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Development of Digital Twin for Metal Additive Manufacturing
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Makoto WATANABE, Jun KATAGIRI, Sukeharu NOMOTO, Masahiro KUSANO, Tomonori KITASHIMA

In this paper, we will discuss the technology of prediction in AM processes, which is considered to be increasingly important for controlling
microstructures, maximizing component performance, and ensuring reliability. An attempt to correlate part-scale and microscale temperature field
analysis with actual microstructures is presented as well as an example of predicting solidification segregation by combining part-scale temperature
field analysis with the phase field method. In addition, an example fiom the literature is presented, where machine leaming was used to predict tensile
strength distributions from temperature field data obtained by monitoring during the AM process.
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Fig.l (a) Schematic image of the constricted sample with
dimensions. A blue broken line indicates the central axis. (b) A
photograph of the as-fabricated sample (M. Kusano?, CC BY 4.0.).
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Fig. 2. The top surface temperature measured by a thermographic
camera during laser scanning (left), immediately after laser scanning
(middle), and 5 s later (right); results are shown for the (a) 84th layer
(z =249 mm, part A), (b) 334th layer (z = 9.99 mm, part B), (c)
584th layer (z = 17.49 mm, part C), and (d) 834th, 1168th, and
1501st layers (z=24.99, 35.01, and 45.0 mm, respectively, part D).
The yellow arrows represent the laser scanning direction (M.
Kusano®, CC BY 4.0.).
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Fig. 3. The top surface temperature against the building time. The
bright gray and black lines are the temperatures measured by the
thermography, and predicted by the part-scale thermal analysis,
respectively (M. Kusano®, CC BY 4.0.).
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Fig. 4. The temperature distributions at different time points by the
part-scale thermal analysis for the constricted sample: (a) isometric
view and (b) cross-sectional view. The yellow broken lines indicate
the central axis of the sample (M. Kusano?, CC BY 4.0.).
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Fig. 5. Inverse pole figure (IPF) and grain maps of the XZ and XY

planes (left and right columns, respectively) by EBSD at the

sample heights of (a) 2.5 mm, (b) 18 mm, and (c) 32 mm (M.

Kusano?, CC BY 4.0.).
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Fig. 6. Transient temperature distribution (a, b, c), temperature
gradient G (d, e, f), solidification rate R (g, h, 1), and cooling rate G
XR (j, k, 1) of the 11th-track with Tinit of 200°C (left), 1000°C
(middle), and 1100°C (right) by the microscale thermal analyses(M.
Kusano?, CC BY 4.0.).
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Table 1. Composition of the Ni-based alloy (Rene 41) in this study
(Wt%o)Y.
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15 mm

5mm

Fig.7. Dimensions of the experimental product. (a) Length of
substrate and deposition for the y-direction. (b) Width and height of
substrate and deposition on the x-y cross-section (S. Nomoto®, CC
BY 4.0.).
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Fig.8. Temperature field at times (a) 0's, (b) 17 s, (c) 31 sand (d) 45
s (S. Nomoto®, CC BY 4.0.).
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Fig.9. Temporal temperature variations at the first, fifth and tenth
layer (S. Nomoto®, CC BY 4.0.).
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Table 2. Estimated cooling rate and temperature gradient at the 1st,
5th and 10™ layer deposition (S. Nomoto®, CC BY 4.0.).

Layer Cooling rate,{| Temperature
position K/s gradient, K/m
1 44.9 90,000
5 260 88,100
10 208 84,800

5™ layer

Fig.10. Solidification microstructure of Ni-based super alloy (Rene
41) fabricated by plasma arc-based WAAM and microstructures at

the 1st, 5th and 10® layer (S. Nomoto¥, CC BY 4.0.).
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Fig.11. Temporal solute element fraction distributions with phase
distributions at the 10th-layer position at the time of 0.54 s, Al, Ti,
Co, Cr, Fe, Mo, Si, and C (S. Nomoto®, CC BY 4.0.).
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Fig. 12. Average primary dendrite arm spacing (PDAS) variation for
the built height and comparison between experiment and multi-
phase field simulation results (S. Nomoto®, CC BY 4.0.).
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Fig. 13. A schematic of the proposed mechanistic data-driven
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Fig. 14. Predicted UTS maps for three process conditions. The CNN
outputs (in black) and experimental values (in red) are marked as
well (S.A.H. Motaman”, CC BY 4.0.).
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