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Fig. 1 30CrMnSiNi2A substrate. (a) Metallographic microstructure; (b) local magnification in Fig. 1(a)
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Fig. 2 Photographs of required equipment for laser cladding and the geometric shapes and sizes of mechanical specimens for

30CrMnSiNi2A steel in laser quenching and tempering states.

(a) Equipment for laser cladding; (b) impact

specimens; (c) tensile specimens
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Fig. 3 Macroscopic morphology in the cross section of 30CrMnSiNi2A substrates under multiple cladding 30CrMnSiA

coating. (a) 1 layer; (b) 2 layers; (c) 3 layers; (d) 4 layers; (e) 5 layers; (f) 6 layers; (e) 7 layers; (e) 8 layers
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Table 1 Quenching depth of 30CrMnSiNi2A substrate by multiple laser cladding

Cladding layer 1 2

4 5 6 7 8

Quenching depth /mm 1.61 1. 40 1.

1.05 0. 91 0.77 0.75 0.75
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Fig. 4 Microstructures of laser quenching zone in the 30CrMnSiNi2A substrate (located in Fig. 3). (a) 1 layer, Al zone;

(b) 2 layers, A2 zone; (c) 3 layers, A3 zone; (d) 4 layers, A4 zone; (e) 5 layers, A5 zone; (f) 6 layers, A6

zone; (g) 7 layers, A7 zone; (h) 8 layers, A8 zone
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Fig. 5 Microstructures of high temperature tempering zone in the 30CrMnSiNi2A substrate (located in Fig. 3). (a) Bl

zone; (b) B2 zone; (c¢) B3 zone; (d) B4 zone; (e) B5 zone; (f) B6 zone; (e) B7 zone; (e) B8 zone
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Fig. 6 Microstructures of partial tempering zone in the 30CrMnSiNi2A substrate (located at C1—C2 of each coating in Fig. 3).
(a) C1 zone; (b) C2 zone; (c¢) C3 zone; (d) C4 zone; (e) C5 zone; (f) C6 zone; (e) C7 zone; (e) C8 zone
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Table 2 Hardness values of 30CrMnSiNi2A substrate in heat-affected zone
Cladding layer 1 2 3 4 5 6 7 8

643. 3 640. 5 634. 4 636. 1 611.2 583.8 576.7 598.5

624. 2 646.0 657.5 657. 4 626.0 636. 1 643. 2 635.7
620.6 6112 6245 620.6 . 433.5 436.6 428.6  430.9

Quenching zone  4gg 6 457.5  459.2  446.1 446.1 430.4 452.6  459.2

\ 454. 2 467.7 447. 1 435.6 452. 6 456. 2 447.7 411. 3

Hardness /(HV, ; 1) Tempering zone

' 5302 ______ 4 8724694 467. 7 462. 6 474.3 464. 6 417.1

Substrate 569.7  560.5 540.7 @ 511.9  516.3 506.1 481.8  511.9

567.4 567.4 567.4 5605 ------ 55605386 524.0 528.1
581.4 588. 6 576.7 576.7 583.8 565. 1 57435697

596.0 601.0 598.5 586. 2 591.1 588. 6 591.1 583. 8

Average of hardness in HAZ /(HV, 5 ) 561.7 551.7 548.9 540. 6 506. 9 503.4 502. 4 499.1
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Fig. 7 Tensile properties of 30CrMnSiNi2A substrate with HAZ (1 layer to 8 layers) and 30CrMnSiNi2A substrate

4 2 .3)2.2)2.1 2,1 1600 MPa T &% 1400 MPa,
i 5 5 7 J2 5T B I R A AR o DX ) R R AR T
R AHSE ARG i FH R 2. 1% A E 2.9%: 5
30CrMnSiNi2A BE:#F P BEAH F o 75 0O 45 B3 #4008 26
VERITR o A2 25 i) DX 1) 5 35 T 998 P A fift 2R 2 ALK
HABr P s T b B M) 78 % ~88 %, MEAHRE T
M =R B 37 % ~49%,

U VO I B TG R B AR T A Y A i
AN [A] 2 B0 1Y 47 8 2 % 30CrMnSiNi2 A HE & i £ ¥k
TR KC, T O T i) X S e R A7 AE 55 0,
FEMRMEIETIFHT B2 2. 7 )21 2.3 )24 2,
5206 )28 2, B Sk ey Bl G s 2 B0, ik
AR i [XZE it S5 398 i, (R v R 2 A A B o
2 ERUEH T JZB ARG A X,

Kl 8 N Z 24 H 5 30CrMnSiNi2A JE K # 5%
M) DXt o 7 28 67 L 22 YR 3O A BRVE i 3
TR XM RS 25 I 1 ~5 B MEUR 3

SO HOG R X BE A E EO i, T FC AR 4 ZUR
AL FEEE BN, ULIE 8(a) ~ K 8(e) i 15 6 )2, 3
SUR RS 2 44 51 EOE R R X L R
ZHZVEL T S o0 A B3R EC AR I — g IR 2k X CHL I (A
HAE 5E 4 50 LR I, WK 8 (D FT s 15 3
TEVHEUR RSN 2 b0 O R 5E e
B X O 58 4 P00 2 [ R 41 280 FI AT K2R 6 )2 1Y
WO T 2 IR KX, UL 8 () BT R M
8 2, WEUR A S CHHTE S 7 2 SR R 2
R X, 30CrMnSiNi2 A 4K 1 Bk & i 8K L 58
SEVRRE PR A RS GRS R, B —
R ) A o T v I I ok DX AR R R AT PR Ot A B A N
JIVERTE i ]k X2 15 B8 M AR T AN P
LRSS GORAVIE S s S 34 e o (= 4
XA K,

& 9 S 30CrMnSiNi2 A FE A& #4452 i X Hr i 3
FEWr B S 2R 22 5 L 3R R G i X

0602104-6



F£48% £ 6 H/2021 £3 A/ E

: =, 1Q7 1/\ %
\‘/ I\ N
QZ 500 1l \ 7 500 um \\ /

[ 8 30CrMnSiNi2 A FE PR # mi KPR e W 245 2406 . (OB E 1 2 REIER KX (DEHE 2 2R ER KX ; (k%
B3NSR KK (DIEE 4 Z R m iR R X (%8 5 21 m il B X (DR 6 2 190G R iR Ik X+ —fig
KI5 (8 7 2RI HOCTREE X + 45 6 2 BOG VR 2 /Y &R Ik X (DT 8 J2 . 55 7 J2 VA2 1 & i 171 2k X

Fig. 8 Initiation fracture position of tensile specimens in HAZ of the 30CrMnSiNi2A substrate. (a) High temperature
tempering zone (HTTZ) in 1 cladding layer; (b) HTTZ in 2 cladding layers; (¢) HTTZ in 3 cladding layers;

(d) HTTZ in 4 cladding layers; (e) HTTZ in 5 cladding layers; (f) HTTZ in 6 cladding layers— partial tempering

zone (TZ); (g) incomplete quenching zone (IQZ) in 7 cladding layers+ HTTZ in 6th-cladding layer; (h) HTTZ of

7th-cladding layer in 8 cladding layers
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Fig. 9 Fracture morphology of the tensile specimens of the 30CrMnSiNi2A substrate with HAZ after multiple layer
cladding. (a) Macro-morphology of the fracture for 1 cladding layer; (b) crack initiation zone and (c) crack growth

zone are shown in Fig. 9(a); (d) macro-morphology of the fracture for 2 cladding layers; (e) crack initiation zone

and (f) crack growth zone are shown in Fig. 9(d); (g) macro-morphology of the fracture for 7 cladding layers;

(h) crack initiation zone and (i) crack growth zone are shown in Fig. 9 (g); (j) macro-morphology of the fracture

for 8 cladding layers; (k) crack initiation zone and (1) crack growth zone are shown in Fig. 9(j)
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Fig. 10 Impact toughness of HAZ in 30CrMnSiNi2 A

substrate according to different cladding layers
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Influence of Multilayer Laser Cladding on the Microstructure and
Properties of 30CrMnSiNi2A Steel Substrate
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' Shanghai Key Laboratory of Materials Laser Processing and Modification, School of
Materials Science and Engineering, Shanghai Jiao Tong University, Shanghai 200240, China ;
*PLA 4724 Plant, Shanghai 200436, China

Abstract

Objective Compared with conventional welding repair methods, laser cladding, an advanced surface modification

technology, uses nonequilibrium processing conditions, such as rapid heating and cooling, to fabricate similar alloy

compositions on the surface of high-strength steel components. The coating can exhibit refined grains and high

dislocation density to achieve high strength and ductility of the repair zone. Therefore, it is a potential for the laser

repair of high-strength steel surfaces. Traditional welding methods are used to repair high-strength steel using

multilayer and multipass repair welding. Multiple welding thermal cycles induce coarse grains in the heat-affected

zone (HAZ), which can lead to significant embrittlement and poor impact toughness of the high-strength steel

substrate. Similar to traditional welding, the multilayer and multipass thermal cycles in laser cladding can have

multiple tempering effects on the substrate hardened zone, which can lead to grain coarsening and strength softening

0602104-10
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of the substrate in HAZ. For the multilayer and multipass laser repair of high-strength steel components, in addition
to the effective control of the microstructure and performance of the cladding layer, the softening problem of HAZ in
the high-strength substrate and the deterioration of mechanical properties (i.e., low strength and poor elongation)
must be overcome. Therefore, in this study, the variation trends of the microstructure evolution and mechanical
properties of HAZ in the 30CrMnSiNiZA substrate were shown to be beneficial in controlling the strength and ductility
of the repaired high-strength steel parts.

Methods Multilayer laser cladding 30CrMnSiA powders were processed on thick 30CrMnSiNi2A steel plates with
geometric sizes of 120 mm X 60 mm X 10 mm using the 8-kW semiconductor laser (Laserline LDF-8000-60). The
laser cladding parameters were as follows: 2100-W laser power, 7.3-mm beam diameter, 9-mm/s laser scanning
speed, 10-g/min powder feed rate, 10-L/min powder feed gas flow, 20-L/min coaxial shielding gas flow, and
0.3-mm single clad layer. The substrates were separately cladded using 1-8 layers, and the samples were retained in
the air-cooling state. The microstructure was characterized using the Zeiss-AxioCam MRc5 optical microscope and
TESCAN-LYRAS3 scanning electron microscope. The microhardness was characterized using the Zwick/Roell ZHp
Vickers microhardness tester with 0.5-kgf load and 15-s holding time. To investigate the mechanical properties of
HAZ subjected to different laser thermal cycles, the cladding coating was cut off, and the hardened layer and
tempered zone of the substrate were retained. Tensile and impact samples were prepared using the Zwick/Roell Z100
tensile testing machine and 300 J impact testing machine.

Results Owing to rapid laser heating, the first cladding layer did not significantly decompose the residual austenite
of the substrate for tempering; however, the following layers had an obvious effect on the residual austenite
decomposition, which slightly decreased the sample ductility and impact toughness. With an increase in the number
of cladding layers, the ductility of the specimen samples increased, and initial crack and crack growth occurred in the
high-temperature tempering zone (HTTZ); however, when the cladding layers did not quench the substrate, initial
crack and crack growth occurred in the incomplete quenching zone (IQZ) and HTTZ. Moreover, the uniform plastic
deformation decreased, resulting in a significant decrease in the elongation.

Conclusions and Discussions Each cladding layer can repetitively quench the substrate during multiple cladding.
However, the quenching depth gradually decreased with an increase in the number of cladding layers because the
former deposited layers absorbed the heat. IQZ occurred when the thermal cycle could not heat the substrate above
the austenitizing temperature and the cladding layer that did not quench the substrate began to produce a tempering
effect with an increase in the number of cladding layers. Each cladding layer had the tempering effect on the
30CrMnSiNi2A substrate during the multilayer process. With the increasing number of cladding layers, the residual
austenite among the substrate martensite lath bundles first decomposed, the carbides gradually precipitated, and the
martensite laths coarsened, becoming wider and blocky until the lath martensite completely transformed into a
sorbite microstructure. In terms of the mechanical properties of the substrate in HAZ, the tensile strength gradually
decreased and the impact toughness gradually increased with the number of cladding layers. Owing to rapid laser
heating, the first cladding layer will not decompose the tempered retained austenite (RA) in the substrate; however,
the double cladding layers will significantly decompose RA. Because of the decrease in the ductile RA phases, the
tensile elongation and impact toughness of the double cladding layers were slightly reduced.

Key words Ilaser technique; laser cladding; thermal cycle; heat-affected zone; microstructure; mechanical
properties
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