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are also being developed and completed. Previously, researchers have
shown the effectiveness of modal tests, which are vibration-based
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)T _ _ methods, to identify defects in parts and structures made of metal,
Additive manufacturing plastic, composite, and concrete. But for additive manufacturing parts,
Selective laser melting the development of modal methods with the application of defect

Modal analysis
Defect evaluation
Mode shape curvature

detection is in the early stages of research. The first research in this field
has been done with an additively manufactured part in the shape of a
beam. The smallness of additive manufacturing parts and structures, due
to the limitation of the build chamber of the printing machine, brings the
challenge of high frequency excitation of the part in the modal test. In
this article, in a step forward, by modal analysis and comparing the
modal properties of healthy and defective steel plates made by selective
laser melting, defect identification from one-dimensional space to two-
dimensional space has been done, up to the level of defect locating and
severity assessment. The defect in the defective plate is intentionally
created in the form of a crack on the surface of the plate, and methods
based on frequency change and mode shape change including mode
shape curvature and modal strain energy have been used to identify and
locate the defect
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Table 2. Dimensions of the manufactured plate.

Part Length Width Thickness
Dimensions [mm] [mm] [mm]
Value 140 60 3
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Fig. 1. Tensile test sample: a) Healthy part b) Broken part.
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Fig. 2. Stress-strain diagram obtained by the experimental
method for the sample.
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Table 1. Mechanical Properties of plate.

Young's Density | Poisson's
Property | modulus[Gpa] | [kg/m®] Ratio
218 7889 0.3
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Fig. 3. Showing the element of a rectangular plate and the
forces acting on it.
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Table 3. Frequency response in the 17" mode shape resulting
from the central composite design.

Standard | Run | Point | Depth | Position 7
Order Order | Type frequency
6 1 -1 1.74 67.5 7465.0
10 2 0 0.90 67.5 7494.3
11 3 0 0.90 67.5 7494.3
1 4 1 0.30 20.0 7492.8
3 5 1 0.30 115.0 7491.9
8 6 -1 0.90 134.0 7499.7
9 7 0 0.90 67.5 7494.3
2 8 1 1.50 20.0 7118.8
4 9 1 1.50 115.0 7158.6
13 10 0 0.90 67.5 7494.3
5 11 -1 0.06 67.5 7502.3
12 12 0 0.90 67.5 7494.3
7 13 -1 0.90 1.0 7515.1
W
J‘..
/& mm

sS85 Cogene
Fig. 5. a) Defective Part,  b) The 17™ pure bending mode
shape in the frequency analysis of the defective part
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Fig. 8. Geometric model of the defective plat.
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Fig. 9. Plate Meshing: a) Healthy Plate , b) defective plate.
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Fig. 6. Effect of depth and position of defect on frequency
response of 17 mode shape using 3D response surface plot.

Ol (838 gl (59 32 Jole 93 (il 38U (i 5V JSU5 5
olen b e il a5 wmd o i ol prdaws jl3ges wuslosd 031>
4 bl oo s Cunbyo I il jlws (uilS )8 Gl p e A
ol (895 2 s Gos o3l 4 e (5 )18 e (S0d le
o ol s oo sillae 39 g oyl b 0,38 o sl udlS )3
1l dio piye 4 ) b B alols > s STV US55
5 aalss iy il s ololid uls gioges Yo Jls Mt

Main Effects Plot for Frequency-17
Fitted Means

Cepth Paositicn

H

IR

Mean of Frequency-17

o
1]

S5 Gl p s Cudge 5 Bos Jolo g3 il o oo —Y JSWS
..390 ‘Jﬂ,ﬁ Mm

Fig. 7. Effect curves of the two factors, depth and position of

the defect on the frequency response of the 17" mode shape.
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Fig. 10. Mode shapes of the healthy plate
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Table 4. Frequency difference of healthy and defective plates.

Natural
Mode Mode Shape FrequenCIesD[I:z]t E';:gl'{zggg
efec
Number Status He;:llthy e )
Plate Plate
one bend in the
7 longitudinal 829.96 | 775.99 6.5
edge
8 1176 1117.1 5
Two bends in
9 the longitudinal | 2298.6 | 2113.6 8
edge
10 2537.3 2405.7 5.2
11 4274 4034.9 5.6

Total Deformation 17
Typei Total Deformation
Fraquency: 75167 Hx
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Fig. 11. Mode shapes of the defective plate.
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Fig. 12. a) Defective sample b) Extraction of relative
displacement values in the direction perpendicular to the plate
along a sample of paths.
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Fig. 16. Defect detection image based on change in modal strain energy
in top view for 17th mode shape.
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Fig. 13. Change in mode shape curvature between healthy and
defective plate for 17 mode shape
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Fig. 14. Defect detection image based on the change in the mode shape
curvature in the top view for the 17" mode shape
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Fig. 15. Damage index based on the change of modal strain
energy of healthy and defective plates in the 17th mode shape.
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Fig. 19. Comparison of FRF graphs of healthy and defective plates.
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Table 5. Results of natural frequencies of healthy and defective
late from experimental test.
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Fig. 17. Sample of a printed plate made of 316L material using
selective laser melting : a) Healthy Plate b) Defective Plate.
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Fig. 18. Experimental setup for performing modal test
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Fig. 20. The 17th frequency mode shape in experimental modal
test: a) Healthy Plate b) Defective Plate.
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Fig. 21. Change in the mode shape curvature of healthy and
defective plates in the 17" mode shape in experimental modal
test.
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Table 6. Results of natural frequencies of healthy plate from
finite element and experimental tests.
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Fig. 22. Defect detection image based on the change in mode
shape curvature in top view for the 17" mode shape in
experimental modal test.
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Fig. 23. Damage index based on the change in modal strain
energy of healthy and defective plates in the 17" mode shape in
experimental modal test.
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Fig. 24. Defect detection image based on change in modal strain
energy in top view for the 17" mode shape in experimental
modal test.

o e85 Jhge gofl 3 2gbie dasMo & 4gSilan
2 e Yo VO g piokie <[ Sl Gos b Cgs (u)E
S8 Ul )3 j5 (hg) 93 12 b yieddee W+ g terio Ar Juolgh
wololid 6l bl 15,8 Slwlid J1vge (s )S (55500 )0 puuss 9 250
Ol b Bos 2 pp (plnen (LBl 3929 ek /Y Bas b cus
Cuily do g LU Cuwlodd i 50 Al ol (ol 0dgs ydey cus
Cs b e Bl a9y Jbge gl sl Cadgaze ST 88
25 plsl gyt €83 b Cuilys (o0
42,5 0)sl 990 (nl 4 Olgien B Codgiome (pl dlex ]
worivo Vb (il S5 Gl mdg 5B Jdge gl
wolie 4 b al g plie & gua U ) S50 35l v
ol YL gl b glajguins I ST omled @il ol
Cot Cuns gl 03l guitanr 3555 Sl g GVL py S @ Ad e



Labln (cwdige 53 (6)5id
o/ NN 3,3 NN 3,05 YYYY o

[6] B. Zhang, Y. Li and Q. Bai, "Defect formation
mechanisms in selective laser melting: a review,"
Chinese Journal of Mechanical Engineering, vol. 30, pp.
515-52, 2017, https://doi.org/10.1007/s10033-017-
0121-5.

[7]1 M. Khosravani and T. Reinicke, "On the use of x-ray
computed tomography in assesment of 3d-printed
components,” Nondestructive Evaluation Journal, vol. 1
pp. 1-17, 2020, https://doi.org/10.1007/s10921-020-
00721-1.

[8] H. Villaraga, S. Smith and E. Herazo, "X-ray computed
tomograpgy: from medical imaging to dimensional
metrology,” Precision Engineering, vol. 60, pp. 544-
569, 2019,
https://doi.org/10.1016/j.precisioneng.2019.06.007.

[9] S. Gholizadeh, Z. Leman and B. Baharudin, "A review
of the application of acoustic emission technique in
engineering,” Structural Engineering and Mechanics,
vol. 54, no. 6, pp. 1075-1095, 2015, https://doi.org/
10.12989/sem.2015.54.6.1075

[10] M. Bihi, "Ultrasonic testing training handbook,"

Ultrasonic testing handbook 222, 2013.

[11] S. Udpa and L. Udpa, "Eddy current testing-are we at the
limits," in Proceedings of 16th World Conference on
NDT - Montreal (Canada), vol. 43, pp. 1-5, 2004

[12] X. Sun, S. llanko, Y. Mochida and R. C. Tighe, "A
Review on Vibration-Based Damage Detection
Methods for Civil Structures,” Vibration, vol. 6, no. 4,
pp. 843-875, 2023,
https://doi.org/10.3390/vibration6040051.

[13] G. Hearn and R. B. Testa, "Modal analysis for damage
detection in structures,” Journal of structural
engineering, vol. 117, no. 10, pp. 3042-3063, 1991,
https://doi.org/10.1061/(ASCE)0733-9445(1991)

117:10(3042).

[14] W. Fan and P. Qiao, "Vibration-based damage
identification methods: a review and comparative
study," Structural health monitoring, vol. 10, no. 1, pp.
83-111, 2011,
https://doi.org/10.1177/1475921710365419.

[15] E. Kinzel, B.M. West, N. Capps, J.S. Urban, R. Landers,
D. Bristow and T. Hartwig, "Modal response as a
validation technique for metal parts fabricated with
selective Laser Melting," 27th Annual International
Solid Freeform Fabrication Symposium, Department of
Energy’s Kansas City National Security Campus, pp.
151-174, 2016,

[16] B. M. West, N. E. Capps, J. S. Urban, J. D. Pribe, T. J.
Hartwig, T. D. Lunn, B. Brown,D. A. Bristow, R. G.
Lander and E. C. Kinzel, "Modal analysis of metal
additive manufactured parts,” Manufacturing Letters,

590 3IUT 51 bl b (ol 53] cdlo 3Vgh domino 1> S 5 cae ololid
5o 561 5 il # PSP s 2

il S5 s ol Jleinl YL il 5 slasge 53 Jsbo
35 )i amo 35 228 Jbge el 0 E9090 il Mo

Ol & amd o oLt (075 Joge (1905l 5 (398 (gl —F

5P S g 390 JSb Lol )3 i Bg) 93 po b canl 03l
2 399 Joge i )S

Sl &5 dm> o Lt 225 JIge o905l 5 s308 (gilotnns ¥
S8 4 Sy ocas Wb Ko ]l cale dxis dgel S
JPge 5,8 (G551 )3y g 390 KD slisil )5 55 gla o)
LS5 e 2boe sl bl sl pdy Sl oo /3 0
wbeus glagby) plo Bl e /Y WSl S sS slages

255 8 oy pr 9 3485 390 JIge

5 o5 i S Bl b ond sl (8 Jse ggel > -0
s b e oSl b (Bl g )5 @i 2] 6550
ol 4l &8 0,5 ©yge gpeS glad g yidn <BS L aly e

A8l (oo oy JB Egdge

&le o,
Cawloais Hlo B bt g8l (5,5 4555 gun

&l

[1] A. Paolini, S. Kollmannsberger, and E. Rank, "Additive
manufacturing in construction: A review on processes,
applications, and digital planning methods,” Additive
Manufacturing, wvol. 30, pp. 1-13, 2019,
https://doi.org/10.1016/j.addma.2019.100894.

[2] S. A Tofail, E. P. Koumoulos, A. Bandyopadhyay, S.
Bose, L. O’Donoghue and C. Charitidis, "Additive
manufacturing: scientific and technological challenges,
market uptake and opportunities," Materials Today, vol.
21, no. 1, pp. 22-317, 2018,
https://doi.org/10.1016/j.mattod.2017.07.001.

[BIL. Zhou et al, "Additive manufacturing: A
comprehensive review," Sensors, vol. 24, no. 9, pp.1-44.
2024, 1-44, https://doi.org/10.3390/s24092668.

[4]H. Kim,Y.Linand T. L. B. Tseng, "A review on quality
control in additive manufacturing,” Rapid Prototyping
Journal, vol. 4, no. 3, pp. 645-669, 2018,
https://doi.org/ 10.1108/RPJ-03-2017-0048.

[5] C. Y. Yap, C. K. Chua, Z. L. Dong, Z. H. Liu, D. Q.
Zhang, L. E. Loh and S. L. Sing, "Review of selective
laser melting, Materials and applications,” Applied
Physics Reviews, vol. 2, no. 4, pp. 1-21, 2015,
https://doi.org/10.1063/1.4935926.



https://doi.org/10.1016/j.addma.2019.100894
https://doi.org/10.1016/j.mattod.2017.07.001
https://doi.org/10.3390/s24092668
https://doi.org/10.1063/1.4935926
https://doi.org/10.1007/s10033-017-0121-5
https://doi.org/10.1007/s10033-017-0121-5
https://doi.org/10.1007/s10921-020-00721-1
https://doi.org/10.1007/s10921-020-00721-1
https://doi.org/10.1016/j.precisioneng.2019.06.007
https://doi.org/10.1061/(ASCE)0733-9445(1991)

8 Sgnn 5 S35 gloni Loy 331 3T L, o il dasre e Lo ke

metal,” in the 29th Annual International Solid Freeform
Fabrication Symposium, pp. 2254-2266, 2018,
http://sffsymposium.engr.utexas.edu/TOC2018.

[21] A. Allen, R. Blough and R. Barnard, "Dynamic testing:
an experimental approach to defect identification in
additive manufactured parts,” Master Thesis in
Mechanical Engineering, Mechanical Engineering
Department, Michigan Technological University, 2020,
https://doi.org/10.37099/mtu.dc.etdr/1004.

[22] A. Rytter, "Vibrational based inspection of civil
engineering structures,”" Phd Thesis, Deptartment of
Building Technology and Structural Engineering,
Aalborg University, 1993.

[23] GE. Box , KB.Wilson, "On the experimental attainment
of optimum conditions. In Break throughs in Statistics,"
Springer New  York, pp. 270-310, 1992,
https://doi.org/10.1007/978-1-4612-4380-9-23.

[24] A. Pandey, M. Biswas and M. Samman, "Damage
detection from changes in curvature mode shapes,”
Journal of Sound Vibration, vol. 1, pp. 321-332, 1991,
https://doi.org/10.1016/0022-460X(91)90595-B.

[25] N. Stubbs and J.T. Kim, "Damage localization in
structures without baseline modal parameter,” AIAA
Journal, vol .34, pp. 1644-1649, 1996,
https://doi.org/10.2514/3.13284.

Ladlgn pwtizs ) 6y IRY
¥hjlas e 890 A0 L

vol. 13 pp. 30-33, 2017,
https://doi.org/10.1016/j.mfglet.2017.06.001.

[17] B. M. West, N. E. Capps, J. S. Urban, J. D. Pribe, T. J.
Hartwig, T. D. Lunn, B. Brown,D. A. Bristow, R. G.
Lander and E. C. Kinzel, "Towards defect detection in
metal slm parts using modal analysis: fingerprinting,” in
28th Annual International Solid Freeform Fabrication
Symposium, pp. 2504-2515, 2017,
http://dx.doi.org/10.26153/tsw/16969.

[18] K. Johnson, A. Allen and E. Kinzel, "Dynamic defect
detection in additively manufactured parts using FEA
solution,"in 30th Annual International Solid Freeform
Fabrication Symposium, Department of Energy’s
Kansas City National Security Campus, pp. 1281-1296,
2019, http://dx.doi.org/10.26153/tsw/17359.

[19] A. Allen, K. Johnson, J. Blough, A. Barnard, T. Hartwig,
B. Brown, D. Soine, T. Cullom, D. Bristow, R. Landers
and E. Kinzel, "Frequency inspection of additively
manufactured parts for layer defect identification,"in
30th Annual International Solid Freeform Fabrication
Symposium, Department of Energy’s Kansas City
National Security Campus, pp. 1400-1410, 2019,
http://dx.doi.org/10.26153/tsw/17370.

[20] T. Cullom, T. Hartwig, B. Brown, K. Johnson, J. R.
Blough and A.Barnard, "Effects of identical parts on a
common build plate on the modal analysis of slm created




