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Characterization method and grade detection of surface
balling degree of SLM formed parts
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(1. School of Mechanical Automation, Wuhan University of Science and Technology , Wuhan 430081, China;
2. School of Materials and Metallurgy , Wuhan University of Science and Technology , Wuhan 430081 , China)

Abstract ; Balling phenomenon is the most common defect in selective laser melting( SLM) forming process , which af-
fects the fatigue life and physical properties of the final formed part. Reasonable control of the occurrence of balling
phenomenon is of great significance to maintain the continuous forming process and obtain high-quality formed parts.
In this paper,a balling degree characterization method was proposed based on the study of balling feature extraction
method for parts surface during SLM forming process. The effectiveness of the method through orthogonal experiments
is verified ,and the correlation between balling degree and laser power density was also established. Moreover, the
grade of balling degree was defined,and finally a deep convolutional neural network( CNN) model was constructed to
automatically identify the grade of balling degree of the part surface to assist the experiment and production personnel
to make corresponding decisions. The recognition results showed that the network recognition accuracy reaches
96.4 % on the small segmentation image set,and the recognition accuracy reaches 100 % on the global microscopic
image set,which achieved a good recognition effect. This paper will provide an effective way to realize real-time con-
trol of forming quality in the SLM forming process.
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Fig. 1 Balling feature extraction results of FCN model
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Tab. 1 Experimental parameter setting and results
- A HOETIZE P/W ‘ B. FI#EE o/ (mm - s—l;u ‘ E(AC. FAHEEIEE A/ mm ‘ D. JZJ& d/mm RALELE /%
=) b
| 5 3 2 CSE—Fi 1 55— 1)
1 1(150) 1(50) 1(0.15) 0. 05 1.2212.54
2 1(150) 2(100) 2(0.20) 0.05 1.2412.87
3 1(150) 3(150) 3(0.25) 0. 05 1.7113. 44
4 2(175) 1(50) 2(0.20) 0.05 1.3114.34
5 2(175) 2(100) 3(0.25) 0.05 1.5815.09
6 2(175) 3(150) 1(0.15) 0. 05 2.1114.24
7 3(200) 1(50) 3(0.25) 0. 05 1.6814. 44
8 3(200) 2(100) 1(0.15) 0.05 2.2215.96
9 3(200) 3(150) 2(0.20) 0.05 4.2115.45
T, 4.1718.85 4.21111.32 5.55112.74 /
T, 5.00113. 67 5.04113.92 6.76112. 66 /
T 8.11115. 85 8.03113.13 4.97112.97 /
X, 1.3912.95 1.4013.77 1.8514.25 /
= 17.28138.37(T)
%y 1.6714.56 1.6814. 64 2.2514.22 /
X, 2.7015.28 2.6814.38 1.6614. 32 /
R 1.3112.33 1.2810. 87 0.5910. 10 /
S 2.876118. 5539 2.691311. 1845 0.556110. 0173 0.788510. 8413
%2 FEAMERE
Tab. 2 Results of variance analysis
W& SS(x107%) df MS( x107%) F Fo.052.2)
WO (A) 2.876118. 5539 2 1.438114.2770 3.65110. 17 19. 00
FAMHEREE(B) 2.691311. 1845 2 1.345710. 5922 3.4111.41 /
FFEEE(C) 0.556110.0173 2 0.278110. 0087 0.7110.02 /
m = 0.788510. 8413 2 0.394210. 4207 / /
B 6.912110. 597 8 / / /
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Fig 2 The variation trend of balling degree with the level of each factor
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Fig. 3 Microscopic image of the formed part surface
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Fig. 4 The variation trend of surface balling degree
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Fig. 5 Local microscopic images of three parts with

different grade of balling degree
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Fig. 6 Schematic diagram of classification model of component surface balling degree



% 5 40 4 No.12 2021

P EESE SLM BB PR R ER AR B2 R AE T 10 S S sl 1581

2.4.3 Pk HE

TREE CNN W28 5% A W 2 ) Ik e ATl 4k,
AL A I 1) A0S AL RPN B o i 1) A% R B B ke
fi N\ VAR IS5 Ay e 2 e e ) AR K s
200 ) 5 LS ) AN [ B D 2o i R 22 AT
SIS , DT 26 AT 0T I 28 (AR S 80 J8H L
FHTVEAL CNN i H 15 22 14 R BCH 238 SUIRTH 2% BR AL
HHEV R E/ MR, SRAG R AR 2 280, B3
W2 B PEREAR KRR e TR A R 2S5,
3 #ER5iTR

ARATFRATHEN G [R] 0 245 2540 e 5000 B dk A 7
SEEHAE AR . S AT IR L N python 3.7. 3, H T A7 5K
EIAE windows REE FHA 12 x2. 2 GHz Intel 17 -
8750H 4bF %% 11 K NVIDIA GTX 1050Ti GPU 1) F-
& iy, HoH A2k CNN /2% 4540 & 280, LU
AATF IR e R SRR B2, O X B Bl 7 A= AR i iz Ak

W2,
3.1 KA

AR RS0 CNN PERE RN &
(] FE2 IR 1 I 265 (I 005 B AR T o R A% AR
FRARRE IR AL 2 A9 AR S, (B [ I 75 46 3
Z I [] 2527 2] RSB W B I EOR W
/INEY R AR BE SIS 2 1 00 265 3 8, L[] s s PR Ay [
1R T4 1 R FR AR R BRI M RS . ke 3
Ji7%,300 x 300 12 2 i) [E1 5 2 1 600 x 600 53R
R P T 2 20 B, 7 R ) ) o 285 4 # % 2 B e 1
N, HUIN G R I b, {EUR IR GRS B A
30.5 % , 1% T 600 x 600 5 5 K45 A F BHs
74.2 % o XJER e BANBALZBIMERTTE /N
JEE B PR R A B 28 2 B 96 9 I R A 3 BURRAIE 25
Ko NI, BIESLING B fE4E TR AL hF AT 1R
FHE B AR T2 600 x 600 {55

%3 R R E AN B 5 R 4R

Tab. 3 Experiment parameters and results for different input image size

W25 24 RS iy AN M (h tm ts) BUERT RE/ %
Epoch ;50
Batchsize :8 1 600 x600 x 1 6 :00 :36 74.2
Learning rate ;0. 0001
Pooling size:2 x2
Conv:3 x3/16,3 x3/32,3 x3/64,3 x3/128,3 x3/256 2 300 x300 x 1 1:51:33 30.5
FC:256,32
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FERE RO 3 2R T 79. 4 % (PR BE L (H 38
FEFRULTAR o 3 2R ORI SR Z B
W2 BB, — & B E LRSS IR £ 1 K
TR, AT BT 45 A RRAE ) Je 4326 o (HJE 243k
— RIS RUZ AT A TR 4 IR S (155
YEAS BE N TEAR AR 79.5 % , ME— () AT L AR T 1 R
PRUZ UG o B A7 52 4% B A 38 n, JEE X I 25k

PEAE AU G PR o, (E e R SR A PERE N %, 18
MPEAEZE . WP 7 (e) J7(d) FroR, AR S HAs
LARRAZACIE , MAE W] TR B 5. ke 4
BEAEIRBOYERES RO 4 AT T AR 3 S A 5
UEARRE IR B T 79.7 % , {H M4 193847 I 6] A7 T 34
Mo B2 L, 2 45 =08 R~ B 70 A 3X
AL 7R WU SRR AS b 25 ), L4 2 A 4 A5 B
THHERY G S B SR R AL PERE . (HJ 2 H 4k
JE T — 2B I, 0 23 A7 Ik [ DU B EE A9, 22 25
RSk, 28 BRNA, JoAT R 45 15 1
4 LSRR IS CNN 28 fl e R 454

K4 B P EEM BT R ER SRR AR

Tab. 4 Experimenting parameters and results with different network architectures

[% S % e gt | R
(h:im:s) /%
Conv:3 x3/16,3 x3/32,3 x3/64,3 x3/128,3 x3/256,3 x3/512
3 : s 5 s ’ ’ : 14 .4
Epoch:50 FC:256 32 5:57 :40 79
Batchsize : 8
: Conv:3 x3/16,3 x3/32,3 x3/64,3 x3/128 3 x3/256,3 x3/512
Learning rate:0. 0001 4 O3 XD, 9 X332, XFC o :4 o 2 X 6:27:08| 79.7
Pooling size ;2 x2 S
Input Size:600 X600 x 1| Conv:3 x3/16,3 x3/32,3 ><3/64F,é 2312123,3 x3/256,3x3/512,3x3/1024 | oo o[ o




1582

o 5 4 s

51 &

6.0

osk 50 L I UE IR
V4
ool 4 | 40}
j‘é Jé;: 30 b
T 04 -
20 b
0.2
10 b Se
0.0 L . . . n . 00+ Tl
0 10 20 30 40 50 0 1;) 22) SE) 42) 5;)
IEARIKEL/ IR TARTRL/ Tk
60 @ BRI (d) B SRR o
’ e
ol BuE Bk B 7 BTN R R R
Fig. 7 The accuracy and loss plots for model
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Tab. 5 Experimenting parameters and results with different combinations of 1.2
regularization parameters and Dropout rate
[ 2% 23 % RiRIE | 12 IEM{E(ConvI FC) | Dropout( Conv|FC) WA (h tm :s) YIRS B %
6 0.0110.01 0.2510.25 7 :27 136 72.3
7 0.0110.01 0.251 - - 7:26 :11 73.2
8 0.0110.01 - -10.25 6 :51:09 79.0
Epoch:50 9 0.0110. 01 -=l-- 6 :49 :46 81.1
Batchsize : 8 10 0.011 - - 0.2510. 25 7:05 :42 79.6
Learning rate :0. 0001 11 0.011 - - 0.251 - - 7:04 :31 78.9
Pooling size ;2 x2 12 0.011 - - - —10.25 6 :26 :02 79.2
Input Size :600 x 600 x 1 13 0.011 - - -=l-- 6 :27 :48 79.5
Conv;3 x3/16,3 x3/32, 14 - -10.01 0.2510. 25 7:26:12 79.7
3 x3/64,3 x3/128, 15 - -10.01 0.251 - - 7:24 116 82.1
3 x3/256,3 x3/512 16 - -10.01 - -10.25 6 :48 :56 82.6
FC.512,64 17 - —-10.01 -=-1-- 6 :48 :29 81.0
18 -=l-- 0.2510. 25 7 :05 :40 78.8
19 - === 0.251 - - 7:03 :39 78.5
20 -—-1=-= - -10.25 6 :26 :28 79.0
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Fig. 8 The accuracy and loss plots for Model
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Tab. 6 Confusion matrix of the final CNN architecture on test dataset
TRVE HE I Lo H |5/ %
HERE(0) hREEERAL (1) R (2)

BMERAE(0) 627(94.4 %) 19(2.9 %) 18(2.7 %) 94. 4

Bk FREERAE (1) 2(0.3 %) 681(96.0 %) 26(3.7 %) 96.0
KL (2) 1(0.1 %) 10(1.4 %) 719(98.5 %) 98.5

KR/ % 99.5 95.9 94.2 HET % .96. 4
£T ANKBEALAREGHR EWTNER
Tab. 7 The global prediction results of nine specimens
K75 FEHERIL(0) ThEEERAE (1) HEBRAL(2) TR e/ %o SBRARAE TUMAR

1 1849 32 27 96.9 0 0

2 1995 2 7 99. 6 0 0

3 2061 0 3 99.9 0 0

4 24 1931 85 94.7 1 1

5 14 53 2105 96.9 2 2

6 2 1988 122 9.1 1 1

7 9 2160 63 96. 8 1 1

8 4 90 2126 95.8 2 2

9 6 91 2267 95.9 2 2
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