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Abstract

Solid freeform fabrication involves highly coupled, nonlinear, thermomechanical processes. This
investigation simulates the formation of a simple SFF geometry, a right, rectangular prism with
aspect ratios of 1: 1:2. We include the effects of material variation, deposition path, and initial con

ditions to predict resulting distortion.

Introduction

Most SFF processes are constrained in their range of application by certain mechanical and

microstructural phenomena. Thermally-induced distortion limits the dimensional precision of
these processes due to several inherent characteristics. First, the high temperature, local sintering
or solidification zone produces large thermal gradients that in turn cause plastic deformation and
distortion. Second, the subsequent shrinkage cooling of the high temperature and previously
porous material introduce further distortion. Certain processes also introduce distortion due to dif

ferential cooling of a polymer stream.

In the case of 3D Printing, where the heating is primarily isothermal, distortion still results due to
spatial variation in capillary forces developed between the binder and powder particles. This dis
tortion can occur in certain extensions of SLS technology, where the laser is used to bind metal

and ceramic powders coated with a thermoplastic binder. Distortion also results from the uneven
shrinkage of the printed, porous green body during sintering. Finally, stereolithography can expe
rience shrinkage due to the polymerization reaction [Iwanaga, et aI., 1992; Weissman, et aI.,
1992].

This temperature-, polymerization- and binder-induced distortion also introduce residual stresses
during processing. Cooling of a local high temperature zone surrounded by a lower temperature
material introduces tensile stresses in the local zone. Unless removed, these tensile stresses can
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cause cracking and prevent the complete closure of pores. In some cases these tensile fields can
introduce additional porosity by expanding smaller pores in the presence of a tensile hydrostatic
state of stress.

These residual stress fields can act as the primary constraint on the application of components
fabricated using any of these technologies. High strength requires low porosity and low residual
stress states. The absence of either of these conditions significantly reduces the strength of any
SFF component, as they would any porous body [Lakshminarayan and Marcus, 1992].

The relative amount of cohesion between different parts of fabricated components and the micro
structure of components are deposition or sintering path dependent. Many nonlinear processes
occur simultaneously in these technologies, for example: nonlinear thermal conduction, visco
plastic deformation, powder flow, grain growth, and capillary flow. Given these nonlinearities, it

is very difficult to predict the best deposition/sintering path to produce a component with the least
distortion and residual stress, and the best material properties.

The only work of which we are aware that has employed three dimensional modeling of any SFF
technology is by Iwanaga [Iwanaga, et aI., 1992], who appears to have used finite element analy
sis to simulate photolithography. Documentation of this Japanese effort is very limited, however.
Hsu [Hsu, 1992] presents some preliminary simulation of sintering using finite element methods,
but did not consider issues specific to transient SFF processes. Hsu also employed a rather simple
constitutive model for sintering without including the effect of elasticity or residual stresses. To

summarize, we are not aware of any three dimensional simulation of domestic SFF processes,
including SLS and 3D Printing.

The following sections provide the details of the finite element analysis used to simulate the dep
osition of a right, rectangular prism. The effect of different materials, beam paths, initial condi
tions, and boundary conditions are given in the next section. The paper closes with discussion and

conclusions.

Model Details

The finite element code ABAQUS is used to simulate a generic SFF process. Figure 1 illustrates
the simple prism used in the analysis. The body is very small, consisting of 16 elements arranged
in a prism with aspect ratios of 1: 1:2. The body is held fixed at one comer and allowed to displace

freely at all other points. Deposition and/or heating of powder material is simulated using an ele
ment activation capability in ABAQUS. Each beam path variation therefore activates elements in

a different order. The simulation is a decoupled thermomechanical analysis, where the thermal
history resulting from a thermal analysis is used as the loading for a subsequent mechanical anal

ysis. The activation of elements in the mechanical analysis is delayed by one element activation
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step to activate elements in their high temperature state, thereby eliminating any mechanical

effect due to heating of loose powder. All analyses were performed using a DECstation 5000.

Figure 1 Finite element model of right, rectangular prism.

Two materials, a plain carbon steel and polycarbonate, were included in the analysis assuming
elastic-plastic, rate-independent behavior. Our previous analyses of welding processes indicate

that a rate-independent assumption works reasonably well for predicting metal distortion. The

polycarbonate is most likely less accurately modeled using rate-independent models. Material
properties (elastic moduli, specific heat, yield stress, thermal expansion coefficient, thermal con
ductivity) vary with temperature in the simulation. Behavior above the melting temperature was

approximated by a very small value ofyield stress.

The heating of the surface was simulated by the imposition of a uniform energy flux on the sur
face of a newly activated element. The magnitude of the flux was adjusted until the material
within the element exceeded its melting temperature. Heat transfer is modeled approximately
using film coefficients on the surfaces of the activated elements. Film coefficients were therefore
assigned and eliminated as elements became activated and as elements were covered by previ
ously unactivated elements.

The simulations did not include the effects of radiation heat transfer, rate-dependent constitutive

behavior, orientation dependence of the heat transfer coefficient, powder constitutive behavior, or

effects due to capillary flow.
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Experimental Results

Figure 2 illustrates representative results for a simulation at different stages in the deposition of
the full prism. This simulation employed steel constitutive behavior and deposited materials along
the long axis of the prism. The dashed lines indicate the shape of the prism in the absence of any
deformation. The solid lines indicate the shape of the prism at that stage. The final deformed
shape corresponds to the final room temperature configuration.

First layer deposited

First row of second layer deposited

Final deposited geometry

Figure 2 Representative sequence of distortion resulting from steel prism simulation.
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Table I summarizes the effect of different deposition (beam) paths and initial conditions for the
steel deposition using the final, fully cooled, vertical displacement of a lower corner of the prism
for comparison. The vertical displacement was much larger than displacements in the plane of
deposition. The corner location is illustrated in figure 3. It is interesting that the simulations indi
cates that the path with the lower distortion also results in the lowest maximum principal tensile

stress. Path selection therefore may offer promising opportunities in improving component prop

erties. Increasing the ambient temperature (from 20 Celsius to 800 Celsius) produced significant

reductions in residual stresses and displacements.

fixed at this
corner

Figure 3 Location of point displacement used to compare different simulation cases.

Thble 1: Comparison of beam paths and initial conditions

Simulation description Beam path in Corner Maximum
each layer vertical dis- principal

placement tensile
stress

Steel, beam path in one direction only 0.12 mm 980 MPa
along prism long axis.

.~

Steel, beam path in two directions along 0.12mm 1000MPa
prism long axis. ..

~

Steel, beam path in one direction only 0.10 mm 860MPa
along prism long axis.

~~~~
Steel, beam path in one direction only 0.05 mm 98MPa
along prism long axis, initial and ambient

~temperature of 800 Celsius.

The effect of change in materials was unremarkable. Displacements associated with the polycar
bonate prism were within a factor of two of those associated with the steel. However, the polycar
bonate is first, rate-dependent and is second, highly dependent on the particular manufacturer's
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formulation. More accurate simulation of the polycarbonate therefore requires more accurate con
stitutive models for the polymer thermal and mechanical behavior.

Discussiou and Couclusions

Given the guidance that such process modeling has provided to other processes, such as welding
[Brown and Song, 1992], we expect even greater benefit to be derived in SFF. SFF processing is
at a sufficiently early stage of maturity where many of the nonlinear process interactions are not
wen understood. We believe that accurate simulation capabilities win provide substantial assis
tance in understanding these nonlinearities.

The simulation work proposed here is. not coupled to anyone particular SFF technology, but
instead is applicable to a number of SFF processes, including SLS, 3D Printing, Stereophoto
lithography and the Stratasys process. Consequently, the insights gained through this effort should
assist the development of several competing processes.
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