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Table 1  Chemical compositions of substrate and powder (mass fraction, %)
Element Nb Cr Fe Mo Al Ti Si C Mn Ni
Substrate 5.000 19. 000 17. 450 3.000 0. 700 1. 000 0. 300 0.072 0. 200 Bal.
Powder 4.920 19. 200 18.100 3.190 0. 540 0.970 0. 200 0. 045 0. 040 Bal.
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Fig. 1 Gas-atomized IN718 alloy powder. (a) SEM image; (b) size distribution
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Table 2 Factor level table for orthogonal test of laser
cladded IN718 alloy

Factor level P /W S/(mme+s ') F /(ge+min "
1 700 4 6
2 900 6 10
3 1100 8 12
4 1300 10 14
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Fig. 2 Schematics of cross section of laser cladded layer and shear measurement.

(a) Schematic of cross section of laser

(b) schematic of shear specimen; (c) schematic of shear strength measurement
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Table 3  Characteristic sizes of IN718 laser cladded layer corresponding to orthogonal test

TestNo. P /W S /(mm-+s ') F /(gemin ") W /mm H /mm W/H S, /mm* S, /mm’ D /%
1 700 4 6 3.62 0.51 7.1 1. 34 1.24 51.8
2 700 6 10 2.98 0.57 5.2 0.92 1. 07 46. 2
3 700 8 12 2.35 0.42 5.7 0.43 0. 65 39.8
4 700 10 14 2.11 0. 31 6.8 0.24 0.43 36.0
5 900 4 10 4.01 0.95 4.2 1. 56 2.53 38.2
6 900 6 6 3.90 0. 39 10.1 1.72 1.01 63.1
7 900 8 14 3.35 0. 65 5.1 1. 07 1. 40 43.4
8 900 10 12 2.95 0. 39 7.5 0.78 0.73 51.6
9 1100 4 12 4.13 1.01 4.1 1.59 2.69 37.1
10 1100 6 14 4. 06 0.95 4.3 1.54 2.38 39.2
11 1100 8 6 3. 89 0.32 12.1 1.61 0.77 67.7
12 1100 10 10 3.90 0.33 10. 8 1. 20 0.71 62.9
13 1300 4 14 4.61 1. 40 3.3 1.76 4. 34 28.9
14 1300 6 12 4.28 0.83 5.2 1. 69 2.20 43.4
15 1300 8 10 4.02 0.58 7.0 1.62 1.47 52.5
16 1300 10 6 3.85 0.19 20.5 1.58 0.46 77.3
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Table 4 Range analysis of width of IN718 laser cladded layer

in orthogonal test

Factor K, K, K, K, R
P 2.77 3.55 3.90 4.19 1.42
S 4.09 3.81 3.40 3.10 0.99
F 3.81 3.63 3.43 3.53 0. 38

5 IEAEE P INTL8 OG22 43 B
Table 5 Range analysis of height of IN718 laser cladded layer

in orthogonal test

Factor K, K, K, K, R
r 0.45 0.59 0.65 0.75 0.30
S 0.97 0.69 0.49 0.31 0.66
F 0.35 0.61 0.66 0.83 0.48

* 6 LTI P INT18 WL )2 58 % L AR 22 0
Table 6 Range analysis of W/ H of IN718 laser cladded layer

in orthogonal test

Factor K, K, K, K, R
P 6.2 6.7 7.8 9 2.8
S 4.7 6.2 7.5 11. 4 6.7
F 12.5 6.8 5.6 4.9 7.6

F 7 IE AR b S A £ T RR (9 ) 22 43 A
Table 7 Range analysis of melting area of substrate in

orthogonal test

Factor K, K, K, K, R
P 0.73 1.28 1.49 1. 66 0.93
S 1. 56 1. 33 1.12 1. 15 0.44
F 1. 56 1.47 1.18 0.95 0.61

8 IEAHEE T INT18 P e 7 2 DU R i AR A 22 4 At
Table 8 Range analysis of deposition area of IN718 laser

cladded layer in orthogonal test

Factor K, K, K, K, R
P 0. 85 1.42 1. 64 2.11 1. 26
S 0. 87 1.44 1.57 2.14 1.27
F 2.70 1.67 1. 07 0.58 2.12

F 9 IEREE T INT18 BOGIA B2 B B SR I 22 43 b7
Table 9 Range analysis of dilution ratio of IN718 laser

cladded layer in orthogonal test

Factor K, K, K, K, R
P 43.5 49.1 51.7 50.5 8.2
S 39.0 48.0 50. 8 57.0 18
F 65.0 50.0 43.0 36.9 28.1

3.2 IZ5HM INTISBEERTER-THIERANE

Kl 3 & TS HO G 2 OB RF ) 52 BLAE
M 3Cal) ~ (ad) W] LA o BOG D) 286045 6 2 19 1
T W A v i b LA IR VR RO BE & O TR Y
PEE L BUE RS B AR e, X E B OB
B WOCT BRI, A T ) e 3G, B DUE R )=
(4 J5 i 386 001 5 TR ESE Pl 1 78 A BB B (38 0 L 5 2 i 0 A K
1 B Esa . MRIEE 4.5 A 2E BT as B mT A ok
Ty 2R B 5 R 0 T X M v S L B EOE o R
(1) 154 o e 7505 9 5 05 v 1) BB (58 8 B B4 . 55 4k
I 78 )3 T R 2R B A YO 1) 3R A 1 R 2 3 S RS U]
st ke s, MK 3(b1) ~ (bd) T LA W, 4793 3
Xof s 7 V2 T 0 T RS v 3 B Bl A L TR 2
B e LE AR B AR S R VR . 3k R e B 1 1
G B A N R 2 e D L I AR /D 5 A R
1) 15 1034 25 T BOCEA A 36 M R AR N RIS B )2 =
AR/, BEA R AS WS Hr AT N 3 R X T Y
5 M) RS X R0 A 5 W, R I Y 4 R AS DT G
B v e UGN . DG A, Bl A R R A R L e
/N A 8 i SR A Ak T R RN DT AR S R )2 T
Ry . ARG 7.8 40 B AT AL, $3 4 R X DU R
I 7 )22 TR REURA) 52 i) b X 5 A 0 b T AR 199 5% K, PR Ik
R 2 CL) AT 0, 24 43 6 R B I B, AR R R 1Y
JntE O 3Cel) ~ Ccd) AT BLE Y, 26 8 3R Ay 41
A B T B R v e (H RN R T R
FE e DA B B R A B R X R R A B 2 2R R
SR, Ry R WY BB 14 22 L TR BRI AR b
() fig it AR D, BT DA e 0 B 2 0 e B 0 SE RN 9 v L
Yol /N L R R AR,

B Pk B He T 5 w5 He T DT R RO B T4 B R
Y B RN R R T SR BROE R AL L 280N S i S5 B G
MIFOEIE B2 L TR UE iR i A8 b A 85 4 1 R A
B TR R L 78 A PR 58 w8 EL L PN g i 4 5 A
W R K, 5 A B SCH o B, o B O e
IN718 54 M T 2ZSH N  J6TI% 900 W, 4l o &
6 mm/s,EHHEZEK 10 g/min,
3.3 AHALETRNESH

B4 JEOC T INTLS & 4 5 3 Rk 71t X 38 )
WALTES ., Hh L 4 SRR S ECT A B 1%
BIZeSE L E 4 BEWHmHALE, LA H,
ST B 4 PO AN OB AR IROR I B 2 (CL) I & IX
(FZ) . # mi X (HAZ) DL K ok 52 #4058 mi i1y 3t 1k
(substrate) , 72 M W54 4 50 & 2 L 10) Ah 4
KBRS, BERMTHREZX S5EEZME, 5
ARG &G IJEE AR FIRIEIEEZA 2, H
ANFEAE T o 2% XS FR A 2 0 A X, — 5 0 7
SR IR 2 SRR 5 — O B A, R
TCRYHURE . XERCAEROLDIR S B rh, ik %k
AT A & A 3 0 s Ak L 9 il 25 DU R RS 33 31 S A4 A

1602021-4



£ 49 % £ 16 H1/2022 £ 8 A/ E M

45F .
1
(al) 1.8k (a2)
4.0F 16
141
E35f E L2}
~ ~
£ 1.0
g 3.0+ ﬁa 0.8F
0.6 e
L T
25 . | }
2.0L1 1 1 1 0'2 C ! 1 L L
700 900 1100 1300 700 900 1100 1300
Laser power /W Laser power /W
2.0
6.0F M1
(b1) 18k (b2)
5b6F
16
Bt 14}
Edsp § 12}
%4.0 S R g_n LOF
E 35} g, i 08
| L
30l 0.6 \
2.5 .l \f
L 1 1 L f 0-2 C_1 L L 1
4 6 8 10 4 6 8 10
Scanning speed /(mm - s Scanning speed /(mm - s
7.0 2.0
a5 (D 1sf
6.0F 1.6
5.5} 14
Esor E 12}
S 450 = 1o}
g ol 5
B . i"'-«—“w é 0.8 /
3.5r e = 0.6 =
3.0+ 04} 1/
2.5} 02F
6 10 12 14 6 10 12 14

Powder feeding rate /(g * min™")  Powder feeding rate /(g - min™)

B3 AL SHON INT18 HOLK 2 BUE R s m .

24+
a3 4
(a3) w0 @
20+ 70+
L L 601
16 s " .
S 1ol & o
= g 40}
=
8 T é 30
=1 :
20
4k
10 -
0 L 1 1 L 0 1 1 L L
700 900 1100 1300 700 900 1100 1300
Laser power /W Laser power /W
C 90
241" 03) (b4)
20k 80
i & ar
16 s
& 60
§ 12+ E
‘g‘ 50
=]
a

4 6 8 10
Scanning speed /(mm - s

] /
= o
8r :
-
/{ 4F
4
30
0 L 1 1 L
4 6 8 10

Scanning speed /(mm * s7%)

90

241 (c3) (ch)
80
2F
- = 701
L (=]
=
g s 60F
= é 50
= K"
8 - 5
40}
\{\ \{
4t { 30
6 1012 14 6 1012 14

Powder feeding rate /(g - min™)  Powder feeding rate /(g * min™)

(al) ~ @) PWOET 5 (b1) ~ (bd) FFEH B 5 (e1) ~ (ed) 26 M

Fig. 3 Effects of different process parameters on forming size of IN718 laser cladded layer .

(al)—(a4) Laser power;

(bl)—(b4) scanning speed; (cl)—(c4) powder feeding rate
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Table 10 Chemical compositions of precipitate phase at IN718 alloy interface (mass fraction, %)

Point No. Ti Nb Ni N C Cr Fe Mo Al
1% 5.57 58.08 3.99 - 26. 66 2.06 1. 05 1.96 0.63
28 13.19 15. 40 13. 20 - 22.17 19. 42 13.15 3.18 0.29
3# 33.24 18. 23 12.8 18. 39 5.32 7.56 3.17 1.09 0.25
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Fig. 4 Microstructures of interfacial zone between IN718 laser cladded layer and substrate. (a) Cladding layer; (b) interface;
(¢) FZ/HAZ interface; (d) HAZ; (e) HAZ/substrate interface
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Fig. 5 Microstructure and EDS element distribution around interface of fusion zone .
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Abstract

Objective The IN718 alloy is a kind of nickel-based superalloy with excellent corrosion resistance and mechanical
properties, which has been widely used in aerospace, chemical and petroleum fields. However, due to its harsh service
environment, IN718 alloy parts usually fail due to wear, corrosion and fatigue cracking, resulting in serious economic
losses. The emergence of laser cladding technology can not only efficiently restore the size of failed parts, but also obtain
controllable microstructure and properties on its surface, which greatly reduces the economic loss of enterprises. The
interfacial area between the cladded layer and substrate usually is the weakest area of remanufactured parts. This is
because the interface of cladded layer experiences multiple reciprocating processes of rapid heating and rapid cooling which
is easy to cause complex metallurgical reaction and phase transformation. It can not only promote the metallurgical
combination between the cladded layer and substrate, but also produce a heat affected zone, resulting in performance
degradation. At the same time, the poor component matching between powder and substrate and the insufficient laser
energy input are easy to lead to a series of defects such as inclusions and pores near the repaired interface. The
microstructure and properties of this area are very important to the service life of repaired IN718 alloy parts, but there is
few research on the repaired interfacial characteristics and properties of laser cladded IN718 alloy. Therefore, it is of
great significance to study the microstructure evolution and properties of the interface of IN718 laser cladded layer.

Methods The aged-IN718 alloy plate and IN718 spherical powder are used in this study. First, the laser cladding process
of IN718 alloy is optimized based on the orthogonal experimental design and the effect of process parameters on the
forming size of cladded layer is studied. Then, the interfacial microstructure characteristics are observed by an optical
microscope (OM) and scanning electron microscope (SEM), and the elemental content of precipitates is detected by an
energy disperse spectroscopy (EDS). The micro-hardness near the interface between cladded layer and substrate is tested
by a hardness tester. The bonding strength of cladded layer/substrate interface is quantitatively analyzed by the shear
test, and the fracture behavior of cladded layer interface is also analyzed.

Results and Discussions The width (W), height (H) and W/H of the cladded layer increase with the increase of the
laser power, while the dilution ratio of the cladded layer increases first and then decreases with the increase of the laser
power [Figs. 3(al)—(a4)]. The scanning speed has a negative effect on the width and height of the cladded layer, while
it has a positive effect on the W/ H and dilution ratio [ Figs. 3(bl)—(b4)]. The increase of powder feeding rate is helpful
to improve the height of the cladded layer, but it is not conducive to the improvement of width, W/H and dilution ratio
[Figs. 3(cl)—(c4)]. The optimized laser cladding process parameters of aged-IN718 alloy are as follows: the laser power
of 900 W, the scanning speed of 6 mm/s, and the powder feeding rate of 10 g¢/min. From top to bottom, the interface
includes cladded layer (CL), fusion zone (FZ), heat affected zone (HAZ) and substrate which is not affected by heat
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[Fig. 4(a)]. The microstructure of the cladded layer is dendritic crystal with directional epitaxial growth, the fusion zone
is located between the cladding zone and the substrate [Fig. 4(b)]. The upper side is connected with the cladded layer
and presents obvious crystallization characteristics, and the other side is connected with the substrate and presents
element diffusion characteristics [Fig. 4(c)]. The heat affected zone is located below the fusion zone, where the grains
grow unevenly and are obviously different from the grains in the original substrate [ Fig. 4(d)]. This is because the
energy input leads to the partial dissolution of precipitates in this region and diffusion into austenite. However, due to the
short action time at high temperature, only the precipitates with smaller size are completely dissolved, while the carbides
with larger size are not fully dissolved and continue to remain at the grain boundary [Fig. 4(e)]. The element distribution
from the cladded layer to the substrate is relatively uniform, and there is no macro-segregation (Fig. 5). This is because
the cladding layer and substrate are similar in composition and there is no obvious chemical element transition between
them. In addition, there is no plane crystal at the interface between the cladded layer and the substrate. This is because
the powder composition is similar to the substrate composition and both have a face centered cubic (FCC) crystal structure
(Fig. 6). The micro-hardness of the IN718 cladded layer is about 280 HV. The micro-hardness of the substrate is about
475 HV. The micro-hardness of the heat affected zone gradually increases from the cladded layer to the substrate
(Fig. 7). The average interfacial shear strength of the laser cladded IN718 alloy is 608.87 MPa (Fig. 8). The shear
fracture at the interface of the laser cladded IN718 alloy basically includes three parts: fiber region, radiation region and
shear lip region (Fig. 9).

Conclusions Laser cladding process parameters have a significant impact on the IN718 alloy coating. Increasing power
and reducing scanning speed are helpful to improve the width and height of the cladded layer. Increasing the powder
feeding rate and reducing the scanning speed are helpful to improve the height of the cladded layer, but not conducive to
improving the width, dilution ratio and W/H. The interface of IN718 cladded layer is surrounded by the cladded layer
zone, fusion zone, heat affected zone and substrate from top to bottom. The cladded layer presents typical dendrite
morphology. The fusion zone shows metallurgical bonding with the substrate, which is different from the cladding layer
and substrate in morphology, and there is no plane crystal. The heat affected zone is located below the fusion zone, and
the internal grains are coarsened. The element distributions at the interface are uniform and there is no macro-
segregation, but the residual Laves phase will lead to the mutation of Nb or Mo element in the cladded layer and the fusion
zone. The micro-hardness of the cladded layer is lower than that of the aged substrate, while the micro-hardness of the
heat affected zone increases gradually from the cladded layer to the substrate. The average shear strength of IN718
coating interface is 608.87 MPa. Subsequent heat treatment is needed to improve the micro-hardness and shear strength
near the interface.

Key words laser technique; laser cladding; IN718; process optimization; interface microstructure; mechanical property
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