EM) model, and the interfacial microstructure characteristics are analyzed.

Results and Discussions Laser alloyed coatings with good metallurgical bonding are obtained under optimized parameters, and
the microstructure of the coatings is dense without obvious defects such as cracks and pores (Fig. 4). The alloyed coatings are mainly
composed of Fe-Al intermetallics and dispersed TiB, and TiC particle reinforcements. Thermodynamic calculations are given to
analyze the complex in-situ chemical reactions in the molten pool (Fig. 3). With an increase in the B,C-Ti content, the strip-shaped Fe-
Al intermetallic compound in the alloyed coating is obviously refined and gradually transforms into a needle shape, and the mass
fraction of in-situ synthesized TiB, and TiC in the coating increases (Fig. 5). Furthermore, the interplanar and interatomic spacing
misfit between the Al/TiC and Al/TiB, are less than the threshold value of the E2EM model, demonstrating strong bonding between
the reinforcement and the substrate. Additionally, a low misfit of TiC/TiB, indicates that TiC crystals can precipitate and grow on
the surface of TiB, by way of heterogeneous nucleation. Finally, the TiB,-TiC composite structure is in-situ formed in the alloyed
coating (Figs. 7 and 8). The dispersion strengthening of the fine in-sizu reinforcing phases and the solid solution strengthening of Fe-Al
compounds give rise to high microhardness and good wear resistance.

Conclusions In-situ synthesized TiB,-TiC particle-reinforced AMCs coatings are fabricated by laser alloying to improve the surface
properties of a 6061 Al alloy substrate. The phase composition, microstructure, and wear of the alloyed coatings with various Ti-B,C
mass fractions are investigated. The alloyed coatings mainly consist of strip-shaped or needle-shaped Fe-Al intermetallics and small
dispersed in-situ reinforcements such as TiB,, TiC, and Cr,B. The misfits between the a-Al/TiC and «-Al/TiB, phases are less than
10% , demonstrating strong bonding between the reinforcements and the substrate. Additionally, a low misfit of TiC/TiB, indicates
that TiB, serves as an effective heterogeneous nucleus for TiC during the laser alloying process. The average microhardness of the
alloyed coating is 1156.11 HV, approximately 15.2 times that of the substrate. Moreover, an 89.6% reduction in the volume loss

significantly enhances wear resistance.

Key words laser technique; laser alloying; in-situ synthesis; particle-reinforced coatings; edge-to-edge matching model; wear

resistance
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