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Abstract

In order to take advantage of the design freedom that Additive Manufacturing offers,
most applications require reliable material characterization. This can ensure that a design
performs within its environment and life requirements. This work discusses two models. One
investigates the raster angle dependency of stiffness properties and the other numerically
predicts fracture in Fused Deposition Modeling (FDM) printed polymer parts. Pre-processing
of FDM geometry was done in Abaqus CAE (SIMULIA™). FEA and post-processing was done
in BSAM, which is a damage prediction software developed for composites. BSAM uses a
regularized extended finite element approach of Discrete Damage Modeling. In BSAM,
boundary conditions, connectivity and material properties have been specified. A similar
trend in the stiffness properties was observed when the predicted modulus values were
compared to experimental test data. FDM printed DCB specimens were tested and the Mode
| fracture toughness values (Gic) were obtained. A set of experiments was performed to study
the effect of time and temperature on the Mode | fracture toughness (Gic) of ABS. The Gic
values can be used to develop the fracture model in BSAM. Tensile tests were performed on
ABS specimens to calculate the Elastic modulus. The experimental modulus values were
compared to the values obtained from the model for validation. This model provides a basis

for strength and fracture prediction of FDM printed parts.
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Chapter 1: Introduction

Additive Manufacturing (AM), popularly known as 3D printing is defined as the process
of joining materials to make parts from 3D model data, usually layer upon layer [1]. Compared
to traditional manufacturing methods that often require material removal or subtraction by
one or more operations like turning, cutting, milling, drilling, shaping or other means, AM
adds material. One of the greatest benefits of AM is that it can produce parts with a wide
range of shapes and a high degree of complexity. Design concepts, once impossible for
conventional manufacturing to achieve are now being realized, all thanks to AM’s design
flexibility. It unleashes the designer’s creative potential, allowing them to work free of

constraints.

Fused Deposition Modeling (FDM) is one of the most popular processes for polymer
part printing. However, it creates parts with numerous discontinuities, stress singularities and
fracture interfaces which results in anisotropic mechanical properties and a severely
degraded fatigue life. The degree of severity depends on the local geometry which heavily
depends on process parameters. AM’s design freedom is continuously being explored and is
currently being realized in a variety of lightly loaded, non-critical applications. Critical
applications, such as those in the aerospace industry require reliable material
characterization to ensure that parts perform within their design environment and life

requirements.

This work is a step towards characterizing and predicting the mechanical behaviour of
FDM parts. It comprises of two sections. The first section examines the raster angle effects on
stiffness and compares results predicted by a computational model to an experimental

investigation of raster orientation on stiffness [2]. The work builds on previous work by



Osborn, et al, that examined anisotropic mechanical properties of individual FDM layers using
classical laminated plate theory and homogenization techniques [3][2]. The second section
discusses a model developed to numerically predict fracture in FDM parts. The Mode |
fracture toughness values (Gic) for ABS were obtained testing Double Cantilever Beam (DCB)
specimens and these values were used in the numerical model. Further, the effect of
temperature and heating time on the Mode | fracture toughness values (Gic) for ABS was

experimentally examined.



Chapter 2: Background

2.1 Fused Deposition Modeling

Inthe FDM process, a flexible filament is heated to a glassy state and extruded through
a controlled deposition head onto a build plate in order to build the part layer by layer
vertically. For instance, in Figure 1, a filament a) of plastic material is fed through a heated
moving head b) that melts and extrudes it depositing it, layer after layer, in the desired
shape c). A moving platform e) lowers after each layer is deposited. For this kind of
technology additional vertical support structures d) are needed to sustain overhanging parts

[4].

a)

@

Figure 1: Schematic representation of the 3D printing technique known as FDM

Within a layer, cross-sectional geometry is deposited first in one or more contour

beads to define boundaries and then an infill, which may be a solid raster or a porous pattern.



Material continuity within a part is developed as contour beads are deposited in adjacent
roads and bonding takes place via diffusion welding. Part stiffness and strength therefore is
a strong function of the developed inter-bead bond strength, contact area, gaps and voids as
well as bead shape and orientation with respect to loading direction. These dependencies

lead to anisotropic mechanical behavior within materials and parts built using FDM.

This anisotropic mechanical behavior of FDM printed materials has received
significant attention in recent years and work has been performed to address the effects of
FDM build parameters on stiffness, strength, fatigue, fracture, and creep. Much of the basic
tensile testing follows standards like the ASTM D638 test method for tensile properties of
plastics and examines process parameter effects on the resulting properties [5]. Ahn et al
examined raster orientation, air gap, bead width, color, and model temperature effects on
tensile and compressive strengths of directionally fabricated specimens [6]. Belliniand Guceri
developed an anisotropic FDM stiffness matrix from filament testing [7]. Riddick et al
executed tensile testing to study the effect of process-induced anisotropy on the mechanical
response [8]. Ziemian et al executed tension, compression, 3-point bend, and tension-tension
fatigue testing to characterize the anisotropic mechanical properties of ABS FDM parts,
showing a strong sensitivity to raster angle and quantity of air gaps between rasters [9]. They
performed further investigations and noted tensile behavior is improved by aligning the fibers
of unidirectional laminae more closely with the axis of the applied stress and tensile and
fatigue performance improved with alternating laminae 6°/(6-90°) [10]. Lee and Huang
performed experimental fatigue investigation on FDM ABS as a function of build orientation
[11]. Afrose et al performed a similar investigation of build orientation effect on fatigue
behavior of FDM PLA [12]. Zhang executed tension, creep, and fatigue testing and laminate-

based finite element modeling to study mechanical property sensitivity to build orientation
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[13]. Motaparti executed flexural and compression testing of ULTEM 9085 to study the
individual and combined effects of build direction, raster angle, and air gap (sparse infill) build
parameters on flexural and compressive stiffness and strength properties [14]. Torrado and
Roberson examined tensile specimen failure and evaluated anisotropy versus geometry and
raster pattern[15]. Huang and Singamneni applied experimental and analytical models of
raster angle effects on modulus and strength in FDM parts [16]. Rezayat et al, developed finite
element models at multiple length scales and compared results with experimental full field
strain data for different raster angles and filament gaps [17]. Patel et al performed
experimental investigation of fracture of FDM printed ABS for different crack length and layer

of orientations [18].

Some researchers have developed methods to optimize mechanical properties. Ulu,
et al developed an optimization method to enhance structural performance through build
orientation optimization that recognizes these mechanical property sensitivities [19]. Torres
et al likewise developed an approach for optimizing FDM part mechanical properties based
on experimentally determined sensitivities to build parameters, which included layer
thickness, density or infill percentage, extrusion temperature, speed, infill direction and

component orientation [20].

Many researchers have shown, and validated applications of laminated plate theory
used in composite materials to describe mechanical behavior in FDM printed materials. El-
Gizawy, et al studied process-induced properties of FDM printed ULTEM 9085 using classical
laminated plate theory to determine the anisotropic stiffness matrix and thereby establish
constitutive relationships that predict the internal structure of FDM materials [21]. The

authors validated the approach with tensile testing and finite element correlation. Li et al



performed theoretical and experimental analyses of mechanical properties of FDM processes
and prototypes to develop constitutive models and equations to determine the elastic
constants of FDM printed materials [22]. Sayre modeled FDM printed materials as a layered
composite with modified properties to account for imperfect bonding between layers [23].
Rodriguez et al, obtained effective elastic moduli using a strength of materials and elasticity
approach based on the asymptotic theory of homogenization and experimentally validated

predicted properties [24].

Finally, much work has been performed to characterize mechanical property
degradation due to FDM process characteristics. Park and Rosen addressed mechanical
property degradation in cellular materials due to bounding surface errors using as-fabricated
voxel modeling and a discrete homogenization approach [25]. Baikerikar examined
mechanical properties for a variety of infill patterns, comparing finite element simulations
and experimental results for tensile dogbone specimens [26]. Faes et al executed testing to
study the influence of interlayer cooling time, which affects the coalescence of the

interconnection between adjacent tracks and layers, on quasi-static properties [27].

2.2 FEM Using BSAM

BSAM is a computational structural analysis software tool developed by University of
Dayton Research Institute in collaboration with the Air Force Research Laboratory, WPAFB,
OH and NASA Langley Research Center, Hampton, VA [28]. It was initially developed to
provide accurate stresses analysis in multilayered composite materials and further expanded
for progressive failure analysis under static and fatigue loading. Discrete Damage Modelling
(DDM) based on Regularized eXtended Finite Element Method (Rx-FEM) was developed for

this purpose [29] [30] [31][32][33].



2.3 Discrete Damage Modeling (DDM)

A simplified damage progression sequence is shown in Figure 2(b)—(d) for the case of
a laminated plate subjected to a tensile load. The stages shown are (a) initial stage ; (b)
matrix cracking stage; (c) delamination stage, and (d) specimen fracture.Error! Reference

source not found.

(d)

Figure 2: Idealized damage progression sequence in a laminated composite plate subjected to tensile
loading.Error! Reference source not found.
Discrete Damage Modeling (DDM) methods are progressive failure analysis methods. DDM
explicitly models displacement discontinuities associated with multiple damage events such

as matrix cracking and delamination. DDM can capture multiplicity and interaction of various



failure modes. Regularized X-FEM is an implementation of DDM and is based on Traditional

X-FEM.

2.4 Regularized X-FEM

In traditional X-FEM, a crack is represented by Heaviside step function. Duplicate nodes
are created, and the element is split. This changes the Integration scheme. In regularized
XFEM, the Heaviside function is replaced by a continuous function at the crack location. It
uses the same shape functions. Duplicate elements are created which preserve the initial

integration scheme [34][35].

X-FEM Rx-FEM

Duplicate
Elements

Duplicated

Crack Surface Area = [ |[VH |dv
Vv

Crack location Crack location

H(x) 2(x) F[(x):ZX,(X)h,

i€Q

Figure 3: X-FEM vs Rx-FEM




Chapter 3: Methodology

3.1 Material Characterization

This section gives an outline of the steps involved in the Material Characterization
process as shown in Figure 4. In this section, the Elastic modulus of ABS specimens were
predicted using a damage prediction software called BSAM and then compared to
experimental test data to verify the prediction. The process involves — (i) Modeling the FDM
raster pattern in Abaqus, (ii) Meshing the specimens, (iii) Importing the specimens to BSAM,

(iv) BSAM Analysis, and (v) Comparing to experimental test data.

* Modeling the FDM |
1 Raster Pattern IR %
* Meshing the spec:imens1
2 in Abaqus |
* Importing Specimen
3 models to BSAM
) « BSAM Analysis
* Comparing to |
5 Experimental Test DataJ

Figure 4: Overview of the Material Characterization Process



3.1.1 Modeling the FDM Raster Pattern
It was necessary to develop a model of the FDM printed geometry so that it reflects the

actual nature of the part when the analysis is run.

90-degree ABS specimens were FDM printed on a Polyprinter using Simplify 3D software.
These specimens were cut normal to the raster orientation and cross-sectional photographs

were obtained as shown in Figure 5.

D
L=0'400"mm
DL2
L=0.201 mm

DL3
L=0.400 mm

DL4
L=0.201 mm

Figure 5: Image of FDM printed cross section

The cross-sectional dimensions of the specimen were obtained from this photograph and

were used to create the FDM bead geometry using Abaqus as shown in Figure 6.
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0.2 mm

YT YT )

- e - <
o

= - <<
L

E\roids ﬁ ’
\ ‘ 04 mm "

Figure 6: Cross section geometry of specimen modelled in Abaqus

3.1.2 Representative Volume Cell (RVC)

A Representative Volume Cell (RVC) was built using Abaqus/CAE 2016 based on the
cross-section images. As shown in Figure 7, for the 0° raster orientation, this volume consisted
of 4 layers of roads. Each layer consisted of 4 roads. The RVC chosen is more than that
required for stiffness property computation and is considered for future predictions of both

failure and fracture strengths.

Raster
Orientation

2.032m

-
Loading

Direction

2.032 mm

Figure 7: 0° Representative volume cell

RVCs of the same dimensions were built for different raster orientations such as 15°,

309, 45° and 90° as shown in Figure 8.

11



Orientation
15

Loading

Direction

Figure 8: RVCs for other raster orientations

3.1.3 Meshing the specimens in Abaqus CAE

The bead geometry was then meshed in Abaqus as shown in Figure 9. Faces of the
geometry were defined in the mesh. These faces would then be used to apply loads or identify
them interfaces. An input file was generated from this mesh to be imported into the BSAM

Export Module.

12



Figure 9: Meshed geometry in Abaqus

3.1.4 Importing Specimen meshes to BSAM

The Abaqus generated input file for the mesh was then imported into the BSAM export
module. Here the displacement boundary condition is applied along 1-1 direction (x axis),
which represent the tensile loading on the RVC. Figure 10 shows how the meshes for various
raster orientations look like when imported in BSAM. It also shows how the various

orientations were loaded.

13



Raster
Orientation

Raster

Orientation
15 Loading

Direction

NN \
AN

Raster
Orientation

A\

Raster
Orientation

45 S;
Loading

Loading
Direction
Direction

Figure 10: Various raster orientation meshes imported to BSAMs

A material file is imported to BSAM that lets one specify the properties of the material.
The material used for this analysis was ULTEM9085. Bulk properties of the material were
specified. Since BSAM is developed for composites, it also lets one specify the interface

properties of the material. Figure 11 shows the material file that was used for analysis. It

specifies properties for ULTEM9085.
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HVTMS

*MATERIAL: 2

1 ULTEM9085 unit=SI<MM>
2200 71.60 104 E11 Xt Xc
2200 71.60 104 E22 Yt Yc

[

(S - )

6 2200 E33

7 0.4 1.7 1.75 1.75 Nul3 Glec Gllc Glllc
8 0.4 Nuz23

9 0.4 Nul2
10 750 G1l3
11 750 G23
12 750 57 57 Gl2 s 513
13 0.00134 Density
14 6.527E-05 Alphall
15 6.527E-05 RAlpha2Zz

16 *5-N exponent
17 0 0 0 51,82,etta

19 12 StrongInterface unit=SI<MM:>
2 le+l0 l.e-7 penalty displacement tolerance
21 le+8 le+8 le+8 Yt Yec S

1.0 1.0 Glc Gllc

(SR
3 f

U1 s L0 P

*Paris Law M,C

0 0 ] 0 cl,M1,c2,M2
0 etta

*S-N exponent

0 0 0 51,52,etta

BB R RO

END MATERIAL

o

[ER]

Figure 11: The material file for ULTEM9085

3.1.5 BSAM Analysis

The displacement on the external boundary is given by

U = Eij X (3)

where ¢;; is observer strain, which in the present case is not equal to the volume average
strain due to presence of voids. Therefore, instead of direct computation of average strain,
the observer strain is used. In all cases these strain values are incremented uniformly to a
maximum value of 0.01. The above equation is used to assign displacement boundary

conditions for all the raster orientations. The volume average stress is given by

0; 1
= —'.j‘O} av

/4 (4)

1%
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The homogenized compliance matrix is computed as

S, = ol

followed by calculation of Young’s moduli using standard formulae.

3.1.6 Scope

The scope of current work is limited to determining elastic moduli, which is based on
homogenization approach [36]. The homogenization method implemented in BSAM is
tailored to resolve field behavior across regions where there is abrupt variation in the local
microgeometry. The numerical method developed in BSAM is a fast way to extract local field
information inside prescribed subdomains without having to resort to a full numerical
simulation. The homogenized method used for local field assessment is explained in detail by
Breitzman et al [36]. Even though the authors discussed the homogenization formulas for
prestressed and/or thermomechanical loads, they can be simplified for a composite body

having no initial stress.

Let a composite body be subjected to an external force f. Let ue and oe be the
displacements and stresses associated with this force. Based on the homogenization

procedure the asymptotic expansions for displacements ue and stresses aije are

wt = uO X))+ cu® XY) + - (1)
= u@ X))+ ) u® (xy) (1)

16
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[ee)

ot = Z ek 6 (X, 1) )

k=0

Here X are ‘slow’ variables, and Y = X/e are the ‘fast’ variables and &- is the
characteristic size of the microstructure. Here the functions on the right side are assumed to
be periodic in Y within the periodicity cell. The differential operators are represented in the
form of sum of operators in X and Y by using the two-scale expansion shown in equations (1)

& (2) above.

The current FDM specimens are distinguished by the presence of local periodic
microstructure. In order to capture this local material heterogeneity, some form of local
enhancement of approximation space is required to accurately estimate the sub structural

(ply level) units.

3.1.7 Comparing with Experimental test data

To determine stiffness properties, in the BSAM export module, static displacement
boundary conditions were applied to the RVC. One face of the RVC was fixed in x, y and z and
on the opposite face, a displacement boundary condition of 0.1 mm was applied in slow
increments. The application of the displacement boundary condition was done in steps of 1%
of the total load. Next, the material file was imported into the BSAM export module. The
model was then exported as a BSAM input file. The file was run in the BSAM software and
outputs for displacement, force, stress and strain were generated at each step. The stiffness

of the RVC was calculated from the stress and strain values.
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3.2 Fracture Prediction

This section gives an outline of the Fracture Prediction process as shown in Figure 12 .
An important step in fracture prediction is finding the Mode | fracture toughness value (Gic)
for a given material. ASTM standard D5528-13 test method describes the determination of
the opening Mode | interlaminar fracture toughness (Gic) of continuous fiber-reinforced
composite materials using the double cantilever beam (DCB) specimen as in [37]. Since FDM
printed parts are comparable to composite parts, as FDM parts are layer based, this test
method was used to obtain the Mode | fracture toughness values (Gic) for FDM printed DCB

specimens of ABS material.

¥ » Define DCB Geometry
¥ » DCB Testing
Y | Meshing in Abaqus
) * Importing to BSAM
Y * BSAM analysis & Testing
X1 ABS Tensile Testing
+ Study of effect of Temperature & Heating
7 time

Figure 12: Overview of Fracture Prediction Process
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3.2.1 Define DCB Geometry

According to ASTM D5528, the DCB specimen geometry shall be at least 125 mm (5.0
in.) long and nominally from 20 to 25 mm (0.8 to 1.0 in.) wide, inclusive. The thickness shall
normally be between 3to 5 mm (0.12 to 0.2 in.) and the initial delamination length measured
from the load line to the end of the insert, shall normally be 50 mm. Also, a/h (<10) is not

recommended [37]. Figure 13 is an example specimen from ASTM D5528.

Piano hinge

Figure 13: DCB Specimen in ASTM D5528

Accordingly, the DCB specimen was modelled in Abaqus as shown in Figure 14. The thickness
was increased to integrate the loading block into the specimen. It also ensures that there is

sufficient amount of FDM printed layers.

Figure 14: DCB Specimen as per ASTM D5528
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The geometry was tested on a Vice to study its behaviour and to check whether crack
propagation/delamination occurs. When tested, the specimen failed at the root of one of its

cantilevers as shown in Figure 15.

O —

m/m |

- 31Ty
'&.A‘n{uﬂ';-n.-un-

Figure 15: Failure of initial DCB specimen design

The notch size and crack length were further changed and after a number of iterations a notch

size of 13 mm and crack length of 70 mm was finalized as in Figure 16.
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Figure 16: Final DCB specimen

The specimen model was sliced using Simplify3D. These were then printed on a Polyprinter

508 from ABS material.

Following process parameters were used:

Nozzle Temperature: 230° C

Bed Temperature: 110° C

Infill: 100%

Infill angle: 0°

Printing Speed: 3000 mm/min

Extrusion width: Auto

Layer height: 0.2 mm

Perimeter Shells: 0

Generate Supports: On
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3.2.2 DCB Testing

The specimens were tested using a Shimadzu testing machine as demonstrated in
Figure 17. The specimen was loaded with the help of a metal wire that passed through the
loading block region of the DCB specimen and was held by the jaws of the testing machine.
Displacement was gradually applied at the rate of 3 mm/min to the upper jaw while the lower

jaw remained fixed and corresponding load values were recorded by the testing machine.

Figure 17: DCB test setup

To measure the growth in crack, a printed scale was glued on to the specimen as in Figure 18.
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Figure 18: DCB specimen with printed scale

Avideo of the test was recorded. The video was analysed with a video analysis software called
Tracker. In this software, the video was analysed frame by frame to relate the crack length to

the corresponding values of load and displacement recorded by the testing machine.
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Figure 19: Crack propagation measurement

Figure 19 is a snapshot from the video showing the crack growth. The values of crack
length (a), displacement (6) and Load (P) were used to calculate the Mode | fracture toughness

values (Gic).

3.2.3 Meshingin Abaqus CAE

The DCB geometry was created and then meshed in Abaqus. Faces of the geometry
were defined so that boundary conditions could be applied to them in BSAM. The DCB was
split into two to generate an interface. An input file was generated from this mesh to be

imported in BSAM.

3.2.4 Importing meshes to BSAM
The input file from Abaqus with the meshed geometry was imported in BSAM as shown
in Figure 20. The DCB was split into two sections and meshed separately so as to get an

interface that would delaminate.
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Figure 20: Meshes imported to BSAM

Interface properties are applied to this interface in the material file. This is where the

obtained Gic values are entered.

3.2.5 BSAM Analysis
Displacement boundary condition is applied in BSAM similar to the test method. The
BSAM analysis generates force, stress, strain and delamination plots at each load step. Figure

21 and Figure 22 show the displacement and delamination plot respectively.

LOAD STEP: 100
u

2.58e-001

2.32e-001

2.05e-001
1 1.79e-001
1.52e-001
| 1.26e-001
—1 9.90e-002
| 7.24e-002
— 4.59e-002
| 1.93e-002
——-7.29e-003
L 1-3.39e-002
——| -6.04e-002
| -0.70e-002
-1.14e-001
L |-1.40e-001
-1.67e-001
-1.93e-001
-2.20e-001
-2.46e-001
-2.73e-001

Figure 21: DCB displacement plot
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LOAD STEF: 58
Delamination
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Figure 22: DCB delamination plot

3.2.6 ABS Tensile Testing

Tensile tests were carried out on ABS specimens according to ASTM D638 to calculate
the Modulus values for FDM printed 90° ABS specimens. The modulus values that are
obtained from the fracture model are compared to the experimental modulus values to
validate the fracture model. Figure 23 is a plot of the force vs displacement values from the

ABS tensile test.
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Figure 23 : Force vs Displacement graph for ABS tensile test

3.2.7 Study of Effect of temperature and heating time

3.2.7.1 Heating Fixture design and manufacturing

To study the effect of temperature and heating time on the Mode | fracture toughness
values (Gic), a heating fixture was required. Heating the specimens directly in an oven resulted
in warpage and deformation. A heat treatment fixture to accommodate three DCB specimens
at a time was designed in SolidWorks as shown in Figure 24. The blue rectangular pieces
represent the DCB specimens, the orange pieces represent the spacers and the grey pieces

are the end plates.

27



Figure 24: Heating Fixture design in SolidWorks

The plates and spacers were made of Aluminum. They were secured using screws. The

final fixture is shown in Figure 25.

Figure 25: Heat treatment fixture

Specimens were heated at three temperatures - 120° C, 140° C and 160°C for a period

of 1 and 2 hours.
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3.2.7.2 Heat Treatment Specimen Re-design

Due to heat treatment, the specimen grew stronger along the crack propagation
direction and hence crack propagation was not observed. Instead, the specimen failed in a
perpendicular direction at the root of the cantilever, as seen in Figure 26. Hence, specimen

redesign was necessary.

Figure 26: Heat treated specimen failing at root

After a few iterations, the new specimen was finalized and tested as shown in Figure 27

Figure 27: Redesigned heat treatment specimen
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3.2.7.3 Heat treated specimen testing
The new heat treatment specimens were heated in the fixture to three temperatures -
120° C, 140° C and 160°C. At each temperature, three specimens were kept for a

period of 1 and 2 hours. This formed the basis of the following 21 tests:

Table 1: Heat Treatment tests

Test# |Temperature| Time
1 No Heat N/A
2 No Heat N/A
3 No Heat N/A
4 120°C 1 hr
5 120°C 1hr
6 120°C 1hr
7 140°C 1hr
8 140° C 1hr
9 140°C 1hr
10 160° C 1hr
11 160° C 1hr
12 160° C 1hr
13 120°C 2hr
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14 120°C 2 hr
15 120°C 2hr
16 140°C 2hr
17 140°C 2hr
18 140°C 2hr
19 160° C 2hr
20 160° C 2hr
21 160° C 2 hr
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Chapter 4: Results

4.1 Material Characterization
This section discusses the results obtained for the Material Characterization process.
The displacement and Stiffness plots were obtained from BSAM Analysis and compared to

experimental test data.

4.1.1 Displacement

The FEA analysis was run on BSAM. Displacement was applied in steps of 1% of total
displacement. So, at each step, a displacement of 0.001 mm was applied. The displacement
plot was generated. Figure 28 shows the displacement plot at the 10th load step for the 0°

orientation. Here, the displacement value at the load end is 0.01 mm.

LOAD STEP: 10
u

1.00e-002
! 9.34e-003

8.68e-003
8.02e-003
7.36e-003
6.70e-003
6.04e-003
5.38e-003
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4.06e-003
3.40e-003
2.74e-003
2.08e-003
1.42e-003
7.60e-004
9.97e-005
-h.60e-004
-1.22e-003
-1.88e-003
-2.54e-003
-3.20e-003

Wl

A
A

Figure 28: 0° Displacement plot at 10th load step
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Figure 29 shows the displacement plot at the 20th load step for the 30° orientation.

Here, the displacement value at the load end is 0.02 mm

LOAD STEP: 20

u
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.f0e-002
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8.97e-003
7.97e-003
6.97e-003
5.96e-003
4.96e-003
3.96e-003
2.96e-003
1.95e-003
9.52e-004
-5.07e-005

—_ = = e e e o

Figure 29: 30° Displacement plot at 20th load step

4.1.2 Stiffness
On observing the stress distribution near the voids in Figure 30, peak stresses at the
stress concentrations were within the linear range of the material. Hence, the material was

considered to be a linear elastic material.
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Figure 30: Stress distribution near voids

Stiffness values for different raster orientations were calculated and compared to
values obtained from the experimental test data [2]. Table 2 lists the BSAM and Experimental

values. As observed in Table 2, the stiffness values decrease from 0° to 45° raster orientations

and then increase from 45° to 90° orientations [38].

Table 2: Stiffness Values

Raster Orientation BSAM Calculated Modulus from Test
(Degree) Modulus (MPa) Data (MPa)!
0 2334.14 2369.64
15 2281.33 2277.83
30 2264.41 2161.90
45 2230.35 2046.10

! Calculated as average of number of specimens per raster orientation
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90

2302.51

2212.14

4.1.3 Stiffness Comparison

Modulus values were calculated by tensile tests performed by Khatri on two sets of
tensile specimens with different raster orientations [2]. These experimental values were
compared with values obtained from BSAM. As observed in Figure 31, the stiffness values
decrease from 0° to 45° raster orientations and then increase from 45° to 90° orientations.

The experimental values show a similar trend as the values obtained numerically [38].

As observed in Figure 31, the BSAM modulus values obtained for raster orientations 30°
and 45° are higher than the experimental values. Such variations could be a result of non-
linearity, stress concentration, varying local geometry and machine settings. The current work
models the specimens in as designed condition. To capture the variations, there is a need to

model the specimens in as-built condition. The local geometry could be viewed using CT scan

technology and accordingly an as-built model could be generated.
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Figure 31: Comparison of Experimental and BSAM calculated Modulus Values

4.2  Fracture Predcition
4.2.1 Fracture Toughness Calculation
According to ASTM D5528, Mode | fracture toughness value (GIC) is calculated by the

following formula:

3P6

Gro = ——
Ie ™ 9pha

Here, P is the load, & is the load point deflection, b is the specimen width and a is the

delamination length as shown in Figure 32 [37].

Figure 32: Notations for DCB test by ASTM D5528
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The test was performed on 3 specimens and the fracture toughness value was
calculated for FDM printed ABS material. Table 3 shows the data for one of the tests and the

calculated Gic values.

Table 3: Calculation of Gic values for ABS

Force (P) Displacement (6) Delamination (a) Gic
N mm mm KJ/m?

64.4358 37.37283 71 2.543819
64.07738 38.04037 72 2.539091
63.39391 38.6973 73 2.520383
59.98691 39.31237 74 2.390096
57.71239 39.66687 75 2.28927
57.28483 40.80393 76 2.30669

58.345 43.27487 77 2.459291
57.32457 44.84937 78 2.472087
56.45752 45.7359 79 2.451394

4.2.2 Heat Treated Specimen cross section
The heat-treated specimens were observed under a microscope to investigate the cross
section. With no heat treatment, the cross section appears to have considerable gaps/voids

between adjacent beads of the raster pattern as seen in Figure 33.
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Figure 33: Specimen cross-section with no heat-treatment

When the specimen is heated in an oven to 120° C, the voids appear to decrease in size as

seen in Figure 34.

Figure 34: Specimen cross-section heated at 120° C
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At 140° C, the voids continue to decrease in size with few layers completely merging together

as observed in Figure 35. This is more prominent near the top and bottom layers that are in

direct contact with the Aluminium fixture surface.

Figure 35: Specimen cross-section heated at 140° C

At 160° C, the voids disappear or are negligible as observed in Figure 36. Adjacent layers
completely fuse to each other creating a cross-section similar to a solid specimen. The 3D

printed layered structure is no longer visible.

Figure 36: Specimen cross-section heated at 160° C

Force vs Stroke values were plotted for the 21 tests. Following were the observations:
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4.2.3 Temperature Effect, keeping heating time constant at 1hr

As temperature increased from 120° C to 160° C, the strength increased as seen in

Figure 37
300
250 NoHeat_1
NoHeat_2
200 NoHeat_3
—120_1h_1
— —120_1h_2
E150  1h_
] = 120_1h_3
g _1h_
'5-)100 —140_1h_1
—140_1h_2
50 ——140_1h_3
—160_1h_1
0 —160_1h_2
0.00E+00 2.00E+00 4.00E+00 6.00E+00 8.00E+00 1.00E+01 160_1h_3
-50

Stroke (mm)

Figure 37: Effect of Temperature at 1 hr

4.2.4 Temperature Effect, keeping heating time constant at 2hr
When heating time was increased to 2 hrs, the strength increased when the
temperature was increased from 120° C to 140° C but there was no significant increase
when the temperature was further increased to 160° C. This can be observed in Figure

38.
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Figure 38: Effect of Temperature at 2 hrs

4.2.5 Effect of heating time, keeping temperature constant at 120° C
When the heating time was increased from 1 hr to 2 hrs, an increase in strength was
observed as seen in Figure 39 . However, this increase in small (10N -20N) compared to

the increase at 140° C (~50N).

41



200

180

160

140

120

=
o
o

Force (N)

80

60

40

20

-20

4.2.6 Effect of heating time, keeping temperature constant at 140° C
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Figure 39: Effect of heating time at 120° C
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At 140° C, the strength increased by about 50 N as observed in Figure 40
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Figure 40: Effect of heating time at 140° C
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4.2.7 Effect of heating time, keeping temperature constant at 160° C

At 160° C, heating time had negligible effect on the strength as observed in Figure 41.
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Figure 41: Effect of heating time at 160° C

4.2.8 Crack growth measurement challenges

The tests on the heat-treated specimens were recorded using a normal phone camera
that has a frame rate of 60 fps. Since the length of the specimen was small, the time between
crack initiation and complete delamination was short. Hence, it was challenging to accurately
measure the crack growth as well as note the force and displacement readings. To overcome
this, a camera with a high frame rate (~240 fps) should be used along with Tracker, a video
analysis and modeling software to accurately measure the crack growth with respect to force

and displacement.
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Chapter 5: Conclusion

5.1 Material Characterization

Section A of this work presents a procedure for numerically predicting the Elastic
Modulus of FDM printed parts as a function of raster angle. In this work, 0, 15, 30, 45, 90-
degree FDM raster orientations were modelled and meshed using ABAQUS and the Elastic
Modulus values for these orientations were numerically predicted using BSAM. These
modulus values were observed to decrease from 0° to 45° and then increase from 45° to 90°.

These values show a similar trend when compared to experimental testing data [38].

5.2 Fracture Prediction

Section B of this work demonstrates a procedure for developing a model for numerically
predicting delamination and eventually fracture in FDM printed parts. Fracture toughness
(Gic) values were calculated by testing ABS DCB specimens. These values can be used to
develop the BSAM model that can predict delamination/fracture. Further in this section, the
effect of temperature and time of heating on the strength of the DCB specimen is studied.
Observing the cross-sections for specimens at room temperature, 120° C, 140° C and 160° C
reveals that the specimens initially contain a large number of gaps/voids which reduce in size
as the temperature is increased and almost vanish at 160° C. For a heating time of 1 hour, the
strength was observed to increase as the temperature was increased from 120° C to 140° C
and then to 160° C. For a heating time of 2 hours, there was considerable increase in strength
when the temperature was increased from 120° C to 140° C. But the increase was negligible
when the temperature was increased to 160° C. When studying the effect of heating time on
the strength of the specimens, there was about 20N increase in strength when the time was

increased from 1hr to 2hr for the specimen at 120° C. At 140° C, this increase was about 50N
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and at 160° C there was no change in the strength. From these observations, we can conclude
that the cross-section becomes dense with increase in temperature which increases the
strength of the specimen. With time, the increase in strength of the specimen is considerable

at lower temperatures but is negligible at higher temperatures.
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6.1

6.2

6.3

6.4

Chapter 6: Future Work

Optimizing Goemetry of the DCB specimens & measuring crack growth

Since the length of the current DCB was small, crack propagation was fast over a short
length. This could not be captured with a normal camera. A camera with a high FPS can
be used to measure this crack length or the DCB geometry can be optimized further to

observe considerable crack propagation in order to calculate the Gicvalues.

Optimizing the BSAM model with obtained stiffness and Gicvalues
The stiffness values from tensile testing and fracture toughness values from DCB
testing can be used to develop the BSAM model that can be used to predict

delamination.

Study the effect of temperature and time on Gicvalues
The effect of temperature on the Gic values can be studied by heating the DCB

specimens to different temperatures for different periods of time.

Study the effect of pressure
The effect of pressure on the strength of the heat-treated specimens can be studied

and corresponding Gicvalues can be determined.
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