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Abstract
Solid Freeform Fabrication technologies have potential to manufacture parts with locally con-

trolled properties (LCP), which would allow concurrent design of part's geometry and desired
properties. To a certain extent, Fused Deposition Modelling (FDM) has the ability to fabricate
parts with LCP by changing deposition density and deposition orientation. To fully exploit this
potential, this paper reports a study on the mechanical properties of FDM prototypes, and related
materials and fabrication process issues. Both theoretical and experimental analyses of mechanical
properties of FDM parts were carried out. To establish the constitutive models, a set of equations
is proposed to determine the elastic constants of FDM prototypes. An example is provided to
illustrate the model with LCP using FDM.
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1. Introduction

With recent advances in Solid Freeform Fabrication (SFF) technologies, it is possible to use
these technologies to produce parts with desired mechanical properties. The ability to fabricate
parts with locally controlled properties (LCP) would create opportunities for manufacturing of a
whole new class of parts with graded compositions [Jacks$ah, 99] and [Cheet al,, 01]. Fused
Deposition Modeling(FDM) has the potential to produce parts with LCP by changing deposition
density and deposition orientation. A few examples with LCP are shown in Figure 1 b), c), d), e).

FDM processes fabricate prototypes by extruding a semi-molten filament through a heated
nozzle in a prescribed pattern onto a platform layer by layer, as in shown Figure 1 a). After the
semi-molten material is deposited onto the worktable it begins to cool and bond to the neighboring
material diffusely. The bonding between the individual roads of the same layer and of neighboring
layers is driven by the thermal energy of semi-molten material. FDM processes use several types
of materials, such as Acrylonitrile-butadiene-styrene (ABS) and wax, to build conceptual and/or
functional prototypes.

Most of the existing research work in FDM is primarily directed towards the development
of new materials or techniques for material deposition [Agarwakl. 96] [Gray IV et al. 98],
[Yardimci et al,, 96]. The mechanical properties of ABS filament and FDM parts were also investi-
gated by researchers such as [Caghbl, 94], [Kulkarni and Dutta, 99] and [Rodriguez Matas, 99].

ABS parts made by FDM processes essentially consist of partially bonded ABS filaments.
Mechanical properties of FDM prototypes are governed by their meso-structures that are determined
by manufacturing parameters. By selecting manufacturing parameters, such as deposition directions
in layers and gap sizes between filaments, FDM processes can achieve LCP and produce prototypes
with desired properties. To fully exploit this potential, issues concerning the mechanical properties
of FDM parts and the fabrication process parameters, should be investigated. This paper describes
a study on the mechanical properties of FDM prototypes.
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Figure 1. FDM process and the parts fabricated with graded mechanical properties

The remaining sections of this paper consist of the following parts: Section 2 is devoted to the
modeling of the mechanical properties for design of FDM parts; experimental validation is given
in Section 3. Section 4 provides an example of the prototypes with graded mechanical properties
using LCP. The final section summarizes the main conclusions.

2. Modeling and Analysis of Mechanical Properties of FDM Prototypes

The FDM prototypes are orthotropic composites of ABS filaments, bonding between filaments
and voids. They can be viewed and analyzed at different levels and on different scales. At macro
level, they are studied as laminates of bonded laminars. At micro level, the properties of each
laminar are functions of properties of filaments and void density.

2.1 Lamination Analysis of FDM Parts. To concurrently design mechanical geometries and
properties, it is important to determine the effective stiffness so that the model can be used to
predict the mechanical behaviors of the parts. Filament orientatisrdefined as the angle be-
tween the loading direction and longitudinal direction of filaments of each lamina. The in-plane
constitutive relations for the case specially orthotropic where = 0(0r90°), the constitutive
relation reduces to form of Equation 1:

o11 Quu Q2 0 €11
o | = | Q2 Q2 0 €2 | . (1)
o12 0 0 Qss €12

where [0;;] and [¢;;] are the in-plane stress and strain respectivedy| is the stiffness matrix.
Four independent elastic constants, namely, longitudinal Young’s moflylugansverse Young's
modulusEs,,, major Poisson’s ratie;,, and shear Modulu&',, are required to describe the in-
plane elastic behavior of a lamina. All elements in maf€)X are functions of these constants.
General orthotropidamina refers to a lamina with fiber orientation other thaor 90°. Although,
the stiffness matrix for general orthotropic lamina is fully populated with 6 elements. These six
elements are functions of the four independent elements in m&trMallick, 93].

A laminate is constructed by stacking a number of laminas in the thickness direction. The
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overall properties can be modeled by the Lamination Theory [Mallick, 93]. As such, in macrome-
chanical approaches, the stiffness matrix of a laminate is composed by properties of every lamina
according to the Lamination Theory, while the in-plane elastic behavior of a unidirectional lamina
may be fully described in terms of four elastic lamina properties including Fs,, G2 andw,.

For the design purpose, itis desirable to have reliable predictions of lamina properties as a function
of constituent properties and geometric characteristics. One of the objectives of micromechanics
is to obtain such relationships.

2.2 Micromechanics of Material with Voids. A variety of methods have been used to pre-
dict properties of composite materials as functions of constituent volume ratio and geometric
packing parameters. Tsai [Tsai, 64] conducted an analysis based on variational principles in which
contiguity of the fibers and fiber misalignment were considered. The filament contiguity was
incorporated in theoretical predictidty,, and the fiber misalignment was consideredin. The
set of the equations, when being reduced to material with voids, is depicted below.

The longitudinal Young’s modulus can be described by the equation:

En = k(l - Pl)E (2

where E is the Young’s modulus of the polymey,is the void density in Plangé (normal to the
fibers), andk is an empirical factor that takes into account the fact that the filament may not be
exactly parallel or perfectly straight. The prediction of transverse modalgstakes form:

Eyp=(1-0C) [11 :_ (21p1_—p11/)€1] (i ;p/j;) E (3)

wherev is the Poisson’s ratio of the polymer. The effective in-plane shear modulysis given
by:

1—p G @)
L+p

where G is shear moduli of the polymer. And the in-plane Poisson’s ratipjs given by the
following relation:

Gio=(1-0C)

vz = (1= C)v )

Only the void density in the plane perpendicular to the fibers is required to compute the effective
properties. The value of fiber contiguity factorcan be assigned to two extreme cases, (1) all
filaments are isolated, = 0; (2) all fibers are contiguous, = 1. The effective Poisson’s ratio,

V19, 1S found to be the same as that of polymer whég- 0. It is the same as Hashin and Rosen’s
conclusion [Hashin and Rosen, 64].

Tsai’s equations may be suitable for materials with cavities, but they could be used for FDM
parts only under the assumption of perfect bonding among filaments. However, this assumption is
not valid for the FDM process according to the ABS sintering experiments that were conducted in
this research.
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Figure 2: Fiber volume fraction in the transverse direction

2.3 Modeling of Elastic Constants for FDM Prototypes. The previous section demonstrated
that FDM prototypes are composites of partially bonded ABS filaments and voids. Because of
imperfect bonding, A new set of equations is proposed to calculate the elastic constants.

When loaded in longitudinal direction, a unidirectional FDM part is an aggregate of ABS
filaments. Longitudinal Young’s Modulus can be predicted well by the rule of mixtures. Therefore,
Longitudinal Young’s Modulus is:

En=(01-p)E (6)

whereF is Young’s Modulus of P400 filament, ang is the area void density in the plane normal
to filaments. In the case of transverse normal loading, the bonding among the filaments is the load
carrier. The following equation is proposed for Transverse Modulus:

Eyp=((1-m)E (7)

where( is an empirical factor that takes into account the bonding strepgib.linear void fraction
along the transverse direction. Refer to Figure 2, the definition of

b—
pr=—". ®)
Term (1 — p») is the ratio of bonding length to overall dimensions. Similarly, the prediction of the
in-plane shear modulus takes form:

G2 = C(l - P2)Ga ()]

whered is the Shear Modulus of P400 filament, and the in-plane Poisson’s ratjos same as
that of ABS filamentsy:
Vig =V (10)

Comparing Equations 6 through 10 with Equations 2 to 5, the significant differences are in
the predictions oft,, andG». Void densityps is introduced to count the potential load carrying
dimension, wherea$(1 — p;) results in the ratio of the effective load carrying media. Since the
estimation of these elastic constants requires the void density in the plane perpendicular to filaments
p1 and bond length ratip,, the calculations of the void densities are the topic of the next section.

2.4 Micro-scopic Images Analysis. Theoretical calculations of strength, modulus, and other
properties for a FDM part are based on the the void densitieend p,. Therefore the cross-
sections of FDM specimens are studied under a microscope. Unidirectional cubic specimens of
dimensionl0 x 8 x 20mm were made with different gap sizes. They were cut in the middle plane
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Table 1: Results of digitized image analysis
| GapSizefm) | p1 | p2 |
-50.0 0.0343] 0.2776
-25.4 0.0434] 0.3419
0 0.0799] 0.4038
100 0.1990 1

e ||
dj

Figure 3: Meso-structures of different gap settingsg & —0.100mm; b) g = —0.050mm; c)
g = —0.0254mm; d) g = 0.0mm and e)g = +0.100mm

which is normal to filaments. Then the photos of meso-structures were taken under a microscope,
as shown in Figure 3. They were analyzed by using image processing software. \Void densities
p1 and p, were calculated, and the results are listed in Table 1. From the observation and the

image analysis, it can be concluded that the voids appear periodically when the negative gap is
small. When the negative gap reachds1mm, the dimensional accuracy and surface quality of

the specimen become very poor, and the periodicity can rarely be observed.

3. Experimental Validation

The theoretical stiffness model developed previously is a function of deposition densities
and deposition orientations. To validate the model and method, the experimental analysis was
carried out. The experiments tested the orthogonal-ply specimens, and the experimental results
were compared with those of constitutive modeling described in Section 2. All specimens were
manufactured by the FDM2000 machine. The elastic constants of P400 filaments were cited from
work of Rodriguez Matas [Rodriguez Matas, 99], listed in Table 2, as the inputs of the theoretical
calculations.

Table 2: Elastic Properties of P400 filament
Elastic Constant Value
Young’s Modulus,EZ | 2230 £ 15M Pa
Shear ModulusF 833 £ 7.6 M Pa
v 0.34 £0.02
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Figure 4: Young’'s moduluss deposition Orientation in orthogonal-ply specimens

Table 3: Orthogonal-ply specimen test results

Specimen| Young's ModulusM Pa | Difference
Experimental| Theoretical| Percent
[0/90] 1772.9 1718.7 3.1
[15/-75] 1623.4 1584.7 2.4
[30/-60] 1440.4 1368.2 5.0
[45/-45] 1369.6 1272.7 7.1

The stiffness matrix of orthogonal-ply specimens can be constructed according to the procedure
described in Section 2. As a result of the laminate modeling, the in-plane Young’s modulus of the
orthogonal-ply symmetric laminates with differefif([¢ — 90°)] fiber orientations is a non-linear
function of the deposition angle, as shown in Figure 4. It can be observed from the figure that the
laminate with raster angles of approximately [45/-45] yields the minimum modulus of elasticity.
The laminate with raster angles of [0/90] has the highest Young's Modulus. The experiments with
the orthogonal-ply symmetric specimens were tested to determine the same in-plane moduli. The
specimens with raster angles of [0/90], [30/-60], [45/-45], and [15/-75] were manufactured with
the same thickness of 11 layers. These experimentally determined values were then compared with
the theoretically predicted values to evaluate the effectiveness of the proposed laminate modeling
approach, in Table 3 and marked a&ih Figure 4. The experiment data were in good agreement
with the results of laminate modeling.

4. Example

The purpose of the study of mechanical behaviors of FDM prototypes is to establish the
models for design and fabrication of the parts with the desired mechanical properties through local
composition control. This can be carried out with FDM process by changing deposition density
and orientations to obtain the requried properties.

The design of the example part with graded mechanical properties is shown in Figure 5a).
Assume that the geometrical and functional constraints require the smaller section with equal or
higher stiffness than that of the larger section areas. Therefore, the properties are gradient along
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Table 4: Configuration of the axis

Iy lo I3
Lengthgnm) 20 20 20
Deposition stratedy | [0/0] | [0/90] | [45/-45]
Gap [um) -25.4 | -254 | -254
E., 2137.7| 1718.7| 1272.7

Figure 5. An axis with gradient property.

Axis X. Different deposition strategies and deposition densities were used for different sections
of the part to meet the requirements as listed in Table 4. Young’'s modylusf each section
calculated according to the stiffness modeling are listed in the table. If an external axiaPfce
applied at each end, the overall elongatidh is calculated using the following equation:

3 PL,
AL = / e R 11
2] mam™ ah

whereL; is the length of each sectiof’, is the Young's Modulus of the sectoin, ang(z) is
the cross-sectional area of the section. With locally controlled deposition density and deposition
orientation, it is possible to make the section with smaller cross-sectional area as stiff as, or even

stiffer than, the section with bigger cross-sectional area.

5. Concluding Remarks

The design and fabrication of products with LCP would make it possible to create a new class
of products with desired mechanical and material characteristics. This paper reported a study on
modeling of in-plane mechanical properties of FDM prototypes relating to fabrication parameters.
Based on both the theoretical and the experimental analyses, a set of new equations of calculating
the elastic constants were proposed and validated, which were used to determine the constitutive
models of FDM parts. An example was presented to illustrate the design and fabrication of the
FDM prototypes with required mechanical properties by locally controlled deposition density and
orientations. Different deposition densities, angles and their combinations can be employed in
producing the required stiffness properties of manufactured parts. The further study is currently
underway in investigating void geometry and density with more manufacturing parameters.
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