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ABSTRACT 

Common failure modes to Big Area Additive Manufacturing (BAAM) are the 

phenomenon of slumping and excessive distortion. Slumping or sagging usually occurs 

when the printed structure retains excessive heat. This phenomenon is commonly seen 

when the build has insufficient cooling between layers and, therefore, inadequate 

mechanical strength due to the high-temperature material properties to support the layers 

above. Distortion is the planar deviation from the desired geometry. Significant residual 

stresses typically distort BAAM builds. Stresses often occur due to the thermal cycling 

and large temperature gradients found in additively manufactured parts. This study 

developed a transient thermal and structural simulation model to predict the slumping 

phenomenon and distortion, specifically applicable to overhanging features. A pyramidal 

model was crafted in Ansys Workbench software to simulate a large layer overhang to 

investigate the necessary slumping conditions. The pyramid was designed to have 53 

layers and utilized symmetry to reduce the pyramid to one-quarter of the overall size and 

was modeled using standard ABS material. The simulation model matches the 

dimensions in the experimental pyramid, which had bead dimensions of 12.5 mm wide 

with a thickness of 5 mm. The overall structure size was 1.06 m by 0.77 m by 0.43 m. 

Each layer in the model independently allows for element birth/death commands and 

individual layer mesh parameters. The built-in element birth/death commands enable the 

layers to activate and progress the same way as the experimental build. As each new layer 

is activated, a temperature input of 200°C is applied then turned off just as the next layer 

is activated.  
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The feedstock material selected for this study is Acrylonitrile Butadiene Styrene 

(ABS), which was selected based on the physical properties and the availability of the 

temperature-dependent material properties. The availability of these temperature-

dependent material properties is essential to consider during simulation since the thermo-

physical properties will significantly impact the accuracy of both the thermal and 

structural models.  

The transient thermal finite element analysis (FEA) simulation allows for 

customization of dwell times, allowing designers to determine when the threat of 

slumping is no longer predicted. The transient thermal FEA analysis reported in this work 

showed consistent results with the numerical method for layer temperature. This 

agreement shows the assumptions made in both evaluations are valid and can be used in 

other studies to compare against experimental builds for other materials and geometries. 

The experimentally measured part was also in excellent agreement with the temperature 

profile results from the thermal model simulation. The experiment and simulation 

compared results agreed within 5 %.  

Additionally, the results collected in this work show an exponential temperature 

distribution  of the build as it cools. Exponential cooling was expected as it is often seen 

with similar materials and offers increased stability in the printed part since the material 

will solidify quickly and reach low-temperature material properties soon after. It was also 

observed that as the print height increased, more of the immediate layers underneath had 

increased temperatures. The increase in temperature is due to the reduced layer print 

times as the height increases, reducing the overall cooling time. A mechanical structural 

analysis determined the deflection of each layer as the build progressed. The in-plane 
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deflection for both the simulation and experimental build was in good agreement, and 

both showed more significant deflection in the areas of high heat retention. The increase 

in the height of the model also increased the number of layers above the glass transition 

temperature. This observation was consistent with the experimental and thermal 

simulations results and is likely the cause for slumping.   

The structural simulation was used to determine the local distortion created during 

a BAAM build. The simulation was built off the thermal simulation coupling the two 

simulations. The model was set up to recreate the environment and printing process of the 

experimentally produced pyramid. The model used ABS temperature-dependent material 

properties reported in literature, gravity, and the time-history thermal profile as the 

inputs. The thermal-history results from the thermal simulation were coupled with the 

structural simulation to effectively relate the temperature profile to distortion estimated 

by the structural simulation. The simulation results and experimental build measured 

distortions were in good agreement. Additionally, the stress profile of the model indicates 

that slumping is caused by geometry, heat retention, and material properties. 
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1 INTRODUCTION 
 

Additive manufacturing (AM), also generally known as 3D printing, traditionally creates 

the desired geometry by building up feedstock material layer-by-layer. Fused Deposition 

Modeling (FDM) is one of the most used AM techniques for 3D printing polymer structures. 

FDM uses a solid wire-like filament that gets heated to the melting point, extruded through a 

nozzle, and deposited onto a substrate or previously extruded layers. This process allows for 

creating complex geometries, which would be impractical or unobtainable with traditional 

subtractive manufacturing [1-9].  

Big Area Additive Manufacturing (BAAM) was developed in the Manufacturing 

Demonstration Facility of Oak Ridge National Laboratory (ORNL). BAAM operates on a much 

larger scale when compared to with traditional FDM build sizes, with build volumes exceeding 

one meter cubed [10-12]. Like BAAM, the primary benefits of 3D printing extend to the more 

general case of Large Area Additive Manufacturing (LAAM). The benefits of LAAM include: 

• the creation of complex geometries, 

• increased build sizes, 

• the elimination of hard tooling (for as-printed conditions), and 

• the paradigm of direct digital manufacturing [5]. 

An example of direct digital manufacturing with LAAM was demonstrated in 2014 when 

Local Motors (Phoenix, AZ), in partnership with ORNL, fabricated a customized automobile's 

shell during the 2016 SAE World Congress conference in Detroit [13]. This example 

demonstrates the impressive advantages LAAM offers as compared to other manufacturing 

methods.  
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While there are clear advantages in utilizing AM over traditional subtractive 

manufacturing methods, such as large scope in design complexity, ability for rapid prototyping, 

and small batch productions; the process also presents inherent drawbacks [1]. One of the most 

noteworthy drawbacks for the FDM process is the need optimize the processing-structure-

property relationship. This optimization process often requires an experimental design that 

incorporates statistical analysis or trial-and-error experimentation to better understand special 

path programming, printing parameters, and adjusting material properties to affect the end 

quality of the part [10-12]. However, process optimization by employing trial and error is time-

consuming and expensive. Modeling and analyzing the print process can reduce the effort needed 

to optimize the print effectively, by dialing-in on the proper process parameters and material 

specific considerations, the build can be completed in the first attempt. Modeling the print 

process will also aid in predicting how existing AM materials and new AM materials, such as 

thermosetting polymers, such as Acrylonitrile Butadiene Styrene (ABS), will perform while 

undergoing the printing process [14].  

The purpose of this research is to predict and determine controlling factors in material 

extrusion AM distortion. Material extrusion and most other types of AM are susceptible to 

distortion caused by thermal cycling and large temperature gradients. The printing process for 

material extrusion AM (e.g., FDM) deposits feedstock material at the melting point temperature, 

this new layer often has a much greater temperature than the previous layer. Thermal cycling 

occurs when the new layer is deposited, the thermal energy from the new layer is transferred to 

the previous layers and to the environment. Therefore, the previous layers exhibit cyclical 

temperature history due to the transfer of thermal energy from the new layers. In addition to the 

thermal cycling, large temperature gradients can be present in a build. As noted previously, the 



3 

new layer temperature is much greater than the previous layers, and the material used in FDM 

and similar AM methods often exhibit an exponential decrease in temperature from the top layer 

to the bottom layer (exponential cooling), which creates larger temperature gradients in a smaller 

number of layers. Materials that exhibit exponential cooling are often preferred for FDM because 

previous layers reach stable structural material properties quicker to be able to support the rest of 

the build. However, this exponential cooling also invites thermal distortion caused by the large 

temperature difference. Thermal distortion is caused by expansion and contraction of the 

material as the temperature of the layers change. These opposite forces create residual stresses, 

which distort the build. More specifically, in the case of large temperature gradients the 

contracting material at the top layer pulls against the base layers which are already at the print 

chamber temperature and no longer changing due to temperature. As the build increases in 

height, the residual stresses building up in the part can also increase, further distorting the part 

from the desired geometry. Similarly, the cycling temperature can cause local deformations when 

the material is contracting or expanding against other layers.  

This research presents a method to predict thermal distortion for a material extrusion 

build. Thermal and structural simulations offer the ability to estimate the temperature profile of a 

build during the entire printing process. By coupling the thermal-history and structural 

simulations, the commercial software used for the analysis can show the thermal profile, 

associated distortion, and residual stress any area of interest or concern. Simulating the build 

before experimentally creating a complicated part can offer substantial time savings and material 

costs. The time needed to create a model and apply the correct boundary conditions is much less 

than the time needed to experimentally create the part and then evaluate the features of interest. 

The simulation can also be used to run different scenarios (e.g., different chamber temperatures, 
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material properties, and dwell times) that otherwise would require multiple experimental builds. 

The benefits of simulating material extrusion AM are exponentially increased for larger builds. 

As the time and material needed to build increase, the benefits of simulating the results of the 

build before experimentally building become increasingly important.  
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2 PURPOSE 

 

This study investigates the effect heat retention has on the structural stability of a part 

created by additive manufacturing. As mentioned in the Introduction, there are still unexplored 

phenomena that occur as a direct result of the AM process. This objective of this work is to 

identify and explore some of those phenomena through large build AM and by means of 

numerical modeling (ANSYS). To date, and based on the literature, the following phenomena or 

characteristics have been identified as areas of interest for this work: 

1. Determine the temperature profile of an AM part numerically. 

2. Develop a finite element analysis (FEA) thermal model to simulate the printing 

process. 

3. Compare the model to the experimental results to ensure the model accurately 

represents the AM process. 

4. Using the output from the thermal model, simulate the structural stability or 

deformation of the model during the printing process. 

5. Study the sagging phenomenon during the BAAM process. Sagging occurs when 

there is an overhanging or bridging feature present, and the weight of the material 

applies a load more significant than the yield strength, generally at elevated 

temperatures, of the material supporting the feature. 

6. Compare the results from the structural simulation to the failure seen during 

experimental results. 

In addition to this list, ABS material properties are explored. For the simulation to produce 

realistic results the material properties need to be close to or exact to the real values. Different 
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material characterization techniques and testing were utilized to determine the temperature 

dependent material properties required for the simulations. These properties are further detailed 

in Section 3.10.3. 
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3 LITERATURE REVIEW 

 

The additive manufacturing process studied in this research work is material extrusion. 

The thermal and mechanical effects on the material are unique for this type of additive 

manufacturing. An overview of the significant types of additive manufacturing is given initially 

in this chapter to understand the differences between each method. Material extrusion is detailed 

further in this chapter since it is the AM technique used in this report. More precisely, the 

description will consist of its operation, benefits, challenges, and part shape challenges.  

3.1 ADDITIVE MANUFACTURING 

This section summarizes the different types of additive manufacturing (AM) processes as 

delineated by ASTM [15-16]. Additionally, there will be a description of the materials used in 

each kind of AM and their advantages and disadvantages technological advances needed in the 

AM field. This section will also include a brief history of additive manufacturing.  

The term additive manufacturing means creating a product by the addition of material. 

Rapid prototyping (RP) and three-dimensional (3D) printing are both terms generally used to 

describe additive manufacturing. RP stuck since prototype models were the main application for 

this technology [1-3]. This technology allowed for the relatively quick manufacturing of one-off 

parts.  

After this technology became a prevalent manufacturing technique, it was improved to 

produce end-line products needing little or no post-processing steps. Due to the advancements 

and popularity, ASTM International created a committee to agree on new terminology for this 

technology. They decided on the term additive manufacturing. Even more recently, the 
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committee also decided to break the AM technology into the following seven unique processes: 

material extrusion, material jetting, powder bed fusion, sheet lamination, binder jetting, directed 

energy deposition, and vat photopolymerization [17-18]. Each method differs based on the way 

the material adds to itself. Each of the processes discussed adds material in layers based on the 

model's design. ISO/ASTM 52900 also provides some guidance to the AM processes available 

today [18].  

The earliest technologies, Stereo Lithography (SLA) and Laminated Object 

Manufacturing (LOM), provided little more than prototypes that could be used as showpieces or 

generally to determine fits and conceptual function since the part was of weak structural strength. 

In addition, LOM structures manifested as paper models and SLA structures embodied in brittle 

acrylates were inferior to engineered thermo-polymers [14]. Today the Additive Manufacturing 

technologies have matured into various technologies that yield parts with high dimensional 

accuracy and improved strength. 

Computer-aided design (CAD) is used to create the model, which the different AM 

processes will then produce. AM relies on the proper CAD design for a successfully 

manufactured part. Without CAD, AM would not be possible as it functions today.  

3.2 HISTORY AND TIMELINE OF AM 

Since the first patent, placed in the 1980s, companies and researchers have competed to 

create the best machines for additive manufacturing. As this technology has become available to 

the masses, a new industry frontier has become open to anyone. Today, home 3D printers are 

available to anyone interested in the technology. 

The timeline for AM really starts in 1980 with Hideo Kodama, who filed the first AM 

patent. The patent describes a photopolymer rapid prototyping technique that utilizes UV light to 
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cure the material. This version of rapid prototyping did not gain traction when compared to the 

1983 invention of stereolithography apparatus (SLA) [1, 19]. Charles Hull invented the SLA 

machine and then went on to form 3D Systems Corporation in 1986 [20]. SLA printers use light-

reactive thermoset materials or resins. Solid geometries are created by directing specific 

wavelengths of light into the resin, allowing short molecular chains to join, building up into the 

desired geometry. The next advancement in rapid prototyping occurred in 1987 when Carl 

Deckard filed a patent for the selective laser sintering (SLS) process [1, 19-20]. SLS uses a high-

power laser to sinter select areas on a bed of polymer powder or particles. Post sintering, another 

layer of powder is pushed onto the bed, and the process repeats until the part completes. This 

method generally requires post-processing to get the desired finish. Another new AM technology 

came around in 1989, with the advent of Fused Deposition Modeling (FDM) [19-20]. 

Further advancements wouldn't be made until 1997 when AeroMat produced the first 3D 

printed metal process using the Laser Additive Manufacturing (LAM) process [19]. LAM is a 

parent term that encompasses SLA, SLS, and Selective Laser Melting (SLM). In this case, 

AeroMat produced the first SLM [19].  

Since the last significant advancement in AM process and method in 1997, there have 

been essential milestones with what can be produced with AM. Two of the notorious 

achievements were in 1999, Wake Forest Institute of Regenerative Medicine printed an organ for 

transplant, and in 2011 when the University of Southampton 3D printed the first uncrewed 

aircraft [19]. As the patents have been expiring, there are now over 170 3D printing system 

manufacturers in the world [19].   
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3.3 COMPUTER-AIDED DESIGN (CAD) 

CAD software is a staple in the engineering community. There is not much designed 

today that does not use CAD software. CAD software has improved significantly since its 

creation. Some versions allow for the creation of parts specifically for AM or other 

manufacturing techniques. Versions also allow for mechanical and thermal simulations based on 

the conditions the structure will see. In addition, to improve the understanding that material 

selection has on the designs, many versions of CAD software include the material properties in 

evaluating the manufacturing process. CAD programs allowed for Computer-Aided 

Manufacturing (CAM). CAM provides the coding for robotic manufacturing techniques, such as 

computer numerical controlled (CNC) subtractive manufacturing [1, 21]. The code creates the 

path, process speeds, and tool selections to remove material from a stock piece to produce the 

designed part. CAM adapted to allow for AM processes. Generally, since the methods are 

reversed, models and code are not compatible between AM and subtractive manufacturing 

processes [21]. Therefore, if both AM and subtractive manufacturing create a similar part, only 

the CAD model will be the same. The manufacturing code will need to diverge based on either 

adding material or subtracting it.  

Since the AM process creates parts layer-by-layer, the manufacturing code must reflect 

that process. Therefore, the manufacturing code slices the CAD model to represent the layer-by-

layer building method [16]. The slicing method is like the previously discussed stereolithography 

technology. 3D Systems, a company at the dawn of AM technology, created the slicing 

algorithm and gave it the file extension of "STL." STL stands for Stereolithography [16, 21]. It is 

also known as Standard Triangle Language since it represents 3D structures by connecting 
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triangles with no overlaps or gaps. The STL file extension is the most common file format used 

in AM machines [16, 21].   

3.4 VAT POLYMERIZATION 

As mentioned previously, vat polymerization is one of the earliest forms of AM and is the 

umbrella term for similar additive processes. These processes include stereolithography (SLA), 

direct light processing, and masked stereolithography. These processes have minor differences 

between each other but, in general, function the same way.   

Vat polymerization works using an ultraviolet (UV) light source to cure specific particles 

of a photopolymer resin to build up the object. The photopolymer resin is held in a vat, generally 

under the light source [1, 14]. Inside the vat is a platform to provide the initial build surface. The 

platform moves further into the resin to keep the top layer of the part just beneath the surface of 

the resin so the next layer can be cured. The light source path is generally the most significant 

difference between the different types of vat polymerization. The UV source is generally directed 

to move along a path using optics to create the part layer by layer [14, 17-18, 22]. The UV light 

can also be masked, where only the areas that require curing will be exposed to the light source 

at once. This process needs to change the "mask" for each layer, ensuring only certain areas are 

exposed to the UV source. Additionally, there is direct light processing or photon processing 

where the laser is directly used to create the part instead of relying on the masks or moving optic 

platforms.  The details of the process are further explained in [14, 22].  
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Figure 3-1. Vat polymerization diagram, showing typical features seen on commercial 
equipment. 

 

Depending on the application, vat polymerization has some great benefits. However, it is 

not made to be used for much more than rapid prototypes. Some of the benefits include fast build 

times, the surface finish is generally smooth, and holding tight tolerances [2, 23]. These benefits 

make it very useful for rapid prototypes in most industries to visualize parts for fit and function. 

The disadvantages of vat polymerization include easily warped parts, hazardous material in the 

resin form, support structures that need to be removed from the post-production part, poor 

material properties, and limited part size to the confines of the vat [1, 22]. Additionally, anything 

designed for vat polymerization must include draining holes to allow the resin to escape after 

manufacturing.  
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3.5 SHEET LAMINATION 

Sheet lamination (SL), also commercially known as Laminated Object Manufacturing 

(LOM), involves layering sheets of material on top of previously set layers. These sheets are 

adhered together using a variety of methods. Although for LOM, typically, they are bonded 

together by some thermal adhesive. After the sheets are bonded, a heated roller sets the adhesive 

and smooths any unwanted wrinkles. Next, a laser (CO2) cuts the layer to its specified shape for 

the specific layer. A return spool then takes up the cut sheet, and the new clean sheet is rolled on, 

and the process continues [1-2, 17-18]. Any area that was not completely removed by the laser or 

is being used as a support layer typically has more minor crosshatching cuts to make removal 

easier once the part is made. This process works well for paper or wood materials; however, it 

gets more complicated when working with sheet metal. The process is similar, but the sheets are 

held together with brazing or, in some cases, mechanical clamps or fasteners [1, 14, 23].  

 

 

Figure 3-2. Sheet lamination diagram, showing typical features in commercial 
equipment. 
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Since these structures are being held together by adhesive or brazing, their mechanical 

properties are vastly different depending on the part's orientation. The anisotropic properties of 

these parts are crucial to consider when choosing the direction of the laminated sheet part.  

This type of additive manufacturing technique has several advantages, including quick 

part building, low cost, little to no deformation or phase changes, being able to manufacture large 

parts, and no additional supporting structures are needed. These benefits make this AM 

technique great for prototyping [1]. However, there are also disadvantages to the SL. Several 

disadvantages include anisotropic properties, complex internal cavities that are difficult to build, 

complex parts that can be difficult to remove from the excess material, generally, there is a lower 

surface definition, generally poor mechanical properties, and there is a lot of wasted material 

with this method [14]. 

3.6 SELECTIVE LASER SINTERING 

During the development of this method at the University of Texas at Austin, it was 

initially called selective laser sintering (SLS) and was used primarily for plastic prototyping. The 

process has since been developed to be used on metals and even ceramics. There are only minor 

differences between powder bed fusion for metal, ceramics, and plastics. In general, powder bed 

fusion is defined as any process that uses thermal energy to fuse the powder to create parts 

selectively. The process for powder bed fusion starts with laying a powder material down and 

using a laser, or electron beam, to join the material together [1-2, 15, 22]. The main features 

involved in SLS are shown in Figure 3-3. The material is selectively joined by either sintering or 

melting the particles in the immediate area. Then, the powder bed stage is lowered, and another 

layer of powder is placed on top. The new coating is then sintered or melted to the previous 

layer, and the process continues until the part is finished [1-2, 14, 18, 23]. The powder bed fusion 
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printers can vary with laser power, spot size, layer thickness, and speed. There are three primary 

variants of powder bed fusion: SLS, selective laser melting (SLM), and direct metal laser 

sintering (DMLS) [2, 15, 17].  

 

Figure 3-3. Selective laser sintering AM diagram shows typical features seen in 
commercial equipment. 

 

SLS, which is typically only used for powdered polymer materials, operates by using a 

laser source to heat and fuse the powder. The powdered polymer generally is 50 to 90 

micrometers in diameter [23]. The density of the final part depends on the size of the powder 

[23]. The more refined and more spherical the powder, the tighter packed the particles can be. 

The higher the packing density, the closer the density is to bulk material properties [2]. Direct 

metal laser sintering uses almost the same process as SLS. The only difference is powdered 

metal is used in place of the polymer and the system changes needed to accompany the higher 

melting temperatures of metals [1, 14].  

Selective laser melting is very similar to SLS. The main difference is that SLM is used 

for metals and ceramics, and instead of simply sintering the layers and particles together, the 
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powder is melted to create higher density parts [1, 14, 23]. There are some significant advantages 

for all the types of powder bed fusion AM techniques in the commercial industries. Features can 

be built with no supports since the powder that was not sintered or melted acts as the support 

[20]. As long as the powdered material has sintering or melting temperature within the range of 

that achieved by the laser or electron beam, it is likely able to be used by this technique. The end 

product generally has good tolerances and typically high density [1-2, 20]. The leftover powder 

can also be recycled, making this process eco-friendlier. There are some disadvantages to the 

powder bed fusion process. First, like other layer buildup manufacturing processes, the surface 

finish will often require post-processing [1, 22]. Additionally, post-processing may need to be 

done since the parts are susceptible to warping due to the heat inputs [20, 22]. The machines 

themselves require specific atmospheric control to function correctly.  

3.7 DIRECTED ENERGY DEPOSITION 

Directed energy deposition (DED) is defined as a process that uses thermal energy to fuse 

the material by melting the material as it deposits [1, 17, 18]. DED is the umbrella name for this 

type of process. In the market, several slightly different techniques fall under this category.   

Laser Engineered Net Shaping (LENS), Directed Light Fabrication (DLF), Directed 

Metal Deposition (DMD), 3D Laser Cladding, and Laser Direct Casting are all specific types of 

processes that utilize the same DED process [24]. DLF, LENS, DMD, 3D Laser Cladding, and 

Laser Direct Casting all vary with the method and type of laser used. Laser power, spot size, and 

type are all specific to the material, delivery method, and application [1, 24].  

DED AM works by using a thermal source to melt the material fed onto the build plate 

instantly. The material can be fed to the build plate in powder form or as a filament wire. The 

build plate moves in the horizontal directions allowing for the planar shape of the part to be 
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created layer by layer. Once the layer is completed, the laser and feedstock nozzle move 

vertically to allow room for the next layer [2, 25]. Since the material is melted, the process 

allows for complete bulk density to be achieved [24].  

 

Figure 3-4. Directed energy deposition AM diagram, showing typical features seen in 
commercial equipment. 

 

More often, DED methods are used on metallic parts. However, they can also be used for 

polymers, ceramics, and metal-ceramic materials [2]. DED can utilize multiple feed nozzles to 

fuse different materials, and it can even control the phase composition of the materials. DED is 

also often used to repair or coat preexisting components. Coating ceramics with metal or 

repairing a feature like welding gives this AM process a significant commercial appeal. The only 

disadvantages to DED are the poor surface finish created by feeding the material onto the build 

plate, it is a complicated process, and it can take a long time to build the component, and it also 

needs supports to produce more complicated parts [2]. 
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3.8 BINDER JETTING 

Binder jetting combines some of the aspects from DED and powder bed fusion. Binder 

jetting is a process that uses a liquid bonding agent or adhesive to join powder materials 

selectively. Binder jetting operates by spreading powder with a counter-rotating roller or 

traversing blade. Once the powder is spread, a print head lays the binder down locally to hold the 

powder together. The build plate is then lowered to accommodate the next layer of powder. This 

process repeats until the desired shape of the component is created [2, 4, 18]. Once the printing 

process is completed, the part sits in the powder bed surrounded by the excess powder. The 

excess powder acts as support while the binder cures [1, 14, 17]. Letting the binder cure is 

essential so that when the part is removed from the powder bed, it can be handled without 

breaking. The next step for the printed component is sintering. The sintering process heats the 

structure until the solid powder bonds with the neighboring powder particles in the solid-state 

without reaching liquefaction. Some techniques compress the printed part before sintering to 

create closer packed particles and improve the component density. This process for printing has 

several advantages, it offers shorter build times, relatively inexpensive and reusable raw 

materials, and the support structures are built into the process [2, 26]. There are, however, some 

disadvantages as well, the parts are fragile before sintering and prone to collapse, poor surface 

finish, and low dimensional accuracy compared to the other methods discussed [1-2].   

3.9 MATERIAL JETTING 

Material jetting builds components in layers by depositing droplets of liquid materials 

using print heads. Typically, material jetting utilizes photopolymers and a curing source like UV 

light. The process for material jetting starts with heating up the liquid resin to reach an optimum 

viscosity for the resin. Once the resin is ready, the print head attached to the moving stage begins 
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to deposit the material to the desired locations. The UV light subsequently cures the 

photopolymer as soon as it hits the target surface. Next, the printing stage moves down to allow 

for the new layer, and the process continues [1, 14, 22]. Material jet printers vary in respect to 

the wetting properties of the material and layer height. Material jetting offers some of the 

smoothest AM parts when compared to the other methods. The components made through 

material jetting have homogeneous mechanical and thermal properties and generally high 

dimensional accuracy [2]. There are still some drawbacks when using this method. The material 

jetted parts have poor mechanical properties (i.e., low elongation at break), and since the material 

is photosensitive, they can degrade over time [23].  
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Figure 3-5. Material jetting AM diagram, showing typical features seen on commercial 
equipment. 

 

3.10 MATERIAL EXTRUSION 

3.10.1 Introduction 

The AM technique of material extrusion was used in this research project; therefore, it is 

discussed in more detail than the other AM techniques. Material extrusion (MEX, ME-AM), 

Material extrusion AM is also referred to as fused filament fabrication (FFF), fused layer 

modeling (FLM), melt extrusion manufacturing (MEM), and fused deposition modeling (FDM) 

[17-18, 27]. It was developed in 1989 by Stratasys Inc., where it was initially called fused 
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deposition modeling [19]. Today, material extrusion has become a favorite for the at-home 3d 

printing enthusiast and expanded into an industry standard for rapid prototyping and actual 

production. This type of AM method is mainly used for polymers that are thermoplastics in 

nature [1-2, 14, 28].   

There are a few variants to the material extrusion process. These variants are filament fed 

extrusion, rod extrusion, cold slurry extrusion, and pellet extrusion. For the filament-fed material 

extrusion process, a spooled filament is fed into a hot die by counter-rotating driving wheels in 

the material extrusion process [20, 28-30]. The die, sometimes referred to as an extruder, is at a 

temperature hot enough to cause the material to change to either a semi-solid phase or a 

temperature above the melting point [27-28, 31]. When the material passes through the extruder 

and nozzle, it contacts the target print surface. At this point, the extruded material is called a 

bead. The printed bead is then moved around by controlling the location of the nozzle with 

electromechanical actuators. Once the material extrudes for the first layer, the print head or base 

plate will translate vertically to allow room for the next layer [27-29]. At this point, either the 

production or support material is used to create this next layer. The process continues in this way 

until the part is completed. Typically, most material extrusion machines offer the ability to 

switch between the support material and the desired material for building the feature [3]. Since 

this AM process is one of the most popular globally, there are several different material extrusion 

equipment manufacturers [1, 16]. These manufacturers provide different levels of capabilities 

and functions. Some of the additional capabilities provided and options available for the printers 

are  

• the heated print surface, 

• isolated chambers for control of temperature, 
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• multiple material feeder, 

• print kinematics (cartesian, delta, polar, SCARA), 

• build volume sizes (ranging from small desktop printers to industrial building size 

printers), 

• and a wide variety of printable materials (i.e., thermoplastics, resins, mixed fiber 

materials) [28]. 

For the rod extrusion process, the setup is very similar to the filament fed extrusion 

process. The only difference is the rods, which are larger in diameter and generally stiff, so they 

are pushed through the heating element and out through the nozzle by a piston or rollers [20, 27]. 

The cold slurry material extrusion process uses materials like concrete, which sit in a large 

hopper and are driven by screws or other mass movement methods to push the material out 

through the nozzle. Depending on the material, the material extrusion equipment will have a 

method to cure and solidify as it prints to ensure the structural stability of the build. The last type 

of material extrusion uses polymer pellets. The pellets sit in a hopper where a piston or screw 

pushes the pellets towards the nozzle. As the pellets make their way to the nozzle, they are 

heated to the desired temperature to promote proper bonding between the extruded layers and the 

other pellets [28, 32].  
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Figure 3-6. Material extrusion AM diagram, showing typical features seen on commercial 
equipment. 

 

 

Figure 3-7. Material extrusion AM material feed options. 
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Material extrusion offers impressive advantages over other AM techniques, which is a 

reason for its growing popularity [2]. Material extrusion allows designers to use an ever-

increasing number of materials, some of which offer very affordable prices. There is no need for 

resins to create the components. Generally, there is little to no post-processing needed for the 

part [2]. Material extrusion is not perfect, however. There are still disadvantages to choosing this 

AM process. Parts made by material extrusion have a poor surface finish. The process can take a 

substantial amount of time depending on the size of the build, layered parts are generally 

anisotropic in strength, material with large fibers may have porosity issues depending on the 

flow of material from the nozzle, and support material is needed for complex overhanging 

features [28].  

The following sections will focus on more specific aspects of ME-AM. Including the 

materials used, applications, common issues attributing to build failures, process parameters, and 

ways to predict failure modes of material extruded builds.  

3.10.2 Materials used in Material Extrusion Additive Manufacturing 

Typically, each AM process discussed so far has had some strict material property needs, 

i.e., photopolymers and powdered metal. Material extrusion allows for metals, ceramics, 

polymers, and even combinations of these [1-2, 28]. As mentioned previously the material can 

start out as a resin, pellet, slurry, or even a metal filament. These options and the flexibility 

offered by material extrusion are some of the many reasons it has become so popular over the 

years. This section gives an overview of the materials typically used in Material Extrusion AM. 

There is extra emphasis on the polymers since the research presented herein, utilizes polymers, 

specifically Acrylonitrile Butadiene Styrene (ABS) [2].  
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3.10.2.1 Metals, Ceramics, and Fibers 

Polymers are the most popular material for material extrusion AM. The popularity is due 

to the availability, cost, specific nature of thermoplastic material, and low extruder temperature 

for the material. Polymers, however, do not provide the same structural properties and support 

that metals, some ceramics, cement, or composites can provide. Material extrusion technology 

has adapted to using metals, composites, ceramics, wood fibers, and cement, and even mixed 

materials like carbon fiber reinforced polymers or metal powder infused polymers [2, 20, 33]. 

These materials give the material extrusion AM process more functionality and options for 

designers.  

Metallic materials have been used in other AM processes like SLS and DMD, with high 

success [1-2, 20]. However, material extrusion with metallic materials is relatively new, but it is 

rapidly explored. The most common means of metallic material extrusion printing is by using 

fine metal powder in a binder system. The printed part is then sintered and then put through a 

process to remove the binder. The sintering functions the same as the other AM processes, where 

the metal is heated to a temperature suitable for bonding the powders together to form a part [1-

2, 20, 34]. In contrast, the debinding process uses thermal, solvent, and catalytic methods to 

remove the binding material [35-36].  

In the material extrusion process using the powder/binder system, the high consistency 

powder is mixed in with an organic multicomponent binder. The mixture of metallic powder to 

binder usually ranges from 50 to 80% in volume, depending on the application and material. 

Some common metals used are stainless steel, titanium alloys, aluminum, and tungsten [20]. The 

binders typically used are polymers or a form of wax. The mixture of metal powder and binder is 

a crucial factor when printing. If the mixture has too much powder, it can result in voids due to 



26 

poor processability, and in contrast, if there is not enough powder in the mixture, there can be 

significant distortion during the sintering process. The mixture also plays a significant role in the 

end material density, viscosity, material characteristics, mixing torque, and final mechanical 

properties [20].  

The freshly printed parts are called "green" parts. Green is a general term for a newly 

formed part that has not yet been sintered and has no structural integrity at this point in time. 

After sintering, the printed structures become "brown parts." During the transition between green 

to brown parts, the sintering process sheds the binder material, and the part shrinks and increases 

in density [14, 37]. The sintering process causes one of more of the following mass transfer 

mechanisms: surface diffusion, lattice diffusion, grain boundary diffusion, evaporation-

condensation, viscous flow of material, and plastic flow. These mechanisms control the material 

characteristics, porosity, final density, and microstructure, and size [20]. After the sintering 

process, if there is any binding material left after sintering, the debinding process can begin. 

Typical debinding uses a catalytic process involving nitric or oxalic acid at elevated 

temperatures. This process is done carefully to ensure a minimum number of impurities are 

included in the newly sintered part [35-36, 38].   

Ceramics are another rapidly growing material extrusion-based material. Ceramics offer 

high strength, stiffness, strength, corrosion resistance, and more, making them a very versatile 

material. AM with ceramics generally uses a slurry-based process for most AM techniques. The 

slurry is a viscous suspension of ceramic powder (e.g., roughly 50% solid loading). Ceramic 

extrusion additive manufacturing (CEAM) uses a binder with ceramic powder, which is very 

similar to the metallic material extrusion process [35-36]. After printing the green samples, the 

solvent debinding baths are used to remove the sacrificial binders not needed to support the 



27 

structure before sintering. Sintering takes place in the same manner as the metallic extrusion AM 

process. The end product generally has 10 to 20% more porosity than what is expected [35-36]. 

Ceramic AM offers abilities that are usually out of reach for most common manufacturing 

methods, even with the higher porosity. Material extrusion can create functionally graded 

ceramics much easier and faster than most other manufacturing methods. Functionally graded 

ceramics start with one type of material and end with a different kind [9]. This is helpful when 

you need material properties that no one material offers [35-36]. 

For both metal and ceramics, the end material properties are not as good as traditional 

manufacturing processes. However, with interest in what material extrusion AM can offer 

industries, there is continued research in improving these methods [1].  

Cement and concrete are the last materials discussed in this section. Material extrusion 

using mineral materials in the construction industry is becoming more common [1, 8, 39]. 

Typically, material extrusion of cementitious material is used to create slender elements like a 

roadside curb. However, since it is only used in a finite number of applications, this process has 

not been as developed as other material processes. Concrete behaves differently than most of the 

other material extrusion mediums. The material acts as a viscos-plastic material and exhibits 

non-Newtonian yield stress behavior [39-40]. Cement materials are also prone to water drainage, 

making them work like granular materials, making them harder to extrude. Due to the water 

drainage, extrudability plays a decisive role in determining the characteristics of the final 

material. Some of the ways researchers have combated the problems with extrudability is 

through systematically optimizing material mixtures to ensure a homogeneous mixture [39-40].  

The extrusion process for cementitious materials is either by ram extrusion or screw 

extrusion [40-41]. These extrusion techniques utilize the same respective features discussed 
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previously. The ram extrusion process is not optimal due to the periodic refilling of material in 

the extrusion barrel. However, the ram extrusion process is generally used for study or other 

limited-run applications. Screw extrusion is the most common process. The screw function 

allows for the material to be continuously fed into the extruder. An additional piece of equipment 

that accompanies the screw extruder is a de-airing system, which increases the material density, 

strength, and durability by removing the entrapped air [39-40].  

As the cement or concrete exits the extruder, the actuators move the concrete bead around 

to the programmed locations. Generally, as the cementitious material contacts the print surface or 

previous layer, the material needs to be adequately cured. Otherwise, the bead will begin to 

deform due to gravity. The material is unable to support itself without some drying or curing 

process. When the material is properly cured, it can be built into complete buildings and 

structures [40]. Since the systems being built are on the large side of AM builds, the equipment 

is often assembled in the desired location for the end structure. Portable cement material 

extrusion allows for building in remote areas where local build materials can be used.  

3.10.2.2 Polymers and Composites 

Polymers are by far the most common material used in the material extrusion process [2, 

14, 22, 28]. Some of the most common polymers are: 

• Acrylonitrile Butadiene Styrene (ABS) 

• Polycarbonate (PC) 

• Polystyrene (PS) 

• Polylactic acid (PLA) 

• Polyamide (PA) 

• Polyethylene Terephthalate Glycol (PETG) 
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• Nylon 

• Thermoplastic Polyurethane (TPE) 

• High Impact Polystyrene (HIPS) 

• Polyvinyl Alcohol (PVA) 

• Acrylic Styrene Acrylonitrile (ASA) 

• Polypropylene (PP) 

• Polyoxymethylene (POM) 

• Polymethyl Methacrylate (PMMA) 

• PolyEther Ether Ketone (PEEK) 

These materials are popular due to the availability, cost, and low extruder temperature for 

the material. The polymers listed have characteristics that allow for efficient flow, proper fusing, 

and harden quickly. Thermoplastic polymers, like the ones listed above, are typically used in 

material extrusion due to their low melting temperature, low thermal expansion coefficient, and 

high glass transition temperature, which allow for more minor internal stresses during the 

manufacturing process [14, 22].  

Polymers, however, do not provide the same structural support and structural properties 

that metals, some ceramics, or composites can provide. Many polymers are mixed with additives 

(i.e., carbon and metal powders) to provide adequate support and strength to the printed part [2, 

11]. These additives also improve mechanical properties, heat distortion, and thermal stability. 

Improvements in mechanical properties showed elastic modulus increases of over 150%; 

ultimate tensile strength could also be increased by over 40%, and lower elongation by almost 

500% when tested in the printed direction [14, 32].  
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The material extrusion process relies heavily on the rheology of the molten filaments or 

pellets. Rheology is a crucial factor in determining if a new material can be adequately printed 

[42]. As a polymer is pushed through the nozzle, which decreases near the exit, shear and 

elongation flow are created. The molten polymer must have shear-thinning characteristics 

(reduction of viscosity as shear strain is applied) at elevated temperatures to allow for flow [28, 

43]. This is a balancing act, and the material needs to have high viscosity at low shear rates to 

avoid premature extrusion and low viscosity at high shear rates to be extruded. The viscosity also 

controls how easily the molecules in the molten polymer can slide around [2, 28, 44]. If the 

molecules can move freely then, then the stored elastic energy is reduced in the extruded part. 

During the material extrusion process, polymer chains align with the flow direction. The end of 

the nozzle has the smallest diameter, and therefore the location for the greatest shear stress and 

creates a higher alignment of polymer chains [28, 45]. Generally, the polymer chains return to 

their initial state due to the elasticity of the polymer.   

Since the material used in the experiment and simulation is ABS, the following section 

dedicates reporting more specific properties of ABS. 

3.10.3 Acrylonitrile Butadiene Styrene (ABS) 

Acrylonitrile Butadiene Styrene is often referred to as ABS. ABS is one of the most 

widely used polymers in AM and traditional manufacturing techniques. ABS is an impact-

resistant thermoplastic and amorphous polymer [22]. Three monomers comprise ABS: 

Acrylonitrile, Butadiene, and Styrene [2, 44]. Acrylonitrile is a synthetic monomer created by 

combining propylene and ammonia. Butadiene is created through a by-product of ethylene 

production. Styrene is produced by the dehydrogenation of ethylbenzene [46]. Combining these 

three monomers provides a chemically resistant material, stable at wide temperature ranges, 
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increased toughness, impact strength, and relatively rigid when compared to most other polymers 

[32]. The standards used to define ABS materials are ISO 19062-1:2015, ISO 2580-1:2002, and 

ISO/ASTM 52903-1:2020. Therefore, the feedstock to feedstock variation for different 

manufacturers is expected to be minimal.  

 

Figure 3-8. ABS structure. 

 

ABS is created by emulsion techniques or continuous mass techniques [42, 46-47]. 

Emulsion polymerization occurs by the following process: a monomer is emulsified in a solution 

of surfactant and water which creates droplets, the extra surfactant forms micelles (an aggregate) 

in the water or oil, next a water-soluble initiator is used to react with the monomer in the 

micelles, the monomer in the micelle polymerizes, and the chain stops growing [48-49]. At this 

stage, the monomer has turned into a polymer particle. The monomers continue to diffuse into 
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the growing polymer particle. Eventually, the only remaining monomer is in the particles. This 

leaves the final product, a dispersion of polymer particles in water or oil. In the continuous mass 

technique or bulk polymerization, a soluble initiator is added to a pure monomer in a liquid state, 

where the initiator dissolves in the monomer [48-49]. A reaction then occurs when heated or 

exposed to radiation. The product of the reaction creates a viscous mass of polymers [48]. 

A variety of equipment can be used to process ABS. ABS's typical processing is by 

injection molding, blow molding, or extruding [32, 46]. The parts that come out of these 

processes have similar physical properties. ABS material properties are known to have high 

rigidity, good impact resistance, good insulating properties, good abrasion and stain resistance, 

good weldability, good dimensional stability over time, and high surface brightness when dyed 

[32, 46]. ABS also offers excellent chemical properties, such as high resistance to dilute acid and 

alkalis. ABS is also a thermoplastic which behaves as a thermoviscoelastic material, in that its 

viscosity decreases as it approaches a glass transition temperature and continues to reduce as it 

reaches its melting point. The viscosity will remain relatively high through its melting 

temperature making it desirable for material extrusion. Thermoplastics liquefy instead of 

burning, which allows them to be easily injection molded and then recycled [4]. They can be 

heated to their melting point, cooled, and reheated again without significant degradation in 

properties. 

During the extrusion process, the material temperature at the nozzle is generally between 

200 to 280C [28, 32, 50-52]. ABS prints, therefore, experience a temperature range from room 

temperature to at least 200C. Most material properties are a function of temperature, with ABS 

being no exception [53]. The following plots, Figure 3-9 through Figure 3-16, show a graphical 

summary of the mechanical material properties of ABS reported in the literature [55, 63, 64, 69, 
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74, 77, 81]. Two other material properties of ABS, which are not plotted, are emissivity and 

Poisson’s ratio, which are 0.92 and 0.37, respectively, [16, 54]. 

Note that the material properties are assumed to be isotropic and homogeneous for this 

study. Any considerations for the lower strength of mechanical properties due to orientation are 

addressed in Section 4.3.4.  

ABS storage modulus and loss modulus values as a temperature function are shown in 

Figures 3-9 and 3-10, respectively. Since ABS is a viscoelastic material, it is expected to behave 

both perfectly elastic and as a viscous element. Therefore, the storage modulus is reported since 

it quantifies the amount of energy required to distort the sample, which occurs under low stress 

in the elastic region. The loss modulus is reported since it quantifies viscous response of the 

material under low stress. Distortion in the elastic region generally shows a viscous element to 

the material. Therefore, under load there is a time independent elastic strain and a time 

dependent viscous flow. The storage modulus and loss modulus values (combined the storage 

modulus and loss modulus are called the dynamic modulus) used in this study were based on the 

dynamic mechanical analysis (DMA) in [55]. DMA is a common technique used to determine 

elastic and viscous responses of polymers under oscillating load and monitored against 

temperature, time, and frequency [56-58]. The oscillating load stresses the material where the 

resulting strain is measured. The measured stress, strain, and parameters can then be related to 

the complex modulus or, more specifically, the storage modulus.  
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Figure 3-9. Storage modulus responses to temperature for pure ABS pellets [55]. 

 

 

Figure 3-10. Loss modulus responses to temperature for pure ABS pellets [55]. 
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The linear expansion values for ABS in this study were based on the results from a 

thermal dilatometer in [55]. Dilatometers are commonly used to measure the dimensional 

changes in metallic alloys, polymers, and organic matter under changing temperatures. The 

dilatometers work by increasing the temperature and recording the expansion or contraction in 

solid material [57]. The measured values and test parameters can then be used to determine the 

thermal expansion coefficient. The test specimen for both the storage modulus and thermal 

coefficient of expansion were made by FDM from Reference [55]. In addition, the work in 

Reference [55] shows the typical trend seen in ABS material for linear expansion measurements, 

but the actual coefficient of thermal expansion can significantly vary from 7.0 to 15.0 x 10-5/°C 

[59]. The large differences in the coefficient of thermal expansion between ABS manufacturers 

show the importance of conducting tests to verify the material's properties. As an example of the 

importance of the coefficient of thermal expansion, it was also discussed in Reference [55] that it 

plays a prominent role in the amount of warpage seen at the end of the build. The greater the 

coefficient of thermal expansion, the more warpage is present in the final part. This relationship 

was also confirmed by [60-61]. 

 Young’s modulus is the measurement of a material’s elasticity and measures the 

resistance to non-permanent deformation, essentially the inherent stiffness of a material [62]. The 

values for Young’s modulus presented here are based on the results from [63]. The values in 

Reference [63] were determined using standard precision tensile testing.  
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Figure 3-11. Young's modulus (MPa) response to increasing temperature (℃) [63]. 

 

Yield strength corresponds to the stress value when a material transitions from the elastic 

to the plastic region [62]. This is one of the most important properties for choosing the proper 

materials needed for structural applications. The values for ABS yield strength presented here are 

from [63]. The values in [63] were determined by using standard precision tensile testing over a 

temperature range, as shown in Figure 3-12. 
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Figure 3-12. Yield strength (MPa) response to increasing temperature (℃) [63]. 

 

Ultimate tensile strength is defined as the maximum load that a material can withstand 

until fracture or failure begins. This is another common material property used for choosing the 

proper materials for structural applications. Tensile strength is tested through standard tensile 

tests, which in this case, the values from [64] were tested over an extensive temperature range, as 

shown in Figure 3-13.  
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Figure 3-13. Tensile strength of ABS response to increasing temperature [64]. 

 

Thermal conductivity refers to the ability of a material to transfer heat by conduction. 

Thermal conductivity in polymers occurs by means of molecular agitation and the energy 

transferred by the free flow of electrons in the solid. Heat is transferred along the temperature 

gradient from hot to cold sources through conduction. This thermal energy transfer occurs until 

the material reaches thermal equilibrium [65]. Polymers, such as ABS, have a much lower 

thermal conductivity than metallic materials, making them useful as insulating materials. Lower 

thermal conductivity values reduce the amount of energy able to be transferred through 

conduction. This is an essential consideration for AM from a strict heat transfer perspective since 

the new layers should have minimal reheating effects on the previous layers.  
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Thermal conductivity is a function of temperature. Some materials show an increase in 

value as temperature increases, as seen with ABS in Figure 3-14. Often, for smaller temperature 

ranges, the value used for the thermal conductivity is an average of the values over the specific 

temperature range. However, the temperature-dependent values should be used for studies with a 

large temperature range and if a more accurate model is required.  

Several testing methods can obtain thermal conductivity values, which fall under steady-

state or transient methods. Guarded hot plate, heat flow metering, comparative-axial-heat-flow 

are examples of steady-state methods. Steady-state methods apply constant heat to the sample, 

where the heat transmitted through the sample can be determined, and the thermal conductivity 

can be calculated. Modified transient plane source, transient plane source, transient line source, 

and laser flash diffusivity are examples of transient testing methods. Transient testing methods 

use a heat source that cycles temperature. The thermal conductivity can be calculated using the 

time and feedback response after activating the heat source [66]. Either transient or steady-state 

methods can test polymers. One of the more popular testing methods for polymers is ASTM 

D5930 which specifies the transient line-source technique. 
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Figure 3-14. Thermal conductivity of ABS as a function of temperature [63]. 

 

Specific heat is defined as the amount of heat (energy) per unit mass to raise the 

temperature of a substance by one degree Celsius [65]. Specific heat is often used to determine 

the energy transfer to or from a system. In general, there are two kinds of specific heats of 

interest, specific heat at constant pressure and specific heat at constant volume. However, the 

specific heats of incompressible substances can be considered identical. Like thermal 

conductivity, the specific heat depends on temperature, but the value is often chosen from the 

average temperature of the substance. However, for studies with an extensive temperature range 

and if there are potential benefits of a more accurate model, the temperature-dependent values 

should be used. 
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The specific heat for ABS is shown in Figure 3-15, where it can be seen that the value 

increases with temperature. The values shown in Figure 3-15, were first presented in Reference 

[63], where ABS was tested to determine its heat transfer characteristics. Specific heat can be 

experimentally determined by differential scanning calorimeter (DSC) methods. DSC test 

methods heat the substance at a controlled rate and controlled environment. The temperature 

increases until the point of interest is reached. The difference in heat flow between the test 

material and the reference material due to energy changes is recorded [67]. ASTM E1269 is 

often used as the test reference for DSC testing methods. Per ASTM E1269, the difference in 

energy, mass, and the known specific heat from the reference is used to calculate the specific 

heat of the test material.  

  

Figure 3-15. Specific heat capacity of ABS as a function of temperature [63]. 
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Density is a temperature and pressure-dependent material property. The value of ABS 

density under atmospheric conditions can be seen in Figure 3-16. Density can play an important 

role in the material extrusion process. Since the extrusion process pushes material out through a 

heated nozzle, pressure can build up around the material, and the added heat input can 

significantly affect the bulk density of the material. These factors are essential to consider when 

determining the amount of pressure to apply to the material when extruding and deciding on the 

proper nozzle diameter [68]. While the change in density of the material may be more vital to 

consider for the extrusion process, density is also important for the build. Density affects the heat 

transfer performance of the material [65]. Therefore, it is important to include density's 

temperature and pressure effects in any simulations. 

The density values shown in Figure 3-16 were determined by Pressure-Volume-

Temperature (PVT) test methods in [69]. The piston die technique is a common way to test the 

PVT relationship. A material sample is inserted into the die, where the specimen can be 

pressurized. As the pressure and temperature are varied, a piston records the change in volume 

[70-71]. The PVT relationships can be made with the pressure, temperature, and volume 

recorded. Density can then be calculated for the material at all the temperatures and pressures 

recorded. Another standard method to determine density is by dilatometer. The density values 

from a dilatometer will result in density at different temperatures but at atmospheric pressure 

only. The density values shown in Figure 3-16 is assumed to be for a fully dense material (i.e., 

no porosity), since the model being created for this work is one bead thick there is no voids or 

large porosity that needs to be considered.  
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Figure 3-16. ABS density response to increasing temperature at atmospheric pressure [69]. 

 

Another property that can be gleaned from the temperature-property plots, mainly storage 

modulus, Young’s modulus, and tensile strength is the glass transition temperature. The glass 

transition temperature for ABS is between 95-110℃ [30, 55, 63, 72-73]. Thermoplastics enter a 
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glass transition temperature (Tg). Glass transition temperature is a term applied to materials 
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ordered polymer chains fall into disorder (liquid state) and the viscosity is low enough that the 

material is able to flow easily. In contrast, the glass transition temperature marks the beginning 

of the polymer chain becoming disordered (rubbery region).   

As mentioned previously, the glass transition temperature separates the typical 

viscoelastic region from the rubbery region for thermoplastic polymers. After the temperature 

increases past the rubbery region, a purely viscous region (liquid region) is present, which allows 

for easy flow of the material. This information is essential for modeling material extrusion as the 

temperature of the material transitions between these regions [72]. 

Since material extrusion is operated by heating the polymer to roughly its melting 

temperature, the material's rheology is essential to consider. ABS is a viscoelastic material, 

which means it exhibits both elastic and viscous properties when deformed. Whether the 

viscoelastic material exhibits viscous, elastic, or both properties depends on temperature and 

time. Generally, polymers will behave more elastically at lower temperatures or short timescales, 

and at higher temperatures or longer timescales, a polymer will have a more vicious behavior 

[72].  

The viscosity is essential to consider, notably when the material temperature is above the 

glass transition temperature. Viscosity is a measurement of a material's ability to resist flow and 

deformation. Lower viscosity materials flow easier than higher viscosity materials. High 

viscosity materials polymers need to be at high temperatures or be subjected to an arbitrary load 

for long periods to initiate viscous flow. In contrast, the opposite is generally true for lower 

viscosity materials [65].  

Viscosity can be determined through several different testing methods. However, no one 

test method can determine the viscosity of a material through all phases present in the ABS 
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material. DMA can determine the viscosity of solid materials. DMA, as discussed previously, 

calculates the storage and loss modulus. Viscosity can be calculated using the recorded test 

frequencies and the storage and loss modulus values [72, 74]. Since DMA requires a solid 

specimen to be held in a load frame, it becomes increasingly difficult to impossible to determine 

viscosity as the sample becomes increasingly viscous. Dynamic oscillatory shear tests can be 

used to find the elastic, viscous, and complex modulus of the material in the rubbery to a molten 

state (as defined in ASTM D4440). This was the method used in [74], and the results are shown 

in Figure 3-17. Dynamic oscillatory shear tests work by subjecting the sample to a sinusoidal 

deformation and measuring the material’s response as a function of time [75]. Capillary rheology 

testing is helpful for material that is in a viscous state. This method pushes a viscous material 

through a capillary hole and measures the material’s response [76]. While these methods can 

cover the entire range of phases present in the material, not all shear rates, timescales, and 

temperatures can be evaluated.   
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Figure 3-17. ABS zero shear viscosity response to various temperatures [77]. 

 

The viscoelastic material properties are both time and temperature dependent, therefore if 

a shear force is applied to a specimen for a long time at low temperature the resulting response 
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This allows temperature and time-dependent material properties to be determined from available 

properties at a reference temperature [32, 72, 78]. The reference temperature is generally defined 

as the glass transition temperature, but it can be any temperature above the glass transition 

temperature where there are time and temperature responses are known. The resulting responses 

can be shifted to account for longer or shorter timescales or applied frequencies [78]. Therefore, 
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tests, the results could be shifted to account for any conditions. The William-Landel-Ferry 

(WLF) shift function (Equation 3-1) is commonly used to calculate the shifted response in 

polymers. The viscoelastic response is interpolated with temperature by considering the 

relaxation time of the material. Using the WLF method is essential when modeling the material 

extrusion process since relaxation time can be accounted for to ensure proper viscoelastic 

material response when modeling. For ABS the C1 and C2 constants are 4.47 and 105.14 from 

[74]. By using the WLF shift function, the viscosity at various temperatures and shear rates can 

be determined. The following plot, Figure 3-17, shows the zero-shear viscosity as an example.  

 log(𝐴(𝑇)) =
−𝐶1(𝑇 − 𝑇0)

𝐶2 + (𝑇 − 𝑇0)
 Equation 3-1 

where  

𝐴(𝑇) = Shift function, 

𝐶1 𝑎𝑛𝑑 𝐶2 = Material dependent constants, 

𝑇 =  Temperature, 

𝑇0 = Reference temperature (170℃). 

In addition to the WLF shift function, a Prony series is also needed to properly capture 

the material relaxation. The relationship between the relaxation modulus and relaxation time 

shows that over longer periods of time stress can relax due to the viscous effects of the material. 

The relationship shown in Equation 3-2 was determined by dynamic oscillatory shear tests in 

[74]. The storage and loss modulus values were used to determine the relaxation modulus values 

needed for the Prony series parameters. The formulas to get those parameters are shown in 

Equations 3-3 to 3-5 [112]. Note that the parameters are found at a reference temperature above 

the glass transition temperature, in this case 170℃, the WLF shift function can then slide the 

relaxation responses to the desired temperatures making the results also temperature dependent.  
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 𝐺𝑖 = (39323)𝜆𝑖
0.321 Equation 3-2 

 
𝐺′(𝜔) = ∑

𝐺𝑖𝜔
2𝜆𝑖

2

1 + 𝜔2𝜆𝑖
2

𝑁

𝑖=1

 Equation 3-3 

 
𝐺′′(𝜔) = ∑

𝐺𝑖𝜔𝜆𝑖

1 + 𝜔2𝜆𝑖
2

𝑁

𝑖=1

 Equation 3-4 

 
𝑔𝑖 =

𝐺𝑖

𝐺(0)
 Equation 3-5 

where 

𝐺𝑖 = Relaxation modulus (Pa),  

𝜆𝑖 = Discrete relaxation time (s) for the reference temperature (170℃). 

𝑔𝑖 = Shear relaxation modulus (Pa/Pa), 

𝐺(0) = Elastic shear modulus (Pa), 

𝐺′(𝜔) = Storage modulus (Pa), 

𝐺′′(𝜔) = Loss modulus (Pa), 

𝜔 = Frequency (Hz). 

In this next section, which discusses related research, it is noted that all studies found in 

the literature in which material extrusion with ABS is simulated do not use thermally dependent 

material properties. The reason behind the change in value over an extended temperature range is 

for reduced computational time, and it significantly complicates the model [79-80]. However, as 

seen in the plots above, there are sufficient differences in material properties as temperature 

changes. The printing process relies on laying a bead down while the previous layer is still above 

the glass transition temperature, ensuring the proper bonding between the layers [55, 79]. Since 

this research aims to determine the deflection and slumping that occurs while printing due to heat 

retention, it is vital to have accurate material properties at various temperatures. Therefore, the 
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same argument for not using temperature transient properties can apply here, but temperature 

dependent properties are used in this work to improve the model accuracy.   

The experimental build in [5] used ABS/glass fiber material. This combination has been 

found to reduce the final build's warpage compared to pure ABS material [13]. Pure ABS 

material can cause significant warpage in the larger parts due to significant residual stresses 

caused by the heat input and cooling of the layers [13]. However, due to the geometry of the 

build being a single wall thickness, it is not expected that the difference in material properties 

would significantly affect the results. A slight difference in thermal conductivity, heat capacity, 

and Young's modulus do not significantly affect the predicted warpage. However, it has been 

found that one of the most influencing factors for warpage is the coefficient of thermal expansion 

(CTE) [60]. Although pure ABS has a larger CTE than ABS/glass fiber material, but as 

mentioned previously, the CTE can significantly vary from 7.0 to 15.0 x 10-5/°C [59]. Therefore, 

a lower value (9.5 x 10-5/°C) of pure ABS was chosen for this model [81]. A sensitivity study to 

determine the effects of different CTE determined that increasing the CTE increased the warpage 

by the same factor [60]. Therefore, the warpage should be similar by using a CTE closer to the 

actual test material CTE. As described herein, there is no expectation that a model using these 

material properties should behave significantly different than the experimental model used in [5]. 

3.11 COMMON BUILD FAILURE MECHANISMS FOR MATERIAL EXTRUSION 

This section is dedicated to reporting research that helped shape the methods, models, 

and assumptions made in this work. To sufficiently design an experiment and simulation that 

will cause excess heat retention to drive failure, confirming the overall hypothesis of this project, 

it is essential to know what failure mechanisms are common to material extrusion. This allows 

for the isolation of heat retention on one failure mechanism. Different mechanisms that can cause 
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part failure are detailed here; these include part geometry, material, temperature, and process 

parameters. This is not an all-inclusive list of publications reviewed for this project; however, 

these topics were chosen to help illustrate common trends seen during literature reviews.  

3.11.1 Elastic Buckling and Plastic Collapse 

There has been much research into additive manufacturing, and due to its popularity, 

material extrusion is no exception. Material extrusion, as mentioned before, is used for a vast 

array of materials. Failure modes are not unique to only one type of material. Reference [8, 39, 

82] details failure in material extrusion for cementitious material. Reference [82] breaks the 

failure modes into two categories: (1) plastic collapse and (2) elastic buckling. Plastic collapse 

occurs when the weight of the printed part applies a force equal to the current yield strength of 

the material. It begins to fail and deform in a way that causes a complete failure of the print bead 

geometry, as shown in Figure 3-18. 

 

 

Figure 3-18. Elastic buckling and plastic collapse diagram. 
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In contrast, elastic buckling occurs when the geometric stability of the part is 

compromised. In other words, elastic buckling is typically seen during polymer material 

extrusion. This would be an example of a wall collapsing due to insufficient support material. 

Since the printing filament or pellets are designed to be used with material extruder equipment, 

there is little risk for the print bead to deform in such an extreme manner, as seen with plastic 

collapse failure modes. The risk of plastic collapse becomes more of a concern only when new 

materials are being tested and developed. Reference [82] identified a few parameters that control 

whether the part can experience elastic buckling. The parameters that were deemed the most 

important for cementitious material are solidifying material rate and printing velocity. These two 

parameters go hand-in-hand. Generally, the greater the print velocity, the less time the material 

has to harden before applying the next layer. This can cause print failures if the structure is not 

sufficiently supported [8, 82]. It was concluded in the research that a higher curing rate for 

cementitious material reduces the risk of part failure. This translates to polymer material 

extrusion by suggesting that elastic buckling part failure is more likely when the polymer stays at 

a higher temperature or in its semi-amorphous form when subsequent layers are added. This is 

also evident in work done in Reference [12].  

3.11.2 Bridging Collapse 

Other works have also tried to categorize the failures of material extrusion prints past 

elastic buckling. Reference [12] identifies many ways a material extrusion print can fail. One of 

the common failure mechanisms is bridging. Bridging occurs when a bead is laid across two 

buildups at a distance apart. Bridges are fixed at both ends, and the horizontal distance the bridge 

can span is based on material, material extruder, and environment. When a bridge spans too long 

for the material to support its weight, the bridge will slump and ultimately fail [12, 23]. This is 
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exacerbated by increased heat in the print chamber or retained in the printed layers. As the heat 

increases, the material strength is reduced, which shortens the allowable span length. This 

bridging collapse is also evident in cavity geometries. Typically, any design that utilizes an 

overhanging feature, which is self-supporting over a considerable span, is susceptible to failure 

by slumping and eventual collapse [23, 63].  

 

 

Figure 3-19. Example of a bridging collapse. 

 

The bridging failure mechanism can be easily solved with support material, but support 

materials are costly and time-consuming for large prints. Therefore, it is ideal to know in 

advance if the bridge can successfully span the distance. The are several ways to improve the 

distance a bridge can span. One of the methods used for smaller printed parts is to allow the 

material to cure or solidify faster, giving the bridge a greater chance to withstand its weight. This 

can be done by directing cooler air towards the bead or by reducing the print chamber ambient 

temperature [20, 63].  

3.11.3 Delamination 

Delamination occurs when two connected layers separate from each other. This failure 

can occur in any size print. The layer temperature is the main cause of this type of failure [23]. 



53 

When there is too much time between printed layers, the bottom layer has cooled to a 

temperature that does not facilitate proper bonding [12, 83]. The bottom layer is cool enough that 

it contracts and solidifies, but then a new or top layer is printed, the bottom layer is heated again 

and causes expansion of the bottom layer. The expansion and contraction of the bottom layer are 

dependent on the thermal expansion of the material. The expansion and contraction are not 

always detrimental to the print, but when the contraction causes high internal stresses, it can pull 

the print apart on its weakest orientation, Z-axis. This is also how part distortion, or curling, is 

created [12, 83]. 

 

 

Figure 3-20. An example of printed part which failed by delamination. 

 

It has been identified in [12] that this issue is more prevalent in larger prints, this means 

that there will be larger thermal gradients throughout the build. More than likely, the 

delamination will occur in the areas which see the most residual stress or are under greater 

thermal fatigue than the rest of the print. Geometry can also play a part in the delamination 
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mechanism, and deposits with a thin bead and low volume and high surface area are the most 

likely candidates to fail by delamination [84].  

Delamination can also occur between the bare build plate and the first layer [23, 83]. This 

type of delamination occurs when the thermal expansion is significantly different between the 

part and the print base plate. If the build plate, or substrate, is made of a material that has a larger 

thermal conductivity than the print material, and the temperature of the build plate is cold 

enough, then the printed bead will be unable to adhere to the build plate and warp [43]. This can 

be overcome by heating the build plate.  However, if the temperature of the build plate drops 

rapidly or significantly enough, then the thermal contraction and expansion of the two dissimilar 

materials is enough to lose contact.  

Polymers go through a glass transition temperature. This temperature is identified as the 

moment a polymer gains rigidity and no longer is an amorphous and viscous solid that can be 

easily extruded and shaped. It is noted in Reference [83] that the glass transition temperature 

should be used by designers as a print cutoff line. If the temperature of the top layer, right before 

the next layer is added, goes below the glass transition temperature, then the part should be 

scrapped due to the high probability the part will suffer from delamination or more extreme 

warping. This cutoff line is more applicable to large prints that are difficult to control ambient 

temperature, slow print velocity printers, and the geometries mentioned previously.  

3.11.4 Sagging/Slumping for Overhanging Features 

Overhanging features can fail in a similar manner to bridging features. These features 

generally overhang at an angle. Reference [12] notes that best practices would dictate not to 

design a part with overhanging features that protrude out at an angle less the 45 degrees from the 

X-Y plane. Anything less than 45 degrees would need support material or redesign. The reason 
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overhanging features have this cut-off is due to the small amount of contact between the layers. 

The lower the overhanging angle, the less contact area between them, which reduces the strength 

of the feature. Any unsupported features in this realm are highly susceptible to falling off, 

sagging, or cause print failure. This type of failure is exacerbated by the larger prints, larger bead 

sizes, and higher temperature print atmospheres [5, 7, 12].   

 

 

Figure 3-21. Example of an AM structure sagging. 

 

In addition to the cases mentioned above, thermal retention is a primary cause of this type 

of failure. When a bead retains enough heat and the next layer is added, the previous bead is still 

prone to slumping or collapse [3, 23]. As more beads are added, the weight increases enough to 
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cause this failure. Several studies have looked at the process to optimize and find solutions to 

this process. Reference [12] and [43] performed studies to determine the greatest angle that can 

be created without the need for self-supporting features. One study, Reference [12], led to the 

conclusion that if the print stayed within the process-specific minimum angles and the 

overhanging features could be built in the Z-direction, then there was no need for support 

material. Reference [12] further tested the overhanging feature angle by designing a test to 

reduce the angle until it was parallel with the build plate. The tests showed that only on one 

occasion was the print able to make it past the 45 degrees recommended max angle. However, 

most tests were unable to make it past 40 degrees.  

3.12 BIG AREA ADDITIVE MANUFACTURING 

Big area additive manufacturing (BAAM) utilizes the same techniques as other material 

extruders, however, is it on a much larger scale.  

The typical material extrusion printer has a print volume ranging from 11 X 7 X 6 inches 

to 36 X 34 X 36 inches (X, Y, Z), while BAAM printers offer sizes such as 20 X 8 X 6 feet (X, 

Y, Z) [7, 11, 12, 85]. Figure 3-22 shows a graphic comparing the overall print volume size for 

BAAM and common material extrusion AM equipment. BAAM, or in more general terms, Large 

Area Additive Manufacturing (LAAM), offers the same benefits as its smaller versions [86]. 

Elimination of hard tooling and creating increasingly complex parts are all benefits carried over 

into this new realm of material extrusion.  
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Figure 3-22. Print volume comparison between BAAM and common FDM equipment [21]. 

 

Since the printing scale is larger than the typical AM size, process parameters need to be 

optimized to produce faster and more cost-effective parts. Typically, these printers will utilize 

pellets since it offers greater speed than using filaments, and the pellet hopper can be refilled 

while printing [11, 87]. It is also less expensive than thin filament options. Most polymers 

printed by LAAM are reinforced with some fiber or other strengthening and stiffening agent to 

improve part quality and printability [7, 11, 85-87].  

Early design LAAM printers will create an oval-shaped bead depending on the process, 

material, and print parameters (i.e., speed, temperature, standoff distance, flow rate, extruder 

nozzle shape, and viscosity) [11, 55, 83]. These oval shapes would create voids when additional 

layers were laid down, where the void size is dependent on printing parameters. As materials and 

AM technology improved, better bead layers can be created, which allow for minimal voids and 

can make beads better suited for layered building [11, 44, 83]. Support material also needed 

optimization. In smaller prints adding support material would increase the print time and cost to 

finish the part [12, 50]. With this much larger printing area, the support material has an even 
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more significant effect on the time and cost of the printed parts. The time it takes for support 

material to be created can affect the temperature of structural material, detrimentally affecting 

the piece's strength. It also can add residual stresses into the part that can lead to part failures [12, 

50]. 

Additionally, the added cost of including a dual extruder system for the support material 

and the material itself significantly increases the overall cost to build. In most LAAM/BAAM 

builds, the support material is not used unless it is essential. Unfortunately, this limits what 

designers can create on this large scale [12]. Simulations can be used to determine where support 

material might be needed and determine the layer temperatures to ensure the best outcome. The 

role simulations play in additive manufacturing is addressed in the following section.  

Over the years, some impressive LAAM/BAAM builds have been created. One of the 

most notable was making a classic Shelby Cobra vehicle [13, 21]. This rapid vehicle powertrain 

development explored the challenges faced when creating a printed prototype mule. Once the 

vehicle was completed, the total weight was 690 lbs., and the total print time was roughly 24 

hours. This feat was only accomplished at that time due to the BAAM system. The polymer-

extruded nozzle fitted to a multi-axis servo system was able to deposit on average 20 lbs./hr. 

Each bead was extruded out of a 0.2-inch diameter nozzle, which only resulted in about 0.030-

inch surface variation [13]. As mentioned previously, these types of large AM systems utilize 

single-screw extruders to heat up the pellets to their molten state. This is one of the main reasons 

the print only took about 24 hours. This could have taken about 500 to 1,000 times longer with 

more common AM processes [13].  

It was determined for this study, [13], that carbon fiber reinforced ABS was needed for 

proper manufacturing. Using pure ABS material can cause significant warpage in the larger parts 
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due to significant residual stresses caused by the heat input and cooling of the layers. At the time 

of the study, adding carbon fiber to ABS was a relatively new practice. However, it turns out that 

higher amounts of carbon fiber (greater than 15%) led to significant reductions in warping.  

Warping of the printed frame was one of the biggest concerns for the build [13]. Even 

though the material chosen was adequate to resist the residual stresses, the printed design was 

robust and not designed in a way to reduce cost or weight. This robust design would have 

retained much heat and could have caused elastic buckling of parts or slumping of overhanging 

features. The designers utilized support features to build up areas that could not have support 

themselves during the print. These supports, added time, material/cost and could have been an 

additional site of failure. The print failing due to support structures is possible since they also are 

exposed to the same thermal gradients and are often designed to use the least amount of material 

to build in the least amount of time. In this case, the material is printed along the length of the 

frame to maximize the strength of the part. Since the printing path dictates how the material will 

be deposited, support material will be needed if any areas do not allow for a slow build-up of 

overhanging features. Therefore, the support material is needed for this design. 

As mentioned, the frame was built with the bead running along its longest dimension 

[13]. This print orientation provides the highest strength and stiffness. Layered processes all tend 

to have anisotropic mechanical properties [11]. The material, and in this case the carbon fiber, 

tends to align itself with the tool path [81]. The weakest part of material extrusion AM is 

typically the strength between the layers. This is discussed further in the next section. 

3.12.1 Structure and Mechanical Behavior of Material Extrusion AM Materials 

The earliest rapid prototyping equipment made parts that were only suitable for a 3D 

visual representation of desired parts. There was very little structural integrity at that point. After 
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years of improvements in both the AM materials and printing techniques and equipment, the 

manufactured parts can be used in everyday life applications. Even though there has been much 

improvement over the years, BAAM and FDM printed parts strength is very dependent on the 

material orientation. It is generally known that the strength between the beads is weaker than the 

strength of the bead longitudinally [11]. This is due to a reduction in volume at the fusion areas.  

The beads that come out of the extruder are deposited with an oval shape. BAAM 

applications have a typical width of 0.33-inches and a thickness of 0.15-inches if using a 0.3-inch 

diameter nozzle [11, 83]. The oval shape's specifics depend on the material and process (i.e., 

extrusion temperature, standoff distance, flow rate, viscosity, and head speed) [11, 83]. These 

oval shapes create triangular voids between neighboring beads [11]. These voids reduce the 

contact area between adjacent beads. Reference [11] estimates there is roughly 30-50% contact 

area between neighboring beads and 75% contact area with the layer beneath. This reduction in 

contact area can severely degrade the expected strength of the part [11]. The total porosity in a 

LAAM deposit will rely heavily on the printing parameters and geometry.  

In addition to the oval bead triangular voids, it is also possible to have voids caused by 

improper processing of the material. The voids are most likely caused by air trapped in the 

material as it processes or due to impurities in the polymer, which outgas the volatile 

components [11]. Fiber-reinforced polymers also tend to have a higher concentration of internal 

porosity when used in the BAAM systems [11]. The fibers usually are cut into small strands, and 

it is believed that these strands can alter the flow field during extrusion, which can create 

nucleation sites for bubble formation. One of the main differences between fiber-reinforced 

polymers for FDM and BAAM is in the way the fibers orient during the extrusion process. In 

FDM, the fibers orient along the extruded tool path, whereas only the outermost portion of the 
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bead will have oriented fibers with the BAAM system. The internal fibers will remain randomly 

oriented [11].    

In material extrusion AM the direction of the lowest strength is often considered to be 

across the successive layers (Z-axis) [11, 88]. The lower strength is due to a more significant 

temperature difference between the layers, making it less likely to have a stronger bond than the 

other layers. BAAM, however, seems to be weaker in between the interface of neighboring beads 

(along the Y-axis). This is due to the greater contact area between the Z-axis beads. The manner 

of deposition also can play a role in determining the weakest orientation. If the deposition is 

controlled to allow for warmer material bonding in a certain direction, it is likely that orientation 

will have a stronger bond. It has also been shown that a 45/-45-degree crosshatch pattern will 

significantly improve the X and Y-axis inter-bead strength and will consistently show that the Z-

axis is then the weakest orientation [11, 16, 88]. Figure 3-23 and Figure 3-24 show mechanical 

properties of a printed test specimen, tested in X, Y, and Z orientations.  
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Figure 3-23. Young’s modulus of ABS and 13 per cent CF-ABS for a BAAM-deposited 
bead and each primary load direction [11].  

 

 

Figure 3-24. Tensile strength of ABS and 13 per cent CF-ABS for a BAAM-deposited 
bead and each primary load direction [11].  
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3.13 MATERIAL EXTRUSION AM - FINITE ELEMENT ANALYSIS  

Numerical simulations for material extrusion fall into two categories: (1) mesh-free 

methods and (2) mesh-based methods. Finite volume and lattice Boltzmann method are 

considered mesh-free methods [80]. These methods are generally not used in solid structure 

numerical studies. The mesh-free methods are more commonly seen in fluid dynamic studies. 

Mesh-based methods, i.e., finite element method (FEM), are the most popular choice for 

numerical analysis. FEM utilizes the ability to reduce the problem to a limited number of 

unknown variables discretizing the domain. Finite element analysis (FEA) is a technique that 

finds approximate solutions to partial differential equations [80]. The solutions of these partial 

differential equations are based on dependent variables, which are expanded into linear 

combinations of polynomial functions, which are defined over elements. Most FEM software can 

customize the mesh to allow for each finite element to better represent the entire model as a 

whole. FEM also has become more powerful over the years, allowing users to solve more 

complex scenarios [80]. Newer software has also given users the ability to complete a parametric 

optimization study, which has become more popular with AM design processes.  

Historically, most AM parts were not vetted by FEM. Optimization was found by trial 

and error [80]. As AM parts became more complicated and exceeding large, the trial-and-error 

process was becoming too time-consuming and expensive. Now, the FEA of AM parts has been 

gaining traction and is being used for entire parts and critical features. Certain FEM software 

packages, such as ANSYS and ABAQUS, offer a suite of AM add-ons so that users have built-in 

AM material databases, build parameters, and environmental considerations available for a quick 

analysis. Those add-ons are generally used for only metallic materials and are limited in how the 

part and print can be customized. Since using FEM for AM is relatively new, researchers are still 
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working out which methods offer the most realistic results that can effectively couple 

thermodynamic history with mechanical structure stability [80]. It should be noted that this can 

also be a time-consuming task, and most simulations of builds are very complex and require a lot 

of processing power to run. The run time and processing power are two of the main reasons 

simulations are not used. There are different methods for predicting the thermal and structural 

characteristics of material extruded parts. These methods often create simplified elements to get 

a rough idea of where problems may arise. The simplified models may incorporate constant 

material properties, simplified geometries, and the incomplete thermal history created by the 

part. All these simplifications significantly reduce the run time and processing requirements of a 

model. However, the simplifications also degrade the accuracy of the simulation. Therefore, it is 

essential to know the effects of the changes on the results when simplifying a model.  

For the purposes of this section, FEA can be classified by what type of analysis is 

studied. Thermal analysis, mechanical analysis, and thermo-mechanical analysis are the three 

most common evaluations for AM parts. The mechanical analysis looks at how the completed 

part will function in service. Thermal analysis typically looks at how the part is created to glean 

information about the manufacturability of the part and temperature distribution during the 

process. The thermo-mechanical analysis looks at the entire history of the part, from the heat 

retention in the printing process to the residual stresses created during manufacturing to finally 

how the part will function in service. The thermo-mechanical analysis gives a complete picture 

of the part's life. However, this is also the most complicated and time-consuming analysis.  

3.13.1 FEM - Structural/Mechanical Analysis 

Typical uses for FEM structural or mechanical analysis are to simulate how different 

process parameters will affect the mechanical characteristics of an AM design. These 
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characteristics include uniform elongation, tensile strength, fracture toughness, and others. The 

analysis combines these characteristics to estimate the structural performance for parts made by 

FDM. All FEM analyses provide a best estimate prediction of what is happening in a printed 

part. Assumptions need to be made, and it is impossible to apply exact real conditions in a 

simulation. However, as FEA programs improve, the accuracy of the simulations is also 

improved. This section reviews some notable FEA studies that are applicable to the topic 

research.  

Reference [89] completed tests on four specimens, where the raster angles were varied. 

The results were compared to classical Lamination Theory and Tsai-Wu failure criterion. Where 

lamination theory is used to establish a computational method for predicting stress and strains in 

fiber-reinforced laminated composite structures. Tsai-Wu criterion is used to improve the 

computational method used for isotropic material properties, as the material properties in each 

orientation are considered [89]. The failure load values, and numerical analysis showed good 

agreement between the predicted values and experimental results. However, the model had to 

make several assumptions about the material, and there was no information about the thermal 

history to know if the bonding of material played a more important role in the estimated failure.  

Reference [90] detailed how modeling test specimens can be used to aid in predicting 

mechanical properties of different print parameters. The FEA model was able to accurately 

predict the tested results for elastic modulus. However, the research reported suboptimal results 

for comparison with tested values for the Poisson's ratio. The reported values differed by roughly 

20%. This approach was recommended as an early attempt to understand how the material and 

structure would behave before doing any time-consuming experimentation.  
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Similar to [89], Reference [84] used an ABAQUS to model an ABS FDM specimen for 

tensile testing. The FEA model was created to closely resemble an actual printed part by creating 

a textured internal and external surface to match raster printing angles (0 degrees, 0/90 degrees, 

and 90 degrees), as shown in Figure 3-25. Three different layer thicknesses (0.254mm, 

0.178mm, and 0.330mm) were also tested. The elastoplastic behavior simulation was 

experimentally validated by comparing the qualitative responses in the experiment. The results 

of the study showed that elongation, tensile strength, yield stress, and strain are dependent on 

layer thickness. It was shown that the greater layer thickness had higher tensile strength due to 

the greater intra-layer bond area. However, the thinner layers showed higher elongation than the 

greater layer thickness specimen. It was also confirmed in both the simulation and testing that the 

fibers laid longitudinally (length of the specimen) would fracture through the fibers. In 

comparison, the transverse fiber specimen would fracture through the welded region.  
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Figure 3-25. (a) Schematic of gripper arrangement, (b) tensile specimen as per ASTM D638 
standard, (c) schematic illustration of different raster angles [84]. 

 

In Reference [91], the effect of layer thickness and infill percentage on the mechanical 

characteristics of FDM was studied. A porous model was created in ABAQUS to simulate the 

different voids created by the changing layer thickness. The model was able to accurately predict 

the bulk material mechanical characteristics as verified by experimental testing. However, the 

model was unable to predict the local non-uniform strains which were observed experimentally. 

This was postulated to be due to the residual stresses from the manufacturing process that were 

not accounted for in the model.  

These and other mechanical and structural simulations, References [90, 92-93] used 

assumptions to simplify their model. One of the significant assumptions made was that FDM 

parts had isotropic properties, despite numerous studies proving otherwise. This assumption 
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greatly reduced the complexity of the FE model. Another source of stress unaccounted for is 

residual stress. This additional stress is produced during the printing process, where it might not 

cause any warping in the printed part but may greatly increase or reduce the predicted 

mechanical characteristics of the part in comparison to the FEM model results. Comparing to 

experimental results may prove to show more significant differences or, worse, validate an 

incorrect model if residual stress is not considered. Predicting residual stresses can be 

accomplished by obtaining a thermal history and completing a thermo-mechanical analysis to 

account for the residual stresses.  

3.13.2 FEM - Thermal and Thermo-Mechanical Analysis 

Improvements in numerical methods and increased computational speed have given rise 

to more accurate predictions of thermal histories for AM processes. Typical FEM software used 

for this type of analysis is commercially available ANSYS and ABAQUS. During an FDM 

process, the temperature gradients change and move along with the print nozzle. This causes a 

significantly uneven distribution of temperature. Due to the heat retention in printed parts, there 

is potential for deformation and thermal borne defects [3, 27, 50]. Convection, conduction, and 

radiation all are significant modes of heat transfer. One or more of the modes can be of more 

significance depending on the material and environment [65]. Process parameters and material 

selection are important factors that reduce the temperature gradients, and in turn reduce the 

development of thermal stresses. Thermal and thermal-mechanical analyses are combined in this 

section since most thermal analyses are aimed at determining the residual stresses in parts.  

In order to get a more accurate thermal history of a part being printed by the FDM 

process, element activation is often used. Element activation or element birth and death is a 

method that turns on or off elements at specific time intervals [52, 79, 94]. This is how the 
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thermal history is more accurately replicated with an FDM process. As time progresses, an 

element is activated (“element birth”), which is assigned a temperature. The temperature is also 

assigned a time range for activation. The process and outcome of the element birth and death can 

be seen in Figure 7 from [79]. Controlling the temperature-time range simulates the nozzle 

moving on from that element onto the next element, just like a print nozzle depositing a bead 

over a specific area. Element death refers to the case when the stiffness and conductivity of an 

element is reduced, 1E-6 Pa and 1E-6 Wm-1K-1, to essentially non-existent, and having extremely 

little influence on the surrounding elements, Reference [95]. 

Reference [50] studied the thermal history of an FDM part and applied the history to 

determine residual stress distributions. Reference [50] also utilized the element birth and death 

functions to apply a likely tool path. It was determined that the tool path played a large role in 

the locations where the most significant heat retention was focused. The tool path turning points 

created larger thermal gradients and stress accumulation marks. The study also showed that 

deformation trends followed the trends seen from the heat dispersion along the printed surface. 

Longer raster paths tended to create warpage along the length of the part, while shorter raster 

lengths tended to create warpage along the width of the parts. However, the material properties 

and boundary conditions for this work were more theoretical and lacked actual validation 

comparison with experimental data. Reference [96] also used element birth and death for a 3-D 

transient thermal non-linear FE model. The model simulated an FDM process using ANSYS 

parametric design. The study found that more significant heat gradients are found near the part 

edges and that the temperature field distribution is in the form an ellipse across the face of the 

part.  
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Reference [95] experimentally tested the filament temperature at deposition by using an 

infrared sensor. A simulation (ANSYS) was then used to predict thermal stresses and the thermal 

history for the FDM process. The model was made as a thin-walled box and utilized the element 

birth and death functions in ANSYS. The temperature history was saved and applied to a 

structural FE analysis where the thermal history could be applied to determine the thermal 

induced stresses. The study also identified the effects of substrate temperature, nozzle 

temperature, layer thickness, and deposition speed. Both the simulation and experiment showed 

that the time it took for the material to go from the extruded temperature to the glass transition 

temperature was greatest when the nozzle temperature was highest, layer thickness was greatest, 

low printing temperature, and high substrate temperature. While the model showed a good 

correlation with the experiment, it assumed some material properties were constant during the 

cooling process. This could have introduced errors that would have produced higher thermal 

induced stresses or caused further deviations from the experimental results.  

Reference [97] studied the effects of radiation, convection, and conduction within the 

model. It was determined that the convection and conduction were the most influential on the 

thermal profiles of the model. Air pockets were also evaluated in regards to how they can affect 

the thermal profile. It was determined that the air pockets created by the ellipse-shaped bead 

have a negligible effect on the thermal profile. This confirms that using rectangular cross-

sections to represent each layer can sufficiently predict thermal profiles.  

References [50, 98] used an FEA model to determine part distortions after the FDM 

process. Like the other studies, element activation was used to simulate the manufacturing 

process. This parametric study looked at three factors and three levels to evaluate the effect 

deposition has on the residual stresses and part distortion. The three examined factors were road 
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(bead) width, layer height, and raster speed. Three levels for each of the factors were tested, low, 

medium, and high. The experiment and model were designed around creating a thin plate to 

create residual stresses easily. The results showed that scan speed had the most significant effect 

on the part distortion. The layer thickness was found to have the second most important effect, 

whereas the bead width had almost no effect. However, the bead width and thickness have a 

considerable impact on the residual stress. The simulation and experimentation showed similar 

trends, but there was no quantitative correlation between the experimental results and model 

results. This could be due to the material properties being inadequately modeled or 

environmental conditions that were not appropriately captured.   

Part distortion was also studied in [87]. This study used Thermo-Mechanical Analysis 

(TMA) and Dynamic Mechanical Analysis (DMA) to determine the thermal expansion 

coefficients and temperature-dependent stiffness, respectively, for an ABS reinforced carbon 

fiber (20% wt.). This study considered the fiber orientations to use in comparison with its FE 

analysis. A thin wall was printed using BAAM processes with longer dwell times for the purpose 

of inciting warpage. The wall consisted of 100 layers which had a layer thickness of 3.81 mm. 

An IR camera was used to determine the experimental temperatures, while the warpage was 

determined by using a linear variable differential transformer (LVDT) to measure the deflection. 

Comparisons were made between the experimental study and the FEA model of the same part. 

Most of the material properties were considered temperature-dependent, i.e., Young's modulus, 

conductivity, specific heat, and tensile and compressive strength. The thermal analysis was used 

to determine the temperature field, then used in a thermo-mechanical study. The thermal model 

considered radiation, convection, and conduction. The results from the experiment and 

simulation showed similar trends in terms of the warpage and were in good agreement 
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quantitatively. It is unclear if the model took into account other temperature-dependent material 

properties, such as density. Including the temperature-dependent properties could have improved 

the match between the simulations to experimental results.  

 

 

Figure 3-26. Temperature field at a specific time during the AM build, Reference [87]. 

 

Like the previous studies, References [45, 52] also used a FE analysis to determine the 

residual stress and warpage in a 3D printed semi-crystalline polymer. The parameters tested were 

the effect of ambient temperature, substrate temperature, raster pattern, layer thickness, and 

nozzle speed. The crystallization kinetics of the semi-crystalline polymer and the thermo-

mechanical property of the whole part is evaluated. The model created was a thin plate with 

dimensions of 50x50x2 mm. The raster pattern was simulated by activating elements in the same 

material deposition pattern. The pattern-filled out the material in the X-Y plane and then 

proceeded up the Z-axis to the next X-Y plane. The material used in the study is polypropylene 

(PP), which tends to crystallize fast and has a higher shrinking rate than other commercially 

available polymers. The FE model accounts for the temperature-dependent properties, 

viscoelasticity, gravity, and crystallinity of the polymer. The results compared the experimental 

data to the numerical model at locations on the top and bottom of the printed part. The nozzle 
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speeds evaluated are 30 mm/s and 60 mm/s, while the ambient temperatures are 25 and 75 C. 

The study concluded that the increased ambient temperature (i.e., 25 to 75C) promotes increased 

bonding between the beads. It also reduces thermal stress due to the more homogeneous cooling 

conditions. Increasing the nozzle speed reduces the time between printed layers, which leads to 

lower crystallization. However, the thermal stresses can be reduced by an annealing effect 

created when a new bead is laid over an existing bead, and the existing bead is reheated. The 

increased nozzle speed enhances the annealing effect from the reheating of the lower bead. 

Raster patterns can reduce the warpage by 36 percent (zigzag pattern), and the decreased layer 

thickness can decrease the warpage by a staggering 89 percent. Both studies showed good 

agreement between the model and the experimental results. 

More complex structures were studied in References [63, 99]. Reference [63] studied the 

effects of mesh size, material model, and time step size on the outcome of the simulation, and 

then compared the model to the experimental measurements. The design tested is a structure with 

multiple overhanging features or bridging, which required support structures in the 

experimentally printed model. They also modeled and tested a planar spring geometry. The work 

utilized element activation to simulate the thermal history. The model predicted the warpage 

within 23% error but was able to predict the deformation shape accurately. The research 

concluded that the time step used in the simulation has a more significant effect on the thermal 

profile but less of an impact on the overall warpage results. They also concluded that both the 

mesh size and overall part size used in the FEA models had a significant effect. The fine mesh 

produced very similar results to a coarser mesh for large models, when local effects are 

considered negligible. Reference [99] studied the temperature histories of different filling paths. 

The filling usually is incorporated in parts where increased surface area is needed, and there is no 
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need for solid material to fill the volume. This filling can have a honeycomb (hexagonal) cross 

section, grid, wiggle, or rectilinear geometry. The geometry is generally specified if there is a 

certain need for additional strength or to incorporate more connection points for complex 

features. The study revealed that the honeycomb pattern had the smallest temperature gradient. 

The stress field for the fill patterns was also studied. The honeycomb pattern also had the least 

amount of deformation, showing that the honeycomb pattern is the optimum choice for standard 

filling paths.  
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4 RESEARCH 

4.1 INTRODUCTION 

Big Area Additive Manufacturing (BAAM) provides the same overall benefits of general 

material extrusion AM. However, BAAM significantly increases the size limits, which restrict 

standard commercially available material extrusion equipment. Typical material extrusion 

printers allow for various size print envelopes but are commonly in the 0.20 m x 0.20 m x 0.20 m 

print chamber size [12]. Conversely, BAAM offers sizes in the range of 6.0 m x 2.3 m x 1.8 m. 

This size increase allows for designers to create large complex geometries, eliminate the need for 

hard tooling, and further enhance the concepts of direct digital manufacturing. While BAAM 

offers many benefits, there are design considerations that need to be accounted for that are not 

necessarily problems for traditional material extrusion parts. The larger bead sizes of BAAM 

introduce increased heat retention and weight not generally seen with common material extrusion 

AM equipment. At-risk features, areas susceptible to failure due to overhangs or bridging, 

require support material, which is proportionally larger to match the size of the parts. This 

support material increases the heat to the build. All the added heat from the build and support 

material exacerbates different failure scenarios. The increased applied heat can lead to part 

warping while layers start cooling, delamination, and sagging or slumping. In addition to the 

structural failure, BAAM builds have additional challenges, such as large step features when the 

layers are offset, and poor surface roughness which can become very prominent with increased 

layer sizes and nozzle diameter. 

This research looks at the sagging phenomenon during the BAAM process. Sagging 

occurs when there is an overhanging or bridging feature present, and the weight of the material 
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applies a load more significant than the yield strength, generally at elevated temperatures, of the 

material supporting the feature. This phenomenon is dependent on the material properties, heat 

applied to the affected areas, and overall geometry of the build. This work uses an experimental 

model created in Reference [5] to validate the numerical models for the thermal analysis created 

in this work. Validation of the build's thermal history is critical as this information is needed to 

evaluate the build's stress history, which is used to predict the conditions where slumping can 

occur.  

The experimental design was created to simulate the slumping failure mode. The design 

of the experimental structure allows for each layer to be produced at incrementally quicker print 

times. As the printed layers move upward, the combination of thermal retention and shortened 

time between layers produce the conditions for failure by slumping. The increase in average 

layer temperature reduces the strength of the material, which facilitates the failure of the build by 

slumping. During the experimental build, the structure failed when there was insufficient 

solidification of a layer before the subsequent layer was added. The quicker print times do not 

allow for each layer to cool below the glass transition temperature of the polymeric material. The 

warmer bead temperatures result in slumping beyond the plane of displacement threshold, [5]. 

This threshold is a value chosen where the part no longer can meet the functional needs due to 

the deviation from the designed geometry. Figure 4-1 shows the pyramid was almost completed 

before failure by slumping occurred. 

Often in smaller parts created with typical FDM methods, overhanging features will 

utilize support structures. These support structures are either made of a sacrificial material or a 

less dense lattice structure to be removed after the build has been completed. However, in 

BAAM, the use of support structures increases the total print time, material costs, and can 
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increase the heat retention in areas. The increased time it takes to build the support structures 

could increase the chances of delamination due to greater layer cooling before the next layer can 

be added. Therefore, adding support structure should only be considered for situations where 

necessary.  

 

 

 
Figure 4-1. The fabricated structure from [5], designed to exacerbate the slumping failure. 

 

Figure 4-1 shows structural failure at the top where enough heat is retained in the 

experiment to initiate slumping. The temperature recorded near the failed region was above the 

glass transition temperature when failure occurred. The glass transition temperature has been the 

cut-off point for successful bonding in ABS AM builds. However, if the temperature is greater 

than the glass transition temperature, then the material properties have little strength to support 

its weight, and the part is susceptible to failure, as noted in [83]. To prevent elastic collapse or 

deformation, the temperature in the supporting layer must be below the glass transition 
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temperature, which will serve as support for subsequent layers. Thermal monitoring and 

modeling in polymer extrusion 3D printing have both been explored in order to balance the 

trade-off between maintaining sufficient heat for bonding between layers versus solidifying one 

layer sufficiently before depositing the next. Infrared imaging has been explored as a quality 

measurement tool for thermal monitoring during additive manufacturing but remains absent 

mainly in production systems [12, 30, 72, 83, 100]. This work demonstrates the apparent value of 

tightly controlling the temperature envelope and geometry. For effective printing, the 

temperature should remain between two temperature limits. The low-temperature limit should 

cause sufficient solidification in which overhanging features do not deflect. The high-

temperature limit should be warm enough that layers still bond well but not hot enough to cause 

the plastic collapse of the material. Therefore, it is essential to understand the BAAM system's 

thermal characteristics to enhance the stability of the BAAM part and decrease the failure factor 

of the printing systems. 

4.2 MATHEMATICAL TRANSIENT THERMAL MODEL 

An additional general numerical study was created to further validate the finite element 

model results. Similar to the work done in [5, 44, 83], a numerical model is developed in Ansys 

Workbench 2021 R2 to determine the time-dependent temperature history of the built part. In 

this case, a model was developed to obtain the temperature variation over the entire build time. 

This allows for the temperature history of any layer in the build to be estimated. The numerical 

model evaluates the same pyramid geometry with one bead road thickness as the experimental 

build and the thermal simulation. However, due to the complexity of the numerical approach, all 

the material properties are assumed constant and that the entire bead thickness is a constant 
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temperature, as discussed further below. Therefore, this type of analysis may be well suited to 

estimate some geometries, materials, and processes but not all.  

Figure 4-2 shows the schematic of a cross-sectional view for the printing process. Note 

that the layer cross section is shown as rectangular instead of a more oval shaped layer as seen 

experimentally. This was acceptable based on the work [97] where it was found that the air 

pockets inside the builds, caused by the oval bead cross sections had little to no effect on the heat 

transfer mechanisms of the build. The first layer is in contact with the print base, which has an 

isothermal boundary condition of 50℃ ambient temperature assumed for the chamber. The 

ambient temperature used in the modeling is based off the ambient conditions of the 

experimental build. Layers one through seven were printed vertically, then subsequent layers 

were printed with an inclination to build a pyramid-type structure. Each bead has a slightly 

different heat transfer pathway, as shown in Figure 4-2. Figure 4-2 shows a schematic of the heat 

transfer paths, including conduction (denoted by the straight lines), radiation, and convection 

(denoted by the curved arrows). Following the schematics in Figure 4-2, the first printed layer 

transfers heat to only the base plate from the bottom surface by conduction and then to the 

environment by convection and radiation from the three free surfaces. When the second printed 

layer is deposited on top of the first, there is a conduction path from the second layer to the first. 

Convection and radiation paths are shown from the three free edges of the new top bead and two 

free sides of the first bead. At this point, there is still a conduction path between the first bead 

and the base plate. This pattern continues as each layer is added until the overhanging feature is 

reached. 

The overhanging feature creates different heat transfer paths starting from layer eight. 

Once layer eight is deposited, heat is transferred through the contact area between bead eight and 
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bead seven by conduction. The eighth bead transfers heat to the atmosphere by convection and 

radiation from its open sides, including a partially open bottom side. As more layers are added to 

the build, the model continually transfers heat to the surrounding atmosphere or between the 

layers. These heat transfer mechanisms continue until the entire build has cooled and is in 

equilibrium with its surrounding environment.  

 

 

Figure 4-2. (a) Schematic of the printing beads and sequence for each layer, (b) schematic of the 
heat transfer paths for the print sequence. 

(a)

a 

(b)

a 
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The overhanging feature creates different heat transfer paths starting from layer eight. 

Once layer eight is deposited, heat is transferred through the contact area between bead eight and 

seven by conduction. The eighth bead transfers heat to the atmosphere by convection and 

radiation from its open sides, including a partially open bottom side. As more layers contribute to 

the build, the model continually transfers heat to the surrounding atmosphere or between the 

layers. These heat transfer mechanisms continue until the entire build has cooled and is in 

equilibrium with its surrounding environment. 

In order to determine how to treat the transient thermal model, the Biot number 

(dimensionless) was used to determine if a lumped system analysis was sufficient for the 

transient heat model. A calculated Biot number under 1 determines that a model with convection, 

conduction, and radiation boundary conditions was sufficiently small enough to be “thermally 

thin,” allowing the temperature to be assumed constant through the thickness [65]. The Biot 

number here is 0.38. Therefore, convection, conduction, and radiation are the main heat transfer 

mechanisms for the system. Additionally, the heat transfer due to heat of fusion from the phase 

change by crystallization is usually around an order of magnitude smaller than the total heat 

transfer by convection, conduction, and radiation, which is the reason it was neglected in this 

study [101].  

The energy balance equation method, Equation 4-1, was used to find the temperature 

profiles for each layer over a range of time. This was completed by dividing the medium into 

enough volumetric elements, which in this case is each bead, and then applying the energy 

balance method for each element [5, 65, 79, 83]. The energy balance equation is defined as 

follows: 
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 𝑚𝑐𝑝

𝑑𝑇

𝑑𝑡
= ℎ𝐴𝑠(𝑇 − 𝑇𝑓𝑖𝑙𝑚) + 𝜀𝜎𝐴𝑠(𝑇

4 − 𝑇𝑠𝑢𝑟𝑟
4 ) + 𝑘𝐴𝑐𝑜𝑛𝑡𝑎𝑐𝑡

𝑇 − 𝑇𝑐𝑜𝑛𝑡𝑎𝑐𝑡

𝐿
 Equation 4-1 

 

where  

𝑚 = 𝜌𝑉 = mass, Kg 

𝜌 = bead density, Kg/m3 

𝑉 = volume, m3 

𝑐𝑝 = heat capacity of the bead material, (J/K)/Kg 

𝑇 = bead temperature, ℃ 

𝑇𝑠𝑢𝑟𝑟 = temperature of the surroundings to which the element radiates, ℃ 

𝑇𝑓𝑖𝑙𝑚 = film temperature for natural convection, ℃ 

𝑇𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = temperature of neighboring beads in contact, ℃ 

𝜀 = emissivity 

𝑡 = time, s 

ℎ = heat transfer coefficient, W/(K*m2) 

𝑘 = thermal conductivity, W/(K*m) 

𝐿 = bead width, m 

𝐴𝑠 = surface area, m2 

𝐴𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = surface area in contact between beads or first bead and base plate, m2 

𝜎 = Stefan-Boltzmann constant 

 

Each bead has four different surrounding temperatures, 𝑇𝑠𝑢𝑟𝑟, the temperatures are 

associated with the top, bottom, right, and left surfaces of a bead for heat transfer by radiation 
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(assumed as 50℃). The 𝑇𝑓𝑖𝑙𝑚 is the film temperature for natural convection, in this case it is the 

average of the ambient and surface temperatures (140℃). The surface area, 𝐴𝑠, is specified per 

bead element number. This value is calculated by determining the node number, incline angle, 

contact length, and printing sequence. The heat transfer coefficient was obtained by calculating 

the Nusselt number, 𝑁𝑢, which is the natural convection equation and a function of both the 

Rayleigh, 𝑅𝑎𝐿, and Prandtl, 𝑃𝑟, numbers [65]. Since the heat transfer coefficient depends on the 

geometry of the feature in question the following equations are used to determine the heat 

transfer coefficient for different geometries and orientations: 

General definition: 𝑁𝑢 = ℎ𝐿/𝑘 Equation 4-2 

Vertical Surface: 𝑁𝑢 =

[
 
 
 
 
 
 

0.825 +
0.387𝑅𝑎𝐿

1/6

(1 + (
0.492
𝑃𝑟 )

9
16

)

8
27

]
 
 
 
 
 
 
2

 Equation 4-3 

Horizontal upper surface: 𝑁𝑢 = 0.54𝑅𝑎𝐿
1/4 Equation 4-4 

Horizontal lower surface: 𝑁𝑢 = 0.27𝑅𝑎𝐿
1/4 Equation 4-5 

 

Equations 4.3 through 4.5 are used to determine the Nusselt number for the different 

geometries and those solutions are used in Equation 4.2 to effectively determine the heat transfer 

coefficient for that portion of the element [65]. This iterative calculation is validated by 

confirming the values from the experiment in Reference [5] as well as by the transient thermal 

FEA model. Note that the above equations are dependent on the geometry of the layers and are 

different if other geometries are assumed. 
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Since Equation 4.1 is an explicit model, the printing speed and length of the print path was 

used to determine the print time for each layer. As the material is extruded to make the 

overhanging feature, the time to create each layer is reduced due to the ever-decreasing print 

path. The printing time for each layer after layer seven can be calculated by the following 

expression: 

 
∆𝑡𝑖 =

2(𝐿1 + 𝑊1) − 8(tan(𝜃))(𝑖 − 7)𝐻

𝑢
 Equation 4-6 

where 

∆𝑡𝑖 = printing time for each layer, s 

𝐿1 = length of the bead, (1.06 m) 

𝑊1 = width of the bead, (0.77 m) 

𝐻 = bead height, (.005 m) 

𝑖 = layer number 

𝑢 = print speed, m/s 

𝜃 = angle of inclination, deg. 

 

The printing speed from the experiment in Reference [5] was set to 0.041 m/s and the 

angle of inclination was set to 40 degrees. The relationship between print time and layer number 

is linear. As the number of layers increases the time it takes to complete the layer is reduced.  

4.2.1 Mathematical Transient Model Results 

The results from the thermal transient model for a one bead road structure is shown in 

Figure 4-3. The thermal profile shown is a snapshot for the temperatures of each layer as the 25 

layer is added to the build.  
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Figure 4-3. Temperature profile for the numerical model with 25 layers.  

 

The results show an exponential decrease in temperature from the top layer to the bottom 

layer (exponential cooling) for the build temperature profile. The newest layer is at the extrusion 

temperature while the one bead thick layer is rapidly cooling until it reaches equilibrium with the 

baseplate and/or ambient temperatures.  This is the expected outcome and matches the results 

seen in References [83, 102]. A comparison between all the results is included in the results 

chapter.  

4.3 FINITE ELEMENT ANALYSIS 

4.3.1 Structure and Simulation Model 

The model for ABS experimentally built-in Reference [5] is shown in Figure 4-4. The 

model was designed to incite the slumping failure as seen in Figure 4-1. The bead road width 

used in this experiment is 12.5 mm while the thickness is 5 mm. These are typical sizes for 
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creating BAAM models. The geometry used in this experimental structure allows for changing 

cooling rates to be studied. The difference between the overall length and width of the model 

allows for examination of how the geometry can affect heat retention. Additionally, the 

decreasing print path for each layer should increase the heat retention in the model sufficiently to 

show the effects of decreased cooling between layers.   

 

 
Figure 4-4. Benchmark structure used in the experimentation and modeling with ABS 

(Acrylonitrile Butadiene Styrene)[5]. 

 

The simulation model was created in Ansys, where the walls were created to match the 

dimensions in the experimental pyramid. The experimental pyramid had bead dimensions of 12.5 

mm wide and a thickness of 5 mm. The overall size was 1.06 m by 0.77 m.  

The simulation model was created to analyze one-quarter of the total size and match the 

deposition parameters in the experiment. By utilizing symmetry, only one corner was built in the 
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model. The simulation model was built up to 54 layers. Figure 4-5 shows the simulation model 

created for the coupled thermal-structural analysis. The model was created from the base up, 

which allows for the model to sit on the datum planes and in the proper orientation for the 

simulation. Once the base plate was created, a new plane was inserted on the extruded structure. 

A new plane was added after each solid geometry. The new planes allow for the proper direction 

and starting location to extrude the next layer. Each layer was created separately, which is 

indicated by the different colors seen at each layer. Independent material properties, 

temperatures, and heat transfer mechanisms can be specified by isolating each layer. More 

importantly, each layer can be independently activated and deactivated by the element 

birth/death functions. Note that the first seven layers are combined into one layer for model 

simplicity and reduction in computational power required to run the simulations. Combining 

these layers into one layer is justified since the layers of interest are far enough away that no 

compounding effects manipulating the results.  

 



88 

 
Figure 4-5. Simulation model geometry 

 

The mesh created for each layer and base plate used the same recommended settings. The 

meshing method created tetrahedron element geometries and was refined once to obtain the final 

mesh. The mesh sizing was set for adaptive sizing and mesh defeaturing. The element geometries 

were set to have slow transitions and medium span angles. The resolution, defeature size, 

element order, element size, and element quality were all set to default and program controlled. 

The program recommended controls created a total of 194,831 nodes and 83592 elements and 

the average mesh area was found to be 3590 mm2. Figure 4-6 shows mesh and node locations of 

the floor and layers. Additionally, the mesh refinement was set to 2 for the mesh sensitivity 

studies (i.e., the average mesh increased by a factor of 2). The mesh created for the sensitivity 

studies is shown in Figure 4-7. Other mesh geometries were considered, but the tetrahedron mesh 

geometries were better suited to match the layer nodes when set to programmed control.  
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Figure 4-6. Mesh distribution for the FEA model. 

 

Figure 4-7. Mesh distribution for the FEA mesh sensitivity model. 
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4.3.2 Simulation model – Transient Thermal Analysis 

This section details the specific inputs to the simulation model needed for the thermal 

analysis. The steel base plate was created to provide a constant base temperature during the 

simulation, this isothermal boundary condition matches the experimental set-up. The base plate 

was set to have standard structural steel thermal properties and was considered rigid for the 

analysis. Each layer was created independently, the layer isolation allowed for element 

birth/death commands and for layer-specific mesh parameters.  

Using the built-in element birth/death commands each layer is activated one-by-one until 

the model is built. The birth/death interface assigns each layer as “Dead” or “Alive” on each step 

created. Element death refers to the case when the stiffness and conductivity of an element is 

reduced, 1E-6 Pa and 1E-6 Wm-1K-1, to essentially non-existent, and having extremely little 

influence on the surrounding elements [95]. Where element birth refers to the state where the 

layer regains its typical stiffness and conductivity. Each layer was marked as dead until its 

designated step was reached, where it would then be assigned alive. The element birth/death 

functions were implemented into the model by creating separate steps for each layer. Each step is 

independently defined by time. This allows for the simulation to match the time for each layer as 

it was created in the experimental model. The layers, steps, and associated time are shown in 

Table 4-1.  As each new layer is activated, a temperature input of 200°C is also activated and 

then the temperature is accordingly turned off as the next layer is activated. Once an element is 

activated it is not deactivated again. Once the temperature is turned off it no longer is adding heat 

into the system but instead is now able to transfer heat to/from the layers around it. All the new 

layers activated have the extrusion temperature of 200°C applied through the thickness of the 

bead. 
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Table 4-1. Layer number and step for associated activation time. 

Layer 
No. 

Step 
Time 
(sec.) 

Layer 
No. 

Step 
Time 
(sec.) 

Layer 
No. 

Step 
Time 
(sec.) 

Layer 
No. 

Step 
Time 
(sec.) 

0 0 0 21 15 3651.6 36 30 5642 51 45 7087.4 

7 1 1302.5 22 16 3801.3 37 31 5755.4 52 46 7238.9 

8 2 1485.6 23 17 3948.5 38 32 5866.3 53 47 7310.9 

9 3 1666.7 24 18 4093.3 39 33 5974.7 54 48 7380.7 

10 4 1845.5 25 19 4235.7 40 34 6080.8    

11 5 2021.8 26 20 4375.7 41 35 6184.4    

12 6 2195.7 27 21 4513.2 42 36 6285.6    

13 7 2367.1 28 22 4648.3 43 37 6384.4    

14 8 2536.2 29 23 4781 44 38 6480.7    

15 9 2702.8 30 24 4911.3 45 39 6574.6    

16 10 2867 31 25 5039.1 46 40 6666.2    

17 11 3028.7 32 26 5164.6 47 41 6755.2    

18 12 3188.1 33 27 5287.6 48 42 6841.9    

19 13 3345 34 28 5408.2 49 43 6926.1    

20 14 3499.5 35 29 5526.3 50 44 7007.9    

 

 

 

 
Figure 4-8. Temperature input on the 54th layer. 
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Figure 4-9. Element/birth and death applied to the 54th layer. 

 

The ABS material properties and heat transfer coefficient of the structures were input as a 

function of temperature. The material property values were added to the model to ensure all 

characteristics were captured within the 22°C to 200°C temperature range. All the material 

properties used in the thermal analysis are further detailed in Section 4.3.4. 

The ambient temperature of the model was set at 50°C for the convection and radiation 

conditions. The temperature monitoring during the experiment build confirms that the ambient 

temperature can be considered constant. The open surface of each layer was selected for 

convection and radiation heat transfer mechanisms to be active once the layer was active, as 

shown in Figure 4-10 and Figure 4-11. Since the model was created to account for symmetry of 

the experimental build, the section edges needed to be perfectly insulated, so there was no heat 

loss through the cross section of the symmetry planes. Figure 4-12 shows the heat flow was set to 
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0W, creating an insulating boundary condition to the model. The contact areas between two 

layers were chosen as being bonded, allowing for conduction between the surfaces, as shown in 

Figure 4-13. Conduction values were then program controlled, which updates the values as the 

temperature between the faces varies.  

 

 

Figure 4-10. Convection boundary conditions for the thermal simulation. 
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Figure 4-11. Radiation boundary conditions used for the thermal analysis. 

 

 

Figure 4-12. Heat flow boundary conditions used for the thermal simulation to produce proper 
symmetry for the heat transfer mechanisms. 
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Figure 4-13. Contact regions between layers, selected as bonded contacts. 

 

The thermal simulation analysis settings were setup to keep as many parameters as 

“Program Controlled”, which means the standard settings in Ansys were used. This assumption 

was validated by comparing against the mesh sensitivity study. Utilizing the program-controlled 

functions reduced the potential for analysis errors in addition the time for each analysis to finish 

was not great enough to warrant changing the solver requirements to reduce overall 

computational time. For reference, Table 4-2 shows the radiosity, nonlinear, and output control 

settings used in the thermal analysis.  
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Table 4-2 Thermal simulation analysis settings. 

  

 
 

 The simulation is expected to follow the following thermal governing equation [65]: 

 

 

Equation 4-7 

  Equation 4-8 
where  

𝑚 = 𝜌𝑉 = mass, Kg 

𝜌 =  bead density, Kg/m3 

𝑉 =  volume, m3 

𝑐𝑝 =  heat capacity of the bead material, (J/K)/Kg 

𝑇 =  bead temperature, ℃ 
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𝑇𝑠𝑢𝑟𝑟 =  temperature of the surroundings to which the element radiates, ℃ 

𝑇𝑓𝑖𝑙𝑚 =  film temperature for natural  convection, ℃ 

𝜀 =  emissivity 

𝑡 =  time, s 

𝐿 =  bead width, m 

ℎ =  heat transfer coefficient, W/(K*m2) 

𝑘 = thermal conductivity, W/(K*m) 

𝐴𝑠 =  surface area, m2 

𝜎 =  Stefan-Boltzmann constant 

Even though the Biot number calculated in Section in 4.2 was under 1, there is no penalty 

to calculate the temperature distribution through the layer. Therefore, equations 4-7 and 4-8 can 

be used to find the layer temperature and the temperature distribution through each layer.  

4.3.3 Simulation Model – Structural Analysis 

The structural simulation was also modeled in Ansys, where the model used was the 

same as the transient thermal model (Section 4.3.2), mesh and overall build (Section 4.3.1), and 

material properties (Section 4.3.4). The Ansys Workbench structural solver was used to take the 

transient thermal results file from the previous thermal simulation and use those results as the 

thermal load case. The temperature history from the transient thermal model was imported and 

used as the load case, as shown in Figure 4-14. The mesh and overall build were kept the same as 

the transient thermal model simulation. 
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Figure 4-14. Example of the time-history thermal profile used as the load input to the structural 
simulation. 

 

 Since the same model, including the mesh, was used from the transient thermal model, 

only minor adjustments needed to be made to constrain the model and apply the additional 

structural analysis boundary conditions. The base plate, as mentioned previously, was set as 

structural steel and at a constant temperature from the thermal model. This ensures that there are 

little to no thermal stresses acting on the base plate and is consistent with the experimental set-

up. The boundary conditions applied to the model are shown in Figure 4-15. The base plate was 

fixed in all directions to support the build. Since the model was reduced by symmetry, 

frictionless supports were added to the cross-sectional face of the symmetry planes. Frictionless 

supports are often used to constrain models when it is not desired to deflect in specific directions. 

In this case, the frictionless supports keep the symmetry plane cross-sections from moving 

normal to their respective symmetry planes. Standard Earth gravity was the only additional load 

case added to the model as shown in Figure 4-15.  
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Figure 4-15. Structural simulation model showing the boundary conditions used in the 
simulation. 

 

Layer model constraints were required for the structural analysis but not the thermal 

simulation analysis, as this was how the layer-to-layer and layer-to-base plate were connected. 

The build was set to have a mechanical tie to base plate. This approach was appropriate due to 

the assumption that there would be no delamination between the base plate and the first layer. 

Each layer was also set to be mechanically tied. The mechanical tie makes it, so the layers must 

be connected throughout the simulation. This is an appropriate assumption due to the size of the 

weld zone and the increasing heat retention in the model, which does not allow for delamination. 

Delamination was not experimentally observed to occur, which is the reason to not include it in 

the model.  If delamination were more of a concern, then the layer friction and the size of the 

layer binding area could be introduced to the simulation.  

The structural simulation analysis settings were setup to keep as many parameters as 

reasonable “Program Controlled.” This assumption was validated by comparing against the mesh 

sensitivity study. Utilizing the program-controlled functions reduced the potential for analysis 

errors. In addition, the time for each analysis to finish was not significant enough to warrant 



100 

changing the solver requirements to reduce overall computational time. For reference, Table 4-3 

shows the rotordynamics, nonlinear, and output control settings used in the structural analysis.  

Table 4-3. Structural simulation analysis settings. 

 

 

 
 

The governing equations used in Ansys to determine the distortion of the model can be 

described as shown below in Equation 4-9. This equation takes into account the strain history 

and thermal strains seen at each node [113].   
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 𝑭𝑒𝑥𝑡 = ∫ 𝑩𝑇𝑫𝑩𝒖𝒅𝜴
𝜴

− ∫ 𝑩𝑇𝑫𝑩𝜺𝒕𝒉𝒅𝜴
𝜴

 Equation 4-9 

where 

𝑭𝑒𝑥𝑡 = External loads 

𝒖 = Displacement vector 

𝜺𝑡ℎ= (αΔT) Thermal strain vector 

𝜴 = Integration domain 

𝑩 = Finite element shape function matrix  

𝑫 = Elastic/relaxation modulus matrix 

Since ABS is a viscoelastic material the thermal stress equations can be determined by 

accounting for the elastic and viscous responsese of the material. The following equations can be 

used to describe the total stresses (including thermal) seen in the model. 

 

𝝈𝑛+1 = 𝐾(𝑒𝑣
𝑛 − 𝑒𝑣

(𝑛+1)𝑡ℎ
)𝐼 + 2𝐺∞𝑒𝑛+1

+ ∑(𝑠𝑖
𝑛) exp (

−∆𝜓

𝜏𝑖
) + 2𝑒𝑥𝑝 (

−∆𝜓1/2

𝜏𝑖
)𝐺𝑖𝛥𝑒

𝑁

𝑖=1

 
Equation 4-10 

 ∆𝜓 = ∫ 𝐴(𝑇(𝑠))𝑑𝑠
𝑡𝑛+1

𝑡𝑛

   𝑎𝑛𝑑    ∆𝜓1/2 = ∫ 𝐴(𝑇(𝑠))𝑑𝑠
𝑡𝑛+1

𝑡𝑛+1/2

 Equation 4-11 

 𝐺 = 𝐺∞ + ∑𝐺𝑖

𝑁

𝑖=1

exp (−
𝑡

𝜏𝑖
)   𝑎𝑛𝑑     𝐾 = 𝐾∞ + ∑𝐾𝑖

𝑁

𝑖=1

exp (−
𝑡

𝜏𝑖
) Equation 4-12 

Where 

𝜎𝑛+1= current stress step, Pa 

𝜏𝑖(𝑡) = (η/G) relaxation time at temperature, s  

𝑒𝑣
𝑛(𝑡, 𝑇) = volumetric strain, m3/m3   

A(𝑇(𝑠)) = shift function 
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𝑡𝑛 = time at load step, s 

𝐺,  𝐺∞,  𝐺𝑖 = shear modulus according to the relaxation kernel, Pa 

𝐾,  𝐾∞,  𝐾𝑖 = bulk modulus, Pa  

𝑠𝑖
𝑛 = shear stress history, Pa  

𝐸 = relaxation modulus function, Pa  

𝛥𝑒 = incremental deviatoric strain, m/m  

𝑒𝑣
𝑡ℎ = volumetric thermal strain, m3/m 

𝐼 = identity tensor  

η = viscosity, Pa-s 

Equations 4-10 through 4-12 are used to describe the viscoelastic responses during the 

simulation [113]. However, Ansys is able to utilize the Prony series discussed in Section 3.10.3 

to convert between the dynamic modulus, creep compliance, and the relaxation modulus [112]. 

Therefore, Equation 4-12 is shown as a reference to how the Prony series would look for the 

relaxation modulus, creep compliance, and dynamic modulus.   

4.3.4 Material Properties 

The material used in the simulation model is pure ABS. In general, ABS is one of the 

most widely used thermoset polymers in AM and traditional manufacturing techniques (i.e., 

extrusion molding or blow molding). ABS material properties are known to have high rigidity, 

good impact resistance, good insulating properties, good abrasion and stain resistance, good 

weldability, good dimensional stability over time, and high surface brightness when dyed [32, 

46], these features make it a popular choice for use by material extrusion AM.  

The material used in the experimental build from Reference [5] is ABS with 20% glass 

fiber by weight. This material is commonly used for large-area additive manufacturing since it 
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has reduced the final build's warpage compared to pure ABS material [13]. This difference in 

warpage or distortion is due to significant thermal expansion induced stresses caused by the heat 

input and cooling of the layers [13]. Even though the experimental build was created with 

ABS/glass fiber material, the simulation was modeled with pure ABS. The two main reasons to 

model the simulation with pure ABS instead of the ABS/glass fiber mixture are a review of open 

literature data on pure ABS showed minor differences in most of the material properties. All the 

ABS material properties needed for the simulation were found in peer-reviewed publications. As 

ABS/glass fiber material is less utilized, the number of sources for material properties are 

limited. The greatest differences in mechanical properties between pure ABS and ABS/glass 

fiber material is the coefficient of thermal expansion, tensile strength and Young’s modulus. 

However, Young’s modulus and tensile strength are very dependent on the orientation as 

ABS/glass fibers are more orientation sensitive than pure ABS. This shows that the two materials 

can actually have the same values when compared in orientations where the loads are normal to 

the welds [11]. 

Additionally, a slight difference in thermal conductivity, heat capacity, and Young's 

modulus do not significantly affect the predicted warpage [60]. However, it has been found that 

one of the most influencing factors for warpage is the coefficient of thermal expansion (CTE) 

[60]. Pure ABS has a larger CTE than ABS/glass fiber material, but as mentioned previously, the 

CTE can significantly vary from 7.0 to 15.0 x 10-5/°C [59]. Therefore, a lower value (9.5 x 10-

5/°C) of pure ABS was chosen for this model [81]. A sensitivity study to determine the effects of 

different CTE determined that increasing the CTE increased the warpage by the same factor [60]. 

Therefore, the CTE is expected to be close to the actual test material CTE when the warpage 

predicted by the model is similar to that observed in the experiment. In addition, due to the 
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geometry of the build being a single wall thickness, it is not expected that the difference in 

material properties would significantly affect the results. Therefore, as described herein, there is 

no expectation that a model using these material properties should behave significantly different 

than the experimental results used for comparison in [5]. 

During the extrusion process, the material temperature at the nozzle is generally between 

200 to 280C [28, 32, 50-52]. ABS prints, therefore, experience a temperature range from room 

temperature to at least 200C. Most material properties are a function of temperature, with ABS 

being no exception [53]. The material properties used in the FEA model is detailed in Chapter 

3.10.3. The properties given in the chapter are temperature dependent, which increases the 

model's accuracy overall in comparison to previous efforts that used isothermal properties.  

Several studies mentioned in Sections 3.12 and 3.13 show that orientation can have a 

significant effect on the final strength of the AM part. However, pure ABS tends to have more 

consistent properties regardless of orientation [11]. ABS/fiber materials tend to have greater 

differences in strength in the final part based on the orientation of the deposition and orientation 

of fibers. That is one of the bigger differences between pure ABS and ABS/fiber material, as the 

pure ABS tends to have more isotropic properties through the weld material versus the 

anisotropic properties through the weld for ABS/fiber materials. For typical material extrusion 

applications, the weakest orientation is in the Z-direction. This is due to the reduced weld and 

gaps between stacked layers. However, the bead is more oval-shaped for BAAM applications 

and has greater contact. Therefore, layer welding with the layers above and below the 

neighboring beads leads to improved mechanical properties in the Z-direction [11, 16, 88]. The 

material properties in the Z-direction are more significant to this study since the build is only one 

layer thick. It also can be expected that the short time between layer deposition improves the 
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weld and, therefore, mechanical properties for stacked layers, making the properties of each 

orientation more consistent. Therefore, the material properties are assumed to be isotropic for 

this study. For ABS/fiber material the fibers tend to align during extrusion and create greater 

strength in the deposition direction. However, since this study looks at a one bead thick build, 

and the fibers do not contribute the strength of the weld between layers, it can be assumed that 

the material has properties equal to that the pure ABS properties that make up the weld. 

4.3.5 Experiment 

       Two different devices were used to record the experimental build progress in [5] for 

comparison with the model results. First, to measure the build progress, a Nest Drop Cam was 

used for a visual recording of the build. The Nest camera recording was also used to retrieve the 

printing layer time for any given layer in the build. The second device used for recording utilized 

a FLIR E60 thermal imaging camera to capture the temperature history. The IR camera captured 

the thermographic profile of the build. The camera was paired with a computer running the FLIR 

Tools software package to record, save, and later analyze the thermographic history [5]. Figure 

4-16 shows a diagram of the build platform and the location of the monitoring during the 

printing. After the build was completed, to measure the deflection of the experimental builds, 

each completed print was laser scanned using a 9-foot Faro Platinum portable CMM arm 

equipped with a Faro Blue Line laser scanner (or Faro CMM). The data was captured and 

analyzed using Polyworks Inspector 2017 software [5].   

 

 



106 

 
Figure 4-16. Schematic representation of the location of the printing and thermal recording 

devices [5]. 

 
           

4.4 RESULTS AND DISCUSSION – THERMAL ANALYSIS 

Figure 4-17 shows the thermography image for the build in mid-fabrication, after 

approximately 25 layers [5]. Emissivity settings used in the thermography was 0.87. It can easily 

be seen that the temperature decreases exponentially from the top layer until it reaches the 

constant temperature base plate (as seen in Figure 4-21). This is consistent with what has been 

seen in similar studies [79, 99, 102-104].  
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Figure 4-17. Infrared imaging of the fabrication with three vertical thermal profiles in 
Celsius [5]. 

 

The results from the thermal simulation are shown in Figure 4-18. The temperature varies 

from 200°C to 50°C from the top to the bottom layer [5].  
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Figure 4-18. Temperature profile at different stages in the build. 
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Figure 4-19. Thermal profile results of the FEA model – results gathered at 18 layers 
(3253.9 seconds), 26 layers (4487.6 seconds), 31 layers (5155.7 seconds), and 54 layers (7380.7 
seconds). Mesh sensitivity results are also included for each of the results, indicated by the open 
markers. 

 

The transient thermal analysis also shows that as the simulation height increases, the heat 

retained in lower layers increases. For example, when the model is only eighteen layers tall only 

a few immediate layers under the recently deposited layer are above the glass transition 

temperature. As the model increases to the fifty-third layer, roughly seven preceding layers are 

above the glass transition temperature, as shown in Figure 4-20. The model results show in 

Figure 4-20 that as the model increases in height and the layer deposition speed increases (due to 

the decreased road distance), the number of layers still above the glass transition temperature 

increases. 



110 

 

Figure 4-20. Thermal simulation results show an increase in heat retention of the 
immediate layers as a function of layer number.  

 

Figure 4-21 shows a plot comparing the print layer to the corresponding temperature for 

the model and experimental data shown in Figure 4-17 after 25 layers have been printed. This 

plot illustrates the accuracy of the simulation of temperature. The model results are shown to be 

within 5 % of the experimental results. This confirms that the model can predict the temperature 

profile of an experimentally printed part.  

The model is further validated by the mesh sensitivity study, which shows a maximum 

percent difference of 2%. This shows that the model’s original mesh is satisfactory in predicting 

the temperature profile of the build.  
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Figure 4-21. Comparison of the thermal model to the three lines identified in Figure 
4-17. 

 

 Figure 4-17, shows that the thermal images captured three different vertical lines 

traversing all existing layers. Each pixel that makes up the lines recorded the temperature at that 

location on the structure. The data taken from the three lines and the thermal simulation show 

that the cooling present in the structure given in terms of temperature versus layer number 

follows an exponential form from the top layer to the bottom layer. Exponential cooling is often 

considered ideal for builds, as it allows for most of the lower layers to have low temperature 

material properties to structurally stabilize the base while only a few layers will be at higher 

temperatures (i.e., low mechanical strength properties) near the top of the build. The high 

temperature layers near the top are needed for proper welding for new layers. In this case, the 

building design utilizes an overhanging feature that reduces size as more layers are built. As the 

layer paths get smaller, the time to cool reduces, and more heat is added with subsequent layers. 
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Even though there is exponential cooling present, the cooling is insufficient to produce 

sufficiently stable layers before additional layers are added at the top layer and slumping occurs, 

as seen in Figure 4-1.  

The results show how critical it is to have a smaller thermal mass when printing 

overhanging features. It can also be inferred that the exponential cooling is ideal for the printing 

process, as shown by how tall the build got before its collapse [5]. As the printed part adds 

additional layers, the base layers need to have solidified sufficiently to avoid slumping. This 

allows for overhanging features to be restrained. The lower setting temperature also allows for 

minimal material displacement during the print, allowing for higher efficiency. Utilizing these 

modeling techniques will aid BAAM designers in identifying the conditions that have the 

potential to result in slumping. Slumping is explicitly dependent on wall thickness, overhanging 

geometry, and high-temperature retention. 

4.5 RESULTS AND DISCUSSION – STRUCTURAL ANALYSIS 

The transient thermo-mechanical analysis can study the entire thermal history of a part 

created by AM. The thermal history can include everything from the heat retention created by the 

AM process to the thermal stresses formed during manufacturing, giving important insight into 

how the part will function in service. The structural analysis was completed to determine the 

distortion and stress created during printing a single bead thickness pyramid. The only loads that 

are applied to the model are gravity and the time-history thermal profile created by the model 

previously described and given in [6]. This time-dependent thermal profile creates cyclic thermal 

stresses as each layer is subsequently added. The heating and cooling cycles and large 

temperature gradients are seen along with the build's height for the model results shown in 

Figure 4-18. This cycling of heat input and large temperature gradients makes the material 
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expand and contract, creating thermal stresses in the build. These thermal expansion induced 

stresses cause the material to distort from the desired geometry. This distortion can be common 

with AM builds, as most are subjected to the thermal cycling and temperature gradients, like in 

References [45, 60, 99, 105-106]. The distortion results are shown on the model in Figure 4-22. 

The distortion shown in Figure 4-22 are the total deformation of the model in all directions (i.e., 

x ,y, z directions). Distortion is defined here as the total deviation between the between the 

expected position of the wall from the designed model and the actual position from the 

experimental build. The distortion increases along the edge of the pyramid as the number of 

layers increase the model's overall height. The center of the walls in the model, close to the 

symmetry planes, is shown in Figure 4-22 to distort in a similar qualitative manner to the 

experimental build shown in Figure 4-23 where the wall buckles in the positive and negative 

direction along with the build’s height. Note that in Figure 4-22, the shape of the desired 

geometry is shown by the black outlines, but the actual position is shown by the colored solid. 

Therefore, when the deformation pushes away from the inside of the model (positive direction), 

the outline is not visible. When the deformation distorts the inside of the pyramid (negative 

direction), the outline is visible.  
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Figure 4-22. Distortion (shown in mm) mapped on the structural simulation model 
(deformation scale set to x24 to show distortion better). 
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Figure 4-23. Experimental build 3D scan showing distortion of the build [5]. 

 

Once the experimental build terminated, the final structure was measured with a Faro 

CMM laser scanner to determine out-of-plane distortion during the build due to the printing 

process [5]. The out-of-plane distortion is the difference between the measured points from [5] 

and the designed geometry in terms of total distortion in the x, y, and z directions. Figure 4-24 

shows the comparison between the structural simulation results and the experimental build. The 

line identified in Figure 4-23 shows where the data was gathered on the experimental build. Note 

this is not to the actual slumping point but instead to the area where there is gross deformation 

that is right before the slumping seems to start. Modeling past this point is subject for future 

work. The line pulls the out-of-plane distortion data between layer 14 to layer 53. Data points 

were selected from the structural simulation model to match the location of the experiment. 

Figure 4-24 shows the location on the line and layer number compared against the out-of-plane 

distortion of the build. As shown in Figure 4-24, the simulation and experimental results are in 
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good agreement. The error bars show the amount of variation (maximum and minimum values 

from each layer scanned) from the measurement of the experimental build. The variation is likely 

due to the internal and external corners of the experimental build as it is scanned creating local 

extremes in the dataset. The Faro CMM 3D scan shows greater data scatter due to the fine 

number of steps along the line and the high surface roughness or stepping effect of the printed 

pyramid. However, the average values from the measurement of the experimental build along the 

faces of each layer of the scanned surface are plotted in Figure 4-24 and are shown to be close to 

the values pulled from the same areas on the structural simulation.  A short-range concentration 

of deformation around the pyramid's edges is also visible in Fig. 5. This deformation is assumed 

to be an artifact of the material extrusion process, where the corner has a small radius as the print 

head makes the turn around the corner instead of the perfect 90-degree corner used for the model 

simulation. This difference is expected to cause slight changes in distortion values for the 

immediate area. 

Note that the model is further validated by the mesh sensitivity study, where the number 

of elements was doubled, shows a maximum percent difference of 6% between the results for the 

two meshes, as seen in Figure 4-24. This shows that the model’s original mesh is satisfactory in 

predicting the distortion profile of the build.  
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Figure 4-24. Comparison between the out-of-plane distortion versus layer number for the 
structural simulation and the experimental build. 

 

Figure 4-24 shows that as the pyramid becomes taller, the out-of-plane distortion of the 

build becomes increasingly larger with greater distance from the desired geometry. As the 

distortion increases, the potential for undesirable final print geometry and even print failure 

increases.  

The structural simulation also calculated the von-Mises stress during the build The von-

Mises stress is mostly caused by the thermal induced stress and the weight of the build. The 

stress profile at the end of the simulation is shown in Figure 4-25. Figure 4-25 shows that the 

greatest stress occurs near the model's base, with little to no stress near the top layers. Since the 

greatest stress is around 16.847 MPa it is expected that there could be some distortion as the 



118 

local stress is close to the yield strength of the material. This finding is consistent with other 

simulation studies [95, 107-109]. The increased stress near the base is due to the rapid cooling 

causing material contraction near the top, causing the build’s base to resist the stresses and 

results in the highest stress level. Structure weight also adds to the overall stresses seen in the 

system. 

Conversely, the newly deposited layers have little stress as the material has enough heat 

retained to essentially stress relieve any of the stresses caused by the lower layers. The material 

properties of ABS at the temperatures in the top few layers are above the glass transition 

temperature, which does not allow residual stresses to increase to a significant level [55, 63, 110-

111]. Additionally, the only substantial loads applied to the top layers are the weight of those 

layers.  

As discussed in Section 4.4, the transient thermal analysis showed that as the number of 

layers added to the simulation increased with decreasing time to deposit, the number of 

preceding layers above the glass transition temperature would also increase. The number of 

layers with temperatures above the glass transition temperature has a significant effect on how to 

predict the slumping phenomenon. Section 3.10.3 discussed how the glass transition temperature, 

roughly 100℃ for ABS, is the point where the material behaves as an easily deformable rubber 

so that most mechanical properties are reduced so significantly that they are essentially non-

existent. As more layers are deposited, the weight of the structure also increases. These 

additional layers will eventually weigh enough to overcome the little mechanical stability that 

the lower layers possess. Therefore, as the height of the pyramid increases and there is no 

support material, the build will likely fail due to the slumping phenomenon. 
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This study shows that the most likely reasons for slumping to occur depend on (1) the 

combined weight of the layers above the layer that begins to fail, (2) if the temperature of those 

layers are significantly high enough for the material to still be in the rubbery region (i.e., above 

the glass transition temperature), and (3) the build geometry. The geometry is an important 

consideration, considering the greater the layers offset from each other, the less material can be 

welded. When the weld area is reduced significantly, the structure is not likely to support its 

weight due to the reduced contact area connecting the layers.  

The glass transition temperature for ABS is around 95-110℃ [30, 55, 63, 72]. In Figure 

4-18, once layer 54 is deposited, the thermal profile shows that the top 4 layers are above the 

glass transition temperature, and those layers show in Figure 4-25 very low levels of stress 

compared to the rest of the build. Figures 4-17 and 4-23 show the results for the experimental 

build while Figures 4-18 and 4-25 show the results for the simulations. Even though the model 

does not reach the slumping failure mechanism, when comparing the experimental and 

simulation results it can be seen that the increased heat retention leads to greater distortion which 

in turn leads to the slumping failure mechanism. 
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Figure 4-25. Von-Mises stress mapped on the structural simulation analysis (deformation 
scale set to x24 to show better distortion). 

 

Build distortion is an additional contributor to cause the slumping failure. As shown in 

Figure 4-22, distortion increases near the top of the model. So as the top layer moves further 

away from the designed location, the print head typically cannot adjust to the new location of the 

last layer printed. This causes the new layer to be deposited in the incorrect location on the 

previous layer. In this case, the overhanging angle would be further increased, further weakening 

the structure contributing to the collapse by slumping.  

This study is aimed at improving material extrusion AM builds. The work done here 

shows that simulating large builds before printing the structure can provide an understanding of 

how part failure occurs and be used to simulate a build. Use of this simulation method is 

expected to reduce overall part failure and increase the resolution of material extrusion builds. 
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The practical implications of this work apply to the consideration of the time it takes to extrude 

the material and the material costs that go into a build. If the failure happens at the end of the 

build, time and material are wasted. Therefore, upfront analysis and proper design are vital to 

quick and successful AM building. 

4.6 CONCLUSION 

This study produced a FEA model to predict the temperature profile of printed parts in 

terms of print layers using ABS material. The analysis also shows the structural stability of the 

part during the build process. The thermal model created accounted for conduction, convection, 

and radiation. Results from the thermal simulation are within 5% difference compared to the 

experimental data. The printed parts were monitored with cameras during fabrication to record 

in-situ thermal profiles, and geometrical deviations (or distortion) from the original design were 

measured in detail using a laser scanner. The results showed that the heat transfer during the 

printing process is an exponential trend for temperature versus layer number. This suggests that 

(1) when the print is near failure the previous layer has not sufficiently cooled to offer enough 

structural support for the next bead and (2) when the print is not near failure, exponential cooling 

from the top layer to the bottom layer is preferred since the lower setting temperature gives the 

print better structural performance when overhanging features are being printed.  

This study also developed a structural simulation analysis to determine the deflection (or 

distortion) and thermal stress during the material extrusion AM build. The model was built 

utilizing symmetry and included temperature-dependent ABS material properties. The use of 

temperature dependent properties is shown in this work to improve the match between the 

simulation model and experiment. The results show that the deflection of the experimental build 

and the structural simulation are in good agreement. The stress analysis indicated that the 
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slumping failure mechanism is highly related to the geometry, heat retention, and material 

properties. This work can be used as a guide for modeling and creating a structural simulation for 

material extrusion AM using ABS or similar polymer materials to reduce the probability of print 

failure.  
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