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ABSTRACT: Additive/subtractive manufacturing is an advanced hybrid manufacturing technology that combines additive
manufacturing with traditional machining. The additive forming materials have excellent mechanical properties and the forming
process breaks the geometric constraints of the traditional machining. Therefore, the additive/subtractive manufacturing
technology has a huge market prospect in the fields of aerospace, shipbuilding, and die manufacturing. However, the rapid
cooling and heating in the additive process leads to the inhomogeneous of microstructure, which brings great challenges to the
subsequent machining. Finite element simulation is an effective method to study the machining mechanism of additive

manufacturing materials. The constitutive model is the decisive factor to assurance the accuracy of finite element simulation.
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Therefore, it is urgent to study on the establishment of constitutive relationship of additive manufacturing materials.

The work aims to summarize the methods of obtaining the constitutive model of additive manufacturing of metal materials
and review the research results of obtaining the constitutive model from five aspects of quasi-static test, hot compression test,
dynamic test, hardness equivalence and microstructure simulation. The common methods used to study the mechanical
properties of additive manufacturing materials by obtaining the stress-strain relationship and fit the corresponding constitutive
model are the quasi-static test, hot compression test and dynamic test. On this basis, the existing problems were analyzed and the
future development direction was prospected. On the aspect of quasi-static test, researchers in China and abroad have studied the
mechanical properties of materials based on Ramberg-Osgood model, and put forward a variety of modified constitutive models.
For hot compression test and dynamic test, researchers mostly use the Johnson-Cook model to characterize the dynamic
mechanical properties of materials, and modify the model according to different test conditions and materials. The strain rate of
quasi-static test is no more than 10~ s™', and that of hot compression test is 10°~10 s™\. Compared with the high strain rate state
of cutting process, there is still a large gap. Split Hopkinson pressure bar test is the most recognized method to obtain dynamic
mechanical properties, which can obtain the stress-strain relationship of materials under high strain rate. However, the above
three methods can only be used to study the mechanical properties of additive manufacturing materials based on the assumption
of equivalent homogeneity. Due to the unique preparation process of additive manufacturing materials, their microstructure is
not uniform, so the heterogeneity should be considered in the study of their mechanical properties. At present, the heterogeneous
constitutive model can be constructed based on hardness equivalence and microstructure. Hardness equivalence method mainly
fits the constitutive model of material equivalent relationship between hardness and stress. The direct hardness equivalence and
nanoindentation test combined with finite element inverse method all can be used. Furthermore, the material inhomogeneity can
be studied by combining the hardness distribution. However, this method is based on the empirical formula between hardness
and stress and its accuracy cannot be guaranteed. The constitutive model based on microstructures is a comprehensive
characterization of material mechanical properties by considering the microcosmic factors such as crystal size and shape, grain
boundary, structural defects, dislocation slip, etc. However, the model is complicated and has too many parameters, which is still
in the exploratory stage.

The unique forming characteristics of additive manufacturing material make it more difficult to obtain the constitutive
model compared with traditional materials. Although relevant researches have been carried out on the acquisition method of
constitutive model for metal additive manufacturing and certain research results have been achieved. However, there are still
significant deficiencies, and further research is urgently needed. According to the existing research, the problems of sample
preparation, more attention should be paid to the model reliability and model application scope in the study of obtaining the
constitutive model of additive manufacturing materials. In addition, nanoindentation experiment, which is widely used in weld
seam research, is one of the effective methods to obtain mechanical properties of additive manufacturing materials because it
can be used to study the heterogeneity of microstructure.
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Tab.2 Parameters of Ramber g-Osgood model of Sintered GP1 stainless steel(*”]

Based upon 0.2% yield strength

Based upon upper yield strength

Based upon lower yield strength

Orientation
K/MPa n K/MPa n K/MPa n
x-axis 1096.3 0.1027 1120.9 0.119 3 1370.3 0.270 0
y-axis 1260.4 0.097 2 1281.4 0.108 0 1573.8 0.242 1
xy45° 1152.7 0.109 7 1178.4 0.124 8 13834 0.234 6
Note: K—Monotonic strain-hardening coefficient; n—Monotonic strain-hardening exponent.
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Tab.3 Optimization parameters of Hahn model™”

Orientation 70/MPa q/MPa b/(107 mm™) f Po ¢/(10° mm™?) a N
X-axis 152.4 3266 3 107! 160.9 4.7 1.5 9
y-axis 163 3700 2.808 107! 255 4.7 1.5 7
xy45° 124 3813 3 107! 288.8 4.7 1.5 6
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Tab.4 Parameters of improved Johnson-cook model 4

Constants A4, B, B, C A A,
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Tab.7 Comparison results of Johnson-Cook constitutive parameters of Ti-6Al-4V alloy

[37]

Processing technology A/MPa B/MPa n C m
Foundry 830 809 0.26 0.012 —
Forging 997.9 653.1 0.45 0.019 8 0.7
Rolling 985 830 0.379 4 0.016 1 0.764 6
Rolling 1 060 1 090 0.884 0.0117 1.1
Rolling 1104 1036 0.634 9 0.0139 0.779 4
Hot extrusion 782.7 49 834 0.28 0.028 1
Electron beam selective melting 1119 838.6 0.473 4 0.019 21 0.643 7
Selective laser melting 1100 899 0.32 — —
Selective laser melting (Literature) 1186 734 0.36 0.025 0.82
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Tailor welded blank ~ Material K/MPa n

HAZ 625 0.166 4

DX56D || DX56D
WN 900 0.158 4
HAZ1 700 0.202 2
HAZ2 1100 0.175 4

DX56D || DP600
WNI1 1500 0.167 6
WN2 1700 0.159 8

Note: HAZ—Heat-Affected Zone, WN—Weld Neck.
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