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ABSTRACT: Selective laser melting technology (SLM) has developed rapidly in recent years and has been applied in aero-
space, medical treatment, mold and many other fields. Firstly, the progress of online detection and offline detection technology
in SLM field was reviewed. The online detection methods of SLM were introduced, especially the high-speed CCD and infrared
imaging device using coaxial/parallel in-situ architecture to obtain rich visible and infrared information of SLM process. Extrac-
tion method of relevant descriptors was introduced and the correlation between descriptors and SLM forming quality was stud-
ied. In addition, a small number of scholars have carried out classification and detection of single melt forming quality based on
acoustic signal information sources and photodiodes. In addition, the off-line detection method of SLM was introduced. In addi-
tion to traditional material testing and analysis methods, micro-CT and laser inductive breakdown spectroscopy provided a new
and efficient tool for three-dimensional characterization and composition analysis of SLM defects. On this basis, the process

monitoring and feedback control strategies of SLM were summarized. Among them, the common machine learning models
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(K-means clustering analysis, support vector machine, deep belief network, convolutional neural network, etc.) and their re-

search progress in SLM process statistical descriptor extraction were introduced. The application of statistical process control

method in analysis on relationship between the feature quantity of SLM and that between feature quantity and SLM forming

quality as well as generation of control chart was introduced. Finally, the research progress of on-line and off-line SLM detec-

tion was summarized, and its main development direction was prospected.

KEY WORDS: selective laser melting; metal additive manufacturing; on-line inspection; off-line inspection; processing control;

machine learning
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Fig.1 Selective Laser Melting Technology metal additive manufacturing process
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Fig.3 Principle of coaxial visible and infrared integrated online monitoring in SLM
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Fig.4 Structure of the coaxial visible and infrared integrated online monitoring system in SLM

. i BT RO WAL, i,

5S4 28 i 3t 72 ok . -

22 FHRMTRAMMTEEREN e o pp b P 90
SRV B TIAVER, SUOCH IR 2, SO L K SR, 8 7

RS S, AT AN SIM bl TSR LI I OB

’ AL LS
A
\ /
Il /
i ———
b

K5 5Ahat SLM A] WOE R AL AN B AE L il T 5 1)

Fig.5 Off-axial visible and infrared integrated online monitoring platform in SLM
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® e © e o) @ jse

1
i
o res! et 2ep0 o oyl o) 1oy 1
(a|)zVe' cor“/o!/l; feﬂtu redeljl"el “ £ha|f:;'a(iof‘[ pﬂf’li:ﬂgpl‘i"g, (;)neded ) ef 0 ec!ed :
t e K 2 0! (8 ,ye! n i

v (10" maxlo, 0 m? wn_sa p u'WTa Ve’ > Wil I v‘oner (U] e’ :
40P ol oy e !
p P P 59 Al ’ ¢ i
A e Y ST TUR ) — A e T
»? %7 %9 96? 04 i
28 0 ! !
a4 1 these layers :
o Sn | are retrained H
2 ) , ¥ ATmEEmmEmsssssssess

13 e ]

= - i : [ga“’ 1

hidden layers fin?

multi-scale
patch

B Okay

@ Recoater hopping

B Recoater streaking

[ Disturbance

W Super-elevation

[0 Incomplete spreading

Prat location

Prat damage | [J Debris

16 MsCNN ML A fy 52 B i f2 30!
Fig.16 Implementation flow chart of MsCNN ML technology

M5, U Convolutional Neural Network ( CNN)
e S BN O DX A A A TR AR 0 L RRAIE A FE £
SERFWEIN, [RIR, A HZor  sE PR R
B AR T EH LG UL 16, Bodi Yuan 4557[F KL
R FH— i 35k 1 45 B 28 I 2% 1) PR 5 Ak 1L R 45 4t
PO DX A I 7 2 W R B8 (A A O HE R, Al TR A
THRERMESEES (T4 SLM JEIEamEG ) k&
F R B E RIS SR, JF A N k22T
YIZRpy Rl , &5, NHT PR TR, R
e B N AT AR

2019 4, Ikenna A ZEBSURH]—FhH]T-HckE A 3h
R I B BIL 48 27 2T S AR by by AN B 3 XU R AE
I R B AAESE 3P I 2 W 1) 2 2] X TR A
T R AR At R AR R B )
A, DR~ 2) | USR5 B0 e Re i B 5K m
ARG FE RS M o M R Gk T [l I 4 Ay
2040 BT WO s A4S R 4E SLM i B R 21 4h

K] WoyG{E B . 2018 4F, Mohammadhossein Aminia
USRI T —Fh 20 09 AR 45 2 2 0 R AR AE 48
( Multi-Layer Classifier for Process Monitoring,
MLCPM ), i3 FRUEEE AT THEZEINA, HAE
SR R, I RETE N TR IR I KRB 555 .

AN, 2019 45, T. Mukherjee 25420 $2 ) T —F
HAPBSMER B S . —MEE TR UG (digital
twin ) i SLM 728 il Jead Re 4 e S, JF HAR
BLas 2 | SEBR U A R i KB e I Eds . Hlds
B L RS BT B &, A A I S T )
SLM T ZARECF AR, AT LAy a5 A R
I B, BRI 4B A A 7 Z 1Y ]
T ARG A 72 AR

4.2 EFoitidiEss e 5z R

45t B4 ( Statistical Process Control, SPC)
S — ML G R B IR R R A X N T



FlE H4W

SEHEPEAE - T 1O 16 DA Al <6 Jas 38 A Al i 9 46 DB AR WF 5 i

47

il R A A B Bl AT PEAG M B el R AL T AT
HLARRE BKF- , SETT AR UE ™ 5 I 55 7455 ML 2R 1Y
PR BN . St B mE SLM 7ELR =T 5T
(FERt AT TR, T Hlass IR SLM 7EZR
PR R BN TT ST B A, SRR B ] 1) H A
3 TENI = S o VTR 152 0 == o N S TN
[ 3B 2545 o HeAh, Gt i A 4 ] A £ i 14 T
SLM  F I aed st 18 A 5 P R o 4 il Ay B B A T
X

TR SLM ™ Az B R 5dl , Ao ek A J2= e i
DX EE AR LA I £ AN GRS ' s AR A Rl
P B S SE A OGO B A AT LU S 2 SLM
MITELR IS I R Gk, AR B BE i b . e &
e, nT RATE RS b e B M I A el R R AR R

PECAO191, HRY R B AR A A AR B

LHZX (R ) s CIkHE
600 a 120
500 < 100
=400 B 80}
i 300 = 60f
200 B 40t
100 X 20}
0

20 40 60 80 100 lZO%

20 40 60 80 100 3

20 40 60 80 100

TE S I R SE R 12, TRl R —A a4l
AN IF P REFE AR LR AR AL, IXRETEZR M I R 48 T AR
i AR B A% AR 4l S N s 1 A SN R AR A Bl T D
HEATERG] . PERC . oA, MR SR TR LS
B E

2017 48, BRFIK K% Giulia Repossini
SIS ] i ERCR SR BOR , 465 S o I FVRRE 42
R, SHEOCH A b RIA T AN [F] R AR A
THAT T GeitAliat, d@a TR R, e TR
TR SC 3R % A [w] J5 £ R 25 % 7 1) AN [+ i 2 % 2
AR EEETT, FROERER AN 17 R, SRR
WY, f R R i BRI IR B R R, AT D S R
BRI A5 0F T BRI BE g o DA AR BT IR AIE
AT R R SLM T 20K M 1 st 3 W
FB.

P RIRI AR (R R)

CHIEMR (B ER)

0.5 1.0 1.5 2.0 2.5 3.
x1

B LHZREBEREE)
W

—
(=3
(=)

CIH
588

N
(==

05 1.0 1.5 2.0 2.5 3.

0
e x10%
800 @ 7
S 6
600 £ .
400 g 4}
= 3
200 Z 5 L
0 B 1 Ll
1 2 3 4 5 6 7 & 0.5 1.0 1.5 2.0 2.5 3.0
x10*
§ 400

0.5 1.0 1.5 2.0 2.5 3.0
x10*

Bl17  SLM RIRAREOL ARG i X HA 7B P (a5 KL, sredrd. IEWEL, o apifE. JEEt)

Fig.17 Scatterplot between SLM spatter and LHZ descriptors (Blue crosses: under-melted,
green squares: normal-melted, red circles: over-melted)

Yingjie Zhang 51305 1 5 4l A b F [ 5 Ak 38
PR O A BRI T REAEAL A5 Bl e AR AL S i
PR AR AT, [) B HCR B G vt el R 4 o A B
KIS T B XTI SRR AT 1 Geit2 ot , ik — 2045
AR EAS M4 DBN ), i J5 X6 8 15 SUAE 1A o
18 A3l e Xt . Rk . R R BT A R

HERFIK 22 K%M M. Grasso 7 SLM BO4& it |
TR RCPVRRAE I Oy T T T 2R, RS
Gtk BRI B A OC 5 1 5 PL AR A 2T AH DR AL R
T— SLM i R MM PEAN SR IF AR SR N H e

UE TIZBE 2 A S Rl 5 . Bk, b fiTxd
TGS L £ AN SR ) P R A T RIS, Aok
MK #B=HlEE T SLM BEsF M ELRIERS, B
B B0 TR S 25 A AR R 144490,

Iker Garmendiaa S¢S VEF XG4 RIE ( LENS )
HE T 3 AR T — 3 T A R e R R T
e i O A OB G BE B 7 ik, AR i I 45 4 [
CAD AU ] B e 25 >R ORI B9 A IE it i AR 4
TSR an &l 21 froR, KRR T SLM o 72 1Y UK
FEFE I B AR AR



48 fio# R B

2019 4F 7 H

6000
s
= 3000 ’\.‘M/
™

2000

200 300 400 500 600 700 800 900 1000

I Ke/um
b
= — 7=1500K
e -~ T=2500 K
HE : T:iSOO K
[ - T=4300 K
-t _ —T=5500K
;E’\ TS
0 20 25 3.0

P18 AL A4 b o eI i )

Fig.18 Selection and establishment of quantitative evaluation indicators
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P21 SR A il SR s ) ey S8 143

Fig.21 Process scheme with control strategy

5 BEERE

ERIR T PO e DX P A T A A A A
AR, B IR B BRI BRI | RIS | A I
BURHAT TN A0 A4 5 TERE A K S 542
SRS Z T, M JLA SRR LA N 7 vk i A 4 i
| TR L AGE I 5 2 53 42 1) X IO e DX A F AR AR
77 T B4 B R S 3 A ) — L R R A 2
FEBCR B B4, BN A SR T B AR S AR |

Gt ad R4 ) 7 vk AR O 8 DR A0 R 4 1 i oo e
PRI AR A B ST S L R RIS R H
TR THI 1) SLIM 3844 1 38 B A B S (o7 00t B A 2%
Rl A, $RIE SLM FOR YA 2B EE AT L]
FH SLM i R g R B R B B O, T A
LA RN 5 v, AR R SLM MMl R TR
i IE S5 ek e SBR[ 9 14 e SR SR o T O 1 9
T SRIEACTOAR BRI AR 24 4 DR RS
1) fER M LA T BLil & . 22 EA RS 2
P IEaR AR — D BB SETT 1), it SLM AR K



FlE F4l

S PREAE « T 1) O 1 DR A 5 i 1 b T 3 % ARG g AR T o 49

AR IR EOR, RRAY SLM 7R AG I 0 R 75 2
FEA2THT 5 A 7 Y BE Al |, A X AT DG £08
P57 LIBS HEEHHE S M AN, A5
P SLM A 1y AT PR ] L K S5 6 [l S B3 [ e
AT ) 25 G

2) fhE 5 By A T BL. 7EBRfE SLM (9 B HLEE
Jrin, ARSI EEOR, WA ROGTE L AR
RO . ZY S Tk, DR Y H
JZ TS B 2 B R, BT R LA I i I ik S B Y 52
KREVER . Ak, TR SLM ol F i 7E A 06401 5
D5 A HTEARMIRE LS & 0. i, FE R EDBUR
MR MR R SRR C R AT TR IR

3) SERF M . T SLM A FEZRAG I R, W]
REW I B 5 A WOC KA Rl BR B 7E AR &, S
RSN O Tl o o B R o R B AR LA BT 5
EE AU | ZEAMHLELER | s B A AL
BEHe . RINRBFOLAS . BB 6 R EE xyz Al
M6 A SIETE ARG | w5 A B
E K ER=R 4 €11 ISR QLR e 1S 07 A o2l BuR S0 R
Lo it i R A, W RECE LA Sl (R BOR B T AR
R, KO A AT R RS AL

4) BREFIEWIN N . gt R A, AL
frip AL AT B, M S it AR
ZA AR . BARYL, FET LS Sk
HE AT JHO 126 DI A 10 7 2 e i M T AH 24 5
e BT DRY iR o TR ST R T T S N O e
TRIE7 S TN TR RE S 2 5 BRI T Ui, T
B BMBARAE BB | Pl s il i BA R =
P NASTYNA Y (% Rl KB RIS Y-y R
SLM yfELkild e rh, kR, Wi, WE
2 ] SESTVR I I SLIM.HE A G AG I 11 26 98 R 34

S E 0K :

[1] EVERTON S K, HIRSCH M, STRAVROULAKIS P, et
al. Review of In-situ Process Monitoring and In-situ
Metrology for Metal Additive Manufacturing[J]. Mate-
rials and Design, 2016, 95: 431—445.

[2] DOUBENSKAIA M, DOMASHENKOV A, SMUROV I,
et al. Study of Selective Laser Melting of Intermetallic
TiAl Powder Using Integral Analysis[J]. International
Journal of Machine Tools and Manufacture, 2018, 129:
1—14.

[3] GUSAROV AV, GRIGORIEV S N, VOLOSOVA M A,
et al. On Productivity of Laser Additive Manufactur-
ing[J]. Journal of Materials Processing Technology,
2018, 261: 213—232.

[4] CHIVEL Y, SMUROV I. On-line Temperature Monitor-
ing in Selective Laser Sintering/Melting[J]. Physics
Procedia, 2010, 5: 515—521.

[5] CHIVEL Y. Optical In-Process Temperature Monitoring
of Selective Laser Melting[J]. Physics Procedia, 2013,

(6]

[12]

41: 904—910.

LOTT P, SCHLEIFENBAUM H, MEINERS W, et al.
Design of an Optical System for the In Situ Process
Monitoring of Selective Laser Melting (SLM)[J]. Phys-
ics Procedia, 2011, 12: 683—690.

GRASSO M, LAGUZZA V, SEMERARO Q, et al.
In-Process Monitoring of Selective Laser Melting: Spa-
tial Detection of Defects Via Image Data Analysis[J].
Journal of Manufacturing Science and Engineering,
2016, 139(5): 1—16.

KRAUSS H, ZEUGNER T, ZAEH M F. Layerwise
Monitoring of the Selective Laser Melting Process by
Thermography[J]. Physics Procedia, 2014, 56: 64—71.
REPOSSINI G, LAGUZZA V, GRASSO M, et al. On
the Use of Spatter Signature for In-Situ Monitoring of
Laser Powder Bed Fusion[J]. Additive Manufacturing,
2017, 16: 35—48.

LIU Y, YANG Y, MALI S, et al. Investigation into Spatter Be-
havior During Selective Laser Melting of AISI 316L Stainless
Steel Powder[J]. Materials & Design, 2015, 87: 797—S806.
SAAD E, WANG H, KOVACEVIC R. Classification of
Molten Pool Modes in Variable Polarity Plasma Arc
Welding Based on Acoustic Signature[J]. Journal of Mate-
rials Processing Technology, 2006, 174(1/2/3): 127—136.
SONG S, CHEN H, LIN T, et al. Penetration State Recog-
nition Based on the Double-Sound-Sources Characteristic
of VPPAW and Hidden Markov Model[J]. Journal of Mate-
rials Processing Technology, 2016, 234: 33—44.

YE D S, HONG G S, ZHANG Y, et al. Defect Detection
in Selective Laser Melting Technology by Acoustic
Signals with Deep Belief Networks[J]. The International
Journal of Advanced Manufacturing Technology, 2018,
96(5/6/7/8): 2791—2801.

YED S, FUH Y HJ, ZHANG Y J, et al. Defects Recog-
nition in Selective Laser Melting with Acoustic Signals
by SVM Based on Feature Reduction[J]. IOP Confer-
ence Series Materials Science and Engineering, 2018,
436(1): 012020.

ZHANG K, LIU T, LIAO W, et al. Photodiode Data
Collection and Processing of Molten Pool of Alumina
Parts Produced through Selective Laser Melting[J].
Optik-International Journal for Light and Electron Op-
tics, 2018, 156: 487—497.

BAEL S V, KERCKHOFS G, MOESEN M, et al. Mi-
cro-CT-Based Improvement of Geometrical and Me-
chanical Controllability of Selective Laser Melted
Ti6Al4V Porous Structures[J]. Materials Science & En-
gineering A, 2011, 528(24): 7423—7431.

ZHOU X, WANG D Z, LIU X, et al. 3D-Imaging of
Selective Laser Melting Defects in a Co-Cr-Mo Alloy by
Synchrotron Radiation Micro-CT[J].
2015, 98: 1—16.

BOBEL A, HECTOR L G, CHELLADURAI I, et al. In
Situ Synchrotron X-ray Imaging of 4140 Steel Laser
Powder Bed Fusion[J]. Materialia, 2019, 6: 100306.
VRABEL J, PORIZKA P, KLUS J, et al. Classification
of Materials for Selective Laser Melting by La-

Acta Materialia,



50

K

o

T #

2019 4F 7 H

[20]

(21]

[22]

[25]

(28]

[30]

ser-Induced Breakdown Spectroscopy[J]. Chemical Pa-
pers, 2018: 1—9.

THIJS L, VERHAEGHE F, CRAEGHS T, et al. A Study
of the Microstructural Evolution during Selective Laser
Melting of Ti-6Al1-4V[J]. Acta Materialia, 2010, 58(9):
3303—3312.

KRUTH J P, FROYEN L, VAN V ], et al. Selective Laser
Melting of Iron-Based Powder[J]. Journal of Materials
Processing Technology, 2004, 149(1/2/3): 616—622.
MERTENS R, VRANCKEN B, HOLMSTOCK N, et al.
Influence of Powder Bed Preheating on Microstructure
and Mechanical Properties of H13 Tool Steel SLM
Parts[J]. Physics Procedia, 2016, 83: 882—890.
KEMPEN K, THIJS L, VAN H J V, et al. Mechanical
Properties of AlSilOMg Produced by Selective Laser
Melting[J]. Physics Procedia, 2012, 39: 439—446.
SPEIRS M, WANG X, VAN B S, et al. On the Trans-
formation Behavior of NiTi Shape-Memory Alloy Pro-
duced by SLM[J]. Shape Memory and Superelasticity,
2016, 2(4): 310—316.

WANG D, YANG Y, LIU R, et al. Study on the Designing
Rules and Processability of Porous Structure Based on Se-
lective Laser Melting (SLM)[J]. Journal of Materials Pro-
cessing Technology, 2013, 213(10): 1734—1742.

WANG D, SONG C, YANG Y, et al. Investigation of
Crystal Growth Mechanism During Selective Laser
Melting and Mechanical Property Characterization of
3161 Stainless Steel Parts[J]. Materials & Design, 2016,
100: 291—299.

JIA Q, GU D. Selective Laser Melting Additive Manu-
facturing oF Inconel 718 Superalloy Parts: Densification,
Microstructure AND Properties[J]. Journal of Alloys
and Compounds, 2014, 585: 713—721.

GU D, HAGEDORN Y C, MEINERS W, et al. Densifi-
cation Behavior, Microstructure Evolution, and Wear
Performance of Selective Laser Melting Processed
Commercially Pure Titanium[J]. Acta Materialia, 2012,
60(9): 3849—3860.

BALY, YANGYY, XIAO Z, et al. Selective Laser Melting
of Maraging Steel: Mechanical Properties Development
and its Application in Mold[J]. Rapid Prototyping Jour-
nal, 2018, 24(3): 623—629.

BAI Y, YANG Y, WANG D, et al. Influence Mechanism
of Parameters Process and Mechanical Properties Evo-
lution Mechanism of Maraging Steel 300 by Selective
Laser Melting[J]. Materials Science and Engineering: A,
2017, 703: 116—123.

ZHANG M, YANG Y, WANG D, et al. Effect of Heat
Treatment on the Microstructure and Mechanical Prop-
erties of Ti6Al4V Gradient Structures Manufactured by
Selective Laser Melting[J]. Materials Science and En-
gineering: A, 2018, 736: 288—297.

ZHANG M, YANG Y, SONG C, et al. An Investigation
into the Aging Behavior of CoCrMo Alloys Fabricated
by Selective Laser Melting[J]. Journal of Alloys and
Compounds, 2018, 750: 878—886.

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

YED S, FUHJ Y H, ZHANG Y J, et al. In Situ Moni-
toring of Selective Laser Melting Using Plume and
Spatter Signatures by Deep Belief Networks[J]. ISA
Transactions, 2018, 81: 96—104.

YED S, FUH Y H J, ZHANG JY, et al. Defects Recog-
nition in Selective Laser Melting with Acoustic Signals
by SVM Based on Feature Reduction[J]. IOP Confer-
ence Series: Materials Science and Engineering, 2018,
436(1): 012—020.

SCIME L, BEUTH J. Using Machine Learning to Iden-
tify In-Situ Melt Pool Signatures Indicative of Flaw
Formation in a Laser Powder Bed Fusion Additive
Manufacturing Process[J]. Additive Manufacturing,
2019, 25: 151—165.

SCIME L, BEUTH J. A Multi-Scale Convolutional
Neural Network for Autonomous Anomaly Detection
and Classification in a Laser Powder Bed Fusion Addi-
tive Manufacturing Process[J]. Additive Manufacturing,
2018, 24: 273—286.

YUAN B, GIERA B, GUSS G, et al. Semi-Supervised
Convolutional Neural Networks for In-Situ Video Mon-
itoring of Selective Laser Melting[C]// 2019 IEEE Win-
ter Conference on Applications of Computer Vision
(WACV), IEEE, 2019.

OKARO I A, JAYASINGHE S, SUTCLIFFE C, et al.
Automatic Fault Detection for Laser Powder-Bed Fusion
Using Semi-Supervised Machine Learning[J]. Additive
Manufacturing, 2019, 27: 42—53.

ZHANG Y J, FUHJ Y H, YE D S, et al. In-Situ Moni-
toring of Laser-Based PBF Via Off-Axis Vision and
Image Processing Approaches[J]. Additive Manufactur-
ing, 2019, 25: 263—274.

YE D, ZHU K, FUH J Y H, et al. The Investigation of
Plume and Spatter Signatures on Melted States in Selec-
tive Laser Melting[J]. Optics & Laser Technology, 2019,
111: 395—406.

AMINI M, CHANG S 1. MLCPM: A Process Monitor-
ing Framework for 3D Metal Printing in Industrial
Scale[J]. Computers & Industrial Engineering, 2018,
124: 322—330.

MUKHERIJEE T, DEBROY T. A Digital Twin for Rapid
Qualification of 3D Printed Metallic Components[J].
Applied Materials Today, 2019, 14: 59—65.
GARMENDIA 1, LEUNDA J, PUJANA ],
In-Process Height Control During Laser Metal Deposi-
tion Based on Structured Light 3D Scanning[J]. Proce-
dia CIRP, 2018, 68(4): 375—380.

GRASSO M, COLOSIMO B M. A Statistical Learning
Method for Image-Based Monitoring of the Plume Signa-
ture in Laser Powder Bed Fusion[J]. Robotics and Com-
puter Integrated Manufacturing, 2019, 57: 103—115.
GRASSO M, DEMIR A G, PREVITALI B, et al. Inte-
grated Manufacturing in Situ Monitoring of Selective
Laser Melting of Zinc Powder Via Infrared Imaging of
the Process Plume[J]. Robotics and Computer Integrated
Manufacturing, 2018, 49: 229—239.

et al.



