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Abstract Metal additive manufacturing (AM) is an advanced digital manufacturing technology with distinctive
advantages in the rapid fabrication of intricate and high-performance parts. However, there are deviations between the
mechanical properties of the as-built material and their intended design counterparts due to the complex microstructure of
the fabricated material and the inevitable defects that occur during the manufacturing process. To accurately predict the
material properties, employing an efficient numerical method that considers the actual microstructural features is crucial.
In this study, a crystal plasticity finite cell-self-consistent clustering analysis (CPFC-SCA) method is proposed. It consists
of two distinct calculation stages: an offline stage for data preparation and an online stage for rapid calculations. During
the offline stage, the CPFC and a clustering method are integrated to discretize the representative volume element (RVE)
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of the as-built material microstructure. Subsequently, during the online stage, the SCA derived from the subdomain
weighted residual formulation and crystal plasticity involving the Hall-Patch effect are utilized to solve the Lippmann-
Schwinger equation of the RVE, and the numerical results are further utilized to determine the effective mechanical
properties through the homogenization of stress and strain. Several numerical examples, RVEs with and without the
irregular void, are presented to showcase the accuracy and efficiency of the proposed method. Furthermore, we applied
the proposed method to numerically address the as-built mechanical properties of additively manufactured IN625 using
selective laser melting, and the numerical results shed light on the relationship between the process parameters and the

mechanical properties. It is demonstrated that the proposed method is a promising numerical simulation tool with high

efficiency in predicting the mechanical properties of materials fabricated by metal additive manufacturing.
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LR B 45 LB LA Table 2 Material parameters for a face-centered cubic metal®®!
il x I, 707 52 5 i 1| R
Parameter Value
1], o, B E A7 0,455 B AR 22 5 BEAG AN AN R L ——— - e
elastic stiffness componen a .
B % 5 500, LUK E CPFC-SCAM Ak HE A5 e
,%g Fjﬂﬂ ﬁﬁu ﬁ“;ﬁ SLM i *erﬁ”]ﬁ IN625 ﬁ{i\, ﬁ:}’ elastic stiffness component C,,/GPa 137.6
7 BT B ROV I AR5 10 0 9247 9 ) clastc tffcss comporent C/GPa 1262
N L ZZHON LA VE R IS . A5 BT A7 549 1) reference shear rate 4®) 50
%)ﬂ 17-10700K ﬁiﬁ%%ﬁﬁ*g 'H‘ﬁ strain rate sensitivity exponent n 0.0005
3.1 ZEEH initial hardening modulus //MPa 500
12 T AH % EIEI% %WU ‘{X'-Eﬁu |Z§] 7 ﬁﬁ% . ;H\: EEI 8 /I\ EIEI%I saturation stress 7,/MPa 302
I-EJZ: ﬁ1ﬂﬁﬂ“i’/}]y\j 40 pm X 40 um % 40 um E]"] ﬁ%*ﬁéﬂ critical resolved shear stress 7,/MPa 180
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Fig. 7 A cubic lattice material RVE with eight grains, where the

number indicates the grain ID and the color shows the crystallographic
orientation corresponding to the lower left inverse pole figure
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Table 1 The crystallographic orientation of each grain
represented by Euler angles
Grain Euler angle ¢ Euler angle 6 Euler angle y/
1 71.3 59.8 169.7
2 172.9 68.6 14.7
3 65.2 3.7 24.5
4 122.6 354 95.1
5 68.9 385 125.1
6 14.1 1.2 87.6
7 1.1 19.4 43.1
8 68.4 422 81.1
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(b) A closer look at the dashed box of (a), where the error bands

depicted in green and red correspond to 5% and 2% deviations,
respectively, from the CPFEM result
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Fig. 9 Polycrystalline material’s mechanical property prediction
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Fig. 10 Polycrystalline material’s mechanical property prediction under

shear loading, where the error bands depicted in green correspond to 5%
from the CPFEM result
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Fig. 11 RVE with an irregular void: (a) Grain structure model, Mises
stress distributions predicted by (b) CPFEM and (¢) CPFCM
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Table 3 Numerical settings of CPFCM for different cases

Mesh size Order of shape function ~ Subdivision depth
casel 10 x 10 x 10 1 1
case2 10 x 10 x 10 2 2
case3 10 x 10 x 10 2 3
case4 10 x 10 x 10 3 2
case5 15 x 15 %15 2 2
case6 20 x 20 x 20 2 2
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Fig. 12 The effective stress-strain curves of the RVE under elastic
deformation by CPFCM and CPFEM
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Fig. 13  Clusters of the RVE with an irregular void
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Fig. 14 Effective stress-strain curves of the RVE with irregular void
from different numerical models
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Fig. 15 Effective stress-strain curves of the RVE correspond to
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Fig. 16 Comparison of melt pool size and grain structure between
(a) simulation results and (b) experiment data, where the white dashed
lines indicate the melt pool boundary
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Table 4 Material parameters for IN625

Parameter Value
elastic stiffness component C,,/GPa 243,380
elastic stiffness component C,,/GPa 156.7830
elastic stiffness component C,4/GPa 117.88B0
reference shear rate a@ 58.81301
strain rate sensitivity exponent n 0.002428%

initial hardening modulus /o/MPa

573.5 (calibrated)

saturation stress 7/MPa 400.6 (calibrated)
intrinsic initial slip resistance 4,,/MPa 42.6 (calibrated)
Hall-Petch coefficient k,/(MPa- /jum) 750031
equivalent grain diameter d/pm <30
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Fig. 19 Clusters of the RVE
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Fig. 20 Numerical results of effective stress-strain curves, where the

error band depicted in purple corresponds to 3% deviations from the
CPFEM result

3.3.2  AEMEIT W BTG R YR o b

FTF iR CPFC-SCAM ${E # A1 # Rl 2 5L,
AR T WOEThFE N 165 WL 1335y 800 mmy/s
FRIEAT RO ZH 23 77 2= PR RE 1 & 1) S S FL 5 9016
O L 2T w52 1) J1 24 MR 22 5. Ik, 43 BIAE AR I
Rl (%) JEE AR DA % Jes b A A EURE ) oW 2 2R AR SR A4
RVE1 fl RVE2, a0 21 Frow; HRFH24 30 pm x
30 pm x 30 pm.

K 22 J&78 T RVEL Al RVE2 B x, y Al z

K21 APRHMOOZE 2R ) A R UK RVE, ot RVEL AT AR MG
R FIZERR Y, RVE2 A7 T 453t [X 45k
Fig. 21 Cross-sectional view of the predicted microstructure and two
selected RVEs, where RVEI located in the un-melted substrate and
RVE2 located in the melt pool

900
750
600
<
a
= 450
IS
300F x-direction load, RVEI
— — y-direction load, RVE1
150 F — - —z-direction load, RVE1
0 L L L L
0 0.004 0.008 0.012 0.016 0.020
&
(a) RVE1
900
750¢F o
P et =
600} =
£ Vi
= 450 /)
I8 I/
300f x-direction load, RVE2
— — y-direction load, RVE2
150F — - —z-direction load, RVE2

O 1 1 1 1
0 0.004 0.008 0.012 0.016 0.020

&
(b) RVE2
22 ANFEIRETT IR R AR08 F1 AR 28 CPFC-SCAM &5

Fig. 22 Effective stress-strain curves predicted by CPFC-SCAM for
cases with different loading directions
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Table 5 The process parameters of different cases

Case PIW V/(mm-s™")
P165V400 165 400
P165V800 165 800
P165V1200 165 1200
P105V800 105 800
P180V800 180 800
P240V3800 240 800
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Fig. 23  Effective stress-strain curves of the fabricated material between
different scan speeds with constant laser power
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Fig. 24 Effective stress-strain curves of the fabricated material between
different laser powers with constant scan speed
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