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ABSTRACT

ADDITIVE MANUFACTURE OF DISSOLVABLE TOOLING FOR AUDCLAVE PROCESSING

OF FIBER REINFORCED POLYMER COMPOSITES

Autoclave processing of advanced fiber reinforced polymer composites (AFRPC) uses applied
heat and pressure to yield high quality composite components. Geometrically accurate ang thermall
stable molds or tools are used to maintain the part form until the part cures and rigidizegh+~olume
production runs, molds may be made from materials such as metals, ceramics, or AFRPCs., However
tooling made from these materials can be costly to manufacture and are not suitablevfibuhosy
production runs. This is especially true for complex geometries in trapped tooling situatioagheher
cured composite shape prevents tool separation. In this situation, composite manufacturers rely on
sacrificial washout tooling materials that are machined or cast to shapatttbestool. However, these
sacrificial materials still come with significant challenges. For example, thesarfd these tools are
often porous and require sealing, and their washout can result in corrosive waste that makes disposal
challenging. Additionally, these tools are brittle and monolithic in nature, making thgite to handle

and slow to heat up during cure.

An alternative may be to use high temperature, dissolvable thermoplastic materidts in me
extrusion additive manufacturing to create complex washout tooling. However, there is a lack of
information regarding the types of soluble materials and the structural configuratbnsake this type
of tooling successful in autoclave use. To begin to address this, samples made from seveis, @ader
one insoluble model material, were processed in stepwise fashion at increasing autoclave processing
temperatures to evaluate the impacts of material and structure on autoclave robustnessdHimsg mi

composite specimens were produced on 3D-printed tooling that evaluated the interaction between the



composite and the tool, including surface quality and deformation. Finally, a trapped tooling geometry
was used to manufacture several composites at processing conditions of 157°C at 414kPa, wedl above th
use temperature of the tested materials. These trials focused on reducing deformation by ddjusbhg t

wall thickness and vacuum bagging configuration.

It was shown that 3D-printed dissolvable tooling can be used as an alternative to traditional
washout tooling for autoclave processing. The materials Stratasys ST-130 and Infinite Matgti@hsSol
AquaSys 180 were used to manufacture tools that were processed at autoclave conditions of 121°C at
345kPa with minimal deformation. Surface quality was also found to be acceptable withoutimgamhin
sealing, eliminating this step from the production of traditional washout tools. Fmatlgdified tool
design and vacuum bagging technique were demonstrated that significantly reduced the deformation of

tooling at processing temperatures that significantly exceed the use temperttarmaferial.
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CHAPTER 1: INTRODUCTION AND BACKGROUND

PROJECTBACKGROUND

This project was supported by IACMI Project 4.9, Development of Additively Manufactured
Complex Tools for Autoclave Cured Composites. A team was assembled for this project, including the
industry lead, Ability Composites, as well as NREL and Colorado State University (CSUity Abil
Composites had originally expressed interest in alternate methods of producing toatimmposite
parts. In follow-up discussions, it became clear that one of their tooling challenges revalvet aro
complex, small production volume composite parts that were tooled on washout material. Tio build a
understanding of the potential for replacing conventional washout tooling with 3D printed thasticopl
tooling, several commercially available dissolvable thermoplastic printing mateea¢ evaluated
leading to tooling representative of commercial articles of interest to AbilitypGsites. Ultimately,
Ability Composites was able to directly compare autoclave processed prepreg composite pars produc
on conventional washout tooling to composite parts molded on 3D printed dissolvable tooling produced at

CSuU.

INTRODUCTION TAAUTOCLAVEPRODUCTION OFADVANCEDCOMPOSITES

General Overview of Composite Processing

Advanced fiber reinforced polymer composite (AFRPC) materials have been used in many
applications due to their high stiffness to weight ratio and their uniquely tailorable properties. Thes
properties make their use ideal for structures requiring lightweight andestifins. Additionally, their
development involves the parallel engineering of both the structure and matgr&ties which makes
their design and manufacture more versatile but also more difficult than traditsmtadpic materials.
Composites gain their high specific properties from the combination of two ercunstituent materials,
commonly a reinforcing fiber and a matrix material. The reinforcing fibers acovaprstiffness and

strength, and the matrix passes loads through shear between adjacent fibers. The propertigdocad b



by considering the orientation of the load-carrying fibers. The attention to fiber directiont iallohe

composites to develop unique or superior properties to either constituent alone.

AFRPC materials can be used in a variety of processes, and in most cases, they are molded to
form the final shape. Some common applications of AFRPC materials include aircraft aerodymadmi
structural components, parts for high performance motor or water sportsgeigt prosthetics, high
performance consumer market sporting equipment (golf clubs, skis, tennis racquets, fishing rods, etc.)
and wind turbine blades [1]. These applications all benefit greatly from AFRPC nzatleréado their

complex curving surfaces and lightweight, stiffness-driven design.

Composite structures are created by placing both fiber reinforcement and métriiainiato a
geometrically accurate mold. The fibrous compaosite reinforcement materials nmsbgewoven into a
fabric, or stitched into a preformed geometry. The matrix material may take the foriqufiadel,
powder, or fiber. Often, the reinforcement and matrix can also be acquired after beingecbimio a
sheet in a highly controlled fashion, then partially cured to a gel-like state. In this statbpospreg, the
precursors are much easier to handle, cut, and assemble into the mold. After therpretersds are
placed into the mold, they are consolidated using external pressure or vacuum. Thidatasetep is
commonly used to eliminate voids and increase the packing density of the fiber reinforceougytt the
thickness of the part prior to and during processing. The consolidated composite is then cured,ycommonl
by exposing the precursor materials to elevated temperatugesD p F X \Crifg\da@atsh be
completed at room temperature; however, the focus of this work will be on elevated tarepmree
cycles. When heated, the matrix viscosity drops so that it may furthetdlwet the reinforcement and
eject voids. The increased temperature also accelerates crosslinking withinrtenaterial, forming a

network of primary bonds that ultimately create a rigid composite structure.

There are many composite manufacturing praesisst can meet the needs of various
applications and resources. However, in all cases, some form of a mold or tool is usedhe for

composite part. The mold characteristics are critical to ensure the successful manaofatir
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component. The mold must, at minimum, maintain its shape during the cure cycle. Complsitaay
be made from several different materials, and are commonly made from metaticsepolymers, or

composite materials. The molds may be manufactured by casting, machining, 3D printingngnd m
other processes. An example of a large 3D printed short fiber reinforced composite mbkl rasdlting

part can be seen in figure 1.

Figure 1 Two molds are used (left) for the manufacture of an AFRPC wind tubtadle (right) [2].

The mold characteristics are so critical to the success of the composites manb&ause they
create the final part geometry. The mold must also separate from the part once curedaflaugles
are included for successful part release and the surface is held to vacuum tight standagtiscpraditiy
surface finishes. Mold designs must also consider the number of parts required and the associated
durability of the mold. Finally, the thermal characteristics of the mold structusé be considered.
Molds that have high coefficients of thermal expansion (CTE) may result in incoarésizes, which is
especially important on large parts where small expansion ratios multiply eventth of the part.
Additionally, molds should have high thermal conductivity and low thermal inertia, so that tihegyar
be heated at the designed rates. Typically, a mold made with a combination of thetabédynaterials,

drafted surfaces, and a high-quality surface finish is sufficient to meet mbssefrequirements.

Contact molding is a common process in which only one surface of the part geometry is
accurately formed by the mold. If the mold remains geometrically accurate and has a high-qtedity sur

finish, then the molded side of the composite will share these characteristics. The other side of the



composite typically has less accurate thicknesses, and a lower quality surface finiglatikdtigr, closed
molding, or two-sided molding, approaches can provide two accurate and high-quality molded surfaces;
however, they are much more complexie@ided contact molding approaches are common and

sufficient for many applications and will be the focus of this work.

Tooling for AFRPC Processing

One common way of creating parts is to use both a mold and a tool. The terms mold and tool are
similar, but are often held to similar design requirements, so they can be used somewhat inédrighange
However, they do have distinct definitions. The tool is typically referred to as the masiieg and is
used to create molds. A mold is then removed from the tool before being used to creat¢ the fin
composite component. There are numerous benefits gained from using both a tool and a mold related to
production volume, durability, machinability, and surface finish. A common approach to ingréasi
production volume is to create several molds from one tool. #einmold can be used to make several
parts. Additionally, many commonly produced composite structures such as wind turbine blades use
concave molds, so that the outer surface of the structure is the molded surface. HoarwEcturing
concave molds can be difficult, especially for deep geometries, because longer cutting toetessary
to reach into deep cavities. So, it can be much easier to first manufacture a convex tool, tieeglucing
machining complexity and cost. This approach still transfers the machined outee suirtae tool to the
completed outer surface of the part. An example of this approach, as seen in figure 2, shovweskhe typ
manufacturing process for creating a master tool, a fiber reinforced composite moldiband a f

reinforced composite part.



Figure 2 The tool is first manufactured (1), then a mold is generated (2), and firallngh part is created in the
mold (3). The high-quality outer surface on the tool is transferrecttfirthl part.

Manufacturing a master tool, then a mold, and finally a part is a great way of mariofact
components in medium to large production volumes. However, the process has a significant humber o
steps related to time spent setting up machines, developing fixturing, and manufabtutoads and
molds. High volume production runs can amortize these costs over many parts, but this process is
unsuitable for low-production volume or prototyping scenarios. Insiteeal) be advantageous to directly
manufacture the mold, eliminating the cost of tool production from the totabfcostnufacture.

Additionally, the use of automated manufacturing processes using low-cost materialtsasityif

reduces the cost of composite manufacture.

There are many tooling material options, and the choice is generally driven by the processing
conditions of the composite part and the number of parts required. In low-temperature processing
regimes, fiber reinforced composite tooling is common. If higher temperature processsgiaed, then
materials such as metal or bulk graphite may be chosen. It is common to use metal toolirg for hig
production volumes for the added durability [3]. However, for low production volumes ooty pe
production, easily processed and inexpensive tooling materials are desired. Some matesaincfude

medium density fiberboard, plasters, 3D printed materials, tooling foam, and othar sitnihomical
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materials. Regardless of the tool material, the composite designer must adglitonsider design
requirements such as tool cost, life, accuracy, weight, machinability, strength, eoefffdhermal
expansion (CTE), dimensional stability, surface finish, heat capacity, and thermal catydutcis/often

the case that the most desirable tooling materials are also expensive and challenging to meajajfactu

It is important to consider the tool CTE, heat capacity, and thermal conductivity nmitet¢he
final part size and the appropriate heating rates. It is desirable for the CTE of the tool tasbeHanat
the cure temperatures when the mold is largest and the part becomes rigid, the size chatmd dbdse
not impact the final geometry of the component. This size change can be accounted for, however the
design methods to account for the size change can be complex. An additional challenge caused by high
CTE tooling materials begins when the tool shrinks during cooldown. Upon cooling, thergintodi
can break the part or lock the part into the tool. This common scenario occurs when the CTE of the
composite is lower than the CTE of the tool. After the composite has become rigid and begins to cool
both the tool and the composite shrink; however, because the tool shrinks more than the cohgposite, t
tool mechanically traps the composite, and it becomes difficult (or impesgilemove the composite

without causing damage to the part or tool.

Efficient heat transfer during an elevated temperatureisaleo desirableA tool with a low
thermal conductivity and a high heat capacity will respond slowly to temperature changes and may
prevent the full cure of the composite part. Additionally, monolithic tools or thick sasiopv the heating
process further. The thermal characteristics of the tool, composite, and consumabédscatete
accounted for in the design stages of the production using software that can predict the impact of thes
materials and their thicknesses on the cure progression by calculating the heating rates qfdsiécom
through the thickness of the layup. To reduce the impact of tooling thermal properties,atanctur
hardware choices can be made when designing the tooling that minimizes the impact offteotiad
properties. These changes can include reducing the tool material thickness, incorporating heating channels

or ducts, or utilizing an egg crate structure (see figure 3). The use of an egg crate structiloes ¢an
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thinner tooling materials that heat up quickly and use less material (and therefore redtiesd c

weight) as well as including jacking bolts for slightly adjusting the shape of the mold [3]

Figure 3 An egg crate structure can be seen supporting the thin critical surfacetobttj4].

Finally, one of the most crucial aspects of mold design is ensuring that the mold can be processed
at the elevated temperatures used for the curing the composite. AFRPC can be cured atitesnperat
ranging from room temperature to as high as 400°C, necessitating mold materials witfoodines
maximum use temperatures. Regardless of the material used, the mold mugenptredt, outgas, or
react at the process temperatures or else damage to the mold or composite may occur. In order of
increasing use temperature, the common material options include AFRPCs, metals, gnukfimaiics
such as bulk graphite [3]. For polymeric tooling, two methods of determining the use tenepscatiar
be the glass transition temperaturg) @d heat deflection temperature (HDT). Thenbicates the state
of the material and occurs when the polymer begins to behave rubbery instead of glassy. Abgve the T
the polymer can be easily deformed at low loads. Some engineering design guides indicate that 80% of
the Ty (K) should be the maximum use temperature of the material; however, this is a gedefadegui
and does not consider things like the structure or applied load. Alternatively, the HDT is a standardized
measure of resistance to deformation at an applied load. In composite tooling applicationsesaéseth

known loading (pressure) condition, the HDT may be more useful. Additionally, it also responds to



modifications in the material and structure, such as the inclusion of fiber reinforcemeunsebigtsa

measure of the structural behavior of the sample.

Trapped Tooling

Another consideration is how the composite will be separated from the mold, and likewise, the
mold from the tool. Some complex geometries or features on a component will mechéoikalhe
mold and component together, preventing simple removal. Components such as ducts, cable tracks, and
pressure vessels often result in a trapped tool. A manufacturer has limited optias i &rapped by
the geometry. The first option is to leave the tool within thequethat the tool may serve another
purpose such as providing additional stiffness to the part or acting as a diffusion &aligeommon in
composite overwrapped pressure vessels [5, 6]. However, these options typically reduce the benefits o

creating a component from lightweight composites.

The next option is to create a tool that can be separated from the part for reuse by considering
shape-memory flexible bladders or multi-part tooling. Shape-memory polymer molds gaedoat cure
temperatures to form the component, then softened in a secondary heating cycle foorektoactine
cured part. After softening they are removed from the part before being reformed in a seconitary hea
step using additional tooling, adding cost and time to the manufacturing process [7]. Multefadrt
tooling creates high quality and repeatable composite parts, but is typically complex in bghaddsi
implementation, and ultimately, best suited to large production volumes where the costlistridioted
over many composite parts [8]. Multi-part composite molds, or split molds, which have rmoeeor
parting planes can be used to separate the mold from the cured component. Examples of these types of

molds are shown in figure 4.



Figure 4 A mold that acts as a diffusion barrier for a pressure vessel (a), a reustalsleable shape memory mold
(b), and a multi-part split mold made from composite materials (c) [9,110,

While these approaches can be very effective, they also can be much more complex, making it
desirable if the additional complexity and cost can be justified by the production voluneepairt. One
unique circumstance arises when a part design prevents removal, but low production volume cannot
justify more complex reusable tooling. In this case, single-use sacrificial toolingathbedissolved,

broken out, or washed out from the cured compbhecomes an attractive choice [7].

A list of common sacrificial or washout tooling materials would include plastersnimsravith
soluble binder, expandable self-pressurizing tools, or eutectic salts [7, 12]. Plaster iscalyomsed
material because it is water soluble and easy to cast. However, molds made from plasteamether
mold to create the casting, and the moisture inside the plaster mold must be removetesinyce
prior to composite manufacturing. If the water is not completely removed, it may resalhirfiatturing
defects like voids or lowered glass transition temperatures in the cured composite [7].tilfdat u

ceramic media with soluble binders are common as well and can be machined or cashigtyiglality



washout tools. Some soluble materials can be designed to expand during cure by aitrliziced

powder material that is made from a soluble polymer component and a microsphere-basepagent.

This provides predictable internal pressures for hollow geometries [12]. Eutectiarsadtiso used to

create complex geometries but require casting at high temperatures and result in slow waeshantt
corrosive waste [7]. Further complicating matters is the fact that washout tools tenatporous

surfaces that must be sealed to prevent resin infiltration during the cure of the compoEitel@hrOne
possible solution to address these challenges is the use of soluble 3D printed thermoplastic tools. These
materials are promising because they may not require any secondary processing steps, suchrag machini

sealing, or molding prior to composite manufacturing, and they may reduce the costs of men[ifagt

Autoclave Processing of AFRPC

One of the composite manufacturing processes that results in the highest quality cosriponent
autoclave processing. An autoclave gece of equipment used to provide the high temperatures and
pressures to cure and consolidate the part. The use of controlled heating, external pressure, and vacuum is
what makes autoclave processing so successful at producing high quality composite parts. THgy typical
are designed as large, heated pressure vessels with forced convection on the inside. They also commonly
include a vacuum source to provide an additional driving force to consolidate and remove voitie from
component. Autoclaves are expensive pieces of equipment, especially when scaled to handle the size of
large composite components. Some of these components include aircraft structures, necessitating
autoclaves on the scale of 30m in diameter and 50m in length [3]. The autoclave production process
involves several steps to produce the component. The first step includes both tool and material
preparation, which involves tool manufacture and pre-trimming the materials to shape. The sgcond st
includes the layup of the materials and debulking, which is when vacuum is applied at interneguate st
to assist in consolidation. The third step is autoclave processing and includes curing and further

consolidation of the component at elevated temperatures and pressures. The fourth step inchidgs tri
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and other post processing or finishing steps. There are many possible variations of this process, but these

are four common steps used in autoclave processing of composites [3].

The preparation for autoclave processing is a significant step in the process. It firstlysnvolve
creating a mold that can form the geometry accurately, has high quality surface finishes, atlows par
removal, can survive the processing conditions, and can produce the desired number of components.
Then, materials are prepared by cutting them to the right size and collecting ancillary consumable
materials for processing. Then, the composite precursor materials are laid into tlire tm@ldyup step.
There are many approaches to creating the composite layup, including both manual and automatic
processes to deposit material on a tool or mold. However, due to the difficulty of justifyifigathcial
investment of automated processes for small production volumes, manual hand-layup is one of the most
versatile approaches to creating a component. This is relatively inexpensive and suitecowell to |
production volumes because it uses skilled technicians who use their experience to creatditlyigh qua
layups. However, it lacks the repeatability of automated processes, so it can be less desir&dile in ce

applications.

Once the composite material has been laid up on a mold, it is common to enclose the component
in a bagging material prior to debulking. Debulking is a step wherertives@e the bag is evacuated
allowing the atmospheric pressure to consolidate the precursor materials. This sepdsmdét multiple
times during the layup. It requires removing the bag after debulking to add additiondhpdiddition to
the vacuum bag, other consumable materials may be included in the layup to distribute pressure, aid
composite removal, or control resin flow. After adding these materials to the mold, the Jzamiisn
reapplied over the entire layup and loaded into the autoclave. After loading in the autoclave, pressure,
temperature, and vacuum are applied to further consolidate the part, remove voids, and peoguess t
A general list of materials needed for this process include a vacuum bag, a porous matesdéta

continuous vacuum path (breather), a release layer to prevent the composite and consugraie mat
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from becoming adhered together, the composite precursor materials, and a mold. A very general

composite stacking sequence can be seen in figure 5.

Vacuum sealant Vacuum bag Composite laminate
, y A
Vacuum source
; Breather/bleeder Vacuum bag
/A
Vacuum connector Release film

Tool/mold

Figure 5 A general composite layup for autoclave processing.

This stacking sequence is commonly modified depending on the part requirements. One
commonly used material system, and the material used in this work, is epoxy based prepreg. Prepreg is
produced by impregnating a fiber reinforcement with the matrix material in a highlplbehfiashion
that results in a material feedstock with reliable and repeatable properties. The miztiad isahen
partially cured to a B-Stage, a highly viscous state where the previously liquid matirdsegel-like.
The B-Stage matrix material is beneficial because it holds the fiber reinforcemettier while
remaining pliable enough thiaitcan be manipulated for the layup. These sheets are tacky at room
temperature, tend to stick together, and become difficult to move after assembly. Whertle atsih
returns to a low viscosity state that allows for significant fiber movement and esinrtis is critical
for void removal and consolidation of the part [3]. Then, as the temperature is fuctieaised, the
matrix begins to cure or crosslink which results in a rigidized material. Thisdrighetature step in the
cure is what the mold or tool must undergo without losing its structural iptegutis the greatest

challenge for the use of tooling materials like fiber reinforced polymer cotapasi 3D printed tools in
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an autoclave process. When cured, the composite component is rigid and can be cooled and removed from

the mold to continue with further post processing operations and assembly.

INTRODUCTION TGADDITIVE MANUFACTURING

Additive Manufacturing Overview

Additive manufacturing (AM) was developed in the 1980s, and in recent years has gained traction
in many industries and applications, including composite tooling [14]. One reason that AM has been so
readily adopted because it enables highly complex geometries to be produced withooastgnifi
increases in cost, especially in low volume applications. Some geometries that \paaltytype difficult
or impossible to produce on multi-axis subtractive machines are trivial to produce ustigaddi
processes. The first step in an additive process is to create a surface model of thempmg@red in
an .STL, .OBJ, or .AMF file (among others), which contains information about the model geantkt
cansometimes include information like texture or color. Then, this surface model is passadlicing
VRIWZDUH ZKLFK pVOLFHVY WKH VXUIDFH LQWR WKHQJ FURVV VHEF\
software is used to then generate a Numerical Control (NC) file that can be used by a CNC tased mo
platform. Typically, this NC file takes the form of G-Code, which lists the coordinatésef@xtruder to
travel, as well as commands related to the process such as turning on or off heatgrtheettdtion

speed, or beginning extrusion.

Unlike subtractive manufacturing, the forceAiM are low, reducing the need for high rigidity
machines and enabling increased scale at reduced cost. New AM materials are also coeistgntly
developed, allowing applications requiring ceramics, metals, or polymers to be pursued. Unique
materials and structures can be generated in AM, allowing manufacture using biticlenmpaterials,
functionally graded materials, and structures created for their unique properties. Finally iteqaiting
a part geometry allows parts to be refined much faster than in other processes. For exangleisf a f
found in the mold design for a casting process, the mold must be altered or scrapped and remade.
However, in an additive process, a part can be reprinted with little wasted resourcésaoties
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material and time required to reprint [14]. The iteration cycles in additive can oattiplettimes a day,
with fast turnaround on optimized geometries. The layer-by-layer approach to AM brings tteestayf
complexity and the rapid prototyping characteristics associated with AM. Howeven kiralgs

challenges such as anisotropy, poor surface finish, and low production volumes.

Many approaches to AM produce components with varying degrees of anisotropy. This is caused

by poor fusion at the boundaries between layers and adjacent printed roadsb&adglsand print paths

are synonymous and refer to the thin strip of extruded material created by the prigethelprint path

[15]. Additionally, the parts produced can be sensitive to manufacturing parameters teucpesature,

print speed, and print orientation, leading to reproducibility challenges. The dagierg also tend to

create a poor surface finish and loss of detail. AM processes are poorly suited to highgroducti

volumes when compared to formative or subtractive processes. AM machines can rangéin icost

many engineering applications high end systems are required which results in large upfront capital

investments for industrial machines [14].

There are a variety of AM systems due to the large numbers of materials and techniques. This has
resulted in a lack of standardization and terminology to describe these processes. This can make
communicating information in bowtechnical and non-technical setting very challenging. However, the
different processes were categorized and defined somewhat recently by ASTM F2792-12a and are listed
in table 1. These processes include binder jetting, directed energy deposition, material extrusiah, mat

jetting, powder bed fusion, sheet lamination, and vat photopolymerizatian [16]
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Table 1 The additive manufacturing process categories defined by ASTM122926].

Additive Manufacturing Process Category Definition
Binder Jetting An additive manufacturing process in which a liqui
bonding agent is selectively deposited to join powd
materials.
Directed Energy Deposition An additive manufacturing

process in which focused thermal energy is used
fuse materials by melting as they are being deposit
Focused thermal energy means that an energy so
(e.g., laser, electron beam, or plasma arc) is focuse
melt the materials being deposited.

Material Extrusion An additive manufacturing process in which materia
selectively dispensed through a nozzle or orifice,

Material Jetting An additive manufacturing process in which drople
of build material are selectively deposited.

Example materials include photopolymer and wax

Powder Bed Fusion An additive manufacturing process in which therm
energy selectively fuses regions of a powder bed

Sheet Lamination An additive manufacturing process in which sheets
material are bonded to form an olijec
Vat Photopolymerization An additive manufacturing process in which liquid

photopolymer in a vat is selectively cured by light-
activated polymerization.

Some of these processes have shown success as methods for developing advanced composite
tooling [17]. The recent interest in AM for composite tooling is that composite comparent
commonly complex and produced in low production volumes. Additive manufacturing is very iesll su
to these types of applications because complexity consswtcost, and the processes are well suited to
low-volume situations. This is quite different from subtractive manufacturing, where switract
manufacturing is better suited to higher production volumes and lower complexity, takintpgewvain
the economy of scale. The general cost/complexity and cost/volume relationships are shown graphically

in figure 6 for both AM and subtractive processes.
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Cost vs. Part Complexity Cost vs. Production Volume

= = = Addtive
Subtractive
2 2
(& (&
Complexity Production Volume (number of units)

Figure 6 Cost vs. Complexity and Cost vs. Production volume relationshipdditive and subtractive
manufacturing approaches [18]

While primarily limited to low production volumes, AM processes such as bindegjettielt
extrusion, and DED can be quite scalable. These processes can be scaled by increasing the material
deposition rates or by switching from single to multi-point deposition. The ability to scatildive
system allows applications such as construction, architecture, infrastructure, 489¢ 20t R1].To scale
a system, processes often move to larger orifice sizes, larger layer heights, and fasigequisat the
cost of increased minimum feature size and less detail. The exchange of resolyiron fone is

demonstrated in table 2 using estimated print times generated for a 20mm cube by changingethe orifi

size in a melt extrusion process.
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Table 2 Estimated print time for a 20mm cube with changing nozzle size

Resolution High Medium Low
Nozzle Size 0.2 05 10
(mm)
Estimated
Print Time 251 63 23
(minutes)

<

Render

It is typical for large geometries to be produced with poor surface detail, which is a type of
approximation error associated with using discreet layers. This error is often refersdtiecstaircase
effect [22]. It is typically addressed by ensuring critical surfaces are made to have i sia$ace
finish through secondary processing steps such as machining, sanding, or sealing [17]. Any of these post-
processing steps add both cost and time to the production cycle, which is one of the significant challenges

in the AM field.

When designing a component that uses additive manufacturing, there are certain practices that
make AM particularly advantageous. These practices have been described as Design for Additive
Manufacturing (DfAM), which aims to consider the characteristics of additive manufacturimg i
design proces® result in time and cost savings and improvements in function. This design approach
takes advantage of the relatively low cost of increasing complexity in an additive procesagallow
complex contours, lattice structures, and integrated functionality. Some exemplary DfAddcms
include topology optimization and generative design. Both processes attempt to optimize a cofoponent
performance and result in uniquely organic forms with improved structures. Anotherocosxample is

the integration of complex lattice structures with unique properties and functions. Theseet may
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increase biocompatibility, induce auxetic material properties, or reduce the weight andlmsgej23].
Finally, approaches can be taken to embed electronics, create functionally graded struchatadgor i
multiple materials to improve function with very little cost of implementatit8j.[A great example of
DfAM is the component shown in figure 7, which is utilized for hip replacements and cerisodier
material selection and hierarchical structures. The acetabular cup utiiaéa/Tor its high strength and
biocompatibility and includes a networked surface texture to allow for bone ingrowth and a better

integrated solution [24].

Figure 7 Acetabular cup produced using a powder bed fusion process [24].
Additive manufacturing can be made advantageous for composite tooling by using the strategies
outlined by DfAM, taking advantage of the low cost of complexity to integrate unique designs and select

from alarge variety of materials to improve the manufacturing process.

Additive Processes for Composite Tooling

Additive manufacture of traditional composite tooling has shown some success by providing an
opportunity to rapidly manufacture composite molds with high quality. For low volumieatjgs,
especially with complex geometries, additive manufacturing is very capable of canpithinraditional
manufacturing techniques in both time and cost investment in tooling production [25fapplathtions,
additively manufactured tools, like traditional tooling, are held to the same requisephenrviving the

process conditions. Thus, material and process selection are some of the most challenging aspects of AM
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for composite tooling. Many additive manufacturing processes and materials have been used for
composite tooling, but only binder jetting and material extrusion have been used to produce washout or
soluble tooling. The processes that have been used to produce composite tooling include binder jetting,
directed energy deposition, vat photopolymerization, and material extrusion. These procekdeseie

below.

Binder Jetting

The first process listed in table 1 is binder jetting. This process involves the depositibimoér
into a powder bed, where the powder material can be metal, ceramic, or plastic. Originally, lovd-cost an
fragile binder jetted parts were made from gypsum powder and used water as a binder [26]. Over time,
these processes evolved to use binders such as polyvinyl alcohol (PVA) or cyanoacrylates, which remai
commonly used. Now, colored parts can be produced by using colored binders. These machines typically
include an inkjet print head attached to a positioning system. Then, the inkjet head sprays thetbiader i
powder bed, creating the structure only where the binder is deposited. After completion oftadayer,
powder bed is moved away from the print head creating a gap, and a powder spreader deposits a fine layer
of powder in that gap so that the process may be repeated. Some drawbacks of the binder jetting) processe
are the relatively poor surface quality and high porosity due to the powder substrate. This propgss is ve
flexible and can be used with almost any material type allowing a wide variety of applicatieng/pe
of additive manufacturing is originally what was marketed as Three-Dimensional Pr8iiRg"j and
the term has since been adopted for many other processes [14]. Binder jetting is a quichly fietulvi
and has used in many applications including the manufacture of molds for metal caskinfprt

composites, full-color prototyping, functionally graded parts, and more.

Binder Jetting has proven useful for sacrificial washout composite tooling due to ityetahise
a water-soluble binder and a reusable ceramic material to allow complete breakdown ofviie ool
soaked in water [13]. The applications for composite tooling are scalable and can utilize a wigear

ceramic media, allowing varying CTE. Tools can be made that are robust in autoclave conditions up to
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177°C (350°F) and 85psi. This is a fast process, with some machines being used for composite tooling
having build volumes of up to 1.8x1.0x0.7m and build rates up to 125 liters/hour [27]. Multip&gprint
segments can be manufactured then assembled to make even larger tools. This processaé capable
manufacturing tools that perform similarly to cast or machined traditioasth@ut tools. However, like

tools that are cast or machined from washout ceramic tooling material, binder jettedtwadlsdand to
require an additional step of sealing the surface to prevent resin impingement and to improvacie sur
finish. This is commonly done with an overwrap of PolyTetraFluoroEthylene (PTFE) tapohrble
material spray coating. These tools also tend to be brittle and challenging to produnéricétie i

features. Finally, the ceramic, monolithic nature leads to poor thermal conductivity anddbup rates.

Directed Energy Deposition

Directed energy deposition (DED) is a process that can be uniquely used to create fully dense
metal parts with nearly no porosity. In DED, an energy source is used to melt metal feedstocks i
processes like welding. The energy source used for this process may be LASER, electron beam, or plasma
arc, which are directed into a spray of powdered metal or a wire feed to build components. Typically, an
inert environment is used to prevent oxidation which can inhibit bonding. The high energy density and the
use of metal feedstocks creates complex thermal environments that can develop differstrugtares
throughout the part [28]. This process can be very similar to welding, which has restdteid in
standardization of DED processes and a fast adoption in highly regulated fields [29]adftieas that
utilize DED are typically have at leasb®es and systems with more than 3 axes are quite common. DED
is uniquely suited to creating hard metal tooling for composites. The lack of porasitg & high
quality surfaces to be developed after a CNC machining operation, and the use of various feedstocks
allow tools to be made of metals such as Invar. This is highly desirable for composite tooling due to its
low CTE [4]. However, the use of complex systems typically makes DED cost prohibitieafor

volume composite tooling applications.
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Vat Photopolymerization

Vat photopolymerization is a process that selectively cures photosensitive thangossths to
create solid objects. The first developed approach was vector scanning, in which a laser ssleatisely
across a resin bath to create a 2D part cross section in a layer-by-layer fashion. This was developed in
1984 and made commercial in 1986 by Charles Hull. This was the first commercial additive
manufacturing process. An alternative approach uses mask projection, in which an entire layer can be
cured at one time by using a liquid crystal mask that allows the entire layer to selectively be exposed t
light source [29]. These machines operate by raising or lowering a platform in a resin tathpfant to
be built on. When the platform is moved, liquid resin flows into the gap that is creatednhg\ing
platform. Then, a light source selectively cures the resin in the small gap. This processigtatiure
parts with very high detail but is better suited to small parts. The scale of component sizes pradgced us
this process range from um to cm, thus making large composite tooling impracticddeagtrtent

technology [30].

Material Extrusion

Material extrusion is likely the process that is most associated with the terms 3Bgpaimd
additive manufacturing. Material extrusion involves the deposition of a material throughle oto a
substrate and can be used with polymers, ceramics, and metals. There are many varietigalof mater
extrusion, but they can typically be categorized into either melt extrusion or viscous extrugnrssyst
Viscous extrusion systems, also referred to as paste extrusion, applies to a wide varatgyiafs.
Some examples of viscous extrusion systems used include ceramic pastes that can be sintered, cement
concrete for construction, foods such as chocolate, meat, or vegetarian meat alternatives, oedbio-print
materials with live cells. Viscous extrusion and melt extrusion systems can both be used ogeery lar

scales like for construction or manufacturing large tooling for composites.

Melt extrusion systems commonly use plastic feedstocks with a variety of material etistiest

that can be modified using additives such as metal, wood, or reinforoamgltfiis common within melt
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extrusion of complex geometries to incorporate 3D printed scaffold materials to support overlaangs
part during the printing process. These can be break-away or dissolvable structures [31], where
dissolvable polymers are often chosen for their ease of use and the ability to support the component
without significantly damaging the exterior surface. A diagram of a typical melt extrusibivedgstem

is shown in figure 8, including both support and structural material spools.

Extrusion head with
feeding mechanism

Build
platform

Nozzles

Support Structural
spool spool

Figure 8 Melt extrusion additive manufacturing platform [29]

One challenge that these materials face, especially at high temperatures, is the dependence of
thermoplastic properties on temperature. This presents a challenge for the use ofuseineXM for
composite tooling applications, because the processing temperatures for composites arahitier th
use temperature of many of the common materials used in AM. However, the low cost of therenoplasti
feedstock and the scalability of melt-extrusion AM has created significant intetestdevelopment of

this technology for composite tooling.
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Additive Processes for Removable Tooling

Independent of the approach to tooling manufacture, as the composite component geometry
becomes more complex, removable tooling is often necessitated due to the inabil@gtioetf remove
a trapped tool. Soluble materials have been utilized in some additive processes, enabling the use o
additive manufacture for trapped tooling situations. Since a new sacrificial tool must be manufactured f
each composite part, automated processes like AM are advantageous. One AM approach is to use binder
jet printing to create ceramic-based tools with soluble binders [13]. Unfortunatelytablssdike
traditional ceramic-based washout tools, also require an additional step of sealing the curfacanly
with an overwrap of PTFE tape or a water-soluble surface coat. Further, these tools arbimionolit
nature which leads to low heat up rates and the implementation of small intricate fisdioniésd by the
brittle nature of the tooling material. An additional approach is to use vat photopdatiwerito create
(non-soluble) tools that are very accurate and detailed but somewhat brittle in naturealitetomis
created through vat photopolymerization take advantage of the brittle tooling matenghgalihe tool
to be broken into pieces for removal. Sacrificial thermoplastic tooling made on melt@xsusiems
have shown some success by including perforated breaking lines that facilitatestoottion and
removal. Finally, there have been attempts to utilize dissolvable thermoplastics that can betoraaduf

using melt extrusion [32, 33, 34]. Examples of each of these technologies are shown in figure 9.
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d) Composite Part e)

Pull &
Core Unwind

Figure 9 Sacrificial composite tooling can be made using binder jetting (a), vat phatogrigation (b, ¢), or melt
extrusion (d, e) [13, 35, 31, 25].

APPLYINGMELT EXTRUSIONTECHNOLOGY TQAUTOCLAVABLECOMPOSITETOOLING

Recently, melt extrusion additive manufacture (MEAM) has shown promise for the manufacture
of molds for composites. Some of the advantages of MEAM for composites includes the gcatabilit
variety of materials, and the flexibility of production. Often, tooling can berfiestufactured using
MEAM then advanced fiber reinforced polymer composite (AFRPC) molds can be made from #a print
tooling. However, the ability to directly manufacture the mold rather than manufactuting bwld and
a tool is another promising opportunity to sasgnificant amount of time in composite development
process. Finally, the scalability of AM systems allows the application of MEAM to large caenposi
structures. These attributes make MEAM an attractive process for the generatitmtlafvable

composite tooling.

Some 3D printing systems with very large build areas have been developed, allowing structures
that are much larger than typically considered for 3D printing. These systems can include lithga pri

extruder and a spindle for machining and trimming. This allows near net shape components to be
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completed using MEAM, then be machined to the final geometry with significantly reducedmate
waste. This two-step process is usually necessary for the large size of many compotitestwhere
the large quantities of rapidly deposited material result in a course approximation atidiggaometry
with obvious layer lines. The largest system currently in use is5a&0x3.0m printer that can output
227kg/hr and was developed by Ingersoll Machine Tools and the University of Maine [36]. Another
system made by Thermwood is the LSAM 1040, which has a build volume of 4.5x12.2x1.5m with
95kg/hr material output [37]. Thermwood also states that their machines can be scaled tf a si
30.5x6.1x3.0m, approximately the same size as the University of Maine printer. At thisssgaléodls
could incorporate integrated functionality to ease and improve composite processing. Soee deatdr
include eggcrate structures, integrated heating/cooling channels, integrated resistivenkiifeactess
points, air-tight vacuum bagging surfaces, and fiducial markings. The mold shown inlfigues
manufactured using MEAM and used for resin infusion of a wind turbine blade. It included several

channels for heated air as an alternative to resistive heating, potentially saving costs [2]

Figure10 A 13-meter-long mold for a wind turbine blade manufactured using shortrcéidaw filled thermoplastic
feedstock in a melt extrusion process [2].
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While the benefits of MEAM are valuable, there are also inherent challenges related to thermal
stability Thermoplastics, by nature, have structural integrity that is based on their temperature. This
temperature dependence is what allows them to be used in melt-based processes like MEAM; however,
thermoplastic tools quickly deform during composite processing if the process tempetededsdhe
use-temperature of the material. There are also inherent tooling challenges caused bivb ¢ ambdiss

like the anisotropy of the printed structure or the high CTE of the available nsaterial

The following sections will discuss some potential approaches to improve or accouet for t
reduced structural stability of 3D printed tools at elevated temperaturesioAdtly, some of the
processing challenges related to CTE and anisotropy will be discussed, as well as a specific scenar
where dissolvable thermoplastics may provide a solution for trapped tooling. Finally, thefdiva work

will be outlined with a project statement and several goals.

Thermal Stability

Many thermoplastics can be processed at low temperatures, making manufacture relatively ea
However, many of these are not suitable for autoclave processable composite tooling. This makes
material selection and processing more challenging, as many high temperature megerigierasive
and suffer from manufacturing challenges such as wagingacking caused by thermal stresses
developed upon extrusion and subsequent cooling. Some high temperature materials that have shown
success as composite tooling materials include PPSU, PPS, IPEI[38, 33, 39]. These plastics require
high temperature process environments to prevent defects, so as an alternative, loatuemmpaterials

can be made with unique loading schemes and process changes.

There are many alterations to the composite production process that may allow tooling to be
produced using additive manufacture that can result in higher temperature processingt The fir
modification to the process would be to manufacture a master tool using AM, thendomsiids using

low temperature curing tooling prepregs that can be post-cured to act as a suitable mgid for h
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temperature component manufacture. This approach works well but adds a significant mold
manufacturing step to the process. Alternativaly, molds may be printed completely solid. This can be

a satisfactory solution, but it significantly increases the material use cetrnjpgpartially dense 3D

printing approaches and does not prevent deformation but instead limits it by increasiritndss st

the mold. In most circumstances, a partially dense structure is preferrable to a solid strutitere fo

savings of material and cost. Alternatively, the tool structure may be modified to avoitlypdetise

tools by only manufacturing the external surfaces of the tool. This may be done by manufactweihg a sh
type tool, so that presswapplied by the vacuum bag and autoclave on the tool are close to equal on both

sides. An example of a shell-type tool is seen in figure 11.

a) b)

Figurell In this image, both a shell-type tool (a) and a partially dense tool (Bhaven [40].

The shell type tool allows the structure of the vacuum bag and the layup components to assist in
maintaining a rigid layup during manufacturing once vacuum is pulled. However, the improvied load
scheme may not be sufficient for large tools that may deform from their owhtvasighe material
softens. Another approach that improves the loading scheme is by using a filler nateHallow tool.

For example, hollow geometries can be manufactured and then filled with thermally stavielsnstich
as salt [31]. This significantly reduces the amount of AM feedstock material requitéeé tool but can
also result in a monolithic structure with low heat up rates. Howaseompared to the previously stated
approaches, simply improving the material properties sulhe greatest gains in performance. Rather
than changing to high temperature engineering materials for tooling, modificaticmarodity plastics

can be a more common and cost-effective approach.
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Compounding low temperature, easily processed materials with short fiber reirdatdsrone
approach to increase the use temperature of tooling material. This also helps avoid chaltbegesli
manufacture. The addition of short reinforcing fibers to the material incrémesssffness significantly,
even at elevated temperatures, allowing cheaper materials to be used at higheruerspkaat would
normally be appropriate. For example, the HDT of PET can be increased from 75°C to 225°C at 0.46MPa
(67psi) loading by the addition of 30% glass fiber reinforcement [41]. The addition of slam ¢dver
or short glass fiber can impact the CTE and thermal conductivity of the mabéidad.carbon fiber
specifically has important benefits relating to the decrease in CTE of mataréhincreasing the thermal

conductivity, which begins to address other problems related to 3D printed compulBite [#2].

Thermal and Mechanical Anisotropy

Anisotropy is developed in MEAM produced components due to poor fusion boundaries
developing between printed paths. Typically, this results in the build direction being the wealsdst. Thi
primarily caused by the deposition of molten plastic on top of previously cooled and solidifitd, pla
and insufficient diffusion of the polymer chains at the boundary. Additionally, there is a need fo
anisotropic thermal expansion modeling for printed materials. PLA has a relatively isttepnal
expansion, but ABS has been measured to have thermal expansion anisotropy of 35% between build and
print-plane directions, that also varies with temperature. This may be a significant loani&AM
components being used in composite tooling applications, due to the changing temperature of tooling
during processing causing nonlinear anisotropic size changes of the tools. However, it has beed suggest
that a transversely isotropic model could provide an appropriate solution that réguieslastic
constants than an orthotropic model, providing an ability to account for the size changes of dnigol du
processing [43]. Further complicating matters is that there is anisotropy based on the printed road

direction.

It has been shown that there is anisotropy in 3D printed structures both between layers, as well as
between printed roads (beads). This is due to poor fusion boundaries of adjacent print paths. Thus, when
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accounting for anisotropy, the print path directions should be accounted for. Worsening the anisotropy of
printed material is the addition of reinforcing fibers. Fiber alignment with the diemoditection occurs

due to the shearing forces present in the extruder. The stiffness and low CTE of carbon fiberasonstrai
any thermal expansion in the deposition direction, but perpendicular to the fibers (in thaateposit
direction), the expansion is unconstrained, and matrix dominated. Similarly, the depositidondiisct

has increased modulus and increased thermal conductivity which can result in spring-in typé¢4effe

Thus, accounting for anisotropic CTE may be advantageous within the printed road, in the vadying roa
directions, and between layers. This has been shown to be effective for predicting the defofrB&ton o
printed composite tooling [45]. Additionally, some process modifications have been aeviiap

improve the anisotropy due to poor interlayer fusion of MEAM components.

Reducing anisotropy can be done by increasing the interaction between layers and adjacent roads
by maintaining deposited material at high temperatures foelmrgeheating the substrate prior to
deposition. Some approaches to achieve this include heating the build environment or pratesalstr
this increases interaction between the different layers and improves the fusion bounkisresoThas
the added benefit of reducing CTE induced defects like warping by allowing thermal stresses te dissipat
more easily. First, the print volume may be enclosed in a heated chamber. This area caneiitea by h
a variety of methods, but the goal is to have the chamber temperature approach trenglasa tr
temperature of the material. Depending on the part size, the enclosure temperature showedthexc
T4 to avoid the component sagging or drooping during manufacture. The challenges with this approach
include the need to move temperature sensitive components away from the heat souroofiskdimit
switches, and fans), or provide air or water cooling to these components. Additionally, thechpgr
not easily scaled as large systems would be energetically expensive to heat [46]. Réstsloan
manufactured in a vacuum environment, which reduces the effect of heat loss from convectilmwand al
more time for interaction between layers [47]. However, this approach is again not scalablehelue to t

large size of vacuum chambers required for large parts. Another approach is to pre-heatlfisgunder
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printed surfaces, which accomplishes the same goal of increasing the interagtmentdtposited

material and the substrate. Up to two times increases in fracture energy of components have been
demonstrated by preheating the print substrate with an infrared lamp which indiogatebetter bonding
between layers. This approach is likely more scalable, as the substrate temperature iedonsidad

of the environment temperature [48]. Therefore, localized heating can be used to apply this tézhnique

large systems and parts.

Additional challenges caused by the complex thermal expansion of 3D printed components are
manufacturing defects include warping, cracking, and spring in. These severe printing defects are caused
by shrinkage of the printed material after being applied to the previous, colder layer. Thardgiss
sequentially deposits warm layers that shrink and induce stresses into the previous coldsaiterg, re
in cracks and warping. These defects can again be reduced by improving the interaction between
subsequent layers using heated enclosures and infrared preheating that were discussed above. These
approaches reduce defects by heating the substrate to a higher temperature that is loktber suite
dissipating thermally induced stresses. If the previous layers are well below the glassriransit

temperature, the layers will not be suited to dissipate thermal stresses, and thisiivifi tefects.

Trapped Tooling

The application of MEAM to removable composite tooling has little information avaithl# to
the lack of suitable materials for the application. Some water-soluble maiked@®lyVinyl Alcohol
(PVA or PVOH) and Butenediol Vinyl Alcohol copolymer (BVOH) are available and commonly used as
soluble support materials for structural 3D printed components. However, these matenasuitable
for use at elevated temperatures required for autoclave cured composites. There are atynmerci
available materials that can be used for some autoclave cure cycles, such as ST-130 produced by

Stratasys. However, this material requires dissolution in an 80°C bath of an appebxiiBaH solven
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The caustic nature of the solvent presents significant disposal challenges in and catheeduce
composite properties. For example, it has been shown that after 6 hours in the solutiontequired
dissolveST-130, a 16°C decrease in cured composite glass transition temperature can occur, likely due to
a plasticization effect from the basic solution [33]. However, similar degoadait properties may occur
for both water and high-pH solvents. For example, a reduction of glass transition terepé&zatile
modulus, and tensile strength were also observed in an aging study that used heated solutions of so
hydroxide (13pH), hydrochloric acid (1pH), and water ®&@r 40-, and 80-day intervals. The NaOH and
water reduced the properties of the composite matrix similarly, but less than the HCOledTiaigon of
properties occurred for all solutions and was more significant when held at elewgpedairires, like
those in the dissolution of thermoplastic tooling materials [49]. Another study found cotmnadésults,
indicating that specific material systems, time spent in solution, temperatt other variables may
affect the reduction of properties [50]. These studies were also over the course ofwedlkgher
information is needed regarding these effects on the relatively short timescales gsetpfusite tooling

dissolution (<24hr).

Recently,a high temperature support material called AquaSys 180 has become commercially
available from Infinite Material Solutions that shows promise for use in trappedgta@glpiications that
can be dissolved in a heated water bath [#1{hermal stability and water solubility remain a focus for

environmental or property degradation concerns, this material may be a good option for solingje t

Problem Statement and Goals

There are many benefits of using melt extrusion additive manufacturing for the development of
composite tooling, however one primary problem is the poor thermal stability of the tamlgrifilary
goal of this work was to evaluate the thermal stability of dissolvable autoclave compalsite aod
investigate structural and procedural changes that could elevate the use temperaumbiithout
causing tool deformation. A thermal stability study was completed by testing various toakiegal
choices and the internal structure. It was also desired to evaluate internal struatwesdtpartially
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dense and continuous, allowing reduced material usage and print time as well as chansstsdaodi
media to pass through on the inside of the tooling. Additionally, the materialsidhlvere dissolvable
to focus on an alternative to traditional washout tooling materials for trappé@tteibliatiors andto
further understand the capabilities of these materials under autoclave conditiorefulfsedection of
tooling material, structure, and manufacturing approach are used, then tool thermg} staiile
improved, which allows elevated autoclave processing conditions with minimized tool defarmat

advanced fiber reinforced polymer composite manufacturing.
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CHAPTER 2 MATERIAL AND STRUCTURE EVALUATION FOR AUTOCLAVE
ROBUSTNESS AND DISSOLUTION

Given the limited information on the autoclave use of soluble 3D printed tooling, efftais
were aimed to evaluate the effects of tool structure and material choice on autodiateessbusing
small-scale samples under autoclave conditions. Throughout this study there was a spesitio f
commercially available soluble materials; however, some small-scale samplesaderé&om a low-cost
insoluble model material, polyethylene terephthalate glycol (PETG), to furthetigateshe effects of
structural modifications on autoclave robustness. Much of the knowledge gained in this study would
apply to both soluble and insoluble tooling. Finally, a preliminary study of the washout chstiastefi

the selected materials was completed.

TEMPERATUREPRESSURB/ACUUM MATERIALSAMPLE TESTING

The use temperature of a thermoplastic material may be approximated using standardined tests
evaluate properties such as glass transition temperayran@ heat deflection temperature (HDT). The
HDT is important to consider for tool fidelity because it indicates the tempethtuneaterial will begin
to deform at a given load. Thg i€ useful because it indicates when a material will undergo a transition
from a glassy to a rubbery state, and additionally important for determining thegingceonditions for
tool manufacture such as bed or enclosure temperaypially, both process temperatures should be

near, but not exceed, thg. T

While these metrics may be useful in many applications, the actual use temperature oba materi
depends on the applied loads and structure. So, the use temperature may be higher or lowergthian the T
HDT indicate, especially due to the use of additives such as short fibers. HDT testing is completed by
applying a load on a sample and varying the temperature, so is a better indicator aveytedbrmance
than T;. However, this test neglects the varying pressures and temperatures that a tool may undergo in an
autoclave, so is still not a good representation of autoclave performance and an altestatg/e t

approach was needed.
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A testing approach coined Temperature Pressure Vacuum (TPV) testing was developed to
evaluate the stability of the various candidate tooling materials and structural cditfiggutender
autoclave conditions. This approach was taken to determine tooling robustness, as oppo3edgodtiD
compressive testing at temperature, because it more closely mimics actual processiogsantdiol
may experience during composite manufacturing. These samples were partially dense, rathat, than so
to evaluate the impact of the printed internal structural configuration, arftlheoin the autoclave
performance. These tools were not processed with compaosite materials. Instead, they were vacuum
bagged directly and processed under conditions like those used for composite processing. €ae sampl
were exposed to temperature, pressure, and vacuum to represent the autoclave manufacesing pr
After processing, the samples were unloaded from the autoclave and evaluated withteddjeafgh
deformation. Each test was repeated at a series of increasing temperatureminadgterapproximate
max use temperature of each material in autoclave conditions up to the target cootlitammally

121°C (250°F) and 345kPa (50psi).

Experimentation

Materials

One of the primary objectives was to evaluate the stability of composite toolingatsateade
from commercially available dissolvable plastic feedstock under autoclave processing conditions. The
materials tested included Verbatim Butenediol Vinyl Alcohol (BVOH), LAY-Filateen
Chamberlay 130 (CL-130Infinite Material Solutios AquaSys 120 (AQ-120) and AquaSys 180
(AQ-180), and Stratasys ST-130 (ST-13®Y.OH was included as a baseline material as it is commonly
used as a dissolvable scaffold or support material for 3D printing, and it has been uapdftxiure

dissolvable room-temperature curing composites in the past.

The ST-130 filament is marketed as a soluble composite tooling material, so it was epected
perform well. However, its dissolution involves a basic solution with 11-13pH. The otheratsateri
considered can be dissolved in water, which is a highly desirable trait for disposal ancesataty,ras
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well as to avoid exposing the compaosite to caustic solutions. The CIAQRD20, and AQ-180
filaments are marketed as water soluble support materials for high temperapniatBiy applications,
where typical supports may be unstable due to elevated build chamber tempersQ4de30 became
commercially available late in the study and is the high-temperature counterp@+1tp0A AQ-180 was
originally only marketed as a high temperature support material, but at the timéraf iwhas since

been advertised as a composite tooling material as well.

The material properties and use temperatures that were readily available from trectoeemsf
are listed in table 3. The CTE determines the amount of size change the tooling mitemalergo

during both tool and composite manufacture, and a low value is desired.

Table 3 The readily available material and processing parameters for the evaluated materials

Material | Supplier Maximum CTE HDT Tg | Solvent | Density | Cost
Build Chamber PP f{ (cat |(°C) (g/cm?) | ($/kg)
Temperature 461.9kPa)
BVOH Verbatim 90 - - 68 Water 1.14 160
CL-130 LAY- 130 - - - Water 1.19 250
Filaments
AQ-120 Infinite 120 - - 92 Water 1.32 180
Material
Solutions
AQ-180 Infinite 180 42 70 92t | Water 1.26 400
Material
Solutions
ST-130 | Stratasys 130 107 121 132 | Basic 1.19 150
(T<100 °C) Solution
177
(T>100 °C)
Equipment

The samples were printed on commercial 1.75mm filament melt extrusion printersnga@udi
Prusa i3 MK2s, a Creality Ender 3 Pro, a Lulzbot Mini 1.04, a large-format custom high temperature 3D-

printer, andamodified Creality Ender 5 Plus. The large number of 3D-printers were used to manufacture

1 The glass transition temperature for AquaSys 180 was not readily available, hawedésdussion with
the technical staff it was said to havegn@ar 90°C, and it is assumed that it has the same polymer matrix as
AquaSys 120 so therefore has the sagpe T
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samples in order to produce more samples quickly, and also to test various configurationsldhat wou
provide good results. Originally, ST-130 samples were manufactured on a custom large format high
temperature 3D printer, that was found to have significant challenges with vibrationoAalttiit was
found that without a heated enclosure, significant warping could occur with ST-130. Therefore,
substantial modifications were made to the Ender 5 Plus, including an updated all-neetzlamat a
heated enclosure. By upgrading to an all-metal hgoiebdcame possible to achieve higher extruder
temperatures that were required for procesSiig 30 and AQ-180. The heated enclosure was built to
reduce manufacturing defects such as warping and cracking. The enclosure was heated using a heat gun
that was controlled using an Omega temperature controller. The maximum enclosurattempers
limited to 105°C, which allowed use without risking significant damage to the internal plasgponents
of the printer. However, internal cooling fans still needed regular replaxingintain functionality at

these temperatures. The modified Ender 5 Plus is shown in figure 12.

b)

a)

Figurel2 The enclosed Ender 5 Plus showing the temperature controller (a) andaabeg system (b).
TPV testing was performed in an autoclave capable of 200°C (400°F) and 690kPa (100psi).
Oilless vacuum pumps were used to create vacuum, which was sufficieastartlard for this type of

composite processing.
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Temperature Pressure Vacuum Sample Preparation

The TPV samples were designed to test tooling robustness under autoclave conditions and used a
truncated conical geometrfhe specimens were printed with 30% partially dense regions for benefits
related to weight savings, material cost, and a reduction in washout time. The value 30% waly arbitra
chosen, as a starting point that would have improved characteristics compared to a mtwadiitbic
The infill pattern chosen was called cubic and is a fast to print and quasi-isotroipécdifisotropy

caused by poor fusion boundaries between layers can be neglected) infill pattern.

A simulated view of the infill and a cross-section showing the sample geometry is shown in
figure 13, with solid regions indicated by the cross-hatching and the unshaded region représenting t
30% density cubic infill. The G-code was generated using the commercial 3D printing slicer, C

Ultimaker 4.6.

12.70 50.80 59

Dimensions shown
in millimeters 1.52

Figurel3 The TPV specimen truncated cone geometry for the nominally 2.2mm thiskrfage sample.
The geometry for these specimens was chosen to simplify vacuum bagging and minimize

pressure variations, as well as to leave a large flat surface that would be prone totidefoasa
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compared to the sloped sides. The samples were printed from each material with nomintddep sur
thicknesses of approximately 3.3mm, 2.2mm, and 1.2mm, which resulted from 11, 7, and 4 top printed
layers, respectively. These varying thicknesses were used to verify the impact of diffeaatgthe

surface thickness on resistance to deformation under autoclave conditions. The specimens were produced
using a print speed of 30mm/s, a 0.6mm nozzle diameter, and a bottom surface thicknesshi@gainst

build plate) of 1.6mm. The manufacturing temperatures that were determirfezlidnadtof the study and

the successful hardware configuration used for manufacture are listed in Table 4 foatadd. Any

deviations in these manufacturing conditions will be listed in the results section.

Table 4 Dissolvable tooling candidate material 3D printing parameters

Material Extruder Print Bed Enclosure | Hot-End | Filament Printer Used
Temperaturg Temperatureg Temperature Drive
(°C) (°C) 49
BVOH 210 60 Ambient Stock Direct Lulzbot Mini 1.04,

Drive Prusa i3 MK2
Chamberlay 240 90 Ambient Stock Direct Prusa i3 MK2,
130 Drive/ Ender 3 Pro

Bowden
AquaSys 235255 100 Ambient Stock Direct Prusa i3 MK2,
120 Drive/ Ender 3 Pro,
Bowden Ender 5 Plus
AquaSys 270-280 920 85-90 All-metal | Bowden Ender 5 Plus

180

ST-130 270-285 126 105122 All-metal | Bowden Ender 5 Plus

There were manufacturing challenges related to the high process temperatures and CTE of
ST-130 and AQ-180. If these materials were printed in ambient conditions, then poor interlayer fusio
warping, and cracking would develop. This was addressed by printing these materials in a heated
enclosure, which was developed partway through the study. Additionally, worries of moisture absorption
caused uncertainty of in some of the samples, so some tests were repeated after feedstock drying and
storage procedures were developed. This process included first drying the feedstock for more tlsan 4 hour

ataround 65°C, then loading the filament into desiccated storage containers that they eotiyd dir
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supply the printers. These desiccated storage containers would maintain approximately 1@¢iMEo rel

humidity.

Some samples, specifically made from AQ-120, were lighter in color which was initially
attributed to moisture absorption. The moisture absorbed in the filament was thoughtaaorall
steam bubbles when heated, causing included voids, lightdotord opague samples. However, after
drying procedures were implemented, the sample quality was not improved. Based on this lack of
improvement, under extrusion was the determined to be responsible. Under extrusion iorkiated t
than desired extruder flow rates which result in a smaller than desired bead (road) dayss Ebist
allows voids to be introduced between adjacent roads and layers, resulting in the opaque and dighter col
By measuring the mass of specimens with and without these characteristics, it was fosmu¢ha
underextruded specimens were almost half of the weight of correctly manufactured spdeimens.
example, in a comparison of two specimens that should have been identical, the measured mass of
faulty print and a nominal print were 26g and 45g, respectively. The cause of underextrgsaitiera
due to a clogged nozzle or heat creep, which is a manufacturing problem caused by the filanmgnt melti
prematurely and binding in the extruder. The underextruded specimens were lighter in color, had a rough
surface texture, and were completely opaque as compared to the dark semi-translucent specimens that
were printed correctly. Underextrusion was not a consistent issue with this matemaldddnstead

appear to occur randomly. The resulting specimen guality can be seen in figure 14.
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a) b)

c) d)

Figure14 Underextrusion can be seen as a defect in the adQve20 samples with varying severity, sometimes
stopping material extrusion entirelgamples showing no underextrusion (a), some underextrusion (bg sever
underextrusion (c), and a failed print caused by underextrusion (d).

Additionally, preliminaryST-130 samples had a light-colored ring on the outside of the top
surface that is assumed to be from too high of extrusion temperatures that caesadl degradation,
discoloration, outgassingnd foaming as shown in figure 15. The perimeter of the top surfaces was likely
the most affected because that is where the extruder was accelerating/deceleratingras/étserhade
and thus in contact with the material for a longer time. These preliminary ST+hplesavere printed at
a nozzle temperature of 320°C, but with further process optimization it was deter@haddmperature
between 270 and 285°C was more appropriate. The use temperature was not provided by the
manufacturer, as the material is proprietary and intended to be used only with Stratasyssna@bhin
surface finish on the sloped walls of the ST-130 was also poor due to vibration and resonance issues in

the original large format custom 3D printer used to make these samples.
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Figure15 Preliminary ST-130 sample showing poor surface roughness on side walis@oidrdtion on top
surface compared to a high-qual8§-130 specimen, produced later in the study.

Materials made from BVOH and CL-130 did not have as many challenges in manufacturing,
partly due to the reduced process conditions needed for manufacA@i0 was also straightforward
to use, even though it required higher processing temperatures. Representative samples ofsach of th

materials are shown in figure 16.

a)

b) c)

Figure16 Representative images of samples made from BVOH (a), CL-130 (b), and A@}18dine is marked
across the top surface of the BVOH specimen (a), which was later usednwiaigalizing deformation.
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It is likely that AQ-180 would have been a challenging material to print, but because it became
available later in the study and had processing conditions like ST-130, the experience gainedfg8im ST-

could be applied.

Temperature Pressure Vacuum Test Procedure

The TPV samples were first conditioned in a desiccated environment to maintain a low,
consistent moisture content prior to being prepared for autoclave processing. The sanepiesnwver
vacuum bagged to an aluminum tooling plate, with a layer of breather/bleeder cloth running up to the
edge of the samples, as shown in figure 17. The top surfaces of the samples did not use brelether/blee
so that the surface coute photographed and referenced with a straightedge to observe deformation,
without needing to remove the vacuum bagging material. The relative roughness of the §edabe o
sample was assumed to allow enough air flow to expose the sample surfaces to vacuum. Additionall
line was drawn on either the top surface of the sample, or on the outside of the vacuum bag on the top
side of the sampl® aid in the visualization of any top surface deformation. After vacuum bagging, a
10-minute drop test was performed for each sample set to observe any drop in vacuum gauge pressure as

a confirmation of vacuum quality.

ST-130 BVOH

CL-130 AQ-120

Figurel7 TPV specimens in a vacuum bag configuration prior to testing.
Once loaded into the autoclave, the samples were exposed to a prescribed temperature, pressure,

and vacuum cycle to mimic an autoclave processed composite part. The samples were ramped to
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temperatures of 65, 93, 107, and 121°C in a stepwise fashion where they would undergo a 30-minute hold
at that temperature. At the start of the hold, the pressure would be ramped to the hold pressure of 345kPa,
which occurred over approximately 8 minutes. After the 30-minute hold, the autoclave was returned to
ambient temperature and pressure. Thensdmples were removed from the autoclave and evaluated

before being processed at the next highest temperature without being removed from the &telirg pl

vacuum bag, and with vacuum applied throughout the entire process.

The rate used for heating and cooling was approximately 2.8°C/minute and the pressure ramp was
initiated once the hold temperature was reached. The pressure ramp rate was at a maximum for the
equipment used which was approximately 43kPa/minute (6.25psi/minute), lasting 8 minutes. The hold
temperature duration was 30 minutes and, thus, the specimens were at the temperature endfghessu
test for approximately 22 minutes. A complete testing run with nominal teraperatd pressure
conditions is shown in figure 18. Note, there was not a set amount of time between cycles once the
samples were cooled and removed from the autoclave, and sometimes the samples wereidgft ov

under vacuum prior to testing at the next highest temperature.
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Figurel8 A general TPV test, showing the various temperature and pressure cycles applied.
After each cycle of the TPV test, the samples were removed from the autoclave an@é@valuat

The series oT PV tests and any deviations from the process are detailed in table 5.
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Table 5 A summary of material focused TPV tests conducted over the BVOH, CLAT3Q 20, and STE30.

Test: Description: Hold Hold Additional Notes
Temperaturey Pressures
Tested (°C) | Tested (kPa)

0 Tested ST-130, AQ-120 65, 93, 107, | 345, 345, Final hold pressure was overshot, leading t

CL-130, and BVOH, 121 345, 552 552kPa hold pressure.
1 | Tested AQ-120, CL-130] 93, 107,121, 345, 345, 121°C hold cycle was repeated at higher
and ST-130 after drying 121 345, 621 pressures that were of more interest to the
had been implemented industry partner Ability Composites.
for AQ-120
2 Tested improved ST-13( 93, 107, 121| 345, 345, | ST-130 samples were manufactured in a heq
samples against AQ80 345 chamber on an Ender 5 Plus and were printe

lower nozzle temperatures, so they did not h
defects caused by material degradation.

3 Compared ST-130 121 345 AQ-120 filament feedstock was dried for T2-
againstAQ-120 samples hours prior to manufacturing sampl&3-130
after further drying samples that had previously been tested in te
efforts were reused.
4 Compared ST-130 121 621 The increased hold pressure was completed
against AQ-180 at even accentuate the differences between ST-130
higher process pressur AQ-120

Evaluation of TPV Material Samples

The tooling stability test samples were visually evaluated for deformation and photographed.
There was a line marked across the top of each sample to provide a visual referencecwadtiction.
Initially,a IL[WXUH ZDV PDQXIDFWXUHG WR DVVLVW LQ PHDMXDWQJ WKH
tool top surface that was often not available after the specimens had deformed at a given autoclave
temperature and pressure step. As a result, the tooling stability test results wetienhase visual

observation of the deformation and were evaluated in terms of pass/fail at each pgctegsi

Evaluating the samples after each temperature and pressure cycle allowed for only intermittent
observation of the samples. While the samples likely failed gradually as the temperatureeaasdnc
and the specimens began to soften, data was only collected after each temperature/pressure cycle. This
stepwise approach did enable an understanding of the development of shape loss, as some early stages of
failure only showed print-through of the infill on the top surface. This type of failure wouldtiteac
surface finish of the completed composite but may not significantly impact the finagétygokhowever,

for this study, infill print-through was considered a failure.
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Results and Discussion

Test 0 +Preliminary Temperature Pressure Vacuum Test Results and Discussion

A preliminary test was completed that would include BV@H;130, AQ-120, and ST-130 using
three different top surface thicknesses of each material, nominally 1.2, 2.2, and 3.3mm. The test was
completed prior to developing optimal manufacturing and environmental control progdahweser
most of the results were still valuable. The ST-130 samples had some discoloration, likely due to the
extrusion temperatures being too high and foaming caused by material degradation in smalbnethiens
top surface of the sample. At this stage, the spools of flament wieseoned with any consideration of
moisture absorption. However, many of the samples were manufactured immediategnadiéng the
filament spools from the original packaging, so moisture absorption was not consideffigzhaiggti this
point for most materials. However, a popping sound was noticed when printing AQ-120, indicating that
moisture had been absorbed. Some of the AQ-120 samples also had underextrusion issues related to
Bowden extrusion, indicated by lightweight samples with extremely poor adhesion between layers.
Bowden extrusion is a setup where the extruder motor is separated from the extrudegifieaitde
PTFE feed tube, which allows the weight of the extruder motor to be located off the machine but can

cause issues with extrusion. These samples are shown in figure 19.

46



a)

b)

<)

d)

e)

Figure19 The TPV test configuration showing the entire tooling plate with all samples (a)csedups of
specimens made from BVOH (b), CL-130 (8)R-120 (9, andST-130 (e).

Thesesamples were tested at 65, 93,,10W 121°C at 345 kPa, except for the 121°C run, which
was tested at 552 kPa. The photographed samples shown in Tables 6 and 7 have the thinnest of the three
top surfaces tested, at 1.3mm thick, to better highlight the deformation. A visual négtieseof the

sequence of tool deformation of is shown in Table 6 for CL-130 and BVOH.
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Table 6 Photographs of the 1.3 mm thick CL-130 and BVOH samples duringgestito 121°C and 552 kPa.

Temperature (°C) CL-130 BVOH
Pressure (kPa)
65/345
Failed
93/345
Failed Failed
107/345
Failed Failed
121/552
Failed Failed

The samples made from AQ-120 and ST-130 are shown in Table 7
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Table 7 Photographs of the 1.3mm thick ST-130 and AQ-120 samples duringteptio 121°C and 552kPa.

Temperature (°C) ST-130 AQ-120
Pressure (kPa)

65/345

93/345

107/345

121/552

Failed

The BVOH failed on the 65°C run. The CL-130 failed on the 93°C run. The ST-130 samples
failed on the 121°C and 552kPa run. The AQ-120 specimen (only the 1.2mm thick sample) did not
exhibit failure; however, this result was not reproducible in following tests. A isignifeffort was
undertaken to determine printing parameters that could produce an AQ-120 specimen that could repeat
this performance, but no furthAQ-120 specimens resisted this temperature and pressure. Additionally,
the two thicker specimens of AQ-120 tested during preliminary trials (that also showed olsi@alis v
defects from underextrusion) performed poorly and failed at 93°C at 345kPa. The three AQ-120

specimens are shown in figure 20 after the 93°C cycle.
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a) b) C)

Failed Failed
Figure20 The samples with nominal top surface thicknesses of 1.3mm (a), 2.2mendl8.2mm thick (c).

The success of the 1.2 mm thick AQ-120 sample was assumed to be caused by processing errors
during vacuum bagging. This was considered an outlier sample. After noticing the challenges printi
AQ-120, the filament was dried and stored in a desiccated environment both before and during printing.
BVOH was eliminated from further testing due to poor performance in this test, as welbageit

thermal properties indicating poor suitability as autoclave processable tooling.

Test 1 +Testing with Improved\Q-120 Feedstock Handling Results and Discussion

After beginning to dry AQ-120 filamen§Q-120, CL-130, and ST-130 samples were again
manufactured and tested. The ST-130 samples were included, even though they still mesented
discolored and rough surface, as a comparison to the new AQ-120 sabhpki) was included to
attempt to repeat the previous results. The extensive drying procedure involved driqiz1B86
filament at 70°C for at least 12 hours prior to each print. Then, the filament was starddsiccated

environment both before and after printing. The results are shown in Table 8.
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Table 8 Photographs of the 1.3mm thick AQ-120, CL-130, and 8Ts4@ples during testing up to 121°C and
621kPa.

Temperature/ AQ-120 CL-130 ST-130
Pressure
(°C/kPa)

Pre-testing

Pre-testing,
bagged

93/345

Failed Failed

107/345

Failed Failed

121/345

Failed Failed

121/621

Failed Failed

The results suggested that ST-130 would be the optimum material for thermal stability of
autoclave tooling. The AQ-120 samples, even after being printed in a fully desiccated environment and
lacking any visual defects which could cause failure, still failed at 93°C at 345kPa. While the ST-130
samples were still being printed at too high of a print temperature, they all survived tBetd14t
345kPa with no noticeable deformation and survived the 121°C test at 621kPa with only minor
deformation. It was necessary to further test ST-130 with improved manufacturing pasamet

determine how the performance would change.

Both AQ-120 andCL-130 were carried this far into the study in hopes that adjustments in print
parameters would enable use, as both were soluble in water. Solubility in water was considered very

desirable compared to the high pH solution necessary to dissolve ST-130. However, none of the
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adjustments were successful and thusdhel 30 was removed from further processing triaAl®-120
was still pursued in the hope that further optimization of processing conditions nightiaé and
potentially recreate the outlier result from test 0, where a single samyleesiuronditions of 121°C and

552psi.

Test 2& 3 *Testing with Improve&T-130 samples, AQ-180, and Further Dried AQ-120 Results and Discussion

In this set of TPV test samples, a material candidate that was previously not on thenasrket
made commercially available, so it was included for comparison witB T80 specimens. THeT-130
processing conditions were significantly improved by moving famustom large-format printer in the
laboratory to a heavily modified Ender 5 PI83-130 specimens were printed in an enclosure
temperature of 105°C with a nozzle temperature of 280°C, much cooler than the 320°Gttampsed
previously. Additionally, AQ-120 was still included but the filament underwent additilyigg at 70°C
for more than 72 hours before each sample was printed. The AQ-180 was manufactured with a nozzle
temperature of 275°C and an enclosure temperature of 80°C, which was found to be sufficient to prevent

warping.

These tests were completed in two TPV test runs. The first compared the ST-130 specimens to
AQ-180 specimens while the second reused the ST-130 specimens and compared them against the
remaining AQ-120 specimens printed for the project, as well as the specimens with additional drying

time. The results comparing the AQ-180 and ST-130 are shown in Table 9.
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Table 9 Photographs of the 1.3mm thick AQ-180 and ST-130 sampleg testing up to 121°C and 621kPa.

Temperature/ AQ-180 ST-130
Pressure
(°C)/(kPa)

Pre-test

93/345

107/345

Failed Failed

121/345

Failed Failed

It was noticed that during the 121°C at 345kPa run, and slightly on the 107°C at 345 kPa run, that
the surface on ST-130 and AQ-180 samples deformed slightly so that the infill pattern could be seen
through the part, although the top surface remained flatter for the ST-130 than the AQ-180 specimen. This
test indicated that AQ-180 performed nearly as well as ST-130 and is an excellent choice for high
temperature cures where mold water solubility is required; however, the perform&ica 8D was still
marginally better. Infinite Material Solutions, the manufacturer of AQ-180, indicat@ycupublic

webinar that due to the make-up of the material and the associated fillers, the solubilttypghou
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expected to decrease with extended time at elevated temperatures. This may be a concern for lengthy

autoclave processing runs that may reduce the solubility of the mold.

The second part of this test included 72+ hour dried AQ-120 specimens and tbagyeested
ST-130 specimens. This test also included every AQ-120 specimen that had been printegybvitbusty
tested, to determine if one of the early samples of AQ-120 matched then@zerce of the single AQ-120
specimen that survived to 121°C at 345 kPa in the preliminary TPV test. Adtlitiotihree AQ-120
specimens were printed and tested with filament drying conditions of 72+ hot®8CatThis test was
completed at 121°C at 345kPa, to see if any individual specimen could match tnmpece of ST-130

An image of the tooling plate after processing is shown in figure 21

Figure21 Various tested specimens after ti2d°C at 345kPa test run.

This test verified that independent of the printing conditions, none of the AQ-120 samples
survived under the tested conditions. The ST-130 specimens once again were relatively undeformed after
retesting at 121°C and 345kPa. By not having any of the AQ-120 specimens match the performance of
the single 1.3 mm thick sample from the preliminary Temperature Pressure Viastutrcan be
assumed that the single surviving sample was definitely an outlier, most likely due to inadaquaie v

distribution that caused reduced loading on the sample.

Test 4 +Comparing AQ-180 to ST-130 at Increased Pressure

The three thicknesses of the two most thermally stable samples made from AQ-1801&td ST-

were tested at a higher pressure still, with conditions of 121°C and 621kPa. This elevated pressure tes
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was completed to try to induce more obvious failures and differentiate the two matdress results are

shown in table 10 for the three different thickness specimens made using ST-130 and AQ-180.

Table10 Comparison of top surface deformation at 121°C and 621kPa conditions

Thickness

(m) ST-130 AQ-180

3.2

2.2

13

Processing conditions of 121°C and 345kPa are likely at the edge of the stability range for both
ST-130 and AQ-180. In a situation where high geometric fidelity is required, lower processing

temperatures and pressures or higher infill densities would be required.

Summary of Results and Discussion

The deformation shown in Table 11 gives a sense of the effects of temperature and pressure on
the various materials. The specimens shown have the thinnest (1.3mm) top surface to slosiv the m
severe deformation for any material sample@etasionally, the samples with thin top surfaces would

fail where the samples with thick top surfaces would not.
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Table11 Stability at 345kPa and temperature of 1.3mm surface thickness specimens.

Temp

C) BVOH CL-130 AQ-120 AQ-180 ST-130

65

93

107

121

A summary of the results from these tests is given in Table 12.

Table12 Summary of specimen failures based on visual examination.

Material ST-130 AquaSysl180 AquaSys120
Thickness (mm) 3.2 2.2 1.3 3.2 2.2 1.3 3.2 2.2 13
65
Temperature | 93 X X X X
(°C) at 345 kPal 107 X X X X X
121 X X X X X X X X
Material Chamberlay 130 BVOH
Thickness (mm) 3.2 2.2 1.3 3.2 2.2 1.3
65 X X X .
X = Failure
Temperature | 93 X X X X X X
(°C) at 345 kPal 107 X X X X X X
121 X X X X X X

The results of the TPV tests indicate that ST-130 was the most robust 3D printing rfaterial
autoclave applications. However, AQ-180 also performed well during the 121°C autoclave cycles. The
failures presented by the ST-130 and AQ-180 involved primarily infill print through, and slightgaggin
of the top surface for AQ-180. For this study, print-through type defects where the itdithpaiuld be
seen in the sample top surface were considered failures. An example of this failure mode eainbe se

figure 22, where the top surface shows the underlying cubic infill pattern.
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Figure22 Print through failure mode.
The top surface thickness appeared to impact the severity of deformation, not necessarily the
presence of deformation. For example, at 121°C, all the AQ-180 samples deformed slightly; however, the
deformation was less significant for the specimens with the 3.2mm top surface thicknelssdbanith

the 1.3mm surface thickness.

TEMPERATUREPRESSURB/ACUUM STRUCTURALSAMPLE TESTING
Temperature Pressure Vacuum (TPV) testing was also completed to analyze a sample set that
more closely focused on structure, rather than on the material. However, one of the pathateiers
also evaluated in this sample set was the comparison of material with and without theriraflgsiort
carbon fiber and its impact on autoclave robustness. In this study, the infill type d@rdéintage, top
surface thickness, wall thickness, nozzle size, carbon fiber loading, and secondary infillestrivetre

evaluated for their effects on the overall structural performance.

Experimentation

Materials and Equipment

This test was completed to evaluate the impacts of structural design on autoclave performance
These tests were completed with PE&@w-cost material that is commonly used in the consumer 3D

printing market due to its ease of manufacture and relatively high strength and toughnessoBETG w
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not be suitable for high temperature tooling applications, ag issohly 80°C. This material was printed
with a nozzle temperature of 240°C and a bed temperature of 90°C. Samples were generated on a Prusa i3
MK2s printer from 1.75mm filament feedstock using a direct drive printer. The TPV testing was

performed in the same autoclave capable of 200°C and”@3ithe CMMS lab at CSU.

TPV Structural Sample Preparation

There were 13 samples generated for this portion of the study, 9 of which utilized a differen
geometry than the previous truncated conical geometry. Rather, samples 1-9 used a trunoaitkd pyra
geometry, nominally 76.2mm x 76.2mm x 12.7mm high with 45-degree inclined sides, as shown in

figure 23.

50.80 76.20

Dimensions shown
in millimeters

Figure23 The geometry used for samples 1-9 in the structural TPV tests.

The samples were printed on the Prusa i3 MK2s and sized so that samples 1-9 could all fit onto
the print bed of the printer and be printed simultaneously. This was desirable to elimjnexteanal
variables, such as filament moisture absorption between prints. Samples 10-13 wetdlespatately
and required changing nozzles or material between samples, so they were printed sequentiddly. Samp
10-13 also used the same truncated conical geometry that was used in the previous acasathlliPV

tests, as was shown in figure 13. The sample matrix is shown in table 13.
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Table13 Test matrix for structural TPV testing of PETG specimens.

Test Parameter Infill Type (30% Perimeter | Top Layer Solid Regions
unless stated Count Count
otherwise)
1 Control Gyroid 3 3 None
2 Compression Specific | Stars (quarter isogrid| 3 3 None
Infill
3 Thick walls Gyroid 6 3 None
4 Thick top layer Gyroid 3 6 None
5 Thick top layer/ walls Gyroid 6 6 None
6 Solid under angled Gyroid 3 3 Under angled surfaces
surfaces
7 Solid Ribs Gyroid 3 3 Cross pattern through
center of part
8 Low Infill Density Gyroid 20% 3 3 None
High Infill Density Gyroid 40% 3 3 None
10 Carbon Fiber Loading Cubic 3 3 Under angled surfaces
11 | No Carbon Fiber Loading Cubic 3 3 Under angled surfaces
12 0.6mm nozzle Cubic 3 3 Under angled surfaces
13 0.8mm nozzle Cubic 3 3 Under angled surfaces

The gyroid and star infill patterns were changes from the previous TPV tests. Star infill was
expected to perform well in compression, due to the vertical walls that wouldydoacl load likea
honeycomb structure. Gyroid is a structure that has continuous open channels running throughout the pa
and this is desirable because for washout tooling this would allow dissolution medilr&de the entire

structure at once. An example of the gyroid infill is shown in figure 24.
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Figure24 A 3D Printed cylinder with gyroid infill and no outer skins.
A rendering of the layout of samples 1-9 on the build plate can be seen in figure 25. This
rendering was captured near the upper portion of the samples, prior to the solid top lagers bei

deposited, so that the infill structures can be seen.
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Figure25 Top view rendering of samples 1-9 during the manufacturing process.
While the infill of most samples can be seen in figure 25, samples 4 and 5 show the thicker top

surfaces. These samples still have underlying gyroid infill structure.

Temperature Pressure Vacuum Test Procedure

The TPV test procedure for this test was similar to the procedure described previously for the
material TPV testing. However, it was completed at fractional temperaturesTgftthehow gradual
deformation and so the results could still be used to guide tool design with higher tempeastisdsm
The autoclave was, in a serial fashion, heated and pressurized to 60, 70, aatB386°kPa. Between
test temperatures, the autoclave was cooled, and the samples were photographed and evaluated for

deformation. Like the previous tests, the heating/cooling rate was approximately 2.8°C peramdhtite
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pressure ramp rate was approximately 43kPa per minute. The samples were at tenfpeuninutes

and the pressure ramp was initiated once the hold temperature was met.

Evaluation of TPV Structural Samples

The structural TPV samples were evaluated in a similar fashion to previous tests. A line was
marked on the top surface of each sample to assist in visualizing the deformation. Thewanaples

photographed and evaluated to determine which parameters influenced the robustness of the samples.

Results and Discussion

The parameters tested were infill type, infill percentage, top surface thickness, wall thickness,
nozzle size, carbon fiber loading, and secondary infill structures. In this section, theset@aravill be
compared to the control sample (sample 1) to determine the influence on structural pegormanc

Sample 1 and Sample 2 used gyroid and stars infill patterns, respectively, and can be seen in table 14.

Table14 Infill pattern test samples 1 and 2.

Temperature Sample 1: Control Sample 2: Stars (quarter-isogrid)
(°C)
Pre-test

70

80

The gyroid infill pattern had significantly better results than the stars infill paltetangential

work, the measured densities of various infill patterns were a few percer¢nliffiean what was
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specified in Cura Ultimaker; however, the difference small, so this is unlikely teelmause for the
significantly improved performance. Additionally, there may be some advantages to using gitroid inf
related to print speed. Some infill patterns like honeycomb require the printhead to degqeierab
changing directions, then accelerate again. However, gyroid is made up of smooth curving print paths,
thus it can be created without slowing as much as other patterns. It was found that gyrptiefiis

are beneficial to improving the dimensional fidelity of autoclave tooling and had addeddeziefed to

print speed.

In table 15, samples 3, 4, and 5 are compared to the control sample. These samples had increased
wall thickness, increased top surface thickness, and both increased wall and top surface thickness,

respectively.
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Table15 Outer skin thickness test samples 1, 3, 4, and 5.

Temperature Sample 1: Control Sample 3: Thick Walls
(°C)
Pre-test

70

80

Temperature Sample 4: Thick Top Surface Sample 5: Thick Walls & Top
(°C) Surface

Pre-test

70

80

The outer skin thickness comparison showed that thicker walls and top surfacesfdrénuse
increasing robustness. Another consideration was the addition of secondary supparestwittin the
infill structure. These included solid regions under the walls and centralssgjgbrts in the part. The

comparison of these samples is shown in Table
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Table16 The secondary support structure test samples 6 and 7.

Temperature | Sample 1: Control Sample Sample 6: Solid Under Sample 7: Solid Cross
(°C) Sloped Walls
Pre-test
70
80

The addition of secondary support structures was not found to be worthwhile. Whildidhey
improve the deformation locally, they increased the material usagel@ailag large regions of the sample
unsupported. As an alternative to secondary support structures, increasing tternsfilf could be used
to support the entire sample outer surface more evenly. In table 17, sampbesd® dwith infill densities

of 20, 30, and 40% respectively, are compared.

Tablel7 The effects of infill density are seen in samples 8, 1, and 9.

Temperature | Sample 8: 20% infill density Sample 1: 30% infill density Sample 9: 40% infill density
(°C)
Pre-test

70

80
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The higher infill density samples performed the best. Infill density was deeiito be the most
influential parameter for autoclave robustness of all the parameters evaludhesd&ETG samples.
The next test was to understand the impact of a different nozzle size on performance. Both 0.6 mm and
0.8 mm nozzle sizes were used to create samples with similar features. Both samples used, 36 infil
the 0.8 mm nozzle created larger beads and these were printed farther apart toh@w®adeetinfill

density. The geometry in this test was the truncated conical geometry. The results of thisahte 18.

Table18 Nozzle size test samples 12 and 13.

Temperature Sample 12: 0.6 mm nozzle Sample 13: 0.8 mm nozzle
(°C)
Pre-test

60

70

The nozzle size test showed that the infill printed with the thicker nozzle resulted in more
deformation at 70°C. This can be explained by the spacing between infill roads being greater for the
0.8mm nozzle than for the 0.6mm nozzle to maintain the same infill density. For a simplyeipport
beam, the span is an important factor in bending stiffness. There was likely worse perfoontree f

0.8mm nozzle due to the increased spans between supporting infill structures.

The final test compared a carbon fiber filled PETG and a neat PETG specimen. This test was

designed to investigate the impact of carbon fiber filler on performance in autoclavéocsndihe
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hypothesis was that adding carbon fiber would increase the HDT of the material, resulting irdnprov
performance. Table 19 shows the short carbon fiber filled PETG and neat PETG samples tested up to

80°C and 345kPa.

Table19 PETG samples 10 and 11, with and without carbon fiber loading, respectively.

Temperature SamplelQ: Carbon Fiber PETG Sample 11: Neat PETG
(°C)
Pre-test

70

80

This test showed that the neat PETG performed better than the carbon fiber loaded PETG, which
can be seen in the 70°C test where measurable distortion is noted for the carbon filled specinten and no
for the neat PETG specimen. The cause of this was assumed, after an analysis of the raw filament
densities, to be due to an increased void content in the carbon fiber loaded filament. Thelwarbon fi
filled filament had a lower-than-expected density, most likely due to poor fibengvetiring
manufacturing and a high void content at the surface of the carbon fibers. This seemed to reduce the load

transfer between the carbon fiber and the PETG resulting in poorer performance.

In summary, the parameter which made the greatest impact on the performance of the samples

was the infill density. Following this, by using gyroid infill the sample performance waswexgbover
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stars. Carbon fiber loading in PETG was not effective at reducing deformation. Finally, additiermal
solid structures were deemed unnecessary for improved performance. While the increase ireaozzle si
worsened performance slightly, it also reduces the print time significantly. Theds segiglest that

future prints should focus on increased infill percentage density and nozzle size.

TEMPERATUREPRESSURB/ACUUM STRUCTURALSAMPLE TESTING # NFILL AND ROAD WIDTH

After completing the structural tests with PETG and determining that infill percenteganv
important parameter for improving the robustness of a 3D printed tool, it was desied tmal small-
scale test before moving on to larger composite tooling samples. The larger scale tools wird txpec
take much longer to manufacture, on the order of days, so there was a desire to investigate the nozzle
diameter as that could reduce manufacturing time. The increase in nozzle size, as wehed&BTG
infill test prints tests with 0.6 vs. 0.8 mm nozzles, showed a widening of infill road spacirajrttain
the same infill density, resulting in fewer passes to create the infill structureiofdtlyy, ST-130 was
found to be the most robust tooling material from the material studies. Finallpgisurface thickness
was also of interest to evaluate, to determine if increasing the top surface thickness cowddedloged
infill density with similar results. Therefore, this test was aimed to verify the ingb@ozzle diameter,

road (or bead/print path) width, top-surface thickness, and infill percentageSTsitigp.

Experimentation

Materials and Equipment

Four specimens were manufactured from ST-130 using the Ender 5 Plus in a heated enclosure

with a 0.8mm nozzle. These specimens were tested in the same autoclave used previously.

Sample Preparation

The specimens all used the same truncated conical geometry from previous TPV tests, shown in
figure 13. They were manufactured with a nominal infill density of 40% using gyroid infill, thie infi

pattern that was determined to be most applicable for washout tooling with rapid mamdaserio the
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fast print speed and interconnected structure that would allow dissolution media toffivwously

through the infill regions. The samples manufactured are listed in table 20.

Table20 Sample matrix for infill parameter testing.

Sample | Infill (%) Infill Road Width Infill Road Spacing Top Surface Thickness
(mm) (mm) (mm)
1 40 0.8 2 3.2
2 ~53 0.8 15 3.2
3 40 0.6 15 3.2
4 40 0.8 2 4.6

Sample 1 was manufactured as a control sample, using the default infill road width and spacing,
and the maximum top-surface thickness (3.2mm) tested in the material focusedaleraggnessure
Volume (TPV) tests. Sample 2 was manufactured with reduced infill road spacing, withoutingpoitiéy
road width. This had the effect of increasing the density, from 40 to approximately 53%. Sample 3 had a
reduced road width, using the same 0.8mm nozzle. This sample would then have a decreased road width
and spacing, but it would maintain the same infill percentage. This was hypothesized to improve the
robustness of the specimen, given the reduced span between infill passes. Finally, the fplethssaim

a thick top surface. A representative sample is shown in figure 26.

Figure26 The four ST-130 samples prepared for testing prior to being loattethéautoclave. The top surfaces
were marked to aid in visualizing deformation.

Test Procedure and Evaluation

The samples were processed in a similar manner to previous tests. They were placed onto an
aluminum tooling plate, vacuum bagged, loaded into an autoclave, and then processed at a cycle
temperature. The conditions tested were at 121°C, with three pressures of 345, 483, and 621kPa (50, 70,

and 90psi). The higher pressures were used to accentuate deformation, as ST-130 had been able to survive
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the 345kPa tests with minimal deformation. Then they were allowed to cool and removed from the
autoclave prior to evaluation. The samples were photographed and visually evaluated fortideforma

using a straightedge.

Results and Discussion

At 345 kPa (50 psi), the deformation was minimal. However, at 621 kPa, the deformation was
slight, and could be seen by holding a straightedge across the sample. These results are shown in figure

27. The sample numbers in figure 9 correspond to those listed in Table 20.

Figure27 ST-130 specimens after testing including: control sample (1), increased inityl€2), decreased road
width/spacing (3), and increased top surface thickness (4).

The four infill parameter samples tested showed that, like the PETG sanglétefill density
had the greatest impact on the performance of the specimen. The samples showed dypad 8d8kPa
and additionally would only be tested to this value for the square pyramids. It is seen that samte 2 (~53
infill) performed the best, although marginally. This sample was the sathple with increased infill
density. However, based on the marginal improvement and to conserve materiakatioetidefault infill
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parameters (2 mm road spacing) for a 0.8 mm nozzle with 40% infitip{sal) were utilized for future

specimen manufacture.

DISSOLUTIONSTUDIES

Experimentation

As a cursory study of the washout characteristics of some of the tooling materials, including
ST-130, AQ-120, and AQ-180, several small test samples were manufactured to test the dissolution
process. The washout characteristics were compared to Solcore 100, a ceramic tooling makeriaathat

soluble binder and can be used for washout tooling applications.

Materials and Equipment

The 3D-printing materials that were carried forward into this portion of the study included
ST-130, AQ-120, and AQ-180. The two other materials that were evaluated in the Temperature Pressure
Vacuum (TPV) tests were CL-130 and BVOH, but these were excluded from the washout study because
of their low thermal stability. However, both AQ-120 and CL-130 performed similarly in thetd$?y/
but CL-130 seemed to have stopped being manufactured because it was no longer available for purchase.
Future studies after this dissolution trial would require significant nahtgrantities for testing so

CL-130 was not considered for these trials.

Both AQ-120 and AQ-180 require a water bath for dissolution and the washout time is reduced
significantly if the bath is heated. Infinite Material Solutions recommends a bath &urpesf 80°C to
increase the dissolution rat&T-130 is soluble in a heated basic solution, which is a disadvantage due to
challenges related to environmental safety. Stratasys recommends either Wkdesh\EroWorks
detergents to create a solution with 11-13 pH that is heated to 80°C. The approach taken by 8SU was
use an aqueous solution of trisodium phosphate (TSP) to result in a solution of at least 12 pH. Aqueous
TSP solution is a commonly used as an industrial cleaning agent and was investigated as an industrially
scalable, inexpensive alternative to the Stratasys solutions. The ceramic washout tooling media can be left

to soak in room temperature water, where the binder is dissolved, and the tooling can then beyphysicall
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removed rather than fully dissolving the tool. Alternatively, using high pressure water thg toetliia
can quickly be broken down. However, this process is made much easier by first allowingige tool
material to soak for some time. Ability Composites for example typically leaves carasinout tools

soaking overnight in order to rapidly remove the tooling the next day.

The 3D-printed samples were printed on the modified Ender 5 Plus using nominal settings for
each material. A 0.8mm nozzle diameter was used in the interest of increasing thactmengfspeed.
After printing, the samples were weighed and then dissolution was completed using analbeated
bath with a magnetic stirrer, specifically a Corning Hot Plate Stirrer model PC-351. A type K
thermocouple was submerged in the water bath and the heat setting on the hot plate was adjtisted until

solution temperature stabilized at the desired value.

Sample Preparation, Testing, and Evaluation

To compare the dissolution of the ceramic washout tooling material and the 3D printedtfilamen
25.4mm cubes were 3D printed. The samples were made with a nominally 3.2mm thick wall gicgy surf
and bottom surface. This corresponded to 4 perimeter print paths, 11 top layers, and 6 bottom layers. The
interior of the sample was a 40% gyroid infill. Additionally, two AQ-180 samples were mamaf@eind
one of them had holes drilled into both top and bottom surfaces of the sample, expoisifilg rigion.

This would allow rapid infiltration of the sample with the dissolution media, reducing the waisheut

The samples were submerged in the heated bath and the washout time was recorded as the time at
which the cube could be broken apart with tweezers. The ceramic tooling material, for exampést w
in the solution for 24 hours with only slight change in shape. However, upon agitation it ealilyg e

broken apart.

Results and Discussion

The mass, solution conditions, and washout time of each material are shown in Table 21.
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Table21 The washout time and information for each sample cube.

Material Initial Solution Washout Time
Mass (g) | Temperature°C) (hours)
Ceramic cube 11.3 18 1.0
ST-130 145 80 175
AQ-120 14.6 80 1.6
AQ-180 14.6 80 7.2
AQ-180, with holes 13.9 80 3.0

By using tweezers to agitate the samples, it could be estimated when the toolind maixdia
be removable in a typical application. For example, after only 1 hour or less in the water bath, tiee Solcor
100 test cube could be agitated and broken down. However, without agitation the cube retained its shape

for over 24 hours. Figure 28 shows a sample of the ceramic tooling media.

Figure28 The ceramic washout tooling sample prior to dissolution (left) and duriagldiign.

The ST-130 cube was placed in a solution composited of 200 g trisodium phosphate (TSP)
dissolved in 750 mL of water (~26% solution). The manufacturer specifies that a 1% solutioniof TSP
water has 12 pH. The higher concentration solution was used after no results were seen witfRe 1%
solution. At these high concentrations, the solution would become cloudy every 1-2 hours. When this
occurred, 250 mL of the solution was removed and replaced with an equal amount of fresh, heated
40% TSP solution. The dissolv&d-130 would create aaltlike substance as it was dissolved. This was
removed from the test cube whenever the solution was changed. The gel-like material is1Stopwe i
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29. After about 12 hours, a hole was noticed on the external corner meaning solution could flood the
interior of the infill region. At the 17.5-hour mark, the part was removed from the solutiaasihd
broken into two pieces. The infill region had coalesced into solid gel-like material. It wés @ittt that

the test was stopped because, in practice, the tooling material could be physically broken up at remov

Figure29 The gel-like substance forming on the surface offel 30 sample during dissolution trials.

Stratasys reports a dissolution rate for ST-130 of 12g/minute using WaterWorks detergent, and
6g/minute using EcoWorks. The washout rate using the TSP solution was much slower than the values
reported by Stratasys, indicating it was an ineffective alternative to either Waaikesrdétergent or
EcoWorks detergent. The AQ-120 and AQ-180 required less preparation of the solution used for
dissolution because they both used tap water. During dissolution, these materials also developed a gel
material on the surface, which unlike the ST-130 cube, was not removed during the test. The AQ-120 and

AQ-180 cubes are seen in Table 22 at various stages during their dissolution.
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Table22 The dissolution process is shown below for the AQ-120,18Q-and drilled AQ-180 samples.

Dissolution AQ-120 AQ-180 AQ-180 with hole
Stage

Pre-Test

During
Dissolution

After
Dissolution

The AQ-180 cube with drilled holes had completely softened, including the affér 3 hours
while the cube without drilled holes had intact infill after 7.2 houngwit was physically broken apart
The introduction of the drilled holes is consistent with the original fgarse the Gyroid infill to allow the

dissolution fluid to contact a greater surface area, which would be very effémtireducing the washout

time.
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CHAPTER 3: COMPOSITE MANUFACTURE ON PARTIALLY DENSE TRUNCATED
PYRAMID TOOLING

After completing the small-scale Temperature Pressure Vacuum (TPV) tests andnitegethmat
ST-130 was the most robust material choice, and that infill percentage was an impartamtedtr
parameterthese findings were taken to a composite tooling study. A truncated pyramid geometry was
used to 3D-print tools that were used to cure carbon fiber epoxy prepreg composites. Even though
sacrificial tooling media was used, the tooling was designed to be removable for evaluation. These
medium-scale, partially dense tools were evaluated for deformation both beforéeaicdmaposite
processing using a 3D scanner. The composites were manufactured in previously tested autoclave
conditions of 121°C and 345kPa. Additionally, while 3D printing, one tool used a surface smoothing
routine that uses the deposition nozzle to smooth the top surface. The top surfaces of the tools and the
molded top surface of the composites were evaluated using surface profilometry battabdfafter
composite manufactute understand the interaction between the composite and the tool. These tools
were compared against a baseline sample that was CNC machined from a billet ofsd@enifimic
tooling media by Ability Composites. It was important to determine how a tool deforing domposite
manufacture, and if a secondary sealing step is required to produce composites. If no secoimgary seal
step is required, this would eliminate a significant step from the manufacturing préwasssing

sacrificial tooling media.

COMPOSITE MANUFACTUREN TRUNCATEDPYRAMIDGEOMETRY

Experimentation

The purpose of these tests was to evaluate the processing of prepreg composites on printed
dissolvable tooling as compared to traditional washout tooling. It was important tctandethe
challenges of using 3D printed tooling as they relate to CTE and autoclave integrityioAtteas also
given to any epoxy ingress, poor part release, or mold release reactivity, as these whtéateug

potential issues. Additionallgninvestigation of improving surface finishes using a smoothing routine
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was completed. Two truncated pyramid specimens were additively manufactured. Only one printed
truncated pyramid sample used the surface smoothing routine and was compared to the satiaple that

not use surface smoothing.

Materials

A total of three truncated pyramid tools were generated for this portion ofithe $ivo were
manufactured additively using ST-130, and one was CNC machined from a billet of washout ceramic
tooling material, Solcore 100, by Ability Composites. The ceramic washout tool waasuaed
high-quality baseline material as it was known to be successful for composite maeufficeuceramic
tool was covered with PTFE tape to prevent epoxy ingress, provide a high-quality surface fthish, an
allow easy part releas8T-130 was chosen for the 3D printed tools based on its favorable performance in

the prior TPV studies.

The truncated pyramid tools were treated with a mold release prior to the prepred\layup.
different mold release was applied to each tool. They were Chemlease® 41-90 EZ Semi-Permanent
Release Agent and Stoner Molding Solutions G471 XK-22 LV.5 Mold Release. The pyramid that was

printed with a smoothing routine used the Stoner Molding Solutions Release agent.

The prepreg used for the manufacture of composite articles on the 3D-printed tooling was Toray
F2673C-07M plain weave carbon fiber epoxy prepreg. The prepreg used for the composite manufactured
on the ceramic tool wascarbon fiber plain weave with TCR UF3362 resin that was supplied and cured

by Ability Composites.

Equipment

The 3D printed tools used Cura 4.6 to generate the G-Code. After printing, the same autoclave at
CSU that was previously used for the TPV specimen trials was used to manufacture composg@articl
the 3D printed tools. This autoclave was capable of 200°C (400°F) and 690kPa (100psi), so was adequate

for composite manufacture. Ability Composites used their autoclave to manufacture aitomptse
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ceramic toalBoth before and after composite manufacturing, the tools were scanned by Ability
Composites using a FaroArm Edge with an LLP HD 3D scanner to create 3D point cloud data that could
be compared to the original CAD model. FaroArm systems accurately create point clsatsdata

combining the relative position of the 3D scanner in space with the scan results. Encoders in each axis of
the arm are used to locate the scanner. The comparison of the point cloud data to the CAD model was
done with PolyWorks Inspector software. The surface roughness of the tools was evaluated using a Taylor
Hobson Surtronic S-100 series drag profilometer using a standard type 112-1502 pickup, which operates

by dragging a small needle across the surface of the component that gathers the tneigitobie.

Preparation of Truncated Pyramid Tooling

The truncated pyramid geometry was a square pyramid, with a base dimension of 152.4mm, a
height of 25.4mm and a top flat square dimension of 101.6mm, as shown in figure 30. This change from
the round specimen of the tooling stability trials was made to ease the draping of the prepreg during
composite laminate preparation. The truncated square pyramid geometry included pé@dmath
thick solid outer surfaces that are shown shaded in figure 30, with an enclosed 40% dedsefidyr
region. The tool was designed to be removable from the cured composite, even though a s@rtble mat

was used, to allow evaluation of the tool after composite manufacturing.

Figure30 Cross-section of truncated square pyramid specimen geometry. A contpigtegds in Appendix A.
Two tools were 3D printed froilT-130 using Cura Ultimaker 4.6. Cura has a feature called
ironing, which was utilized to explore surface smoothing. The samples were printed usingaarencl
temperature of 105°C, an extruder temperature ofQ8&ind a build plate temperature of 126which

was near the maximum temperature that the stock heat bed could reach. The build plate had Kapton tape
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applied to improve bed adhesion. Additional print parameters inclugéahnys print speeda 0.3mm

layer heighta0.8mm nozzle size, and a 40% density gyroid infill pattern. The higher 40% density infill
was chosen in response to the deformation and print-through noted during the Temperature Pressure
Vacuum (TPV) trials, and to better support the larger top surface of the truncated square pyramid
specimens. The gyroid infill pattern was chosen as it has continuous open spaces which weestof inter
in terms of moving the dissolution fluid through the tool to ultimately reduce dissolutien ©nly one
specimen used ironing to modify the surface finish. The routine adds manyafésalspover the part

surface with very small stepovers and a small amount of material extrusion with the ggaloafing the
finish of the flat horizontal surfac&he parameters used for ironing were determined by manufacturing a
large quantity of smaller samples. The resulting parameters were: ironing 110%,%roning

speed = 16.7mm/s, line spacing = 0.1mm, and ironing patteript].D JA photograph of one of the

tools during manufacture can be seen in fiite

Figure31 One of the tools during manufacture inside the heated enclosure.
The three tools will be referred to as the Rough Pyramid, the Smooth Pyramid, and the Ceramic
Pyramid, where the Rough and Smooth Pyramids were 3D printed, and the Smooth Pyramid utilized
surface smoothing/ironing. The Rough Pyramid was treated with Chemlease® 41-90 EZ Semi-Permanent

Release Agent and the Smooth Pyramid used Stoner Molding Solutions G471 XK-22 LV.5 Mold Release,
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to ensure easy separation to allow for post-process measurements. Both mold releases werestiested b
Ability Composites commonly uses the Stoner Mold Release, and there was an interest in evaluating

mold release compatibility. No other form of surface sealing was used prior to aetpalaessing.

Autoclave Processing of Truncated Pyramid Tooling

The composites were processed on the truncated pyramid tools using a typical autoclave cure
cycle at CSU. The layup involved an aluminum tooling plate, a layer of peel ply, and a layer of
breather/bleeder. The prepreg material recommended non-porous release film, not peekpby, thisv
was not available at the time. The vacuum bag was pleated to prevent the bridging at the ctwmers of t
tool. The composites were approximately 1.2mm thick, made from 6 plies of Toray F2673C-07M plain
weave prepreg. Two composites were made on the Rough Pyramid, and one on the Smooth Pyramid. Two
composites were made on the Rough Pyramid to evaluate deformation after an additional miaigufactur

cycle.

The autoclave cure cycle for the Smooth and Rough Pyramid started with a ramp to 121°C
(250°F) at 2.77°C/minute (5°F/minute) that waartheld for 150 minutes to complete the cure under full
vacuum. The pressure was increased to 345kPa (50psi) once the cure temperature hold started. After the
150-minute cure temperature hold, the composites were cooled at a rate of approximately 2.7(&°C/minu
(5°F/minute) and removed for evaluation. The layup, vacuum bagging, autoclave cure, and demolding

steps are shown in figure 32.
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Figure32 Representative layup (a), vacuum bagging (b), autoclave cure (c),ranttliohg (d) steps of the
composite manufacturing process.

It was noted that upon process completion and cooldown to ambient temperature thee2D pri
tools had already fully released from the composite laminate. This is assumed és e af the

relatively high CTE of the ST-130 tooling material of 1’77 P°C as given in table 3.

Evaluation of Truncated Pyramid Tooling

The truncated pyramid tools and composite parts were photographed, and 3D scanned using a
FaroArm to document any changes in surface quality or deformation. The top surfaces of Hratools
the molded surfaces of the respective composites were evaluated using a drag profilometerrboth befo
and after cure to give insight into any changes to the surface quality. The surface roughness data was
takenat 9 evenly spaced points on the surface of the tool, with each point being measured in four

orientations that were 45° apart (0, 45, 90, and 135°). This aligned one measurement direction with the
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final print path or the ironing direction and resulted in 36 measurements per tmot on the top surface
only. The surface roughness of the conventional tool was not evaluated, as it depends on the surface
roughness of the sealant used. A diagram showing measurement locations and orientations can be seen in

Figure 33.

Molded
surface

N

Figure33 The approximate locations and orientations used to record the surfgbeess data on the tool (left) and
composite (right).

The profilometer used a 20mm stroke length over which data was recorded. Additionally, the
sides of the composite were removed using a Dremetdaake these measurements, as the profilometer
did not have any extensions that would allow it to reach inside the composite cavity to take

measurements.

Truncated Pyramid Results and Discussion

After 3D printing, the tools had high-quality surfaces with no indications of mgugi abnormal
process induced defectswas noticed that the smoothing routine improved the tactile feel of the surface
finish for the Smooth Pyramid; however, it also left regions of excess material andegppediscolor
the top surface, likely from material degradation as the rate of extrusion was cariogvthe ironing

procedure that the filament had more residence time inside the heated region ofitter eXthe seam is
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seen as a diagonal line running across the front of both tools, as seen in figure 34, that was caeised by th
start and stop points of the 3D printer path. Thssdesmmon defect in 3D printing. In general, the seam
would be located on a corner or edge of a part to hide the seam. However, in this study it was
intentionally placed on a face to allow for observation of the surface texture that waerteahtsf the

composite part.

Figure34 The as-printed Rough Pyramid tool (left) and the Smooth Pyramid tolot)(rig
After 3D-printing, the Smooth Pyramid was scanned with a FaroArm. The scan showed that the
tool wasundersized (indicated by the blue color of the scan on the angled edges) in the horizontal plane
by nominally 0.1-0.3 mm and too tall (indicated by the green/yellow tones of the horizontal smesurf
by about 0.3-0.5 mm. These deviations are measured as distances of the point cloud data to the nominal
surface, so for the sides of the tool the distances are measured normal to the scancedgadiata. The

3D scan of the smoothed tool can be seen in figure 35.

83



Units in
Inches

Figure35 The FaroArm scan of the Smooth Pyramid prior to composite manufacture

Both the Rough and Smooth Pyramid Tools were assumed to have similar deviations from
nominal, as caused by the 3D-printing inaccuracies. The 3D printer was not precisely calibrated prior to
tool manufacture. The calibration process would involve accounting for machine and part size change due
to CTE by creating a test sample with the same process conditions. Then, by comparing the actual
dimensions of the test sample to the nominal dimensions, it would be possible to eliminaterthis er
However, it was not accounted for and can explain the deviations seen in figure 35. Comib&red to
ceramic ControPyramid, the deviations from nominal were worse. The Control Pyramid Tool was
undersized on the sides (as indicated by the light blue sides) and too tall (as indicated by thepyellow t

surface) by only around 0.1mm as seen in figure 36.
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Figure36 The FaroArm scan of the ceramic tool prior to composite manufacture.|€@erspans are listed in
Appendix B.

After composite manufacturing, it was noticed that there was some epoxy transferrintdte p
tool surface on both tools, as well as damage to the Smooth Pyramid tool on one cornenrihile s
epoxy was transferred to the tool surface, as seen in figure 37, there was no indication ofgepssy in
into any unseen porosity of the tool surface. This suggests that there may not be a need forsgat 3D
tooling to prevent epoxy ingress, which provides significant time savings overamatigacrificial

tooling materials that tend to be somewhat porous.

Figure37 The Rough Pyramid (left) and Smooth Pyramid (Right) tools showncafteposite processing.
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The damage seen on the corner of the Smooth Pyramid was likely caused by epoxy flowing under
the bottom surface, creating a mechanical lock around the removed material. This type of damage is
typically seen as the tool shrinks due to the CTE of the material during cooldown. The teuxtiaee
created by the discreet layers likely contributed to the situation. While these tools iéictedaicithe
tools had been intended for reuse the mechanical locking could cause tool damage. So, if tool reuse is
required, then it would be advantageous to improve the surface texture by reducing the layeibeight
evaluate the effects of multiple cure cycles to represent the reusable tooling scenario, ampthsiteco
was manufactured on the Rough Pyramid tool. The sequence of tool and composite manufacture are

shown in figure 38.

a) 1 / c)

b) d)

b

Figure38 The Rough Pyramid tool and the resulting composite parts are shosva bemposite manufacture (a),
after one production cycle (b, ¢), and after two production cycle3.(d, e

As can be seen in Figure 38c and 38e, the surface texture from the weave of the composite
prepreg material was transferred to the completed tool. This was noticed for both the &rddetugh
Pyramid tools. This surface texture seemed to primarily affect the sheen of the surfaceftzad not
surface profile. The imparted texture was not detectible tactilely or using sprédibtemetry. The
epoxy on the cured composite likewise shared the surface texture of the tools, capturing the layer lines
and top surface finish clearly. If the molded surface finish was important in desiguildt e

advantageous to improve this finish. The molded surface of the composites creathd ®Rikigh,
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Smooth, and Ceramic Pyramid tools are shown in figure 39. The image of the composite swatfiede cre

by the Rough Pyramid tool is from the second composite production cycle completed on this tool.

a) b) C)

Figure39 The molded surfaces of the composites created by the Rough (a), Smpattd (@eramic (d) Pyramid
tools are shown.

The surface finish created by each of the 3D Printed tools was poor when compared to the surface
finish imparted by the PTFE tape that was used to seal the Ceramic Pyramid tool. This is s, sgrpri
the PTFE tape has a gloss texture. However, the seams from the tape were present on thacknal surf
finish of the control sample. Further investigation into improving the surface 6h&D printed tooling
may provide sufficient improvements to be acceptable for composite processing withtaridasg

sealing procedure like applying PTFE tape, sanding, or machining.

After these cure cycles, the tools and composites were 3D scanned using a FaroArm. The scans
created before and after composite manufacturing are shown for the Smooth Pyramid in figure 40, and the

complete set of 3D scans are listed in Appendix B.
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Figure40 The FaroArm scans of the 3D Printed Smooth Pyramid tool are shown (@farel after (b) composite
manufacture.

It should be noted that the tool was rotated 180° between FaroArm scans. To point this out, the
seam can be seen on the left side of the scan in Figure 40a, and on the right side of 40b. The Smooth
Pyramid tool showed minimal deformation after composite manufacture. Howevetppmianufacture,
there was local deviation recorded at the corners of the tool top surface due to mateérigd belated to
the smoothing routine, which is most obvious as the orange shades in the lower left corner of the
FaroArm scan, in Figure 40a. The material buildup is undesirable, but further tuningraj iron
parameters may have provided a solution to that issue. The composite that was produced on the Smooth
Pyramid tool is shown in figurél, which also shows where the material buildup on the tool surface

transferred to the composite part produced on the Smooth Tool.
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Figure41 The FaroArm scan of the composite manufactured on the Smooth Pyransbdweihg the seam and
region with excess material did transfer to the cured composite.

The scan shows the slightly deformed top surface, where the lower left side of the top surface is
approximately 0.5mm higher than the upper right surface. There was no known cause for this uneven top
surface. The Rough Pyramid tool was used to manufacture composites as well, but 3D scans were not
completed prior to the first composite was processed. However, scans were made afteatite first

second composite processing cycles. These scans are shown in figure 42.
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Figure42 The Rough Pyramid tool scans after one processing cycle (a) and twosprgasgles (b).

Like the previous scans, the tool was rotated between scans. However, this time the tool was
rotated 90° counterclockwise, as indicated by the seam locations. However, in both cases the top surface
appeared to be similar, with little to no deformation induced by the composite process cycletdihe cen
of the top surface was depressed, which may have either been from composite processingatetormati
from manufacturing process error. One possible explanation could be from the printhregadgcha
directions. It is common for 3D printed components to have excess material whenever thadorinthe
changes direction due to the printhead slowing down and speeding up. Typically, this is accounted for so
that as the printhead direction changes and the printhead slows down, the extrusion rate is reduced as
well. However, the printhead speed and the extrusion rate are often not accounted for perfectlgsso exce
material can be deposited at the edges. This is like what was seen in the scans of the Smooth Pyramid

tool, except the ironing speed was slower than the print speed, so there was a smaller region where the
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printhead was changing speeds. Alternatively, the tool may have deformed during the cure of the

composite and the center was depressed then. However, this seems less likely as there was no progression
of tool deformation between the first and second autoclave cure cycles. Like the smoothrtpol, ma

features from the tool were transferred to the cured composites. The scan in figure 43 clearlyeshows t

undersized sides, the oversized top surface, and the seam.

Units in inches

Figure43 The first composite manufactured on the Rough Pyramid.
After the first manufacturing run, the Rough Pyramid was used to make a second composite par
to evaluate how the tooling changed after multiple autoclave cycles. The scan of the second composite

part produced on the Rough Pyramid is shown in figure 44.
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Units in inches

Figure44 The second composite cured on the Rough Pyramid tool.

The scan of the second composite shows a slightly deformed geometry from the first composite
scan. This composite tended to have a deviation of approximét@l§3mm, as compared to the last
composite which had an approximate deviation dd.26mm. While the agreement between this
composite and the nominal geometry is improved from the previous composite manufactured on the
Rough Pyramid, it shows that some deformation occurred. It is unlikely that a soluble tookniglmat
would ever be used to manufacture more than one composite due to the sacrificial nature of the tooling
however, this test suggests that this material is near the limit of its pnocesaditions, anit may

slowly deform at elevated temperatures or after multiple cycles.

The two tools showed good thermal stability and did not deform significantly betweenTh@es.
satisfactory performance of the tools indicates that the surface thickness, 40% gyrpahuhfilaterial
choice were sufficient to maintain the desired geometry. However, given the small deforrintiéon o

second composite, the tools are near the limit of their capabilities in terms of prg¢esgperature and
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pressure. These results suggest that the infill density and outer thicknesses should bd focrease
improved geometric fidelity, or that with increased infill density increased avwclbnditions could be
pursued. In future applications of 3D printed tooling to autoclave cured composites, it would baddenefi
to ensure the machine is calibrated to produce the correct size of geometry, accoargifaerchange
during autoclave processing caused by the CTE of the thermoplastic tooling material and itmgrov
printer firmware to better account for the speed change when the printhead changesslirestitting

in less material extruded on the edges of the tools.

The surface roughness of the tools and parts were also measured to give insight into any changes
before and after cure. Table 23 shows average surface roughness values measured for the top, horizontal
surfaces of the truncated pyramids throughout the manufacuturing process. Both Ra arel Rz wer
recorded. Ra represents the average height between peaks and valleys relative to the mean measured
height, while Rz is a measure of the maximum height difference between the highest peak and lowest

valley in the measurement region. These were assumed to be good representations of the surface quality.

Table23 The surface profilometry data for the truncated pyramid tooling

Sample 5D P 5] P
Rough Tool after % cure 4.2 25.8
Rough Tool after ? cure 3.3 20

Composite cured on Rough Tool 4.7 29.3
(1%t cure)

Composite cured on Rough Tool 4.9 27.8
(2" cure)

Smooth Tool before cure 7.5 35.2

Smooth Tool after cure 5.7 22.8

Composite cured on Smooth Tool 4.7 24.7

The results of surface profilometry indicate a decrease in roughness of the tobleafter t
composite part is processed. This result could be from residual epoxy or from local surface ideformat
of the tool surface occurring during the prepreg cure. The composites manufactured on the Rough Tool
both had increased roughness compared to the tool. The composite manufactured on the Smooth Pyramid

tool had Ra lower than that of the tool surface, but a medial Rz value compared to the roughesss val
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the tool both before and after processing. This suggests that ironing can be effective in improving the
final composite part surface finish, even though the effect on the tools surface seemed. nlihan
reduction in surface roughness after composite processing seems consistent with Edabflattthe

peaks on the tool surface during composite processing.
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CHAPTER 4 COMPOSITE MANUFACTURE ON PARTIALLY DENSE BENT DUCT
TOOLING

The truncated pyramid studies indicated that partially d8AsE30 tooling could be used to
manufacture composite structures with minimal deformation at cure temperat2ds G6fat 345kPa,
and that they did not require secondary sealing to prevent epoxy ingress. However, because the truncated
pyramid tools did not represent a trapped tooling situation, a bent duct geometry was studiad tha
larger, more complex, and could not be removed from a cured composite without removatrifcalsa
tooling. The bent duct geometry was manufactured additively using a partially densérifiire based
on the results of previous truncated pyramid trials. A baseline bent duct to6NGsachined from a
solid billet of conventional washout tooling material by Ability Composites. Both pgesesanufactured

the tool in halves that were then bonded together.

Ability Composites was interested in further elevated processing conditions of 160°C at 414kPa,
which were significantly higher than previously tested and much higher thag ®i&T-130 which is
132°C. In previous studies, the, ®f ST-130 had not been exceeded, however these cure conditions were
desirable because they were more typical of those used by Ability Composites, and of many advanced
composite systems with elevated temperature requirements. Ability Composites againiassisted
composite layup, cure, and 3D scanninghefbaseline and 3D printed tools. There was little knowledge
of how these tools would perform at the elevated temperatures, because all thelngsémples had
been tested at 121°C at 345kPa. The two compaosite parts produced were scanned externally using a

FaroArm that accounts for the thickness of the composite to determine the approximate tool ideformat

Experimentation

Materials
The 3D printed tool was manufactured fr&m130, and the corresponding bent duct washout
tool was made Solcore 100 by Ability Composites. These are the same materials that were used

previously in the truncated pyramid studies. Ability Composites also indicated that sasdatibeen
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exposed during machining of the baseline Solcore tool and these had to be filled by mixing excess tooling
media with water to form a paste that was then pressed into the exposed voids. Both the print&di and CN
machined bent duct tools were wrapped with PTFE tape to prevent epoxy ingress. The prepreg used fo
the composite articles was a carbon fiber plain weave with TCR UF3362 resin, supplied and cured by

Ability Composites.

Equipment

These tools were manufactured on the modified Ender 5 Plus. This printer was modified to use an
enclosure temperature of up to 105°C. The composite articles were processed in the autoblhtye at A
Composites. Once manufactured, the composites were photographed, and the outer surfacesmagre scan
with the same FaroArm Edge that was used in the truncated pyramid trials tgoretitdoud data of

the samples both before and after composite manufacturing.

Preparation of Bent Duct Tooling

The bent duct tool geometry involved a 101.6 mm x 152.4 mm (4 in X 6 in) cross section that was
swept in two directions. The length of the tool was designed to fit onto the print bed of an Ender 5 Plus

3D printer, so its length was 317.5 mm (12.5 in). The bent duct tool geometry is shown in figure 45.

Figure45 Geometry of the complex tooling.

96



Two ducts were manufactured, one as a baseline from sacrificial tooling media, and one from
ST-130 using 3D-printing. Both ducts were manufactured in two halves, then bonded together at the

midplane. The midplane can be seen in figure 46, and detailed geometry can be found in Appendix A.

Figure46 The bent duct geometry showing the two halves.
The tool that was manufactured using ceramic tooling media will be referred to as Thé Contro
Duct (0) and the tool made from ST-130 will be referred to as the Split ST-130 Duct (1ydrhalves
of the Control Duct (0) were manufactured using a CNC process by Ability Compositesnadigining,

the tool halves were bonded together, then wrapped with PTFE tape to seal the tools.

The Split ST-130 duct (1) halves were printed separately in a horizontal build orientation. This
tool was printed using a 40% dense gyroid infill, 3.2mm wall thickness, 3.3mm top thickness, and 1.3mm
thickness on the bottom print surface (which would become the bonding plane). The thinner bottom
surface would eventually be bonded to the other half, effectively doubling the thickness of #uat glurf

the tool. These structural configurations were determined from the prior stfidigclave robustness.

Ironing was additionally used on the horizontal regions of the duct to attempt to improve the
surface finish. The same 0.3mm layer height and 0.8mm nozzle were used to manufacture this tool, like
the truncated pyramid trials. The relatively large layer height and nozzle size, as well asale par
dense infill were chosen to reduce the manufacturing time of this tool. The manufactueédhaffai the
Split ST-130 Duct (1) on the Ender 5 Plus is shown in figure 47. Additionally, the tools included

fiduciary 12.7 mm (%2 in) hemispherical impressions to seat ball bearings thatallow for easier
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locating of the composite after manufacturing. This would represent a common approach useityby Abil

Composites for locating a composite for trimming operations after autoclave pngcessi

Figure47 Printing the SplitST-130 Duct (1).

In total, the two halves of the Split ST-130 duct took approximately 4 days, 17 hours, and 46
minutes of print time and used 3.08kg (6.8lb) of material, even with the large layer heights and nozzle
size. After printing, the two halves of the duct were match drilled to aid in washout befaydbeded
together using EPON 828 epoxy resin and EPIKURE 3140 hardener. The match drilling process involved
drilling holes on each half of the printed tool that would align once bonded to allow dissahetitien to
pass between the tool halves. The bonding process was made difficult due to a small amount of warping
that developed on each print. The warping created a 1-3 mm gap at the bonding plane that did not
completely fill with the first application of epoxy. During bonding, the two tool halere wlamped
together, and the clamps applied enough force to slightly close the bond line. However, dustdtre
additional epoxy thickened with glass microspheres to completely fill the bond line. The ¢oicksxy
was applied and allowed to cure at room temperature, then sanded to be flush with the tool surface. The
room temperature cured epoxy was post-cured at 100°C for 1 hour after a 2.8 °C/minute ramp up. The

manufactured duct halves, as well as the bonding process, are shown in figure 48
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Figure48 The ST-130 Split Duct (1) was printegdtwo halves and utilized ironing on the surfaces indicated by the
red arrows (a, b), had holes drilled in the bottom bonding surface (c), wdsdtogether (d) and clamped to
cure (e).

The bonded tool was postred to improve the bond strength, but upon cooldown the tool
fractured along layer lines. The crack opened along one end of the duct. A combination of thermal
stresses from printing, stresses introduced from the clamps during bondingeranal toading during
the post-cure likely caused this failure. The developed crack was filled using the same thickened epoxy.
The result of post-curing the filled crack was another small crack that appeared in thestead bf
attempting to repair the second smaller crack, the tool was wrappedWrttape to seal the surface,
and a composite was manufactured on the cracked tool with minimal negative impaitifraefect.

The completed tool (witholRTFEtape) is shown in figuré9.
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Figure49 The tool had a significant crack form during the post cure of the em®d/to bond the two halves
together (a). This crack was then filled, and post cured again (b). Doersgtond post cure, a new crack
formed (c) and can be seen traversing multiple layers (d).

ST-130 has a relatively high coefficient of thermal expansion, making the environment
temperature an important printing parameter to prevent thermal stresses, vearpiogcking. The
enclosure temperature was at 105 °C for the manufacture of this duct, which was deemedtthe limit
avoid damaging the plastic components within the heated chamber. However, had the enclosure
temperature been closer to the CTE of the material, the warping that occurreddikel have been

prevented which would have reduced the chances of cracking during the bonding process

Autoclave Processing of Composites on the Bent Duct Tooling

The Split ST-130 Tool was delivered to Ability Composites for composite manufacturing. The

Control Duct (0) and the Split ST-130 Duct (1) were both manufactured using 12 plies of prépreg.
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layup procedure involved debulking after the first ply, and then again after every 3-4 plies. Theqalies
13-25 mm ply overlaps in the corners, resulting in more prepreg material and a thickergresul

composite in the corner regions. The layup included release film and breather/bleedal toabaintain

a vacuum path. Then the tools were vacuum bagged using an envelope bag, which is where the bagging
material envelopes the entire part applying both vacuum pressure and the autoclave pressureaiivenly on

outer surfaces of the tool. This would be similar in concept to how a food item could be \sEaied

The nominal cure cycle for these ducts included a 2-stage temperature and pressure cycle while
maintaining full vacuum throughout the cure. The initial hold temperature was 82°C (180°F), at a
pressure of 207kPa (30psi) for 2 hours, followed by a second hold at 160°C (320°F) for 5 hours at a

pressure of 414kPa (60psi). This programmed cure cycle is shown schematically in figure 50.
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Figure50 The nominal autoclave conditions programmed for the cure of thedC@uct (0) and the Split ST-130
Duct (1), which used a carbon fiber plain weave with TCR UF3362 resin.

After composite manufacture, the components were allowed to cool and then moved to 3D

scanning for evaluation.
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Evaluation

The tools were compared using FaroArm scans and photographs both before and after autoclave
processing of composites to evaluate the deformation induced by composite processing. Ability
Composites completed the FaroArm scans of the outside of the composite and accoumiinigufioinate
thickness so that the scan point cloud data and the CAD data could be accurately comipawed wit

removing the composite from the tool.

Results and discussion

Bent Duct Tooling Geometric FidelitgControl Duct (0)

The Control Duct was expected to perform well, as Ability Composites had used the material
before and previous truncated pyramid studies with Solcore 100, the tooling material, showed great
geometric fidelity after autoclave processing. The FaroArm scan of the ceramic washowtftoelabd

after autoclave processing, is shown in figure 51.

Units in
inches

Figure51 The FaroArm scan of the CNC machined Control Duct (0) both befotedref after (right) autoclave
processing.

The ceramic washout control sample was manufactured to within approximately +0.13/-0.26 mm
(+0.005/-0.010 in) of nominal. The scan on the left was performed prior to applyiRg Bigape wrap,

however the tape is present in the scan of the tool on the right and can be seen even though the scan was
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of the outside of the composite. TREFEtape was 0.13mm (0.005 in) thick, so in design, this extra
thickness could be accounted for. In this case, it was not considered. The duct showed overall good
consistency after autoclave processing. There were some regions in the corners of the tool where the
prepreg wrinkled during cure, creating high spots in the scan. The tool was soaked in water for 6 hours
allowing it to soften, then removed manually. The tool was easily removed, but in the future azeassur
water jet would make removal much easier. Figure 52 shows the Control Duct (0) beforeratublaft

removal.

Figure52 The completed duct before and after washout tooling material removal.
The Control Duct (0) performed as expected, providing a rigid structure to mold the cemposit

throughout the entire cure with no indication of structural deficiency.

Bent Duct Tooling Geometric FidelitySplit ST-130 Duct (1)

A composite was manufactured on this tool by using an envelope bag around the whole part and
curing in the autoclave. This was the same vacuum bagging approach that was used for the Control

Duct (0). The completed duct with the tool trapped inside is shown in figure 53.
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Figure53 The cured part and tool used for duct 1.

The cured composites shown in both Figure 52 and 53 showed that the adhesive used to bond the
two tooling halves together protruded from the surface, showing up on the outer surface of the&omposi
This was also noticed in the composite manufactured on the Control Duct (0). This may have been due t
the adhesive not being sanded exactly flush with the tools. The Split ST-130 Tool collapsed completely
during processing. The tool became smaller in all directions, likely collapsing into theeigifin. The
tool, still wrapped irPTFEtape, can be seen in figure Bdility Composites recorded the cure
conditions for this composite, and a vacuum bag leak was recorded that can be seen developing at around

the 290-minute mark in the vacuum trace shown in figure 54.
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Figure54 Cure cycle used to manufacture duct 1 showing a loss of vacuum.

The loss of vacuum, beginning around the 290-minute mark, is assumed to be associated with the
timing of the tool failure. It is assumed that the tool remained intact throaghitial 1 hour hold at
82°C, which is well under the previously tested conditions where ST-130 was found to be stable.
However, after nearly 2 hours of the 160°C hold, the vacuum was lost. Given that tlsitesipape
was relatively accurate, it is assumed that the tool remained stable long endbghctonposite to
develop a high enough degree of cure that the composite remained rigid even when the toal.collapse
Upon collapse, it is thought that the sharp corners on the ends of the partially cured compddit@veou
compromised the vacuum bag. 3D-scans were completed using a FaroArm before and afterumiagufact

the part. These are shown side-by-side in figure 55.
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Figure55 Scans of the tool (left) and part (right) were made using a FaroArm by ABdityposites.
7KH WRRO VFDQ VKRZHG WKH WRRO ZDV RYHUVL]HG E\ PP

WKH WRRO 7KHUH ZDV RQH ORZ VSRW W.KADdtomalf/ SkeBidad &f the PP
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likely due primarily to the bonding process that attempted to account for warping chanmgacturing. It
may have also been compounded by 3D printer inaccuracy. The composite deformation was around

PP over large regions of the duct, further indicating that the tool maintained satuctu
integrity long enough that the composite was able to rigidize and withstand the autoclave prégsur
corners had high spots, which can be attributed to the overlaps of plies at the corners and resulting
wrinkling. The ends of the part deformed the worst, resulting in up to 1mm of composite partatiei
in some regions. ThHBTFEtape is also clearly visible in the scan of the tool. The collapse of this tool
indicated that the 160°C (320°F) cure temperature tested was too high for this toolingl mdterhold
temperature of 160°C (320°F) and pressure of 414 kPa (60 psi) were notably higher than the values used
in the preliminaryT PV trials or the truncated pyramid tooling. However, considering the significant
challenges in bonding the two duct halves together and the catastrophic failure of the wehettal

geometric agreement between the composite and the CAD model was surprisingly good.
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CHAPTER 5: COMPOSITE MANUFACTURE ON HOLLOW BENT DUCT TOOLING

EXPERIMENTATION

The Split ST-130 Duct (1) was produced with an internal 40% dense infill region, a 0.3mm layer
height, and a 0.8mm nozzle to reduce the weight, the material use, and the manufacturihowiner,
it still consumed over 3kg of material and took more than 4.5 days to print. It was then useds®aroce
composite article at a hold temperature of 160°C and 414kPa, but these conditions were much higher than
the tooling material was expected to perform well at and the tool failed catastriyplemiédpsing in on
itself. The failure motivated an investigation into an alternate tool design éiséhtgnded to reduce the
likelihood of the tool itself crushingh hollow tool, with solid walls, was designed that could utilize a
vacuum bagging approach that allowed the bag to cover both the inner and outer surfaces of the tool. This
concept was intended to allow a nominally equal autoclave induced pressure on the inside and outside
surfaces of the tool, thus reducing the likelihood of deformation. Further, since the tedhvifaié
concept were solid, there were no partially dense infill regions that were prone to collapse, and thus
reducing the chances of deformation. This was a significant deviation from the approach used for t
previous Temperature Pressure Vacuum tests, the Truncated Pyramid tests, and from the kx@al with t
Split ST-130 Duct (1), which all used partially dense infill structure. This tool concept and vacuum

bagging approach are shown in figure 56.
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Figure56 The hollow duct geometry and the new vacuum bagging approach, withghtsdge inserted through
the vacuum bagged component to better visualize the approach.

Additionally, there were added benefits of the new approach related to manufacturing and tool
guality. These hollow tools could be printed in a vertical orientation in single print vadaoed the
need for a bonding step. Additionally, the improvements from the Split ST-130 Duct (&) telateight,
material, and time savings, which were significant. By moving from the 40% dense Split STet3Q)D
to the hollow configuration, the time savings allowed a refinement from a 0.3mnhkigét to a
0.17mm layer height for the hollow ducts (2-6) and 0.16mm layer height for tools 7 and 8, which
substantially improved the as-printed surface finish. For example, the Split ST-130 duct was
manufactured in 4 days, 17 hours, and 46 minutes of print time and used 3.08kg (6.8Ib) of. imaterial
comparison, even with a reduced layer height, the print time and material usage fomtheT®idk
ST-130 Duct (2) were reduced to 2 days, 17 hours, and 45 minutes and 1.17 kg (2.59Ib), respectively. The
Extra Thick ST-130 Duct (7) with 12.4mm thick walls only used 2.24kg of material and took 3 days, 15

hours, and 25 minutedviost importantly, the hollow geometry was predicted to allow improved tool
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performance in the autoclave due to the reduced structural requirements of the tool when vggedm ba

on both inner and outer surfaces, as depicted in figure 57.

Excess bagging material i
corners to prevent bridgin

o e ||
\ \ / - Inner vacuum bag
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Figure57 Depiction of the vacuum bagging scheme on the hollow duct geometry.

The reduced structural requirements can also be shown mathematically, by considering the
surface area of the vacuum bag on external and internal sides of the tool. If the outer surfagg, &ea, A
greater than the inner surface area, But the autoclave pressure is equivalent on both surfaces, then the
net force can be shown to be greater on the outer surface of theotweler, this difference may not be
very large with thin-walled tools. By using equations 1.1-1.3, it can be shown that for a lihidktool
(the highest thickness and worst-case scenario tested) the outer perimeter is 486nennaed t
perimeter is 408mm. This difference in perimeter length corresponds to a net forandéfef
approximately 20%, with more force being applied to the outside of the tool.

(aecl ecaos &b (1.0)
(vl Z5ecaon s (1.1)
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<" a#cP fya (1.2)
—SteuedP ©a (1.3)

As the tool thickness approaches zero thgreMAou: and k = Fou, indicating that the optimal
tooling would be infinitely thin. However, since the tool would still be processed at teorpsrat
significantly above the glass transition temperaligeand would behave rubbery, it would likely fail
due to the weight of the consumables, the composite materials, and the tool itself. So, \&gdasm
and wall thicknesses were evaluated to understand the impacts of the new vacuum bagging scheme on
autoclave robustness at temperatures that exceed ti¢hE material. This was the fundamental
approach to processing composites on tools above the upper limit of the tooling rettkili. These
ducts were printed using 3.2mm (0.125 in), 6.4mm (0.25in), or 12.4mm (0.49in) wall thickiesses.
summary of the different tool configurations, including the previously evaluated Contemld@plit

ST-130 (1) ducts can be found in table 24.
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Table24 Various duct geometries and materials used for manufacturing compositepéris project.

Duct Tooling Prepreg Material Wall Maximum 3D Printer
Material Thickness | Autoclave Chamber
Conditions Temperature
Control (0) Ceramic Plain Weave N/A £ 160°C at 105°C
Washout TCR UF3362 Control 414kPa
Tooling Duct
Split ST-130 Plain Weave N/A +Split 160°C at 105°C
ST-130 (1) TCR UF3362 Duct 414kPa
Approach
Thick ST-130 Plain Weave 6.35 mm 160°C at 105°C
ST-130(2) TCR UF3362 (0.25in) 414kPa
Thin ST-130 Plain Weave 3.2mm 160°C at 105°C
ST-130 (3) TCR UF3362 (0.125in) 414kPa
Thick AQ-120 Plain Weave 6.35 mm 160°C at ~55°C
AQ-120 (4) TCR UF3362 (0.25in) 414kPa
Thin AQ-120 Plain Weave 3.2mm 160°C at ~55°C
AQ-120 (5) TCR UF3362 (0.125in) 414kPa
Thin AQ-180 Plain Weave 3.2mm 160°C at 90-75°C
AQ-180 (6) TCR UF3362 (0.125 in) 414kPa
Extra Thick ST-130 Satin Weave 12.4mm 160°C at 122°C
ST-130 (7) CYCOM 5320-1 (0.49in) 414kPa
Thin Low ST-130 Plain Weave Toray  3.2mm 121°C at 122°C
Temperature F2673CO7M (0.125in) 345kPa
ST-130 (8)

The ducts 2-6 were initially manufactured and evaluated to understand the impact of ngpterial t
and wall thickness on the success of the tooling. However, later in the study it became appahent that t
evaluation of ducts 7 and 8 would be useful. The Extra Thick ST-130 tool (7) had a 12.4mm wall
thickness to attempt to minimize deformation. Duct 8 was prepared to evaluate themolexc
geometry at the same cure conditions that had been previously tested in the Temperature Pressure
Vacuum tests and the Truncated Pyramid trials using the new vacuum bagging approach. Each of these

ducts would provide new information regarding autoclave tooling stability.

Materials

Ducts 1-8 were manufactured using 1.75mm feedstock materials using nominal processing
conditions for each material unless stated otherwise. In some cases, the print parameters tiyere sligh

modified to improve print performance. The 3D printing materials used werasyseé8T-130, Infinite
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Material Solutions AquaSys-120 (AQ-120) and AquaSys-180 (AQ-180), and the individual tochlnater
were listed in table 24. For AQ-120, challenges with heat creep in the extruder thegedewing the

duct prints necessitated the switch to a direct drive extruder. Heat creep is a pritfumgtoa where

the filament binds in the extruder, preventing material flow. The enclosure wasrigftd for AQ-120, so
that the approximate chamber temperature was only passively heated by the bed and reached an

approximate temperature of 55°C.

Most of the composites were made from the same carbon fiber plain weave prepreg using
TCR UF3362 resin supplied by Ability Composites. However, two tools were used to manufacture
composites using different prepregs, namely Toray F2673C-07M plain weave carbon fiber epoxy prepreg
and a CYCOM 530-1 resin prepreg system with T650-35 3K 8HS Fabric 36% RW reinforcement. The
CYCOM satin weave prepreg is processable using the same cure cycle as TCR UF3362 and was meant to
be a similar prepreg and was used to manufacture the composite on the Extra Thick ST-130Tu®l (7)
Toray prepreg was useda lower temperature curing material, which would be used to process the Thin
Low-Temperature ST-130 Duct (8) at reduced autoclave conditions of 121°C at 345kPa. Mold release
was typically not used due to the trapped nature of the tooling; however, some tools and composites were
destructively separated and in these cases, the tools were treated with Stoner Molding Solutions G471

XK-22 LV.5 Mold Releas#o allow easy release.

Equipment

The tools for ducts 1-6 were all manufactured using a modified Ender 5 Plus that had a maximum
enclosure temperature of 105°C, which allowed reduced warping during manufacturing. However, it
became clear after manufacturing the Control Duct (0), which had a large footprintistichathber
temperature was insufficient at reducing thermal stresses, leading to warping and cracking. Thus, the
decision was made to further modify the enclosure to reach elevated chamber tempetatuocthe
manufacture of the Extra Thick ST-130 duct (7), which had 12.4mm thick walls that would be prone to

cracking. The target temperature was 122°C, which was deemed advantageous because this temperature
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was closer to the glass transition temperature of ST-130 (132°C) which helps to reduakstiesses.

This upgrade was only completed prior to the manufacture of the tools for Ducts 7 and 8.

Ducts 2-6

Tools for manufacture of ducts 2-6 were manufactured on the modified Ender 5 Plus. This printer
was modified to use an enclosure temperature of up to 105°C. The composite articles weredgrocess
the autoclave at Ability Composites. Once manufactured, the composites were photographed, and the
outer surfaces of the composites were scanned with the previously used FaroArm Edge. The outer

surfaces of the composites were scanned, and the laminate thicknesses were accountedvimein soft

Ducts 7 and 8

The Ender 5 Plus was upgraded to have increased chamber temperatures and higher flowrates,
which would allow higher quality and faster printing of high temperature raktdilke ST-130. The belts
and other non-metallic components inside the print chamber were replaced with higher teeperatur
alternatives. One change included adding forced air cooling using a DC motor diaphragm air pump
knownas Berd-Air Cooling{ This approach uses air that is directed through tiny holes drilled in a metal
pipe at the printed material which cools the material. The air exits these orifices very qumkbyingr
rapid cooling. Ideally this should cool the materials to near their glass transitiorratumgeso that they
can rigidize, while still being able to dissipate thermal stresses. Cooling becomeésllgsSpgmortant in
high temperature enclosures that approach the matgriah€re natural passive cooling becomes
sluggish. Without cooling, it was found that ST-130 prints were slow to rigidize and begaopo Tne
extruder cooling block and fan was replaced with a water-cooled extruder cooling block, to prevent the
fans from needing to be replaced after short periods of use at elevated temperdtitiesially, the
nozzle was changed to a Bondtech CHT nozzle with a 1.0mm orifice size instead of the previously used
0.8mm brass nozzle. This nozzle has a unique internal geometry that splits the filantar¢énto
channels that allows increased heat conduction to the filament through a larger sedaae seen in

figure 58. This results in much faster melting and flowrates.

113



Figure58 The Bondtech CHT nozzle has three filament channels, increasing material flowrate.
These modifications allowed the rapid manufacture of the final two ST-130 ducts (3.175mm and
12.4mm thicknesses) without developing significant thermal stresses, which was mosintfpothe

12.4mm thick tool that would be prone to cracking. The modified hotend is shown in figure 59.

b)

\C)

Figure59 The upgraded extruder can be seen with a water cooled heatsingrghAiBCooling (b), and a high
flow 1mmBondtech CHT nozzle (c).

The limit switches were moved outside the chamber and triggered remotely by flexible rods in
PTFE tubes, running from the homing point inside the chamber to the limit switch on the outside of the
chamber. The prototype design of this approach best shows the limit switches outside the ewdiosure,

the PTFE tubes containing the flexible plungers running to the homing locations inside therchamb
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Figure 60. The flexible plungers were made from PEI (Ultem 18MDGorinting filament, a®El has a

glass transition temperature of 217°C which would be sufficient for this application.

a)

b)

Figure60 The ends of the flexible plungers that contact the homing surfacesprinhehamber are circled in
red (a). The limit switches are shown outside the enclosure (b).

After 3D printing, composites were manufactured using the autoclave at CSU that was previously
used for Temperature Pressure Vacuum and Truncated Pyramid studies. After compositeuriagufact
the dimensional fidelity was documented by Ability Composites using a FaroArm to create 8D poin

cloud data that could be compared to the original CAD model.
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Preparation of Hollow Duct Samples

Tools 2-6
The tools were manufactured in a vertical build orientation. On tools 2-G-tode was
generated using Cura Ultimaker 4.6, and did not use a hollow CAD file. Instead, a solid CAD model was
used and 0% infill, O top layers, and 0 bottom layers were specified. Then, the walls were made using the
appropriate number of perimeter print paths to generate the wall thickness. By setting theprditers,
and bottom layers to 0 the walls would only be made from perimeter paths, creating concentric passes.
The sloped regions of the tool were also thinner oW KHVH UHJLRQV D uPRGLILHU PHVK
locally modify the settings for the overlapping regions in the slicing software to add apextpath to

ensure the thickness of the tool was maintainedepiction of this process is shown in figure 61.

b)

Figure61 This shows the solid tool geometry (a) and the modifier mesh (b) that was wegktan additional
perimeter road to the sloped regions of the tool (c).
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Ironing was not feasible because of the vertical build orientation; however, the smalter lay
height and the relatively steep surfaces reduced the stair-stepping effect betweendhiyeysroning
less critical. The vertical print orientation is shown for the 6.4 mm wall thickness Thi¢B@&Duct (2)

in figure 62.

Figure62 Hollow bent duct printing process for the Thick ST-130 Duct (2).
The manufacturing process of each of the hollow ducts (ducts 2-8) was completed in a single

step, unlike the process used for the Split ST-130 Duct (1).

Tools 7 and 8

The hollow tools for ducts 7 and 8 were manufactured using the upgraded Ender 5 Plus, and they
used modified print parameters. First, the new ducts used a chamber temperature of 122°Casvhich w
closer to the Jof ST-130. The layer height was reduced from thvto0.16mm, which was optimized
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for the leadscrew pitch and motor combination for the z-axis to further improve surfaitg ugiag a

layer height calculator by Prusa Research [52] .

Ducts 7 and 8 also did not use the modifier mesh approach that was used for previous ducts.
Instead, the CAD model was adjusted to have the correct wall thickness, and the printeospéntan
per layer filling in gaps on the sloped wall regions. While somewhat slower, it resulted in an improved
surface finish on the inner surface of the tool by allowing all non-printing motion to iocttwe solid
infill regions. Previously, there was not an infill region that could be selected to méke moves
through, as the tool was made using only perimeters, so the inside surface of the duct had stuging i
These two ducts were manufactured with a 100.4% scale on the X-direction or the nominally 152.mm
(6in) side and a 100.1% scale on the Y-direction or the nominally 101.6mm (4in) side. This was done i
response to concerns over undersized tools 2-6. The tools were thought to have shrunk due to CTE upon
cooling from the print chamber temperature of 105°C. Both the tooling and the 3D Printg shzn
due to CTE when in the print chamber, so simply calculating the size change based on the CTE of the
material is not feasible. Therefore, the exact numbers used to scale ducts 7 and 8 wereddigrmi
printing a cross section of the duct, then measuring the outer dimensions to determinenthé&sotai
After this calibration, the printed geometry was measured with calipers to be wihid3mm (+/-

R1 Q RabhdiieX and Y directions.

Additionally, Cura Ultimaker 4.13 was used, which offered a unique setting that was utilized to
decrease the manufacturing time. The infill was printed every other layer, at double thieicapess.
This modification allowed the perimeter roads to be printed every 0.16mm to maintain theudiaies
quality, but the internal structure to be manufactured every 0.32mm, reducing the riftherprint
speed was set to 30mm/s for the perimeters and 22mm/s for the infill, however thatélovas still

higher for the infill regions. A depiction of this can be seen in figure 63.
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Speed (mm/s):
22 30

Flowrate (mnd/s):
0.76 9.54

Figure63 The speed and material flowrates for duct 7.

The infill approach and other modifications reduced the manufacturing time of the Extra Thick
ST-130 tool (7) and the Thin Low Temperature ST-130 tool (8) to be approximately 3 days 15 hours and
25 minutes and 1 day 16 hours and 35 minutes, respectively. The Extra Thick ST-130 Tool used an
estimated 22399 of material, and the Thin Low Temperature ST-130 Tool used an estimat&d 635g.

comparison of print time, material weight, and print rate for each 3D primbpédstshown in table 25.
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Table25 The material usage, print time, and overall print rates for the 3D printed ducts.

Duct Estimated Estimated Estimated | Total Print Rate| Total Print Rate
Material Use| Material Use | Print Time (g/hr) (cc/hr)
(9) (cc) (dd:hh:mm)
Split ST-130 (1) 3087 2594 04:17:46 271 22.8
Thick ST-130 (2) 117 987 02:17:45 179 15.0
Thin ST-130 (3) 714 600 01:15:57 179 15.0
Thick AQ-120 (4) 1303 987 02:17:45 19.8 15.0
Thin AQ-120 (5) 792 600 01:15:57 19.8 15.0
Thin AQ-180 (6) 756 600 01:15:57 18.9 15.0
Extra Thick ST130(7) 2239 1881 03:15:25 25.6 215
Thin Low Temperature 635 534 01:16:35 15.6 132
ST-130(8)

In table 25, the volumetric print rate was the highest for the Spiit30 duct (1) and followed
by the Extra Thick ST-130 duct (7). This was caused by a high spring force, which controls the pressure
applied by the filament feed gear, for ducts 1-6. This resulted in increased print rates batised
frequent feedstock breakage requiring restart. By upgrading to a high-flow nozzle gmimting ducts 7
and 8, the printer could be run more reliably, with a reduced spring force and no feedstock breakage.
Ducts 7 and 8 had a reduced layer height with comparable speed, resulting in further reduction of print
rate, and they used a 1mm nozzle instead of the 0.8mm nozzle which increased the print rate. The Thin
Low Temperature ST-130 Tool did not benefit from the infill being printed every other layer, bdwmause t
perimeter beads were wide enough to make up the entire thickness. However, the Extra Thick ST-130 (7)
tool benefited significantly, due to the large number of infill roads. As a comparison, the Bek&Th
130 tool was nearly twice as thick as the Thick ST-130 Tool (2), which were 12.4mm and 6.4mm,
respectively, but the Extra Thick Tool (7) only took 1.3 times as long even with the sligghilyed layer

height and speed (which both improved the quality of the print).

Autoclave Processing of Composites on Hollow Bent Duct Tooling

Tools 2-6 were delivered to Ability Composites for composite specimen manufacture0PLicts
and 2 used 12 plies of prepreg, while ducts 3-6 used 6 plies, and ducts 7 and 8 used 4 plies to save time on
layup. The different composite thicknesses will have some impact on the stiffness of both the unttured a
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cured composites, however this effect was assumed to be minimal. CSU aided with the taip &f

6, and the layup and cure of Ducts 7 and 8 were completed by CSU. Each composite was made using a
symmetric layup, with 0/90° plies on the molded tool surface as well as the visible extdatd,samd

+/-45° plies in between. Ducts 0-6 used a plain weave carbon fiber prepreg with TCR UF3362 resin. Duct

7 used Cycom 5320-1 satin prepreg. This prepreg was chosen because it can be cured using the same cure
cycle that Ability Composites used for curing composites on tools 0-6. Duct 8 used Toray 2510 spread

tow carbon fiber epoxy prepreg, the same that had been used in the truncated pyramid téaisdnat

cured at the lower process conditions of 121°C and 345kPa. The layup procedure for all samples involved
debulking after the first ply, and then again after every 3-4 plies. The plies usedri3{2$ overlaps in

the corners, resulting in more prepreg material and a thicker resulting compositeamireregions.

The composite layup process is shown in figure 64.

a) b) 0)

Figure64 A representative composite manufacturing process of one of the hollow duefssabsire tool (a),
during layup (b), and during debulk (c).

During the layup, the first step was to prepare the tool. The tools were first cleaned using dry
compressed air and/or isopropy! alcohol, as needed. Then, Stoner Molding Solutions mold release was
applied to tools 2, 7, and 8. After this, the laminate was applied, debulking after the first gigrand t

every 3-4 plies as necessary. Next, nonporous release film and breather/bleeder wer® aboled
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high-quality vacuum path. Finally, the composites were sealed within the vacuum bag pay#gilg speci
attention that pleats (folds made using excess bagging metegia located on the internal and external
corners of the tool to prevent the bag from bridging and inducing deformation. Tools 2-fleuseckt

cycle in figure 65.
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Figure65 The nominal autoclave conditions programmed for the cure of duct§tis7is the cure cycle that was
used to process Ducts 0 and 1 in previous studies that also used prepBGRvItH-3362 resin.

The Thin ST-130 Low Temperature Duct (8) used 3.175mm wall thicknesses and was processed
at reduced temperatures. It used the same Toray prepreg and cure cycie3tbairthted Truncated
Pyramid tools used, and first involved a 10-minute hold at 38°C to stabilize the autoclave. Then, it
underwent a 30-minute ramp up to 121°C where it was held for 150 minutes. Once the hold temperature
was reached, the autoclave was pressurized to 345kPa, which took about 8-minutes to reach the hold

pressure. When the hold was completed, the autoclave was depressurized and cooled, and the part was

removed from the autoclave.

After composite processing, both composites were planned to be destructively removed so that
the tool could be directly scanned, eliminating the need to account for the composite thickness in
software. The compaosite on the Extra Thick ST-130 Tool (7) was successfully removed using a Dremel

tool. However, the Thin Low Temperature ST-130 Tool (8) cracked in several places during composite
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processing, likely due to CTE mismatch between the tool and the composite causing fracture during
cooldown. It was worried that removing the composite would result in the tool breakimigoes,
which would prevent any scan data from being captured at all. So, the ply thickness was accounted for in

the 3D scan of Tool 8, using the same approach that was used for Tools 2-6.

Evaluation

RESULTS ANDISCUSSION

Thick ST-130 Duct 2

The second 3D printed tool that was manufactured and tested was made from ST-130 and was
manufactured using a 6.35mm thick hollow geometry. This geometry was printed upright, and only
required one print to complete rather than the two prints required for Duct 1. It had slightrgeomet
deviations from filament changes during printing primarily related to pauses innhamdiinadequate
cooling on some of the overhanging edges. Cooling was a challenge for long prints at the 105°C
enclosure temperature because the fan would overheat and begin to fail, reducing the effectiveness of the
cooling. Prior to composite manufacturing, the tool was coated with Stoner Molding Solutiahs Mol
Release. The tool and the completed composite are shown in figure 66. After manufaoturing t
composite, the tool was destructively sectioned and removed by using a Drenwinspéct the

molded surface finish.
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Figure66 The printed tool (a), the composite manufactured on the tool (b), and tip@siterpart after the tooling
was removed (C).

The FaroArm scan of the composite showed relatively good agreement with the CAD geometry,
indicating that the tool performed well during composite processing, even at the elevated teenperatu
160°C (320°F) and 414kPa (60psi). The resulting composite had slight deviations at the ends of the part

that appeared to be concave along the long edges of the end profile, as seen in figure 67.
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Figure67 FaroArm scans of the ThickT-130Tool (2) both before (left) and after (right) composite processing
The tool prior to composite processing showed an overall undersized geometry of approximately

+0.1/-0.5mm. This overall undersized geometry was also seen in the truncated square pyramid tools and
could be attributed to many systematic errors. Two obvious error sources could be the CTE of the
material and the 3D printer accuracy. Additionally, the size change of the 3D printer itsatftwas
accounted for in the high temperature enclosure. So, the deformations prior to compositéproduct
should be accounted for, but are not critically important for judging the structural robusttiésstudy.
However, the composite that was produced did have deformation that was inconsistenttaith the
inaccuracies. Some undersized regions could be attributed to the undersized geometry of the tool, but the
oversized regions cannot be easily explained. The top-down view of this duct is shown in figure 68 and

the slight deformation is clearly present.
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Figure68 The top-down view of the Thick ST-130 Duct (2).

Figures 67 and 68 show a slight concavity on the edges of the duct that was caused by either a
manufacturing error doy another process occurring during cure that was causing deformation. The cause
of this deformatioris unknown and was originally assumed to be caused by bridging of the bagging
material on the inside corners of the part, causing slight concavity of the long edges. Theapedaim
this duct was promising considering the material was processed at temperatures ai@urgh&d than
the HDT, but left unanswered questions about the tool thickness, tool thermal properties, and ttie cause o
the deformation. The promising outcome can be attributed to the hollow geometry and the vacuum
bagging technique used. The Split ST-130 Duct (1) did not perform well at this temperature, and the
relative success of this tool was likely due to the vacuum bagging material passing on batbrthedn

outer surfaces of the tool.

The outcome of this 6.4mm thick tool prompted the manufacturing of ducts 3-8. The assumption
made at this point was that the hollow tool approach would allow approximately eagialg from the
vacuum bag on the inside and outside of the duct during cure. This would allow materials with reduced
thermal properties to be used as tooling, reducing the cost and printing conditions requirdgd Thgori

hollow ducts three through six were initially 3D printed and tested to investigate thesptamss.
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Thin ST-130 Duct 3

The Thin ST-130 Duct was manufactured from ST-130 using 3.2 mm (0.125 in) thick walls to
determine the impact of wall thickness on deformation. It was hoped that this tool waiaéterif the
tooling structural requirements could be reduced, allowing thin, lightweight, and cheap tools @isnater
with lower use temperatures to be used with the vacuum bagging approach. Figure 69 shows the
manufactured tool which was printed in approximately 31 hours and required slighthale$sa kg

(1.3Ib) of ST-130.

Figure69 The manufactured thin-walled ST-130 tool.
The Thin ST-130 Duct had one primary defect located near the ball bearing insert. The filament
ran out at this location in the print, resulting in the start of a filament run-oineautere the printer
pauses to allow the user to reload filament. At some point during this routine, the loc#tieponthead
was misaligned. The composite part cured on the Thin ST-130 Duct (3) is shown in figure 70, with the

tool still trapped inside.
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Figure70 The cured composite with the tool left inside.

The manufactured composite showed significant deformation; however, the general form of the
duct was still intact. The performance of the Thin ST-130 Duct (3) was significantly tharséhe Thick
ST-130 Duct (2), indicating that the bagging scheme utilized does not eliminate toasstiff
requirements entirely. However, this scheme largely resulted in a duct that maintafoed ithroughout
the cure. This is promising for future efforts because it may be possible to apply this bacigmgue at
reduced temperatures, significantly reducing the chances of deformation occurring. The Faradgof

the tool before and after composite manufacture are shown in figure 71.

Figure71 FaroArm scans of the Thin SI30Tool before (left) and after (right) composite manufacturing.

128



The FaroArm scans of the Thin ST-130 Duct (3) shows undersized geometry, especially on the
corners, and a high spot on the front face. This is very similar to the 3D scan of the Thick ST-130
Duct (2), indicating some sort of systematic error introduced during manufacture. The itesiposs
high regions on the corners, but low regions on the faces. The concave regions at the ends of the tool
appear to be too small by up to 2.54 mm (0.1 in). This tests again indicates that the materiattedere

far above their use temperature.

Thick AQ-120 Duct 4

Duct 4 was 3D printed from AQ-120, considered to be a low temperature material as indicated by
the Ty of approximately 92°C, and used 6.35mm thick walls. This Thick AQ-120 Duct (4) would allow a
comparison to the ThicBT-130 Duct (2), which also used 6.4mm thick walls, and indicate if the vacuum
bagging scheme used would allow lower use temperature materials to be used at elevated cure
temperatures of 160°C. The use of a water-soluble tooling material is desirable thawaidstic
solutions used for ST-130. Additionally, AQ-120 can be manufactured on low-cost 3D printers without a
heated enclosure and can be printed with low-cost extruders that do not need to exceed 250°C. The as

manufactured tool is shown in figure.72
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Figure72 The manufactured tool for Duct 4.

The Thick AQ-120 Duct (4) had some slight printing defects, namely a layer shift near the top of
the part. This was likely caused by the drive gear for one axis slipping. The gear was tightened on the
motor shaft, and the error was not seen again with other ducts. Additionally, there were sdme smal
regions where under extrusion caused voids in the tool su&titbe AQ-120 and AQ-180 ducts have
similar horizontal banding of color occurring parallel to the build plate. This colov&mfdiscussed
with the technical support engineers at Infinite Material Solutions (the manefacfuhe AquaSys
products) who indicated that the cause of the banding is unknown, but that the bands are typical and
should not impact part performance. Figure 73 shows the composite manufactured on the Thick AQ-120

Duct (4).
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Figure73 The completed part and tool used to manufacture Duct 4.
The results of the Thick AQ-120 duct showed worse results than the previous two hollow ducts,
which were both made from ST-130. This duct had significant deformation, primarily locate@iatishe
of the part, and the same lozenging failure mode was also present down the length of the duct where the
sides collapse inwards. There was more wrinkditipe corners of the composite, but that was decided to

be caused by improper consolidation during layup. The concave deformation mode is depicted clearly in

the FaroArm scan of the composigshown in figure 74.

Figure74 The FaroArm scans of the Thick AQ-120 Duct (4) tool (left) and comp(riite).
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The FaroArm scan of the as-printed Tool 4 shows similar characteristics to the previous hollow
printed ducts with undersized geometry, except for a high spot on the front face. The scan afatierduc
manufacture shows corner regions that are oversized by around 1.5 mm (0.06 in), and low facenmegion
the ends that are too small by up to 13 mm. Some of the regions in the center of the duct do not have as
severe of deformation, but overall the tool performed poorly. The deformation of thisApi¢R0 tool
was greater than that measured for the Bii¥130 tool. The deformation of the low temperature tooling
material, AQ-120, provided evidence that the vacuum bagging scheme used still requires a higher degree
of overal tool stiffness than was provided at the autoclave process temperature, whiclagyprim

derived from the tooling material.

Thin AQ-120 Duct 5

This duct was manufactured similar to the Thick AQ-120 Duct (4), just with a reduced 3.2 mm
wall thickness. Therefore, it is not surprising that many of the results and discussion palntidar
and 5 are similar, except with worse performance for the Thin AQ-120 duct. The 3D printed tool for duct

5 is shown in figure 75.

Figure75 The manufactured tool for the Thin AQ-120 Duct (5).
The Thin AQ-120 Tool did not have any significant printing defects, however minor surface

imperfections on overhanging regions were caused by insufficient part cooling. This likely had rto impac
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on composite production and was only related to the molded surface finish. Figure 76 shows the

composite manufactured using this tool.

Figure76 The completed part and tool for the Thin AQ-120 Duct (5).

The Thin AQ-120 Duct had the most severe deformation out of all the ducts tested. The
deformation was much worse than the Thin ST-130 Tool (3), which used the same 3.2mm wall thickness.
This comparison shows that the rigidity provided by the material stiffness at temperatuitdala cr
factor in tooling stability. The poor performance of the Thin AQ-120 Tool (5) is consisterthwitise of
the low temperature material and the lowest wall thickness tested creating the s®steraario for tool

rigidity during cure. The associated FaroArm scan is shown in figure 77.
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Figure77 The FaroArm scans of the Thin AQ-120 tool before (left) and after (rgim)posite manufacture.

The results from manufacturing the Thin AQ-120 tool and composite were more-or-less
conclusive that the vacuum bagging technique does not provide sufficient support by itself, and rather the
tool needs to maintain higher rigidity than what was used in these tests with improuitgaesurring
at decreasing temperatures beneath the glass transition temperature. However, ibhsssaxn if the
same tooling configurations would provide sufficient results at lower temperateldik21°C (250°F)

conditions used in preliminary TPV testing and truncated square pyramid trials.

Thin AQ-180 Duct 6

Duct 6 was manufactured using a thin-walled AQ-180 configuration, with hiakrtesses of

3.2mm. The manufactured tool can be seen in figure 78.
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Figure78 The manufactured Thin AQ-180 tool (6).

This tool was the only tool tested that utiliz&@-180, the second-best performing material to
ST-130 in prior trials, and the best performing water-soluble printed material. Tool 6 had a rdagh sur
texture on the overhanging regions of the printed tool as seen in figure 78 and in the closesumphot
figure 79. This was likely caused by insufficient cooling and deposition on material that was ntly yet f
rigid from the previous layer. This defect was would likely be addressed by loweringtesging
temperature and increasing the cooling. For this tool, a combination of printing with no pag caoli
(it would fail after prolonged use at elevated temperatures), high enclosure temperature, anathigh pr
speeds caused this defect. After the rough surface finish was noticed, it was addressed by h@vering t
enclosure temperature from 90°C to 75°C and reducing the speed from 32mm/s to 19mm/s during the
print. It is likely that 32mm/s would be sufficient for part manufacturing with adegoatang, however
the speed was lowered to allow more time for the tool to naturally cool between extrssks.p
Additionally, while the manufacturer had originally stated there should be no adverse feffecthe
regions of color banding on part quality for AquaSys 120, undersized tooling was observed in these
regionsasseen next to a straightedge in figure 79 for AquaSys 180. So, it is assumed that the color
banding does have some impact on tool quality, but it may be small enough in many applicatibns to n

have a notable impact.
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Figure79 Duct 6 had a rough surface texture on overhanging regions (leff) wasly surface located where the
color banding occurred (right).

The composite produced on the Thin AQ-180 duct showed less deformation than the AQ-120
tools, and similar deformation to the ST-130 tool of the same thickness. Figure 80 shows the as

manufactured composite using this tool.

Figure80 The cured composite cured on the Thin AQ-180 Duct (6).
The composite that resulted from the Thin AQ-180 Duct performed similarly to the Thin ST-130
Duct (3) with the same 3.2 mm wall thickness. This agrees well with the previous conclusion that AQ-180
is a suitable alternative to ST-130 in scenarios where water solubility is necessary. Figure 8heshows

FaroArm scan of the tool before and after composite manufacture.
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Figure81 The FaroArm scans of the Thin AQ-180 Duct (6) before (left) and aftgrt{icomposite manufacture.
The tool had uniform and undersized geometry by around 0.5mm with a high spot located in a

similar region to the prior ducts. The scan of the duct after composite manufacturingdiddgh
regions near the corners that may have been caused by the ply overlaps in thosédtrisgimtigely the
high regions were caused by the tooling material, given those regions were undersized prior toecomposit
processing. Additionally, one end of the duct performed much worse than the other, deforming as much
as 13mm and the other deforming closer to 1.3mm. One possible explanation for thigadsitime kose
could have been resting on this region, and due to the low stiffness of the heated tool it deformed locally
Alternatively, the tool may have been propped up and resting on that location, causing the ideformat

However, the exact reason for this inconsistency is unknown.

Extra Thick ST-130 Duct 7

The Extra Thick ST-130 Duct (7) had 12.4mm wall thicknesses and was manufactured in
response to the results of the Thick ST-130 Duct (2), which performed relatively we@.dinm wall
thickness. The extra wall thickness was expected to reduce deformation at 160°C at 414kPa. The size of

this tool was adjusted slightly, in that an attempt to account for the prior tootsreglindersizedlo
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make this adjustment, a cross section of the duct was manufactured with standard settingasthiesdm
to arrive at scaling factors for each axis that should allow the tool to be accurately sizedfatturs
were 100.4% along the long edge (x-direction) and 100.1% along the short edge (y-direction). The heigh

of the tool was not changed. The photos of the manufactured duct are shown in figure 82.

Figure82 The manufactured Extra Thick ST-130 Tool.(7

The duct in figure 82 had excellent print quality and print time, which came from a @iiabin
of new printer modifications. For reference in future endeavors, the settings that were siliccessful
implemented included: upgraded high flow 1mm nozzle, 100% air cooling rate using a Bealing
setup, high chamber temperatures of 122°C, retractions of 1.5mm, combing modp €Rt&V LQ VNLQY
z-hop of 0.5mm when retracted, 1mm outer wall wipe distance (to hide the z-a8&8f6 dense infill
(to approximate 100%, while still allowing certain infill settings to be relevaaticentric infill pattern,
extruder temperature of 280°C, bed temperature of 140°C, infill speed of 22mm/s, wall sp@ednds,
layer thickness of 0.16mm, and infill layer thickness of 0.32mm. The composite that was nuaedfact

on this tool is shown in figure 83
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Figure83 The composite cured on the Extra Thick ST-130 Tool 7.

The composite that was cured on the Extra Thick ST-130 tool performed well, indicating that
tools with thick walls can perform satisfactorily using the vacuum bagging approach, even when used
above the 7132°C. The long edges of the tool at the ends of the duct did collapse inwards slightly,
sharing the same lozenging deformation mode that has been seen previously. This tool ataesl separ
from the cured composite by using a Dremel tool to cut the composite into two halves. This dowed t
tool to be scanned directly, which allowed for a direct comparison of the tool both before and afte

composite manufacture as shown in figure 84.
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Figure84 The FaroArm scans of the Extra Thick ST-130 Tool (7) both befort #led after composite
manufacture (right).

In these scans, the tool has been shown to deform, at worst, by around 2.3mm between the two
scans. The location of the deformation was in the center of the tool, as well as on the long eddes towar
the ends of the tool. Deformation at the ends has been seen in most scans of each tool, so this is not

surprising.

Low Temperature Thin ST-130 Duct 8

The Low Temperature Thin ST-130 Duct (8) was manufactured to attempt to demonstrate
acceptable deformation with a thin wall thickness using ST-130, based on the reduced temperature
requirements of 121°C at 345kPa. At these process conditions, prior TPV testing and Truncatietd Pyram
trials indicated that ST-130, as well as AQ-180, should be able to be successfully scaled to atlarger par
size with acceptable deformation, which is what this duct was designed to test. The photatuof this

prior to composite manufacture are showed in figure 85.
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Figure85 The manufactured Low Temperature TBil+130 Tool (7).
This print had good print quality, with some defects on the internal and external surfaesbs cau
by a lack of retraction. The lack of retraction allowed material to leak out of the extrunhey tiavel

moves, resulting in missing material at the start of the following print path, &s gmdigure 86.

Figure86 The surface porosity caused by no retractions present on the badkbieleoml.
There was also insufficient cooling on the overhanging regions. Initially, the extruder atumger
was set to 290°C with a fan speed of 50% using the forced air cooling. This was changed to an extruder
temperature of 285°C and fan speed of 100% at a Z-height of approximately 195mm. This defect can be

seen clearly in Figure 87, as well as when the fan speed and temperature were changed, improving the

guality at that point.
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a) b)

Figure87 The printing defect caused by insufficient cooling on overhanging re(adnand the layer position at
195mm where the fan speed and extruder temperature were modified (b).

This print had been completed prior to the Extra Thick ST-130 Tool (7), so these issues were
addressed in that print, and in addition the extruder temperature was dropped to 280°C for the
manufacture of Tool 7. The composite that was manufactured on this tool used Toray F2673C-07M plain

weave prepreg for the 121°C cure and is shown in Figure 88

Figure88 The composite cured on the Low Temperature Thin ST-130 Tool.
The composite that was cured at 121°C for the Low Temperature Thin ST-130 tool performed

well compared to the Thin ST-130 Tool (3) that had a 160°C cure. This test indicated again that ST-130
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could be used at 121°C with minimal deformation, and that the 160°C used for the Thin ST-130 tool (3)
was too high for the stiffness of that tool. Even still, the Low Temperature Thin ST-130dsehiad

slight concaving of the long edges near the ends of the tool. The tool before composite mamyfasturi
well as the external scan of the composite with the thickness of the laminate edtdracthown in

figure 89.

Figure89 The FaroArm scans of the Low Temperature T3IR130Duct (8) both before (top) and after composite
manufacture (bottoin
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Direct Comparison of Ducts and Additional Discussion

Theasmanufactured 3D geometry of all the ducts showed relative repeatability, along with
repeatable deviation from the specified duct geometry. Figure 90 shows the FaroArm scans of tools 3
through 6 after printing, which were all scanned in the same orientation and clearly show the ligpeatabi

of the process.

Thin ST-130 Duct (3) Thick AQ-120 Duct (4)

Thin AQ-120 Duct (5) Thin AQ-120 Duct (6)

Figure90 The FaroArm scans of the hollow duct$.3Fhe remaining scans showed similar results but were
scanned in different orientations. The entire set of scans can beifioipdendix B.
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It does appear that each printed tool was manufactured smaller than desired, especially on corner
regions. This is important to note because uniform and consistent geometry deviations are easier to
correct than local geometry deviations. The tools that were manufactured within the heated chamber
likely changed size in part due to CTE as they cooled and shrank. The tools without a heated environment
still appeared small in the FaroArm scan, so it is likely there is some amount of machimaes &retly and
this is most likely the dominant factor in part size deviation. The most severely undiévsizeas the
Thin AQ-120 duct (5) shown in figure 90 above. It did not have any significant printing defects; however,
its geometry was the most undersized which is likely due to improper printer calibration. Isevastald
by Ability Composites that during the 3D scans, the partially transparent surfaces of bb20AGbls
were difficult to scan with the FaroArm which lead to the granulated appearance of these tools in the
scans. In order to address the undersized printed Tools 3-6, Tools 7 and 8 used a scaling factor to
increase the size of the ducts in the X and Y directions, parallel to the build surface, by 100.4 and 100.1%

respectively. The 3D scan of Tools 7 and 8 prior to composite manufacture are shown in figure 91.
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Extra Thick
ST-130 Duct (7)

Low Temperature
Thin ST-130 Duct (8)

Figure91 The FaroArm scans for Ducts 7 and 8, which used scaling to adjust the thiegoafited geometry.

Both tools 7 and 8 had relatively good agreement with the CAD model. Like previous scans of
the tools, the corners on tool 7 were inset from the CAD by about 0.5mm, however the scan of the faces
of the tool showed geometry that maintained high accuracy to within approximately +/-0.2mm. Tool 8
stayed within 0.4mm, but did have a region that appeared to protrude from the CAD model by around
0.5mm on the front face. The approach taken to compensate for the size change of the toallinging sc

prior to manufacture is useful but may be neglecting other sources of machine error.
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In general, the hollow tools did not fare well during the 160°C cure. The glass transition
temperature (J) of each material is 132°C for ST-130 and 92°C for AQ-120 and AQ-180. The 160°C
cure pushed each material far past issignificantly reducing the stiffness of the tools. Thus, the tools
deformed much further than what had been observed in the earlier TPV tests and Truncated Rytsamid tri
at 121°C. The deformation was present for all tools, but minimal for the Extra ThitB®bol (7) and

the Low Temperature Thin ST-130 tool (8). Photographs of each cured composite are shown in Figure 92.
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Ceramic Tool (0) Split ST-130 Duct (1)

Thick ST-130 Duct (2) Thin ST-130 Duct (3)
Thick AQ-120 Duct (4) Thin AQ-120 Duct (5)
Extra Thick
Thin AQ-180 Duct (6) ST-130 Duct (7)

Low Temperature
Thin ST-130 Duct (8)

Figure92 The photograph of each cured duct can be compared for deformation.
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The Extra ThickST-130 tool utilized the higher 160°C autoclave process temperature but was
manufactured with 12.4mm thick walls. This extra thickness improved the stiffness enough that
deformation was minimized to within 2.3mm. The Low Temperature Thin ST-130 tool was used in a
121°C autoclave process temperature, which was a temperature that the material was exqpevied t
at. Even still, this tool presented a small amount of deformation, indicating that prewgssature,
material type, and tool thickness should all be carefully considered if composite tooling iséal lveear

the T of the tooling material.

A comparison of the FaroArm scans of the outer surfaces of each composite and the associated
deformations is provided in figure 93. The composite was left on the tool and the thickness of the
laminate was subtracted for comparison in all cases, except for Duct 7, which had the ecmposied

so that the scan is of the tool after composite processing.
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Duct O Duct 1 Duct 2

Duct 3 Duct 4 Duct 5

Duct 6 Duct 7 Duct 8

Figure93 The FaroArm scans of the ducts after composite processing
In the 3D scans of the composites after processing, the scale bars did not use the same color

representation, so the above figure does not represent relative deformation between ducts. tHewever,
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general trends show that the corner regions of the composite ducts had extra thick corners due to the
composite laminate. Additionally, the edges at the ends of each duct seem to cave towards the center of
the tool, indicating that these unsupported edges are the most sensitive to loading condition. This was

especially true of the long edges, as the extra span length increases the total deflection.

The FaroArm scanning technique used for all ducts except Duct 7 had shortcomings related to the
scan approximating the tool surface through the composite part. Had the scan been completed on the
outside of the tool rather than the composite, the representation of the tool would have been more
accurately captured. However, for most of these scans, features IRERBgape, the overlapping plies
in the corner regions, and wrinkles appear in the scan making the results less clear. Thaylozengi

deformation mode can be clearly seen in the cross-sectional view of the ends of each duct in figure 94.
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Duct 0 Duct 1 Duct 2

Duct 3 Duct 4 Duct 5

Duct 6 Duct 7 Duct 8

Figure94 Views showing relative distortions of the manufactured ducts 0-8.

In a comparison of ducts 0-7 that were manufactured using 160°C cure temperature and 414 kPa
(60 psi) pressure, the Control Duct (0) performed the best. Following this, the Extra THIGOST
duct (7) with 12.4mm wall thickness and the Thick ST-130 duct (2) with 6.4mm wall thicknesses were
also very good. The performance of the Extra Thick ST-130 Duct (7) was one of the most stable 3D
printed ducts due to the increased tool wall thickness and the use of ST-130, the matetial vigthest
Ty and HDT that was evaluated. The deformation seen as the thickness increased seemed to go down,
indicating that similar composite structures made using 3D printed tools should use increased tool
thicknesses to support composite cures at temperatures of 160°C at 414kPa. The Low Temperature
ST-130 Duct (8) performed well, and at reduced temperatures tools can be made much thinner to reduce

material usage and print time.
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While the vacuum bagging scheme used seemed to significantly improve results, the assumption
that the tools did not experience any unequal loading was incorrect. The cause of the lozenging mode of
deformation had previously been assumed to do with bridging on the internal vacuum bag, however
bridging was not observed during the manufacturing of tools 3-8, and pleats of excess batgyiad) m
were left near the internal corners to prevent bridging. One possible cause of thisatiefoand
deformation mode may be due to unequal distribution of pressure on the internal and externalo$urfaces
the vacuum bag, leading to a greater net force applied to the external surface of the tool. For a 12.4mm
thick tool, the net force was shown previously to be around 20% greater on the outside than the inside
surface of the tool using equations 1.1-1.3. Additionally, after the applied thickness ofutbmvac
bagging materials, the difference between the outer and inner surface areas of the tool become even
greater. However, the hollow tooling approach was still very valuable because it allowed iameduct
structural requirements and improved the manufacturing process. The benefits of tiastappmiuded:

L DUHGXFWLRQ RI WKH YLVLELOLW\ RI pVWDLU VWHSSLQJYT FDXVlI
sloped surface of the split duct geometry; (ii) the elimination of the need to bond two haheslwftt
together; and (iii) the reduction in print time and weight. Most importantly, ideasmnstrated that by
removing the infill regions and enveloping the tool using vacuum bagging on both inner and outer tool
surfaces, there would be less tendency to collapse due to processing temperatures that exceeded the

maximum use temperature of the tooling materials.

The results of this testing indicate that 3D printed tooling seems to be a reasonablendpproac
lower temperature and pressure curing prepreg material systems. To reduce deforraationnmm,
the cure temperature should be limited to lower than §lof the material, and the tool should use as high
of thicknesses as is reasonable to maintain sufficient stiffness during cure. For this statyyectre
cycles should be limited to 121°C (250 °F) and 345 kPa (50 psi) or 1eS3-i80 and AQ-180, as
indicated by the earlier Temperature Pressure Vacuum trials and the results of the compgex tool

studies Ducts should be printed in a hollow configuration so that their print time and material usage is
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reduced, and the bagging material can be applied to both the inside and outside of the tool resulting in a
improved loading condition. The sum of these studies indicated that ST-130 and AQ-180 could be used
up to 121°C at 345kPa with vacuum bagging surrounding the tool on the inside and outside, even with
low wall thicknesses and partially dense infill structures. However, if processing cosditealevated

above the Jof the materials, like the 160°C cure completed for the ducts, tools with increased

thicknesses should be used to prevent deformation.
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CHAPTER 6 CONCLUSIONS

The desire to move toward rapid manufacture of tooling for the processing of composite parts is
complimented well by the benefits of additive manufacturing. As an alternative to @bsi@mmg or
casting traditional ceramic washout molds, 3D printing of molds using dissolvable thetinoplas
materials may be valuable for complex shapes produced in low volumes. The benefits of AM of molds
relate to the low cost of geometric complexity and the ability to address sevitialdoawbacks of
traditional ceramic molds. Ceramic molds by nature are often brittle and thanatiaking them slow to
heat up. Additionally, the surfaces are porous and require a sealing step to prevent resin ingress during
cure. Additively manufactured molds can be thin walled and faster to heat than monda@itmiaicc
molds, and thermoplastics are typically less brittle. Additionally, secondary sst@jmgjare not needed
asthe printed surfaces prevent resin ingresd. élso has the advantage of being able to easily add useful
features to the design, such as fiduciary markings, channels for dissolution, and integratgd heati
channels in the mold. For example, in this work an interconnected gyroid internal structuredvwhsus
allows dissolution media to pass through the entire volume of a tool, allowing a reductiondatwash
times. Finally, it was shown that AM tools can be used at temperatures up to 40°C above their use
temperature by using a vacuum bagging scheme that passes the bag through the inside and outside of the
tool, allowing nominally equal autoclave pressure induced force. This was demonstrated withtaaforma

limited to 2-3mm or less, which may be sufficient for many low volume or prototygdinatisins.

Temperature Pressure Vacuum (TPV) studies were completed for both material and structural
evaluation. Of the dissolvable candidate materials examined, the most successful tatdinag,from a
geometric fidelity standpoint, was Stratasys ST-130. However, it also requires a basic &nlution
washout, and it has a high CTE that requires careful incorporation into tool design tiejaneurate
dimensions in the final composite part. Infinite Material Solutions AquaSys 180 was alsoedergia
successful dissolvable tooling material, lhwtas slightly less robust than ST-130. However, it can be

dissolved in water and has a lower CTE. AquaSys 180, in circumstances where slightly lower
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temperature cure cycles are permissible, may be preferable to ST-130 due to the watey.solubilit
Additionally, moving to higher infill densities or solid structures may extend the cot@p@socessing
window to limit deformation. The greatest challenge for manufacturing toolingSm&B80 and AQ-180

was the need for a heated build chamber that could approach the glass transitionuessmeriiie

materials to avoid distortion. Additionally, all the soluble feedstocks testexlsgasitive to moisture
absorption, so careful feedstock handling practices were developed. The TPV tests also indich&ed that t
most important parameter for controlling the robustness of partially dense toolindilvdssity.

Gyroid infill pattern was determined to be a great infill pattern from both a thetaility and a

washout perspective, due to the interconnected structure that would allow dissolutiororfledia t

through the entire part.

The dissolution studies included AQ-120, AQ-180, ST-130, and the conventional washout
material, Solecore 100. The conventional washout material could be removed from a camopbsgitth
little effort using hand tools after soaking the washout material in water foakewers. By drilling a
hole in an AQ-180 sample, it was shown that the gyroid infill could successfully be flooded, greatly
reducing the washout time. The ST-130 washout approach used a trisodium phosphate solution, but this
was extremely time consuming and future trials including WaterWorks or EcoWorks iprayénm

washout times.

The results of curing composites on the Truncated Pyramid Tools showed that the tool remained
rigid enough to support the composite during the 121°C at 345kPa cure. The tool was printed with
deviations from the nominal geometry limited to approximately +/-0.4 mm (0.@h6l deformations due
to composite processing were negligible. The deviations from the nominal part geometlikeler
caused by a combination of 3D printer inaccuracy and CTE driven deformation during cooldown. It was
seen that the surface geometry and roughness of the tool transferred to the cured part. f Boefase o
smoothing showed a small improvement in the molded surface of cured composites, but hasgsfprom

improving the surface finish of completed parts.
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The complex bent duct tooling studies required cure conditions of 160°C at 414kPa, which far
exceeded the capabilities of the 3D printed mold materials in this gyubytially dense mold was first
manufactured, which failed catastrophically during autoclave processing by collapsindsintM@awvever,
this spurred the development of a hollow mold configuration with 100% dense walls that, assdoimpar
the partially dense mold, had numerous benefits. This new approach provided significant savings in
manufacturing time and material usage, even with reduced layer heights that improvethtieefimish
of the mold and composite. By moving from the partially dense tool to hollow tools waiitthicknesses
equal to 3.2mm, 6.4mm, and 12.4mm, time savings of 65%, 42%, and 23%, respectively were seen.
Additionally, the hollow construction allowed a nearly equal autoclave pressure induced toad tha
significantly reduced the mold structural requirements and enabled satisfactory cerpadsit
production. This was most successful with thick-wa#de130 molds, where the autoclave temperature
was nearly 40°C higher than the HDTS¥-130 but mold deformation was still limited to less than
2.5mm.The successful manufacture of compaosite parts with limited mold deformation at elevated
temperatures could be sufficient for many applications. In this study, it was founietialt thickness,

cure temperature, and material selection are all important parameters faldhégidity during cure.

Overall, this research demonstrated that commercially available dissolvable 3D printniglsat
exist that can be used to produce washout 3D printed molds capable of performing well during prepreg
composite fabrication under autoclave conditions approaching 121°C (250°F) and 345kPa (50psi) with
minimal deformation. Both AquaSys 180 and ST-130 were found to perform similarly with equal wall
thicknesses. However, ST-130 showed slightly less deformation but also required washout in an 80°C
11-13pH solution, whereas AquaSys 180 used 80°C water which may be advantageous for concerns
related to disposal and handling. Additionally, it was found that a secondary machining or sealing step
was not required prior to composite manufacture, which is a significant advantage over traditional
washout tooling materials. For duct-like geometries used at temperatures far exceeding the use

temperature of the material, it was found that thick-walled hollow tools creati@aity equal force on
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the inner and outer surfaces of the tool which prevents deformation, and the hollow constructes reduc
the washout time, material usage, and manufacturing time. The hollow tooling approacbh\attes pr

faster heat-up rates in autoclave processes. While this structural configuratied stroimproved
performance at temperatures that far exceed the material use temperature, theaxenesestifor highly
structural tools. A manufacturer should carefully consider the mold material, strilctegaity, infill

density, infill pattern, cure temperature, CTE, thermal stability, and vacuum bagging approalehn to o
ensure the geometric fidelity of the printed tool. Using additive manufacturing of dissolvable
thermoplastics may provide an excellent option for manufacturers when low volunoesméx washout

tools are required, alleviating many bétchallenges related to traditional washout tooling.
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APPENDICES

APPENDIXA: COMPONENTDRAWINGS
This appendix contains the engineering drawings of the geometries manufactured by the CMMS

Lab at CSU and by Ability Composites to support the studies presented in this thesis.
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Figure A 1 Crush sample geometry

Figure A 2 Truncated square pyramid geometry for PETG sample studies
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Figure A 3 Truncated pyramid geometry for composite manufacturing trials
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Figure A 4 Bent duct tooling geometry
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Figure A 5 Top half of longitudinally split bent duct

172



Figure A 6 Bottom half of longitudinally split bent duct
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APPENDIXB: 3D SCANS

Figure B 1 The ceramic pyramid tool FaroArm 3D scan prior to compositéuacture.

Figure B 2 The Smooth Pyramid tool FaroArm 3D scan prior to compositefactume.
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Figure B 3 The Rough Pyramid tool FaroArm 3D scan after one composite wafotarad.

Figure B 4 The Smooth Pyramid tool FaroArm 3D scan after one composite wafacbarred.
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Figure B 5 The Rough Pyramid tool FaroArm 3D scan after two composites \satéactured
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Figure B 6 The FaroArm scan of the first composite cured on the Reyrgmid tool.

Figure B 7 The FaroArm scan of the second composite cured on the Rough Pyramid to

Figure B 8 The FaroArm scan of the composite cured on the Smooth Pyramid tool.
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Figure B 9 The FaroArm scan of the top half of the tool used faZ¢imérol Duct (0).
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Figure B10 The FaroArm scan of the composite manufactured on the Control DeictO)o
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Figure B11 The FaroArm scan of the Split ST-130 Tool (1).
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Figure B12 The FaroArm scan of the composite manufactured on the Split ST-13Q1J.ool
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Figure B13 The FaroArm scan of the Thick ST-130 Tool (2).
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Figure B14 The FaroArm scan of the composite manufactured on the Thick ST-183(2)o
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Figure B15 The FaroArm scan of the ThBIT-130 Tool(3).

Figure B16 The FaroArm scan of the composite manufactured on theShit80 Tool (3.
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Figure B17 The FaroArm scan of the Thick AQR20 Tool (4).

Figure B18 The FaroArm scan of the composite manufactured on the Rek20 Tool (4).
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Figure B19 The FaroArm scan of the Th&Q-120 Tool(5).

Figure B20 The FaroArm scan of the composite manufactured on threA®-120 Tool (5.
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Figure B21 The FaroArm scan of the Thin AQ-180 To00).(6
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Figure B22 The FaroArm scan of the composite manufactured on the Thin AQ-d&Q6).
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Figure B23 The FaroArm scan of the Extra Thick ST-130 Tool (7).

Figure B24 The FaroArm scan of the Extra Thick ST-130 Tool (7) after compositeifacture.
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Figure B25 The FaroArm scan of the Low Temperature Thin ST-130 Duct (8).

Figure B26 The FaroArm scan of the composite manufactured on the Low Temperhinr8T-130 Tool (8).
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