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Table 1 Powder particle size distribution

Material D,, /pm D., /pm Dy, /pm Average powder size /pm

Fe 11.99 28.48 51.10 26.82

Cr 24.42 43.47 71.23 41.19

Ni 24.17 38.68 60.16 36. 04

3041 pre-alloyed powder 18. 60 33.44 53. 28 30.12

F 2 304L WG 4 MR MOCZ IR A 8 AR B 46 2% o)
Table 2 Chemical composition of 3041 pre-alloyed powder and elemental mixed powder
Mass fraction /%
Material
Fe Cr N1 Si Mn S P C O

3041 pre-alloyed powder Balance 19. 46 9.39 0.59 0.92 0.007 0.012 0.018 0.028
Elemental mixed powder Balance 18. 89 10.91 0.02 0.017 0.003 0.005 0.003 0.120
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BT BARM SEMIES . (a)Fe ki ; (b)Cris ()N ; (d)ITLRIRA A ; () 304L BIS &4 R
Fig. 1 SEM morphologies of powders. (a) Fe powder; (b) Cr powder; (¢) Ni powder; (d) elemental mixed powder; (e) 3041 pre-alloyed

powder
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Fig. 2 Macro appearance of samples and laser energy density value. (a) Macro appearance of 3041 in-situ alloyed samples prepared by

LPBF using elemental mixed powder; (b) laser energy density value
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Table 3 Sample number, process parameters, and relative density

Sample No. P/W v/(mm-s ') E/(Jomm™) Density /(g=cm *) Relative density /%
S1 110 650 71 7.703 97. 14
S2 170 650 109 7.772 98.01
S3 230 650 147 7.855 99. 05
S4 290 650 186 7.846 98. 94
S5 230 500 217 7.798 98. 34
S6 290 500 242 7.802 98. 39
Al 230 650 147 7.856 99.07
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Fig. 4 OM morphologies of 3041 in-sizu alloyed samples and pre-alloyed powder LPBF sample. (a) Sample A1; (b) sample S3;
(c) sample S6; (d) sample Al
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Fig. 5 Melt pool SEM morphologies of 3041 in-situ alloyed samples and pre-alloyed powder LPBF sample. (a) Sample Al;
(b) sample S3; (c) sample S6; (d) sample A1l

CNE T R A B R T R ORI, A el AW RO B BN, Fe .CrM Ni LR & &
Yy Ir T UL A ARG ORL) o i & 7(a) L (b) () T LA (14 BT JEE P K, B A O RE R A O

0402001-5



HEXE-MRIEX

sample S3 [RANGE 1

#5505 £ 48/2023F 2 B/HEEN

sample S6 [QASRO VT

K6 304L 5 A A 4Lk FE M EDS 4381 . (a) S3 i FE 5 (b) S6 ik
Fig. 6 EDS analysis of 3041 in-situ alloyed samples. (a) S3 sample; (b) S6 sample
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Fig. 7 EDS analysis of 304L in-situ alloyed sample. (a) Mass fraction of Fe; (b) mass fraction of Cr; (c) mass fraction of Ni; (d) mass

fraction deviation

FORE BE ] /N . LA Fegu 3 R0, YOG RE = % N
71 1/ mm’ i, Hg B 72, 01%6~91. 29% Z 8]
Bl e KA 22 0 19. 28 4N H 43 a5 2 BE R 4 R B
242 J/mm’ i}, F T 6 43 BPE 69. 26 %0~71.22% Z [H]
Wedh RN 1. 96 N EH . B 7(d) & ILEM
X B i AECS IR A R R i o0 & i o B0 e 22

EIRZE g R g (1NN B v/ 1 & NS
FIOC RN BME Y S B AR BOA 58K 2 B
WO RE I BRI, SRE 0 B 1 A0 R B R L LA
I 22 32 BT/, 24 SO Rl B % B O 242 J/mm’ i, Fe,
Cr FI NI (9 BT & 43 %00 22 73 5 0.2%6 . —0.4% F
0.2% , BLHICRY B 5.

0402001-6



HEXE -HRLEX

Fe . Cr M NiJC 2 IR & B K 7£ LPBF i #2 i i 3
AL 3K B Jy AL HE A 5 — e R A
PN S A T A4 32 2 A 2% o0 2R UKL % AR N 2 A oy R
RAEBME; MR E &N HEE EXZE ™
AREFHHEY /. A, BT OnE R K Z 1)
FETENE m HOE RIS R B IR E S e 2 R,
mCrot & MM AN 1857 °C L, T Fe ot R
(1535 °C) M NiJC & (1453 °C) , 1£ 52 83O I8 5F 1w}
KR I AR FAE AR AN (R, DT 3G KT 3 5 AR i AR Y
M. Yne R RN ET, 2 R g R
P Y 2 457 BB R A 559 1 /0N L 2K R o A R RS T
S R A, T8 S0 B A B AR A A b A5 R A
1 S Cr ot 2 23 DB T UKL 1 T 209l AR A JE i
AL AN B 5 Ca) T 5 6 SO ROBE B, 5K 9 2 b IR
JEE R 58 R ) VS A5 B I (R B AN R F 45 Je R Z R T
SYEYEC. AN RYESCER16 ], 5 T 4 JE R oK A [
AR HR R 37 1 R A WA TP R P RS 2~4 A B
S, T A S A R AR S A R R AR
P B A B PR B AR A TS Y 45 BE e R T L
5 B LY B A0 o YOG AR i R R s
JE AR R K, 0 M R AR A b o R P A R
IR A A5 B B ) 3G, R b R A 2= e e X I AR
SR HEASOR L SRR K In R #
AN R B IR A B A R S, Fb ot R
Ky A AT LA SE B 214k .

HEEEENE, ELPBEF MG 4& M T AH O
Hh R 43 459 5 P R B R i RTRE B0 R R B L 9
WA 5T R A3 3850 M e KRR S6 Y B0 R
98. 39% KT S3 1l FE M 8% B (99. 05%) . XK
— B TR HEOT RO B = e L B2 R
B 72 L 2 B ARG R 10 B0 B, X RO DL AE TR A R R
Z R S 2 BRI L B B Wk, LPBF
JEASE A 4 Ak 8 X ASCFE T 0 AT A s 2 A LR B
R RE X XA Tl TR T E &
B3R,
3.3 YEEH

8 AR FE 1) EBSD K2l 25 5 . 118 8(a) ((b) .
()P H1, S3.S6 F AT FE By & k7 B ) 32 28 5 Bl AL 53
1 AH S3IKFE N AEAEVF Z /N i kL, K1 8(g) . (h) .
(1) Bt 7R 19 &R RSF 4 A B 7 B R, S3REE 1 di
RFI B /NF S6 fit ATIFE . 4811, S3IFEF
R AR 3.4 pm, /N T S6IREERY 5.4 pm ALK
FER 6.9 pmo S3 AL b 40 & B R R AR - AR
LPBF &[5 i 72 6 it 938 47 76 R 50 2 08 A0 i = 0
A Cr Uk LA e Croc s AR X, 3 28 XA o 7 B
B AR TS S L8 T 4 foR I BE . S6 Al
ATIRFE T8 N 41 53 7 /L 59 (B [ A2 O 5 )
Y [ FL AL 41 2 DA AR 2B A= K B R tR o0 38 TR

#5505 £ 48/2023F 2 B/HEEN
RFHIXT K .

K8 (d) ., (e) (f) B s . S3 4k ke 4k 5m 7
(BCC) il 0> 37 7 (FCC) SUAR 4L A%, Hvp BCC 1Y
T AR Hk 67.8% , FCC AH Y 1 AL 40 B0 R 32. 2% 5
S6 fl AT AR 8 FCC ¥ . 7€ 304L Bl & & B K
7 LPBF #E [A o #2 v, A 1 56 88 [ AT i o (BCC) 8k
IR MG &AM (L+o) >y (FCC), W Ik Al
FEEWR T M FCC B IGMARHALN ", S6ikFEH T
B R B SEAR A RE S FCC B Al . S3 kAR A
T Z2385 AR T 23 8HE (HH H FCC
I BCC BUAH 4L AL, 3 3 02 fy H N 3 A7 #F Fe .Cr Al
Ni T E&EEXFHEN ., WYESCB (3309 HE, &
LPBFATEIA R, Y Fe-Ni o & &K & h Fe iy i &
o B AE 80. 14%~98.87% Z Al Bf , & {k 4 BCC M
FCC XA 25 4 , 3 H BCC i i A2 4 B ¥ 18 80% LA
Fo X —Z5 U Fe ot £ & £ 22 3 BCC HIE
W EAEHEKRT NiTE NV ERKBEE LR, S
EEFCCHIMIE R, M Crot B MR KA ot &,
K 9 J& 18 H Thermo-Cale 4% 4 31 55 # 3041 A~ 45 8 1Y)
A B E9(a) ], #E 800 C #1240 ‘C 2 6] Hy
FCCHAMX . E 9(b)B/x,7E 1200 CF [ FCC B A
XY, Cr iy i 2 B0 i 19.5% J5 , BCC M % &
TFER B TF s . X Crot R AV & A2 ¥ BCC A
W TE B,

3.4 BHMERE

P10 A ik i Y S TR 32 B RO BB o A
i, B A A AR R B S IR B N 302 HV 32 i T B
F| 224 HV, Hoop STRAE B9 & 68 B2 (302 HV ) AH 382
T W A& 4 ¥ K LPBF i B A1 (239 HV) # & T
26.4% . ERMOBFOLEEEEIE T, FM A 2R
Rl SIS 2 PR D=/ S IR Y | TH
A X R Y SR A AL, 7R A A
R 5 2) ar i BUAS 4 50 3 BB B 41 40 FCC+
BCC W AH &5 ¥, 1 Fh 52 e 25 W 76 T8 728 i 72 vh ] AR
PR F5 2 S 1E A A0 R 48 = 5 3) o &R
B AR X 2 ) Y AR ik R B DT D o A5 3 1R A R 1
Jai 7 A v A A RN AR A N T e BRI
B AL RIVE T R 0 B AR T /8 ) A5 B 4R L R
T B (B R o B PEOGBE B R, AL A Ak
S =S N RS i U Ay G S B s 1 R W = S £
T 0 T AR AU

4 45 B

PL Fe.Cr F1 NiJt R IR G 8 K b 5 A K, R
LPBF £ AR il & 1 A G 4 Ak 3041 A5 B il A, i 5%
T TZESHT IR E OWASUE S 85350 1
AF 45 F4 0 I GRS e, OB R B A AR 5
A4 K LPBF BUAEE T T X He, 15 2] 59 = 2 o7 45

0402001-7



HEXE-MRIEX

I BCC 67.8%
I FCC 32.2% IFCC 100%

0.30 0.30
0.28 | 0.28 |
0.26 | 0.26 1
024 0.24
030 | 030 |
g 5o § L
Q . il Q . B
8 8 014 8 014
& = 012 | = 012 }
0.10 0.10
0.08 0.08
0.06 0.06
0.04 0.04
0.0(2) 0.0%
10 20 30 40 0 10 20 30 40 0 10 20 30 40
Grain size /um Grain size /um Grain size /um

B8 304L AL A 4 1k LPBF ik A 45 4 B R LPBF IR (¥ EBSD foRL I I K2 AH 43 i o (a) ~ () S3.S6 A1 A (1 KL EC 1) 4] 5
(d)~(£)S3.S6 ALIKAEAY ARG 11 8] 5 () ~(1)S3.S6 AT FE 1y kL R 43 A B 7 &
Fig. 8 EBSD grain orientation and phase distribution of 304L in-situ alloyed LPBF samples and pre-alloyed powder LPBF sample.
(a)-(c) Grain orientation maps of S3, S6, and A1 samples; (d)-(f) phase distribution maps of S3, S6, and A1 samples;
(g)—(i) histograms of grain size distribution of S3, S6, and A1 samples
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Abstract
Objective Laser powder bed fusion (LPBF) and laser melting deposition (LMD) are the main processes of metal additive

manufacturing. The powder materials used for LPBF or LMD are normally spherical pre-alloyed powders. The high difficulty and
cost have limited the number of powder brands available commercially. In-sizu alloying, which utilizes different pure elements or alloy
powders as raw materials to produce synthesis block alloys, is an efficient and low-cost research method that utilizes the interaction
between high-energy laser and powder during the additive manufacturing process. Recently, in-sizu alloying of titanium alloys,
aluminum alloys, nickel-based superalloys, steel, and high entropy alloys has been explored. 300 series stainless steel is one of the
earliest commercial LPBF materials with excellent printing properties. Nevertheless, there are few reports on preparing this material
system by elemental powder in-situ alloying. This study examined 304L stainless steel and fabricated multiple groups of block
samples with different processes by LPBF in-situ alloying using the elemental mixed powder to explore the effects of the LPBF

process parameters on the microstructure and properties of the in-situ alloying samples.

Methods

the raw materials. The elemental powder was >>99. 5% purity and was mixed using a rotary mixer. The samples were prepared using

Spherical Fe, Cr, Ni elemental blended powder, and 304L pre-alloyed powder prepared by gas atomization were used as

a DLM-280 metal 3D printer produced by Hangzhou DediBot. The laser power and scanning speed were used as variables. For the
elemental blended powder, laser powers (W) of 80, 110, 140, 170, 200, 230, 260, and 290, and the scanning speeds (mm/s) of
500, 650, 800, 950, 1100, and 1250, and 48 groups of parameters were selected. For the 304L pre-alloyed powder, the laser power
and scanning speed were 230 W and 650 mm/s, respectively. The other parameters were constant: spot diameter of 80 pum, layer
thickness of 30 um, hatching space of 80 um, and rotation angle of 90° between layers. The sample density was calculated using the
Archimedes drainage method. An Olympus BX53 optical microscope and FEI Quanta650 field emission scanning electron microscope
were used to characterize the microstructure of the sample. Energy dispersive spectrometry and electron backscatter diffraction were
conducted to investigate the elemental content and microstructure. An EM500-2A hardness tester was used to test the microhardness
of the samples, and each sample was tested at 16 points with a load of 4. 9 N and a loading time of 15 s.

Results and Discussions The process window was plotted according to the measured density of the in-situ alloyed sample
(Fig. 3). The density of the sample showed a converging trend. The maximum density of the sample was 7. 855 g/cm’ at an

energy density of 147 J/mm’ (P=230 W, v=650 mm/s), and the corresponding relative density was 99.05% , which was
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comparable to the sample prepared from the 3041 pre-alloyed powder. When the energy density was 71 J/mm®, many lack-of-fusion

holes and unmelted particles were observed in the in-sizu alloyed sample (Fig. 4). With increasing energy density, the lack-of-fusion
holes and unmelted particles gradually disappeared. A typical cellular structure and columnar grains could be observed in the sample
when the energy density was 242 J/mm’ (Fig. 5). In terms of composition uniformity, with increasing energy density, the
macroscopic and microscopic homogenization driving force of the in-sizu alloyed samples during the LPBF process was strengthened,
so the composition uniformity was improved. The composition was uniform when the energy density was 242 J/mm’ (Fig. 6). Owing
to Fe, Cr, and Ni enrichment zones, the in-situ alloying samples consisted of a face-centered cubic (FCC) and body-centered cubic
(BCC) duplex when the energy density was 147 J/mm®. By contrast, the sample consisted of an FCC single phase when the energy
density was increased to 242 J/mm’, which is the same as the sample prepared from the 304L pre-alloyed powder (Fig. 8). With
increasing energy density, the strengthening effect of fine-grains, duplex structure, dislocations, and residual stress caused by
composition inhomogeneity was weakened, and the microhardness of the in-sizu alloyed samples decreased gradually from 302 HV to
224 HV (Fig. 10).

Conclusions The in-situ alloyed 3041 stainless steel sample with a uniform microstructure was prepared by LPBF technology
using Fe, Cr, and Ni mixed powder. The effects of the process parameters on the density, microstructure morphology, composition
uniformity, phase structure, and microhardness of the sample were studied and compared with the LPBF sample fabricated using pre-
alloyed 3041 powder. The results showed that the density of the in-sizu alloyed sample converged gradually in the process window
and reached the highest value of 7.855 g/cm’ when the energy density was 147 J/mm’ (P=230 W, v=650 mm/s). The
corresponding relative density was 99.05% , indicating that the elemental mixed powder has excellent LPBF printing properties.
With increasing energy density, the uniformity of composition was improved; the phase structure changed from FCC + BCC to FCC,
and the microhardness gradually decreased from 302 to 224 HV. When the energy density was 242 J/mm®, the average value of each
element in the sample reached the proportion of powder mixing, indicating a uniform composition of the structure. The process
parameters of LPBF significantly affect the microstructure of the sample. The multiphase structure and fine grain structure generated
by hyperinflation in the in-situ alloying samples at a low energy density can improve the hardness of the sample by up to 26.4%
compared to the pre-alloyed LPBF sample.

Key words laser technique; laser powder bed fusion; in-situ alloying; 304L stainless steel; process window; compositional

uniformity
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