#®50% %20 8/2023 F 10 B/HEE

IO DXIE AR I 316 L ANGEH I (0 it KRS 152 119
N5 A Y e

ot AR, BH, %2

VR B 28 A0 R IR 2 A 2 i 2580y Ak R By R e Rk S %, 10T I 110136

FE RO IE KO L (SLM) BUE 1 3 TRLRE B2 50 i — [a) AL, 28 5 7 STLM 23 J2 i L 5UH, LA B s ok

A BRI R AR TR D B W DR B ST R TR A A A

T SLM BUE 3161 A 85 8 22 1144 Ay i

FERS G W ek JFC T MU AT P AR B2 KR R BE ) I k(S OO R AT L AT . SRR AR R IR S B
ROSE R A B B ARG R B 5 10 25 A0 fhe L KGR il A8 I o 2 73 AR T — Rl e A6 B T A 9 5 LR 2 O S A g 2
SRR AND) R J2 5 5 A5 30K (A B0 XE D T ORI A9 101 S 11,2 o I L R 52 58 28 ) 5000 465 00 6B 45 7%
TRl s TR JEE D 90° IR 58 22 5 A, AR W B G 2 7= AR R i 22 1Y T I

KR
HESESE TG142.71; TN249

1 5 5

O X AL (SLMD) H AR & — Bl 3k T B -
P AR 4 3 4 3D AT ERFE R i R LAk
VE Ry #RR 422 B = 48 U1 R PR b B R0 4 1% 43 4 i A%
HEEBMAKR T2 ZHaM, B L e)E
K A AE B BE 09 B AT P A b O R [, S
W & R R RE T . M H T H Al 3 O
SLM #i AR BA BEF A bR s A7 R bR R
JFH 220 o 5 25 00 s, 38 T A 0 K A 2R 4 1 1Y
o A il

SLM $ AT 25 it % 4 3 = 22 F p /N & Ty
SEAR A O s, A —IRE B 2R N B A5 N R AR
R LR AL g5 4 S T R R 2, R
FIE BE 40 A1 2R ) SLM AR il 3 T i 7L B —
RV E ALK SHL, IF R HoAh 28 "I FTED T 48 & sh Al
F, GEAR R SLMEARITEILEAP & ShHLIA
TMIBEE (1 20 41138 G L — AN IR AR S5 ) S8BT &
ML I BT Y — IR B S H . PSR R
ASLMEARGI& T ZREEEERESRETF HE
% (R PR 8 8 ) ol 75 P A 88 R e vA AR 8 B AR B
NASA BHFFE A 5L % SLM £ RITEN T i 44 R
B 4 KT R Bh P, i R A AR B TS T 10
55117 AR H AR 50% LL b o ShiZE iR 58 1 B s

WO AR WOB®EX AL S16L AWM, KR E; WamE
XEERER A

DOI: 10.3788/CJL230607

TR B HE 25 R AILAR ) R R A fes B 45 0 R A L R
FMOL AL SLM 3 A4 il 1 5 14 19 BT it 9 2 T 18 % LA
o Tomlin 453 i # FME AL fE TI6AI4V A320 HLAG 8L
BE S SRR 64 %0 (AR 326 @), fH I, SLM K,
TE A 22 10 2o T RELRS , A B R R L oK o B XTI — (7]
L, [ N ANIFFE N B SLM 2 4 3 T RLRS B A 70 F
157 T 3T . Hertlein 48 SR F — F % &2 35119 D1 i 307 4
2 50 R R 0 2 A 1 O A R AR (R A R 3 TR RS
JE 32 R RLRE ) I B IO T R R
ARG IE D) R R AR A, 4 DU 53 A1 1 B =X
Xof N A A B 2 T %) RELARE B2 AT 00 . Ahn % 0A
SR AT L3 Ao S N S TR AR R S A R A TR
R, AT 5T T 2% TRDRDRS B2 43 A7 0BRSS BRAFAE , LA
SR S0 4 S B REL RS B2 3 AT, I R S0 R R R A
P A E 5 3%, A5 38 7 0] LAGTT 8 T AT 3% 0w R R R
FELRE (R A MRS B2 o0 A 238 X . Feng &7V %E T &
e DXl 3% DR RS B A B LT, I 5 45 SR R B A e i
) 2 THTRELRS 5 32 300 2 S B 8 B L300 49 RS B 56 iy A2
IR e A S o | ¥ (W= - SVAN RS (R ¢
A O By 2% TR RE BE BE S AR . Strano FUHF R T
SLM il & /9 3161 /85 40 2 {2 (1) 2% 1A] AH K B F R 5
FH T 2% T S R T 2 SRR A L B (SEMD 1) B
ST AT, ST T — A B T INREL A B 1 B AR A A
T2 18T RN B R 3R AR R R S5 AL IR R

i BHEL: 2023-03-09; 1EE EHHA: 2023-04-28; FABH: 2023-05-24; MKEEZBHH: 2023-06-06
EE&£WB . EFRELAGFEITR(2022YFB4600901) . b de 5] 5 1y BR 57 & i ¥ 451 H (2023JH6/100100044 ) . 1L T H EHF T

H (LJKQZ20222269)
BIS1E#E . yangguang@sau.edu.cn

2002301-1


https://dx.doi.org/10.3788/CJL230607
mailto:E-mail:yangguang@sau.edu.cn
mailto:E-mail:yangguang@sau.edu.cn

8 B PR L BRSO HE B M TR SLM R 2 i
FR AR £

g5 bR, H T SLM iR 3R 1 8 3 SRR 93
A 0 3 ST 5T ) AR AT BE AR — il = X R PR R
MRS BT I, B M A SLM il £ A R 5k A
JE /9 3161 A 85 A9 RE 1, 00 a5k JHG = 1w ML 2, 57 1R
TR 3£ F) 0 B 0 R 25 18T 15 B AL B A
Wi 588 T LA R e G T ), I 6 A5 TR T -5 5 6 0
{EHEAT T X HE T

2 SR MR

SEUSREORL R 3161 AN EE MR R, HORLAR 43 A e A
O3 A P HRAR R 35.12 pm, BRIE BE R 0.94, 3161 A
AR A I A B 43 FIORE A% 1 25 40 A T 43 Sl n o 1D
El 1R S

FERLRE JiE 0000 AL R oh A A B RN U )2 R R
S0 £ B Ak N RN R T S A AR R B R B
A SLM 52 86 3% 52 U1 R )2 R 8 0.02 mm 8 6 &)
AR A i, Al S R0 O 1 OB T %2
220 W, OG5 B 960 mm/s, 3 H H] B K

0 —= 100
L @
8 R &
g , 180 §
£ 30t /; g
g ' {60 E
;‘5 2 90=48.77 um %
o 20t , Dy=35.12 um °
5 Dy=2241pm 140 §
& 2
£ 10t g
) 120
2 e
£ g
of 10 ©
0 10 20 30 40 50 60 170

Partical size /um

% 50 % £ 20 #3/2023 £ 10 B/ Ei#

1 SI6L AEMB A M Ll o

Table 1 Chemical composition of 316L stainless steel powder

Element Mass fraction / %

Mn 2

P 0.05

Si 0.75

N 0.1

Cr 17

Ni 12

S 0.03

C 0.03

0.08 mm) . # H Materialise Magics 21.0 = 4 #: #5 K
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E 1 316L AR (a) k2345 [ ; (b) SEM S0 - 4

Fig. 1 316L stainless steel powder. (a) Particle size distribution; (b) SEM microscopic image
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Fig. 2 Printed samples in the experiment
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p induced deformation
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Fig. 3 Schematic diagram of laser selective melting principle
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Table 2 Tangent equation and intersection expressions under different tilt angles
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Fig. 5 Schematic diagrams of equivalent sticky powder.
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dimensional drawing
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Table 3 Measured roughness of downward-inclined surface
Roughness /pm
a /(") Average roughness /pm
First measurement Second measurement Third measurement
45 11.276 12.093 11.583 11.651
50 10.683 10.52 10.812 10.672
55 9.765 8.512 8.924 9.067
60 9.004 7.921 8.254 8.393
65 7.215 7.945 7.352 7.504
70 7.942 8.250 8.324 8.172
75 7.728 7.115 7.783 7.542
80 6.721 7.774 7.591 7.362
85 7.058 8.074 7.632 7.588
90 6.674 7.059 7.112 6.948
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Abstract

Objective Selective laser melting (SLM) is a metal-additive 3D printing technology based on layer-by-layer printing. It is one of the
most promising industrial additive manufacturing technologies for manufacturing metal components. SILM has the advantages of a high
degree of freedom and high material utilization; however, the available surface roughness limits the industrial implementation of this
technology. Surface roughness refers to the unevenness of the machined part surface with small spacing, small peaks, and valleys: the
distance between two peaks or valleys is very small and belongs to the microgeometric shape error. The R, value of the parts prepared
via SLM is usually between 10 and 30 pm; surface roughness is an important indicator of surface quality, and good surface roughness
is widely needed to avoid premature failure caused by surface-induced cracks. Poor surface quality not only reduces the strength, wear
resistance, and corrosion resistance of the parts, but also affects the accuracy of corresponding processed parts. Excessive surface
roughness can directly lead to an inability to meet assembly conditions, usually requiring surface post-treatment, which takes a
significant amount of time and operational cost accumulation, reducing the flexibility advantages of SLM. Therefore, optimization of
the manufacturing processes and improving the surface quality of metal parts prepared via SLM are crucial.

Method The main factors that affect surface roughness were identified, their influencing mechanisms were understood, the
roughness influencing factors that needed to be modeled were determined, and the step effect, powder adhesion, and warping
deformation were comprehensively considered to establish a prediction model. Based on the processing principle of the SLM
technology, a mathematical model was established for the step effect of the downward-inclined surface, determining the angle range
without support, and improving the traditional roughness prediction model. To understand the influence of powder adhesion and
warping deformation on the surface roughness, a schematic of powder adhesion and warping deformation was drawn, and the
influence functions of powder adhesion and warping deformation on the surface roughness were calculated. A mathematical expression
was further integrated to establish a downward-inclined surface roughness prediction model. The predicted values were compared with

measured data, the accuracy of the model was verified, and the errors were analyzed.

Results and Discussions The step effect model adopts a method combined with the morphology of the melt channel, replacing
the step effect function with the physical quantity of “maximum height difference between peaks and valleys” (Fig. 4). The powder
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adhesion model adopts an equivalent method to reduce the three-dimensional surface to a two-dimensional surface, and obtains a
mathematical model of powder adhesion using the one-dimensional calculation formula for R, (Fig. 5). The warping deformation is
physically represented by the “correction angle” (Fig. 6), which is combined with the step effect model and the powder adhesion model
to obtain a mathematical model for predicting the roughness of the entire downward-inclined surface. Comparing the measured data
with the predicted data, in the first group, ¢=11.2 pm was calculated, while the second group of measured data verified the accuracy
of the prediction model.

Conclusions The step effect model optimizes the right-angle edge into a curved edge, calculates the “maximum height difference
between the peaks and valleys,” and obtains the step effect function. Powder adhesion, as an essential modeling factor, is calculated
using the “equivalent transformation” method, which converts 3D to 2D. The metal powder particles that adhered to the surface were
equivalent to a rectangular body next to the edge of the step, with a square cross-section of side length ¢. The uncertainty of side
length ¢ was considered to represent different degrees of powder adhesion. The first set of measurement data was used to fit and
compare ¢, and the minimum average error was used as the standard to determine the value of ¢. The warping deformation was
considered as a change in the inclination angle and the overhanging part as a cantilever beam with a constantly changing cross-section.
Using the classical Euler-Bernoulli beam theory, the axial and bending deformations of the highest point in the overhanging area were
calculated, its shape deviation was predicted, and expressed in the form of a “corrected angle.” The comparison analysis between the
predicted roughness values of the downward-inclined surface and the roughness measurement data shows that the prediction model can
accurately predict the roughness of the downward-inclined surface, and the significant errors generated are due to two reasons: the

maximum height difference between peaks and valleys and powder adhesion.

Key words laser technique; selective laser melting; 316L stainless steel; surface roughness; title angle
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