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Fig. 1 Roadmap of warping detection and cracking prediction system
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Fig. 2 Software architecture of warping detection and cracking prediction in LDM

@ (b)

initial point cloud data
T laser head
\ 4

morphology reconstruction

\ 4

coordinate transformation

e S
{ P ~

point clouds registration ‘<—§ multiple view
\;\‘\//,,/"

v N

’ delete duplicate points '—

part

‘ straight-through filtering ‘ 01‘/ »Y

' o~ 7 [

; A
‘ statistical filtering | starting point & substrate

\
v | !
first li i

| bounding box filtering ‘ frst scan line last scan line

P03 SR SN R A (a) AR AR R REHE 5 i 2 THAL S5k i 5 (b)) TR 4G Y i 31
Fig. 3 Algorithm flow and detection principle. (a) Coordinate system calibration and point cloud data pre-processing flow; (b) in-situ
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Fig.5 Two warping detection schemes. (a) Rotary slicing planes and intersecting lines; (b) parallel slicing planes and intersecting lines;

(c) rotary slicing planes and parallel slicing planes were combined
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Fig. 10 Warping detection experiment. (a) Surface warping; (b) point cloud data after pre-processing; (c) reconstructed surface;

(d) obtain the intersection lines by rotary slicing planes; (e) obtain the intersection lines by parallel slicing planes
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F 1 Ul AR S 2k r i A TS A AR
Table 1 Calculated warping angle of intersecting lines obtained

by rotary slicing planes

3 A AS~S5 EM M A Q ML L SRR L KR4 R
Table 3 Calculated warping angle Q and variation K in five

consecutive layers at layer 45 - 55

Number a/(°) H/mm L /mm Q/(°) Trenq of

warping
1 0 4.04 68.81 3.36 Yes
2 15 3.32 67.20 2.83 No
3 30 3.96 85.59 2.65 No
4 45 3.02 77.67 2.23 No
5) 60 1.23 77.21 0.91 No
6 75 1.39 85.62 0.93 No
7 90 1.34 79.78 0.96 No
8 105 2.24 78.79 1.63 No
9 120 2.68 90.33 1.70 No
10 135 2.35 68.32 1.97 No
11 150 2.62 64.11 2.34 No
12 165 3.82 73.98 2.96 No

K2 U BB 4 5% A2 2 vt e R s ) 4 2R
Table 2 Warping trend detection results of the first slicing plane

and four adjacent intersecting lines

Number H /mm L /mm Q /() 'I‘renq of
warping
1 4.04 68.81 3.36 Yes
2 4.18 66.16 3.62 Yes
3 4.15 64.88 3.66 Yes
21 4.07 66.79 3.49 Yes
22 4.14 65.16 3.64 Yes

B, SR € % ff B2 3 i o R 1Y FG U0 R il sk O Y
Wi DX P At 52 26 9 R ih 1 o 35 3 oM 5 45~55 2 ih f
e KAH Q% 1 BB il B H i K B L iS5 )2 1058
it £ A8 Akt KA, DA B BRE T 4 % 38 2 X6 07 A9 568 il £y B
HARMb &

B 11(a) R 55 45~55 J2 3 ih f e KAE Q, e H A8 4k
K AR S, n] UL 55 45~55 2 B9 58 il B K
Q5 i 4E E K, 5 45~50 J2 3 il £7 119 725 {1k 5 78 5
6 BN (K=1.46") ;55 46~51 2 3 it £ i A2 Ak 2o
1.58°, 8 th IF 24 B A K., A5 il 14 7T g A - 248 3 .
SRy 3k G R H | E— 25 43 AT H T S5 ) DX P Sl A AR
fekag . EI11(b)~(c) M5 512 H LM X N 554K
2R 6 7 B4 A R AR Al i B L L, T DL T A 4k
BB A X o E S E R K, B — U B (g
80 % ) Y K {EL#A H B {H K, , J) 52 il 4 BKs T 28

SR B E 2 S U S S AT R Ak SRR DR
S 55 2 I & A TR A AN A Q (E N K (.
Wk gAr o nE 11(d) B, 76 9 00 46 3 3 dl ik ¥

Layer number L /mm H /mm Q, /(") K/(°) Q,/(°") K, /(°)

45 48.23  4.09  4.85 4.82

46 4951 4.28 494 4.91

47 48.98  4.57 5.33 5.3

48 49.02  4.83 5.63 5.58

49 47.63 5.11 6.12 6.08

50 47.9 5.3 6.31 146 6.25 1.43

51 49.08  5.61 6.52 1.58  6.47 1.56

52 46.37  5.91 7.26 1.93  7.19 1.89

53 44.73  6.28 799 236 793 235

54 45.36  6.89 864 252 861  2.53

55 4442 8.9 11.33  5.02 11.27 5.02
Layer number Q, /(") K, /(") Q,/(*) K,/(°) Q. /(") K, /(")

45 4.78 4.83 4.8

46 4.88 4.93 4.91

47 5.26 5.31 5.28

48 5.53 5.59 5.55

49 6.03 6.07 6.04

50 6.2 1.42 6.26 143  6.21 1.41

o1 6.41 1.53 6.46 1.53  6.38  1.47

52 7.13 1.87 7.2 1.89  7.12 1.84

53 7.88 2.35 794 235 7.87 232

54 8.57 2.54 8.6 2.563 851 247
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Warping Detection and Cracking Prediction of Laser Deposition
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Abstract

Objective

Due to uneven heating and cooling characteristics, parts accumulate thermal distortions during periodic expansion and

contraction during laser deposition. Geometrical defects, such as flatness defects, melting collapse, warping and cracking, seriously

affecting the parts’ size accuracy. In particular, the warping and cracking of large-scale structural parts can easily cause material

wastage and limit the development of laser deposition manufacturing technology. Therefore, realizing the online detection of warping
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and cracking prediction is an urgent problem for laser deposition manufacturing. In the current research, scholars have utilized digital
image correlation technology and laser displacement sensor to monitor the transient strain field, warping and instant cracking. The
detection accuracy was also improved by combining it with a machine-learning algorithm. However, while the results show the laws
of warping and cracking, the global detection of warping and prediction of cracking have yet to be achieved. This study aimed to
realize warping detection and cracking prediction through the changing trend and variation of the warping angle during the deposition

process and to improve the forming quality.

Methods A warping detection and cracking prediction system were built based on a laser deposition manufacturing system and laser
scanner to monitor the surface morphology of parts in real-time. A new algorithm for warping detection and cracking prediction was
proposed based on the warping angle and was verified by experiments. First, the surface topography data of the current deposition
layer were obtained using a laser scanner, and in-sizu detection was realized through morphology reconstruction and hand-eye
calibration. The point cloud data were then pre-processed by straight-through filtering, statistical filtering, and bounding box filtering
to prepare for surface reconstruction. Next, the warping angle of the intersecting line was calculated using the rotary and parallel slices
that vertically crossed the reconstructed surface. Simultaneously, warping threshold Q, and cracking threshold K, were set according
to the part size and allowable distortion degree. Finally, warping was determined according to whether the warping angle exceeded
the threshold Q,, and cracking was predicted by the changing trend of the warping angle and the variation in five consecutive layers
(K). Cracking may occur when the warping angle increases and the variation K exceeds the threshold K,,.

Results and Discussions This study proposes a new warping distortion measurable indicator for laser deposition manufacturing
(for the plane), that is warping angle (Fig. 4), which can be used to achieve warping detection and cracking prediction through rotary
and parallel slices (Fig. 5). The software framework (Fig. 2) includes three main modules: visualization, system control and data
processing, the whole process can be visualized using the PCL point cloud library. The effectiveness of the warping detection
algorithm (Fig. 6) was experimentally verified. The experimental results showed that the algorithm could determine the direction
prone to warping using rotary slices (Table 1) and conduct complete coverage detection on the surface of the parts (Fig. 10) using
parallel slices. When the warping angle of an intersecting line exceeds threshold Q,, a locally accurate judgment is made (Table 2).
The cracking prediction algorithm (Fig. 8) was verified experimentally. By calculating the warping angle Q in the cracking influence
area and the variation K in five consecutive layers (Table 3), the results for layer 51 indicate that cracking may occur. With continued
deposition, three cracks appeared in layer 55. The cracking phenomenon of Ti65 components during the laser deposition
manufacturing process was successfully predicted (Fig. 11).

Conclusions In this study, a new algorithm for warping detection and cracking prediction based on the changing trend and variation
in the warping angle was verified experimentally. The two schemes of rotary and parallel slices have their own characteristics. The
former requires fewer calculations and can be used to determine the direction of warping, and the latter has a more comprehensive and
uniform detection range and can be used to determine the warping distribution. The warping angle of the intersection lines between the
slices and the reconstructed surface was calculated, and warping detection was completed by comparing them with the warping
threshold. The maximum warping angle of each layer was recorded, and the changing trend and warping angle in the cracking
influence area were combined with the cracking threshold to complete the cracking prediction. The experimental results demonstrated
that the proposed algorithm is reasonable, logical, and robust. It can detect warping quickly and effectively and predict the occurrence
of cracking. The warping detection and cracking prediction system enhances the quality and process monitoring ability of laser

deposition manufacturing and provides essential evidence for process optimization.

Key words laser technique; laser deposition manufacturing; warping detection; cracking prediction; in-sizu monitoring
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