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DISSERTATION ABSTRACT
SOLID FREEFORM FABRICATION OF CONTINUOUS FIBER REINFORCED
COMPOSITE MATERIALS
ERJIAN MA
Doctor of philosophy, August 6, 2001
(M.S. Harbin Institute of Technology, P. R. China, 1987)
(B.S. Hefei University of Technology, P. R. China, 1982)
240 Typed pages

Directed by Bor. Z. Jang

A novel computer-controlled composite layer manufacturing (CLM) process has
been proposed and investigated. The CLM process may be considered to be a new
development direction in the field of rapid prototyping and manufacturing (RP&M)
technology. A traditional RP&M process is capable of producing a concept model or
investment-casting pattern point by point and layer by layer by using monolithic
materials such as an un-reinforced resin or metal. In contrast, the presently developed
CLM process is capable of building a three-dimensional object of a complex shape from
a high-strength fiber reinforced composite material.

In the present dissertation study, the technical feasibility of the CLM
process has been demonstrated with a CLM machine constructed that is capable of
fabricating both thermoplastic and thermosetting resin matrix composites. This automated
manufacturing technology could potentially provide (1) a reduction in time from

composite part design to production, (2) a cost-effective method of fabricating complex-

v
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shaped composite components, (3) an approach to the fabrication of integrated structures
for a reduced number of parts in a system and minimized need for part-to-part joining or
welding. and (4) added capabilities for filament-winding.

The dissertation research began with the formulation of new process concepts,
continuing with the analysis of part forming strategies, material selection, concept
designs for the system, feasibility experiments, detail designs, software and hardware
integration, to a final construction of a prototype machine.

Over ten part-forming methods were studied. Several feasibility experiments have
been carried out to prove these forming strategies and two main fabrication processes
have been selected. They are named Self-Anchoring process and Automatic Extrusion
process, respectively. The error sources for the Self-Anchoring Forming Process were
analyzed. Based on these results, the requirements of the software development have
been established. To find the best parameters for both Self-anchoring and Automatic
extrusion Forming Processes, related simulation models have been proposed and
evaluated. According to the result of this modeling study, new design plans were
conceived and proposed.

Both of the two CLM fabrication methods have been studied experimentally and a
system for self-anchoring forming process has been designed and installed. The towpreg,
a semi finished material used for the Self-Anchoring process was successfully formed.

To compare the mechanical properties of the parts prepared by the new CLM
method an;i by the conventional composite fabrication methods. three point bending tests
were carried. The results indicate that the parts fabricated by CLM have acceptable

mechanical properties.
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CHAPTER 1 INTRODUCTION

§1-1 FOREWORD

1-1-1 Background

In industry, three basic factors should be considered in developing a new part or
structure: cost, quality and time. The quality includes geometry and precision, mechanical
properties, convenience for using, safety, durability etc. To obtain a desired geometry,
various conventional methods can be employed and they can be classified into several
different categories (See Table 1-1).

In response to the different requirements of a part, new fabrication methods are
emerging. During the last decade, a new technology has appeared, which is called solid
freeform fabrication (SFF), layer manufacturing (LM), or rapid prototyping and
manufacturing technology (RP&M or, simply, RP). What is RP? What are the special
features of RP? What are their advantages and shortcomings as compared with
traditional fabrication technologies? And how does their future hold? All these issues will
be briefly introduced in the following.

What is RP? So far, there has been no generally accepted definition of RP. The
concept of RP may be considered as a process in which a computer-aided design model
of a part can be converted into a physical object through some special materials additive

means. A significant difference between the new RP and traditional fabrication
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Typical Method Features Application Field
Lathe, turning, Planing, General Common Metal
Boring, Precision Removing
Subtractive
Material High Precision, | Mold
Electric Spark Machining, Forming Speed | Manufacture,
are Low Special Forming
Etching Machine,
Precision is Semi finished
Welding, Casting lower, Product
Mass product
Plastic
Filament Winding,
Injection Molding, Mass Product | manufacture
Additive
Material High Precision | Electric
CVD and PVD, and small
product Manufacture
Few product Mode! Forming,
RPT Medical purpose
Forging, Mass
Blanking, Product Auto Manufacture
Deform Stamping
Material
Mass
Plastic Blow Product Plastic
Manufacture

Table 1-1 Classification of fabrication methods.
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3
techniques are the fact that most of these new techniques build objects by adding material
(e.g. layer by layer) instead of removing materials (such as in CNC milling).

What are the features of RP? The new RP methods can be used to build parts or
structures with an arbitrarily complex 3D geometry. Some structure simply could not be
formed by any other technique except RP (e.g., see Figure 1-1). In a typical rapid
prototyping process, a 3-D object is first designed by using a computer-aided design
(CAD) approach with a 3-D solid model being created based on the computer data.

Based on a computer-controlled system, the RP process planning begins with
transforming a CAD data file into a special interface such as Stereolithography file (STL)
to represent the geometry of the object. The STL file is then sliced into layer-wise data to
define the outlines or contours of individual cross-sections (A combination of these
constituent cross-sections reconstructs a geometric representation of the object). Then,
depending upon the specific RP apparatus, this layer file is converted to generate a tool
path file, which can be used to control the operations of a forming apparatus to form the
desired object layer by layer. Since any complex shape can be sliced into constituent
layers or cross-sections, theoretically any object can be made layer by layer. This is why
SFF is also commonly referred to as layer manufacturing.

As another feature, a SFF process normally makes use of a generic fabrication
machine and does not require the utilization of a part-specific tooling (no mold, die or
other shape-forming tool is required). A SFF or RP apparatus requires minimal or no
human intervention to operate. The RP technology requires integration of computer

software, control, and materials and, in some cases, lasers technologies. The advances in
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(a) Snake (b) Sculpture Models
Made by Z™ 402 Made by Solidscape Modelmaker 2.
3D Color Printing of Z Corp.

1y

fa———— - - . A

(c) Complex aircraft System (d) Complex Wax Model

Produced by SLS Process DTM Corp. Made by Multi Jet Modeling Process
TNO Industrial Technology.

(e) Sensaos, (f) Architectural Model (g) Gearing Assembly
An Egyptian Mummy MIT Three Dimensional Made by Stratasys
Made by MJM process Printing Laboratory FDM Process
TNO Industrial Technology. TNO Industrial Technology.

Source: (a) download from http://www.zcorp.com/

(b) Download from hitp://www.protoshape.com/
(c) Download from http://www.dtm-corp.com/

(d), (e), (g) download from http://www.ind.tmo.nlen/productiondevelopment/

Figure 1-1 The Typical Models And Parts Formed By RPT.
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5
computer science in the last decade have made it possible to develop various RP
technologies and have given RP various applications. The following subsections describe
these new applications [1].

Advantages and limitations Although RP techniques have only been developed
in recent years, the advantages that offer have quickly become obvious. Prototyping is a
process of building pre-production models of a product to test various aspects of its
design. Usually this process is slow and expensive. The RP technology offers methods
that allow a user to quickly produce physical prototypes with the important benefit of
reducing the time to market. By use of these methods, prototypes can be built in an
automated fashion; the skill of individual craftsmen is needed only at the completion. The
resulting design cost will be decreased considerably. Another advantage of the RP
technology is the capability of producing complex-shaped obiects, especially for cases in
which only a small number of parts or structures are needed at a given time, such as for
aerospace and medical purposes. Objects can be formed with a comparable precision in a
one-step process.

Like any other technology, the RP method has its own limitations. Most RP
technologies require the use of specific materials such as photo-curable epoxy, fine
powders, thin wire or laminates as well as the need for sophisticated equipment
employing different physical principles such as lasing, sintering, etc. These materials
could shrink during the curing process, possibly resulting in part distortion. In the

meantime, since most of RP processes involve adding materials to form an object with an
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6
overhang or other unsupported feature, a support structure is required. This requires a

large amount of additional time and skill to clean up the prototypes and waste materials.

1-1-2 Frequently Used SFF Processes

SFF building strategies include photolithography, laser fusion, lamination,
extrusion, and ink-jet printing. Listed in the following are most commonly used SFF
systems, along with the schematic description of their corresponding operating principles
and the range of application.

Stereolithography (SL) One of the earliest developed and most widely used

rapid prototyping system [2, 3].
Applications:
1. To fabricate parts used for concept evaluation and for form-fit
testing.
2. To fabricate master patterns for processing tools (e.g., in

investment casting).

3. To prepare medical models.

4. To prepare electro-forms for Electro Discharge Machining.
Advantages and Disadvantages:

i. Possibility of manufacturing parts, which are impossible to

produce conventionally in a single process.
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7
2. Continuous unattended operation, high part resolution and

capability of making any geometrical shape with virtually no limitation.

3. Necessity to have support structures.

4. Accuracy is not in the range of mechanical part manufacturing due
to materials shrinkage.

5. Application is restricted due to given material properties and the

size of model being limited by the chamber dimensions.

6. Labor requirements for post processing, especially cleaning.

Fused Deposition Modeling (FDM) FDM is considered as one of the
most promising SFF methods that have great commercial potential [4, 5].

Range of Applications The object formed by FDM is not only used as a
model but also used as tooling, such as tooling for investment casting and injection
molding. If the object is built from a metal or a thermoplastic material, it can be used as a
real part, tooling or for mold repair. Thus far, however, the commercial FDM machines
have been limited to the fabrication of models from low melting point polymers.

Laminated Object Manufacturing (LOM)

Range of Applications Considering the specifications of the procedure, the
main application of LOM is for conceptual design. LOM can be used for preparation of
large bulky models such as sand casting patterns [6-8].

Selective Laser Sintering (SLS)

Range of Applications This method is used for making visual presentation

models, functional, tough prototypes and cast metal parts (by use of wax) [9-12].
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8

According to the above analyses, the salient features of SFF may be summarized

as follows:
1. Range of applications: the physical prototypes can be rapidly and
efficiently produced.
a. For concept design.

b. To find design errors.

c. To check assembly process.

d. For Metal casting.

e. For medical purposes.

f. To produce complex objects, especially for small quantity
production at a given time such as aerospace, medical, and die forming.
2. Limitations

a. Special materials are required for most RP technologies,
such as photo-curable epoxy, fine powders, thin wire or laminates.

b. Most of those materials have some shortcomings:
brittleness, low strength, low stiffness, high shrinkage and/or high cost.

c. Sophisticated equipment is required, such as a laser system.

d. Support structure is required for some RP processes.

e. The process speed is lower than that of conventional mass

production methods.
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1-1-3 Conventional Composite Fabrication Processes

The fabrication technologies for polymer matrix composites are briefly reviewed.
First reviewed are selected processing techniques for thermosetting polymer
composites, which have dominated the composite material market in the last three

decades and this dominating status will continue for at least another decade [13-15].

Thermosetting Resin Matrix Composite:
A. Wet lay-up Method and Prepreg lay-up Method:

In wet lay-up, a fabric or mat is laid into or onto a mold and then catalyzed resin
is poured, brushed, or sprayed over the reinforcement. The wet composite layer is rolled
by hand or with a proper tool to evenly distribute the resin and to remove air pockets.
Another layer of reinforcement is placed on top of this first layer and impregnated with
the resin. This procedure is repeated until a desired thickness is reached. The whole part
is then cured by temperature and pressure schedule.

In the prepreg lay-up method, a prepreg material is first prepared by impregnating
a unidirectional tape or woven fabric with a resin. Layers of prepreg are then cut to
desired phases, laid up together, and cured in a mold. This method permits a better
control of the resin/fiber ratio, this is simple and can be used to form a structure in which

accuracy is not a requirement [16].
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10

B. Vacuum Bagging and Autoclave Curing:

The vacuum bagging process is used predominantly in the aerospace industry
where composite part properties rather than high production rate is a priority
consideration. The autoclave provides pressure beyond what can be achieved with a
vacuum only and therefore imparts greater compression, resulting in reduction of void
content. Curing in the autoclave produces a part that is superior to that produced through
non-pressure curing in terms of mechanical properties. Autoclave curing requires a heavy
capital investment on equipment and the process is slow and tedious [17, 18].

C. Filament winding:

A continuous band or tape of resin-impregnated fibers is wrapped over a mandrel
to produce a hollow part. One of the advantages of filament winding is that parts of
widely varying size may be produced. Also, non-cylindrical shapes can be made. Panels
and fittings for reinforcement can be easily included in the winding process. Low void
content and good fiber/resin ratio can be achieved. Parts with high-pressure ratings can be
fabricated. But resin viscosity and pot life must be carefully chosen and monitored.
Control of key parameters such as fiber tension, fiber wet-out, and resin content is
important. Filament winding is not capable of readily making parts with a concave
surface or any complex shape [19, 20].

D. Pultrusion:

Pultrusion is a continuous process used to produce fiber-reinforced plastic
structures of a constant cross-sectional shape. The process involves feeding collimated

bundles of reinforcement fibers through a resin bath, allowing the fiber tows to be
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i1
impregnated with the matrix resin. The impregnated tows are then driven to go through a
preforming die and a final shaping/curing die. The hardened/cured composite is pulled to
a cutting device or a winding drum. Pultrusion differs from filament winding in that
filament winding places the primary reinforcement in the hoop direction, while Pultrusion
has the primary reinforcement in the longitudinal direction {21, 22].

E. Liquid Compesite molding (LCM)

LCM includes the resin transfer molding (RTM) and structural reaction injection
molding (SRIM).In the RTM process, reinforcement preforms are placed inside a closed
and sealed mold and then the resin is injected into the cavity of the mold. SRIM is a very
similar process, but usually faster than RTM. In SRIM, mold release and reinforcement
sizing are varied to optimize their chemical characteristics for the SRIM chemistry. Once
the mold has been closed; the resin is rapidly injected into the mold and reacts quickly to
cure fully within a few seconds or minutes. These methods require building a specific
mold for each part shape [23-25].

Thermoplastic Matrix Composites:

F. Manufacture of Thermoplastic Prepreg

Mixing a high-performance thermoplastic with continuous fiber tows is a difficult
task, mainly because of the high viscosity of a polymer melt, requiring a high shear stress
and long residence time to permeate and wet out a fiber bundle. Greatly increasing the
melt temperature to lower the resin viscosity is not always possible because

decomposition can begin to occur before viscosity reaches a reasonable value. These
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12
considerations have made it difficult to fabricate thermoplastic prepreg materials using a
conventional hot-melt process.

G. The “FIT” Process.

In this process, fiber tow is spread, passes through a fluidized bed of powder less
than /0 microns in size and then is extrusion coated to encapsulate the powder and the
tow in a film sheath, forming a “towpreg”. The towpreg can later be woven, braided,
stitched into a textile structural shape, which is then pressed after powder fusion and
allowed to solidify under a desired pressure [26].

H. The Wet Powder Technology.

This process involves dispersing the thermoplastic matrix powders in an aqueous
suspension to form slurry, which is used to impregnate the fiber tows. The impregnated
tows, again called “towpregs”, are dried and wound around a drum. The towpreg can
later be woven or braided into a composite shape, which is then pressed after powder
fusion and allowed to solidify under a desired pressure [27].

I. The Dry Pewder Technology.

The process entails feeding and spreading a fiber tow into a fluidized bed
containing moving thermoplastic powder particles. The powder particles are electro-
statically charged and the tow is electrically grounded to promote powder pickup. The
powders are then partiaily melted to allow the polymer to glue to the fiber, yet
maintaining isolated particles. This process appears to be capable of producing a towpreg
rapidly without imposing severe stresses on the fibers or requiring excessively iong high-

temperature residence times for the polymer [28, 29].
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13
J. Commingled Yarn Technology. The “hybrid yarn" concept represents a
major step forward in the developments of thermoplastics composite processing
technology. The commingling process requires a texturing procedure to open the
reinforcement yarn bundle (for accommodating thermoplastic filaments) without
damaging the brittle fibers. This may be difficult to accomplish for a high filament count
carbon tow. There is certainly an added cost to produce filaments form matrix polymers.
The commingled fibers can later be woven or braided into a composite shape. The
thermoplastic filaments are then melted with the whole composite shape being pressed
and allowed to solidify under a desired pressure {30, 31].
The shortcomings of the conventional composite fabrication processes are:
1. Part specific tooling is required for most processes.
2. Some processes can only produce semi-finished products, axially
symmetric shapes, or structures of a constant cross-section shape.

3. Cannot be used for net-shape fabrication of complex 3D objects.

§1-2 MOTIVATION BEHIND THE DISSERTATION RESEARCH

A 3-D model formed by a RP technology presents a better communication tool
than 2-D pictures or a simulated 3-D model on a monitor. The 3-D physical model can be
seen and can be touched by the designer for a detailed inspection. With a 3-D physical
model at hand, the designer can easily find design errors and eliminate the errors before

the part is put on the production line.
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The part can be readily re-designed to reach the desired shape. However, a model
is an object used for the evaluation of its “form™ only (but not “fit” and “function”). The
shape cannot be used as a real part or structure. Most materials used in a RP process have
the following shortcomings: brittleness, low strength, low stiffness, high shrinkage and/or
high cost. In many cases, good strength is needed for a desired object. For example, a
human artificial limb should be made with proper mechanical properties and an
individual shape. Some parts or structure for aerospace applications need a high strength-
to-weight ratio. In some cases, the number of identical parts needed at a time is small.
These requirements can be met provided the RP technology is extended for the

fabrication of advanced fiber composites.

1-2-1 LM Technology for the Fabrication of Continuous Fiber Compoeosite

The Composite Layer Manufacturing (CLM) takes advantages of the SFF
technology (its flexibility in 3D forming) and the superior mechanical properties of
composite materials. The primary advantages of CLM are given as follows:

1. As a rapid method of making models of high mechanical integrity:
Advanced fiber reinforced polymer and metal matrix composites normally
have great specific stiffness (modulus-to-density ratio), specific strength (strength-to-
density ratio), creep and fatigue resistance, and fracture toughness. A prototype or
real part made with an advanced composite will be of superior structural integrity and

durability.
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15
2 As a cost-effective way of producing tools:

Composite design approaches have advanced to the status that, by judiciously
selecting fibers and their orientations, one can readily produce a composite with a
desired Coefficient of Thermal Extension (CTE) e.g. zero CTE. Zero~-CTE materials
such as INVAR have been shown to meet thermal and durability requirements and are
used in current aircraft production programs. INVAR tooling, however, is very
expensive and requires a long fabrication lead-time. The presently proposed
technology will permit cost-effective, rapid fabrication of durable tools, which
themselves are made from continuous fiber composites with thermal characteristics
that are compatible with those of the intended composite parts.

3. Potentially a cost-effective composite fabrication method:

Most of the current composites processing techniques are not capable of
manufacturing structural parts of a complex geometry. SFF concepts provide
effective approaches to the production of complex composite structures without
incurring operator interventions or utilizing part-specific tooling (mold or die). Cost-
effective processing techniques will significantly broaden the scope of application for

composites.

§1-3 LITERATURE SURVEY
1-3-1 History of Commercial RP Systems
1. In 1987, the first commercially available RP system in the world was

introduced, which was the precursor to today’s popular SLA-250 machine. The SLA-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Markforged Ex. 1007
Page 31 of 248 Markforged v. Continuous Composites, [PR2022-01218


dib
Sticky Note
None set by dib

dib
Sticky Note
MigrationNone set by dib

dib
Sticky Note
Unmarked set by dib


16

250 of 3D systems is used for mechanical part design based on the Stereolithography
(SL). After that, NTT Data/CMET and Sony/D-MEC SL systems were
commercialized in Japan in 1988 and 1989, respectively [32]. Then, Electro Optical
Systems (EOS) of Germany sold its first Stereos Stereolithography system in 1990.
Cubital introduced Solid Ground Curing (SGC) in 1991, which also works with UV-
sensitive liquid polymer. The SGC involves solidifying whole layers at once by
flooding UV light through masks created with electrostatic toner on a glass plate. In
1994, Fockele & Schwarze of Germany introduced a stereolithography machine, but
on a limited basis.

[n 1991, Stratasys invented the Fused Deposition Modeling (FDM) system. In
1994, Model Maker that deposits wax materials with an inkjet print head became
available by Sander Prototype. In 1996, Ballistic Particle Manufacturing (BPM)
Technology sold its first commercialized Personal Modeler 2100, which deposits high
impact polystyrene materials using an inkjet print head [33].

2. In 1991, Helisys introduced Laminated Object Manufacturing (LOM), and
in 1994, Kira Corp. of Japan commercialized the first non-stereolithography system
called Solid Center that is using paper lamination [34].

3. DTM introduced the Selective Laser Sintering (SLS) system and Teijin
Seiki commercialized the technology and named it Soliform Stereolithography
System in 1992.

4. In 1993, Massachusetts Institute of Technology (MIT) invented and

patented a process, which is named Direct Shell Production Casting (DSPC) for use
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17
in investment casting process though depositing liquid binder onto ceramic powder to
form a shell [35, 36]. The same 3-D powder printing technique is now

commercialized by Z-Corp. for producing concept models.

1-3-2 Present Profile of RP

1. Patents: By the end of October 2000, the US Patent and Trademark
Office (USPTO) has proved and issued 666 patents related to RP. Most of the patents
(531 items) appeared during 1996 to 2000. After browsing most of the patens, several
salient features of these of patents can be found: new processes and material are still
the focused points, and most organizations are considering system details to improve
existing RP machines.

2. Open Literature Including Conference and Periodical Paper: Many
home pages, which are related RP can be found through Internet searching using the
key words “Rapid Prototyping”. A profile of RP developing can be found directly.

a. Over 2500 Joumnal articles and conference papers related to RP
have been published worldwide.

b. Rapid Prototyping Journal "Keeps you fully informed of the latest
developments in rapid prototyping.” The journal focuses primarily on rapid
product development in a manufacturing environment, but also cover

applications within other areas such as medicine and construction. This
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18
internationally acclaimed information resource provides truly global

perspectives on this dynamic and exciting area.

c. CAD/CAM Publishing publishes The Rapid Prototyping Report.
The monthly Rapid Prototyping Report is the only independent periodical
devoted to rapid prototyping and helps a technology development engineer or
manager avoid mistakes by publishing in-depth, objective appraisals of the
strengths and weaknesses of each technology.

d. Rapid News - time-compression technologies magazine. The
magazine discusses the use of time-compression technologies to speed new
products to market, with applications-oriented feature articles, news, reviews
published by Communications Technologies, Inc.

e. These are many specialized publications.

The status of RP industry has been well summarized by Wohler and associates
[37]. The following are the key findings of this report.

3. RP units sold by US manufacturers: The Charts 1-1(a) shows the RP
system units sold by US manufactures in 1997. Out of 1057 units nearly one-third
came from 3D Systems. In 1996, Stratasys units accounted for nearly 41% of the
systems sold by US manufactures. 3D System and Stratasys have dominated the
market for several years.

4. Industries Being Served In the early days of RP, the automotive and

aerospace industries dominated the RP market, accounting for about half of the total
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market. This is no longer the case as RP has spread into other industries. Charts 1-1
(b) show the industry sectors that are now using RP technology.

5. How RP Models are Being Used About 28% of all RP models are
being used for fit and function applications, while nearly 36% serve as visual aids for
engineering, tooling, requesting quotes, and presenting proposals. Meanwhile, about
25% are being used as patterns for prototype tooling and metal casting. Chartsl-1 (c)
shows how customers are using RP models.

6. RP EducationThe use of RP at educational institutions started in the late
1980’s with a core of about 10 universities worldwide. The number of schools has
grown steadily during the 1990s. From 1994 through 1996, the number of universities
involved in RP worldwide soared. In 1996, an estimated 225 research institutions,

technical colleges, and even a few high schools used RP in some way.

1-3-3 New Developments in RP Technologies

I. New System Scientists are always interested in new technology. That is
one reason why new technology is appearing one after another. Now several new RP
and RT processes are being developed in laboratories around the world. But the
challenge still is how to package these technologies into commercially viable

products.
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Units Sold By US Manufactures in 1997
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Charts 1-1 Present Profile of RPT (Source: Wohlers Associates, Inc).
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a. LENS at SNLA new technology named Laser Engineered Net
Shaping (LENS) that can make 3D metallic parts or structures directly from
CAD solid models has been developed at SNL (Sandia National Laboratories
Albuquerque, NM). Metal materials as applied in RPT are a very important
research direction and have been achieved by different research organizations
[38, 39].

b. Directed Light Fabrication at LANL Directed Light
Fabrication (DLF) used to form metal components also is being developed at
Los Alamos National Laboratory (LANL). The process uses a computer-
controlled nozzle system to deposit metal powder into a pool of melted metal
created by a focused laser beam. Layer thickness is typically 0.075 to 0.125
mm, which can be built into fully dense, near-net-shape metal components.
Similar to LENS and DLF, a system called Laser Generating has been
developed by the Fraunhofer Institute for Production Technology (IPT) and
the Fraunhofer Institute for Laser Technology (ILT), both are located Aachen,
Germany.

c. Topographic Shell Fabrication (TSF) The process is
developed by Formus (San Jose, CA). The TSF prints shells as large as
3.4x1.8x1.2 meters with silica sand and paraffin wax, and then the shell
severs as a temporary form for molding shapes in fiberglass, resin or other

materials.
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d. Larger and Faster LASTFORM (Large Scale Tooling for
Rapid Manufacture) has focused on the manufacture of large laminate dies for
the aerospace industry. Large RP equipment can form large concept molds;
e.g., the car contour. With a large instrument, it is possible to form several
molds in one forming operation. Now, some high-speed RP processes can
form a part within hours or days instead of days or weeks. Actually, the
required mold accuracy requires slicing more logic layers and build more
physical layers, thereby extending the forming time. Speed and accuracy still
appear to be mutually exclusive for most RP processes [40-44].

2. New materials paper is employed in the LOM system and epoxy is employed in
the Stereo-lithography system as visual aids only. The parts produced are good
enough for prototyping and testing applications. The new materials for RP being
developed have the following features:

a. Modifying the existing RP material Filler components are
added into epoxy to decrease the laser scan time, reduce the shrinkage, and
improve mechanical properties.

b. Function material Thermoplastic, such as ABS and nylon
materials that exhibit good mechanical properties were studied by FDM
system users.

c. Metal Especially high melting temperature alloys, stainless steel,

nickel-based super-alloys such as Incone 1625, 690, and 718, H13 tool steel,
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tungsten, Ti-6Al1-4V, Nickel Aluminates, and others have been fabricated with
certain systems such as LENS.

d. Compesite material is another focused material for RP and will
be discussed in the next section

e. Other materials Scientists at Tsing Hua University (Beijing,
China) are investigating the creation of ice models using inkjet printing of
water [45].

3. Software Development a RP process could not be invented without computer
software development. The software, which is used in RP, could be used to convert
CAD models into a format that is suitable for controlling the operation of a RP
system. The most popular format, used by all commercial RP machines, is the STL
(STereoLithography) file developed by 3D Systems. And most CAD software
packages can output STL format file now. But the STL files contain flaws and require
modifications. New software products and utilities such as Magics can be used to

view, measure, slice, and repair STL files.

1-3-4 RP Technology with Compesite Materials:

The SFF techniques that potentially can be used to fabricate short fiber- or
particulate-reinforced composite parts or their precursor performs include fused
deposition modeling (FDM), laminated object manufacturing (LOM) or related

lamination-based process, and powder-dispensing techniques. The FDM process operates
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by employing a heated nozzle to melt and extrude out a material such as nylon, ABS
plastic (acrylonitrile-butadiene-styrene) and wax in the form of a rod or filament [46].
The filament or rod is introduced into a channel of a nozzle inside which the rod/filament
is driven by a motor and associated rollers to move like a piston. The front end, near a
nozzle tip, of this piston is heated to and melted; the rear end or solid portion of this
piston pushes the melted portion forward to exit through the nozzle tip. The nozzle is
translated under the control of a computer system in accordance with previously sliced
CAD data to trace out a 3-D object point by point and layer by layer. In principle, the
filament may be composed of a fiber or particulate reinforcement dispersed in a matrix
(e.g., a thermoplastic such as nylon). In this case, the resulting object would be a short
fiber composite or particulate composite. The FDM method has been hitherto limited to
low melting materials such as thermoplastics and wax and has not been practiced for
preparation of metallic parts, possibly due to the difficulty in incorporating a high
temperature nozzle in the FDM system.

A more recent patent reveals a FDM process for forming 3-D solid objects from a
mixture of a particulate composition dispersed in a binder [47]. The method involves
additional operations of preparing a mixture of particles and binder and forming the
mixture into a filament or rod form. The mixture in this filament or rod form is then
introduced into a nozzle with the leading portion of the filament/rod me}ted and extruded
to deposit onto a work surface point by point and layer by layer to form a 3-D shape. The
binder in this 3-D shape is later burned off with the remaining particulate composition

identified by re-impregnation or high-temperature sintering. A large amount of binder, up
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to 60-80% by volume, must be burned off and this represents a significant waste of
material and requires a long duration of time to accomplish.

Other melt extrusion-type processes include those disclosed in Valavaara {48-49].
These melt extrusion based deposition systems, if adapted for forming short fiber or
particulate composite object, would suffer from the same shortcomings as in FDM.
Furthermore, the incorporation of 20 - 40% short fibers or particulate in a matrix melt
would further increase the viscosity of the material in a flow channel, making it more
difficult to operate the FDM or related extrusion-based process.

In a series of U.S. patents [e.g., 50], Sachs, et al. disclosed a 3-D powder printing
technique that involves using an ink jet to spray a computer-defined pattern of liquid
binder onto a layer of uniform-composition powder. The binder serves to bond together
those powder particles on those areas defined by this pattern. Those powder particles in
the unwanted regions remain loose or separated from one another and are removed at the
end of the build process. Another layer of powder is spread over the preceding one, and
the process is repeated. The “green” part made-up of those bonded powder particles is
separated from the loose powder when the process is completed. This procedure is
followed by binder removal and metal melt impregnation or sintering. This technique is
limited to one type of powder particles in one layer and is useful for fabricating uniform-
composition materials only. The technique does not lend itself for varying the powder
composition from point to point for the preparation of heterogeneous materials.

This same drawback is true of the selected laser sintering or SLS technique [51]

that involves spreading a full-layer of powder particles and uses a computer-controlled,
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high-power laser to partially melt these particles at desired spots. Commonly used
powders include thermoplastic particles or thermoplastic-coated metal and ceramic
particles. The procedures are repeated for subsequent layers, one layer at a time,
according to the CAD data of the sliced-part geometry. The loose powder particles in
each layer are allowed to stay as part of a support structure. The sintering process does
not always fully melt the powder, but allows molten material to bridge between particles.
Commercially available systems based on SLS are known to have several drawbacks.
One problem is the long time required to heat up and cool down the material chamber
after building. In addition, the process has not been successfully applied to fabrication of
fiber composite parts.

Most of other prior-art layer manufacturing techniques aiso have been largely
limited to producing parts with homogeneous material compositions. Furthermore, due to
the specific solidification mechanisms employed, many other LM techniques are limited
to producing parts from specific polymers. For instance, Stereo Lithography and Solid
Ground Curing (SGC) rely on ultraviolet (UV) light induced curing of photo-curable
polymers such as acrylate and epoxy resins. Additionally, most of the current RP systems
are not effective in adding fibers into a RP material or varying the fiber type of a
composite object from layer to layer and from spot to spot.

Modified laminated object manufacturing (LOM) has been used to prepare
polymer matrix and ceramic matrix composites [52]. The process involves, for instance,
feeding, laminating and cutting thin sheets of prepregs (pre-impregnated fiber perform) in

a layer-by-layer fashion according to computer-sliced layer data representing cross
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sectional layers of a 3-D object— The process cycle typically consists of laminating a
single sheet of prepreg to an existing stack, laser cutting the perimeter of the part cross
section, and laser-dicing or “cuftbing™ the waste material. After all layers have been
completed, the part block is rernmoved from the platform, and the excess material is
removed to reveal the 3-D objec-t. This process results in large quantities of expensive

prepreg materials being wasted.

§1-4 CHALLENGES FOR THE FUTURE

1. CostSaving Curment RP system price is very high, from $50,000 to
200,000 per unit. Many agree that RP must cost less before it will penetrate
manufacturing companies worBdwide.

2. Faster, Larger, an-d Stronger for industries

a. Some RP prrocesses are extremely slow to build a component. Days
even weeks may be ne-eded. To reducg the forming cycle time is a challenge
for each RP process. Dessired forming cycle time is within one day or hours.

b. RP capabiliity or fabrication scale is limited by the size of the
forming chamber, workzing raged of a 3D- motion device, or dimensions of the
platform. Large-Scale Model, which are used for automotive industry is
another developing dire=ction.

c. The shape sstability and mechanical properties of the RP formed

components should be considered in next development step.
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3. Smaller and Cheaper for Family Desktop RP system and price within
thousands is desired for children to practice their design intelligence and everybody
can create their own 3D articles at home.

4. New Applications Most application of RP technology is practiced on
model making used for concept design, error checking, assembly testing and so on.
RP technology could be expected to offer advantages in the following fields:

a. ReliefMap The received data from a satellite can be converted
to a format recognizable and realizable with a RP system. A 3D map could be
made within hours or less. The relief map could be used for military purposes
or in emergency situations.

b. Medical “RP for medical applications is a sleeping giant™. In
fact, in medical purpose, RP can show its fabulous advantages: process object
rapidly and individually.

c. Metal Casting and Mold Repair: RP with metallic materials is
a large field for RP application. Die-casting had remained the greatest focus in
the last few years and probably has the most potential.

5. New Software Development Most commercialized software is
depending on a specific process. A new process requires new software to match it.
For example, CLM requires its own software to control the towpreg deposition.

The current CAD tool can create a 3D machine or structure with different
colored components, but could not create arbitrary colors within a component or a

structure, nor output a file with a color symbol. Once the problem is solved, RP will
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be colorful and more useful. Initial success in this aspect has been achieved recently

by Z-Corp.

§1-5 RESEARCH OBJECTIVES

The proposed process included impregnating a fiber tow with a matrix material in
a liquid state (e.g., melt) and laying up the impregnated tow (towpreg) point-by-point and
layer-by-layer according to a computer-aided design file. The main objectives of this
dissertation research are:

1. Identification of the necessary operations of fiber tow impregnation, movement
and deposition that can be integrated for manufacturing continuous fiber
reinforced composite parts of high structural integrity and dimensional accuracy.

2. Development of a simple prototype apparatus to demonstrate the technical
feasibility of the presently proposed approach and to evaluate its strengths and
limitations.

3. Process simulation and analysis:

(A)  Simulation of the molten materials flowing inside a nozzle to develop
ability for predicting the best precess parameters.
(B)  Analysis of the effect of the towpreg lay-up sequence and fiber orientation

on the mechanical properties of a composite.
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CHAPTER 2 CONCEPT DESIGN AND ANALYSIS FOR COMPOSITE LAYER

MANUFACTURING (CLM)

§2-1 INTRODUCTION

The motivations behind the proposed research have been indicated in the previous
chapter. The advantages and features of Composite Layer Manufacture (CLM) and its
future development have also been briefly cited. Discussions in this chapter will be
focused on how to achieve the proposed research objectives to find the best way to
realize the designed plan, and to demonstrate the feasibility of all the concept designs.

To develop a new product technology or a new process, a proper procedure and
scientifically sound experimental method of would greatly reduce the effort. For a
specific technology, to meet the requirements of the market, more attention should be
paid to three basic aspects: cost, quality and time.

The tasks of the present dissertation research project were to develop a new RPT
process and a prototype machine using both layer manufacturing and composite
fabrication concepts. The new technology and its relation with both RPT and composite

fabrication are discussed in this chapter.

30
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§2-2 DEVELOPMENT METHODOLOGIES

2-2-1 Developing a New Technology

A flow chart for developing a new process is shown in Figure 2-1. RPT is an
interdisciplinary subject that includes machinery, mechanics, automatic control,
computer, cptics, materials science, etc. It is necessary to cooperate within a development
team and to divide the whole development project into several periods. Each period has
its specific goals and tasks [53].

a. Information collection: The advantages and features of the current RPT
and various composite fabrication technologies have been summarized in Chapter 1,
which provided the foundation of concept design for the present project.

b. Concept design: All collected valuable information is taken into
consideration for concept design. In §2-6, there is an introduction of several concept
designs based on this principle.

c. Feasibility test: After a concept design is drafted, it is time to do the
feasibility test. Several feasibility-testing experiments are necessary to evaluate all

parameters possibilities.
2-2-2 Feasibility Experiment

The feasibility experiment is simple and easy to do. It needs just a short period of

time and a low cost. Sometimes, an existing equipment can be used to get a judgment
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result (YES or NO) to serve as a guide for following the experiment. A feasibility
experiment can be done using the most important control parameters that simulate the
key behavior in a real situation. Commonly, the positive conclusions can be published,
but negative conclusions cannot be published, there are positive results if some
parameters or conditions have been changed. Anyway, the feasibility experiment can be
taken as a positive result at once, and then the experiment can be varied or expanded
basically around this design.

The feasibility experiment is a single target experiment with less parameters. The
cross-effects are neglected, and care should be taken to interpret the experiment results.
Additional intermediate experiments may be needed to verify important conclusions.

To grasp the essence of an issue, the feasibility experiment should be properly
done. Throughout the feasibility experiment, modification or optimization of the original
plan, through the intermediate experiments, must be constantly executed.

The feasibility of a design can be double checked by means of intermediate
experimental verification that is done with various overlay-effort influences. In fact, some
parameters and conditions cannot be simulated, nor demonstrated during the feasibility
experiment period. Therefore, the true result is confirmed by the intermediate experiment
only. So, the intermediate experiments bridges the result of the feasibility experiment to
the machine prototype. The optimal design parameters could be found via the
intermediate experiment, which will be the foundation of subsequent designs of the
prototype machine. Sometimes. when a series of intermediate experiments have been

done, the new prototype of the machine will appear.
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2-2-3 Intermediate Experiment

During the intermediate experiment, the various process parameters could be
determined accurately. The impossibie plan could not be seen through, no matter how the
experimental parameters changed. In case of the feasible plan, if the designed parameter
is not in a right range, an error-judgment also could appear and result in the good
technology plan could be abandoned. If the parameter could be controlled exactly, we
should consider all possibility of cross-influence during the intermediate experiment. The
impossible plans that were shown as "possible" in the original feasibility experiment
could be found and thrown-out during this period.

Another important purpose of the intermediate experiment is to check the stability
and reliability of a technology. Some parameters such as a stable extruding speed, or an
equivalent temperature can only be stabilized when the system was run a period of time.
Some problems could not be appeared throughout a short period of time, such as a roll up
error, etc. The stability study results can be seen in two aspects: the best technology
parameter and whether a plan could be done in a right principle or not. For example, if
some RPT machine, such as BPM (Ballistic Particle Manufacturing) is being run for a
long time, the polymer that remains inside of the nozzle or transferring hose could age
and form scraps that block the hole of the nozzle or the hose. The disadvantage of the
design concerning the transportation of materials would be exposed at a longer time.

All the unstable influences must be eliminated at this intermediate experiment
period, and then the subsequent development work will be continued. In fact, all kinds of

successful developments including both new products and new technology during the
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time of development could not be seen. But we can only see the success side and cannot
see what is behind the success. Why is it successful? How could it be successful? What
kind of failure occurred? Only those engineers who are following the basic rule of
developmental procedure can do the development. Certainly the new technology that
includes new processes and new product development is the process of creating. This
kind of creation is not only shown in the result, but also in procedure. The result is to
create new products or new technologies, but the market must check them. The
development process creates new products and obeys all the developing rules. Only the

procedure that is done step by step carefully, will avoid failure.

§2-3 OBJECT FORMING THEORY FOR CLM

For a RP Technology, the different additive methods must be employed for

different forming strategies using different materials.

2-3-1 General RPT Depositing Method

Look at Stereolithography (SL): A piece of sweeper that is dipped with epoxy
sweeps and coats a thin layer of epoxy upon the object to add a new layer. Another
material additive method for Stereolithography is implemented by moving the object
elevator downward one layer of thickness each time. Then the epoxy overflows above the
top layer, which has been built to add a new raw material layer that is waiting to be

scanned and solidified. To build a layer, In the LOM system, the collector roller feeds a
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sheet of paper onto a platform. Then, the laser beam cuts the corresponding cross-section
contours. In the SLS technology, a layer of very fine powder particles is spread on top of
the previous layer through a powder-leveling roller. Then the powders are laser-fused at
selected contour locations to allow these powders to be bonded together and adhere to the
previous layer contour.

FDM, BPM and 3D Print Technology are among the earliest developed and most
widely used rapid prototyping system of delivering materials by similar means. This is
accomplished by transferring material to the object through a depositing hand commonly
called a nozzle. Inside the nozzle, the material state has been changed to a melt or plasters
state, and then is squeezed out under the effect of a continuous pressure or pulse pressure.

The common characteristic of the technologies SL, LOM and SLS is that the unit
adds materials layer by layer to build an object. For instance, in technologies of FDM,
BPM and SLS etc, the method of adding material is particle by particle, line by line and
layer by layer, respectively. Because of a laser’s very high focusing ability, the heat
influence area is small and the thickness of paper is very thin, so the staircase effect is
small in SL, LOM, and SLS technologies, leading to a good forming precision. But in
FDM, the material being added is something like grains or beads of liquid or plaster
passing through the nozzle orifice for deposition. The forming precision is related to the

nozzle’s orifice directly and the staircase effect in FDM can be observed clearly.

2-3-2 A Concept of Active Material Supplying and Passive Material

Supplying

Because CLM is similar to the process of FDM, the characteristics of the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Markforged Ex. 1007
Page 52 of 248 Markforged v. Continuous Composites, [PR2022-01218


dib
Sticky Note
None set by dib

dib
Sticky Note
MigrationNone set by dib

dib
Sticky Note
Unmarked set by dib


37

material-adding method for the FDM technology are analyzed and summarized in the
following:

1. The material is affected by the pressure inside the nozzle that pushes the
fluent material out of the orifice and propeis the dispensed material toward the object
with a certain speed. This way of adding materials to an object being built is called
Active Material Supplying. So far, in ail the RPT, the material-adding method can be
generally regarded as the Active Material Supplying. In the CLM, another material-
adding concept is introduced and is called Passive Material Supplying. The detail
information. and advantages about the Passive Material Supplying will be discussed
later.

2. Due to the viscoelastic nature of a polymer melt and the fluctuation of
pressure in the nozzle, especially at the time of starting and stopping, the deposition
speed may wary with time and a change in the nozzle pressure may cause a delayed
variation in the deposition speed.

3. The forming quality of a previous layer dose not influence the forming of
the current Layer, in the case of active material supplying such as in FDM. However in
the case of passive material supplying, the quality of a previous layer has a profound
effect on the forming quality of the current layer.

The unique characteristics of the CLM forming process are listed as follows:

1. It is difficult and also unnecessary to form any complicated-shaped parts
by only one continuous line of composite material, which is called towpreg. A
moving nozzle or depositing head, upon completion of an area of a layer, has to move

to another area or another layer, after the nozzle is relocated to another area, the
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towpreg that still links the nozzle and the object should be cut off to free the nozzle. If
a machine for CLM process is to be designed properly, the cutting function should be
considered and this function need to be reliable and durable.

2. It may be necessary to build a support structure for such features as
overhangs and isolated islands in a layer. Another nozzle for forming the support
structure is necessary. Obviously, if the support structure is formed by the same
nozzle and material, the supports structure could be hard to remove after the part was
finished. CLM process has another advantage to be mentioned here. In some cases,
CLM could use a simplified support structure. For example, a structure of a part is
shown in Figure 2-2. When the area included BCEF is to be formed using the FDM
technology, the support structure must be formed in the first layer or BC layer before
a subsequent layer could be continued. But the support structure is not needed in this
situation if the CLM is employed because when BC layer is being formed, each line is
arranged in order A—»B—C—D, the towpreg between B and C acts like the bridge
that supports the subsequent layers between the BCEF.

3. Because the towpreg that links the nozzle and the object has a high tensile
strength, it is possible to use Passive Material Supplying. The definition of Passive
Material Supplying is that, when the object is moved relative to the nozzle during the
forming process, the towpreg is pulled out by the object instead of being pushed out
by nozzle pressure. In the nozzle, the forming material is passively moved out by the
object’s pulling force and not squeezed out actively by its pressure. In the composite
forming fabrication, the Filament Winding Process could be considered as a Passive

Material Supplying.
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the towpreg shape has been changed during the deposition process.
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4. Because a towpreg has very a high tensile strength, at the beginning of
depositing, and especially at the end of the forming process, the deposition process
could be easy to control. So the part’s precision should be relatively high.

5. With the increase of the fiber volume fraction in towpreg, the effect of
adhesion between lines, and layers could become weak. Thus, the volume fraction of
fiber is limited in the towpreg.

6. In order to increase the compactness of the composite part and to get
proper mechanical properties, it is necessary to keep a proper pressure to the towpreg
while being deposited. The bottom surface of the nozzle may be used to push down
the deposited towpreg. The distance between the bottom of the nozzle and the surface
of the previous layer may be chosen to be slightly less than the diameter of towpreg.
The relative position of the nozzle and the object is shown in Figure 2-3. The cross-
section shape of a towpreg and the orifice of nozzle are not the same. Because a shape
of the cross-section is different in the same forming layer, the boundary condition for
deposition is different. Defects could appear such as areas with excessive or deficient

resin.
§2-4 EFFECTS OF MATRIX AND FIBER IN THE CLM PROCESS

The RP material used for a model could be selected from wood, wax, gypsum,
glass, and even wheat powder or chocolate. But the resulting object may be relatively

weak and brittle. If the CLM technology is used to form a model or a real component, the
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proper material for both matrix and reimforcement fiber should be chosen rationally. The
combination of matrix and fiber is illustrated in Figure 2-4.

There are discussions about lmow to choose matrix and fiber for advanced
composite materials in many textbooks, but the matrix and reinforcement fiber in the

CLM have to meet certain requirements_

2-4-1 Selecting the Matrix Materials:

Generally if the physical plate of any material can be changed to become a liquid,
this material could be applied as a matrix material for RPT. During a common composite
forming process, matrix is used as the forming carrier, which solidifies to form the shape
of the composite. The fiber is used to improve the mechanical properties of the whole
composite. A matrix for the CLM proces:s must meet the following requirements:

I. The phase change speed must be sufficiently high, no matter what kind of
energy is applied; the matrix can receive the energy quickly and can cause it to change its
physical state as soon as possible. For example, photo curable epoxy, a common RP
materials, must be capable of solidifyings immediately when it is exposed to a UV beam.
The RP forming process is based on adding the materials line by line and layer by layer
to build an object. Increasing the phase change the speed decreases the forming time for
each line and layer, leading to a reductiom in the total forming time.

2. The price of a matrix material should be reasonable especially in forming a
large number of parts or a large size strucaure.

3. The matrix and reinforcing filber should have high affinity, particularly when
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fiber impregnation and towpreg deposition are done at the same time. The matrix is

required to impregnate the fiber tow immediately.

2-4-2 Accelerating the Phase Change Procedure

The phase change speed is very important for RPT processes. How to change the
phase and increase the phase change speed are challenges and fundamental questions for
the RPT developer. If a phase changing method is found, a new RPT is invented.

In the earliest developed SL system a laser system and photosensitive epoxy were
applied. The laser beam spot can be focused to become very small. and the energy can be
concentrated upon a small area to solidify the thermosetting material in a twinkling. The
combination of laser beam and laser sensitive epoxy is an ideal material for RPT, but the
price of UV-curable epoxy is very high. And the laser generating and control system is
complicated and has a high price. Therefore, other curing mechanisms
are needed. The following methods or ideas were proposed and studied for thermosetting
resin materials during the period of this dissertation:

Keep the resin in the B-Stage: fiber tow is impregnated with a thermosetting
material to form the towpreg, then the towpreg is treated and kept in the B-stage.
Towpreg, a Semi-finished product of composite materials in the B-stage could remain
inactive for a long time at low temperatures. When needed to do a forming process, a
towpreg is heated or is exposed to energy by other means during the depositing
movement and is quickly solidified and allowed to adhere to the previous layer. All the

deposition and adhering procedures for a towpreg segment could be finished in a short
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time (0.01-0.1 Second). This method is proposed for common thermosetting materials
used in the CLM process.

During the deposition procedure, a curing agent and other ingredients are added
into the matrix material with a catalyst and/or photo-initiator to cure and solidify the
material resin. Such a chemical method is applied to increase phase change speed as
illustrated in Figure 2-5.

Electromagnetic and mechanical methods: the methods are considered to use
based on some materials, which are called Electro-Rheological Fluid materials. The ER
fluid can exhibit a phase change by applying or removing an electromagnetic field. When
an electromagnetic field is applied to the forming platform, an electromagnetic field
sensitive material can be mixed into the matrix and deposited upon the platform; the
matrix could be solidified immediately. Also a common thermosetting material can be
mixed into this matrix. When the whole object is completed, it can be heated in an oven
to finalized the object shape with the electromagnetic field being maintained until the
thermosetting material is completely cured.

Some materials called shear-thickening or dilatant fluids have been considered as
the materials for RPT. The state of stress that is exerted on these materials is controlled to
change their phases. This is called the Mechanical Method for RPT. If this kind of
material is stirred violently inducing fast solidification, and deposited layer by layer at the
nozzle orifice or at the depositing area, the materials could be applied in RPT. But to
achieve the proposed mechanism is still a challenge.

All the methods mentioned above have been employed in feasibility experiments

except for the electromagnetic and the Mechanical Methods.
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As for thermoplastic materials, in order to increase the phase change speed or
solidification speed, the temperature of the nozzle should not be too high; but should be
high enough to insure the deposited current layer adheres to a previous layer. The
temperature of the nozzle orifice is only /° C higher than the melting point of the
thermoplastic material in the FDM process. The environment temperature near the
forming zone could not be too high. Setting the temperature of the forming chamber is
another big issue and will be discussed in later chapters.

Speeding up the phase change will reduce the total part or model building time.
When a typical thermosetting epoxy material with very low viscosity u is deposited upon
an object, the thermosetting material may not be able to maintain its own shape at the
moment and it may flow around arbitrarily, preventing the deposition process from being
continued. Hence another basic requirement for matrix materials and deposition
processes is that the material fluid should maintain a geometric shape when the matrix is
carried to a forming platform.

The phase change speed is acceptable and is relatively easy to control for the

thermoplastic materials. For example, they are used in FDM, 3D Print and other RPT.

2-4-3 Effects of Fibers and the Selection of Fibers for CLM

In a composite, if the fiber volume percentage is 50%, the fiber will share over

90% of the force that is loaded on the composite. The mechanical effect of the fiber can

be clearly during the composite application. However during the composite forming
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period, the fiber dose not undergo a phase change. So the fiber properties may not appear
to be important for composite forming except for the Filament Winding process and
CLM. Effects of the fiber and how to choose the fiber are described as follows:

1. If a fiber reinforcement effect is to be expected, the high physical and
mechanical properties of the fiber must be considered.

2. The fiber should have high affinity with the matrix material so that the
fiber tow could be impregnated immediately and wetted completely. The fiber must be
flexible and pliable so that the towpreg can be formed with small angles when the matrix
is in a fluid state.

3. The towpreg must be readily cut off where necessary. This is a required
function of the CLM technology.

4. In some RPT processes, which use a UV curable epoxy, some fiber like
cotton thread may be pre-mixed with the epoxy during the forming process in order to
save the expensive photosensitive epoxy. The fiber is not only the forming process carrier
but is also the filler material that is required to be inexpensive, soft, and has good affinity

with the epoxy.

§2-S FORMING STRATEGY AND CONCEPT DESIGN FOR CLM

The strategy for selecting the matrix and fiber for CLM has been analyzed. The
selection of the component materials in a composite related to the forming strategy. The
concept design and feasibility experiment should be done after conducting enough

literature review and analyses. During the course of the present study, these two tasks
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were done alternately. By carrying out the feasibility study, features and limitation of
CLM could be identified, clearly understood and then a new concept design could be
performed.

In the discussion of forming a strategy design, two widely used plastic materials
have been considered as the matrix materials, which are thermosetting and thermoplastic.
Different kinds of materials could have different forming strategies. Even the same kinds
of matrix materials could have different forming principles. There also have been a

forming design to fit for two kinds of materials.

2-5-1 Concept Design for Thermosetting Matrix Materials

A thermosetting epoxy material was used for the feasibility experiment first. This
feasibility experiment is illustrated in Figure 2-6, and more details about it will be
explained in the next paragraph and in Chapter 5. Generally, the epoxy curing time takes
several minutes or even several hours, which is far different from the requirement of PT.
In RPT, the ideal solidification time or phase change time should be within one second,
or even one-tenth of a second. Therefore, there are two forming strategies to follow for
CLM that involves curing of a thermosetting resin. First, the towpreg could be prepared
and kept in the B-stage [54, 55] as a semi-finished product to be used in the depositing
procedure. These procedures are depicted in Figure 2-7. The towpreg in the B-State
retains a certain cross-section shape, and also has the necessary tackiness. The towpreg is
feed into a heated nozzle in which the resin is made to become fluent and chemically re-

activated. The towpreg is pulled out of the nozzle orifice for deposition
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onto a platform or a previous layer. As soon as a segment of towpreg is deposited, the
resin in this segment is solidified.

Another method for forming thermosetting materials, mentioned previously, is
shown in Figure 2-5. This is called a one-step method because the impregnation and
deposition are done at the same time. But the method shown in Figure 2-7 is called a two-
step method with this definition.

As shown in the Figure 2-5, the component A is a thermosetting material, and
component B is a curing agent. First component A and component B are mixed together
and the mixture is used to impregnate the fiber tow to make a towpreg. Then the towpreg
is pushed or pulled out of the nozzle and deposited on the top layer of an object by some
means. On the current forming layer, the deposited towpreg is heated or treated in way so

as to solidify and adhere it to the previous layer.

2-5-2 Concept Design for Thermoplastic Matrix Materials

Up to now, most research and development work done for CLM are based on the
thermoplastic matrix. Actually, no matter what matrix material is used, a problem exists
with material delivery. The concepts of Active Material Supplying and Passive Material
Supplying have discussed in §2-3. The features, principle and concept design of each
material supply method will be studied in more detail in this section.

The Active Material Supplying method has been applied in many RPT processes

such as FDM. Before several Active Material Supplying methods are introduced, a
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Fig. 2-7 CLM using thermosetting materials, a two-step forming method.
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feasibility experiment could be used to understand the requirements for the realization of
these methods.

The feasibility experiment is shown in Figure 2-6. For the experiment, a piece of
fiber tow is put in a hypodermic syringe and one end of the fiber tow is placed outside of
the needle connector. Another end of the fiber tow is placed inside of the hypodermic
syringe unrestrained. Then the epoxy fluid is filled in the syringe, allowing the
thermosetting matrix resin to impregnate the fiber tow. During the experiment, a plunger
is pushed forward to extrude out the epoxy. The following phenomena has been observed:
with the plunger being pushed forward, the downward flow of the polymer fluid helps to
drive the impregnated fiber tow out of the needle connector. From this experiment, one

can conclude that:

I. The impregnation and deposition procedures could be done in one
step.

2. Active Material Supplying could also be realized with composite
materials.

In order to simplify this experiment, the thermosetting epoxy was used as the
matrix material at room temperature. But the melted thermoplastic material is expected to
work in the same fashion. From the experiment, the design requirements for the CLM
process are recognized as the follows:

1. An adjustable pressure vessel is needed in this process and the
pressure can be kept at a constant value. An impregnated fiber tow with a matrix,
called towpreg, can be pushed out smoothly under the pressure.

2. The fiber tow can be introduced continuously to the vessel to form
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the towpreg.

3. If a fiber tow is supplied through a hole in the vessel, the hole is
sealed using a one-directional seal mechanism like a check-valve. It could let the
fiber tow come into the vessel but avoid the pressured resin to flow backward.

To meet the above requirements, the following designs were given for
consideration and discussion in the early stage:

A design is shown in Figure 2-8. Thermosetting or melted thermoplastic matrix is
poured into the vessel by a gear pump or an extruder machine to create a pressure field.
Under this pressure the matrix polymer could flow out through the nozzle’s orifice. The
impregnated fiber tow could be brought out by the effect of a shear stress. There is a
cone-shape sealing washer at the fiber tow entrance made from a rubber like material that
is elastic and can withstand a temperature higher than the melting point of the
thermoplastic. The fiber tow can be pulled in through the designed sealing washer only,
but the matrix could go up through the washer.

Friction exists between the fiber tow and the rubber washer. The fiber tow is
pulled in and pushed out through the vessel only by the shear stress that might not able to
surpass the friction. To insure that the fiber tow can be pulled in the vessel smoothly, a
couple of rollers are provided, which are controlled by a motor to drive the fiber tow into
the vessel. Between the rollers and the nozzle, a segment of towpreg is tensile free and
can be pushed out only by the vessel pressure.

This design appeared questionable after it was studied in detail. The sealing
washer was not reliable in order to seal the high-pressured resin from going up, and the

sealing washer might scratch the filaments of the Kevlar fiber tow. The design is perhaps
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only suitable for glass fiber or for fibers not sensitive to friction.

Improved designs based on these concepts are pictured in Figure 2-9. The fiber
spool is put into the vessel directly, so the sealing washer is no longer needed. Such a
design is shown in Figure 2-9A, and it looks very simple. However, the fiber spool is
soaked in resin. If the materials are not exhausted in one time, perhaps it could not be
reused for a next forming process. Therefore the remaining fiber would be wasted.

To solve the problem, another design is shown in Figure 2-9 B. the matrix resin is
filled to half volume of the vessel only; the fiber spool is positioned in the upper part of
the container. The resin fluid level is monitored and is controlled at a certain level in
order not to reach the fiber spool. So, the fiber spool is kept dry. Either by pumping in
resin or pumping in air, a certain pressure inside the vessel could be built.

The shortcoming of this design is that the pressure of air cannot be kept at an
exact value, especially at the beginning or stopping of deposition, because the air volume
can change too much under pressure. In order to solve the problem, several designs were
considered at the earliest research stage.

One of the designs is schematically shown in Figure 2-10. In this principle design,
there are series of clips that keep the fiber tow held steadily and these clips are adjusted
on circulating conveyer belt. They are being opened when they do not touch the fiber
tow; they are brought through a parallel channel that continuously carries the fiber tow
downward because the channel changes from wide to narrow and then wide again. Each
of the clips hold the fiber tight in the narrow segment, and the fiber tow is pulled down.

Another design idea is shown in Figure 2-11. The principle is that a motor through

a connector drives the bevel gear and then an impeller is driven to turn it. One or more
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Fig.2-9 Fiber spool is positioned inside the pressured vessel.
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helix blades are fitted on the impeller. When the helix blades are rotated in the vessel, a
downward directional field of resin fluid flow is created. The resin fluid impregnates the
fiber tow and drives it out through a nozzle. There is a hole on the center axis of the
impeller. The fiber tow can be pulled through it to the vessel, but the matrix resin cannot
go up through the hole because the resin flows downward. Therefore any a seal washer is
not necessary. In the mechanism, the pump or extruder provide only a melted polymer
and could not provide pressure to the vessel.

A different design is illustrated in Figure 2-12. The main idea is that the fiber tow
is impregnated and driven down by a high-speed resin stream. In this design, an annular
pipe replaces the nozzle. A ring slit is cut off from the lower side of the annular pipe.
When the annular pipe is injected with matrix resin, a resin stream could be directed
through the slit to the fiber tow at an angle to push down and impregnate the fiber tow.
The scattered surplus matrix resin is reflected by the fiber tow and collected by a tray. If a
photo curable resin is employed for this design, a laser beam should be focused on a
point, this point is where the resin stream hits the fiber tow. Around the laser beam
focused area, the towpreg is pre-solidified and is deposited on a desired place.

The designs introduced above are used to illustrate how to solve the problem of
depositing and impregnating in one step, and how the fiber tow could be added and
pushed upon at a desired point. If CLM process is separated into two steps, the design of
each process step should be simple. A two-step method for the thermosetting matrix has
been introduced in the previous section. In fact, the CLM with the thermoplastic matrix
can be separated into two steps too. Figure 2-13 also illustrates the CLM process done in

two steps. First, in the fiber tow is impregnated and becomes a towpreg. The second step

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Markforged Ex. 1007
Page 73 of 248 Markforged v. Continuous Composites, [PR2022-01218


dib
Sticky Note
None set by dib

dib
Sticky Note
MigrationNone set by dib

dib
Sticky Note
Unmarked set by dib


58

. Fiber Spool
L —_ _ —_— I .
S <
L — e — =
Resin Squeeze In :-::___(_.:'\iﬁ—m—-
R N
N i
~ -~ . ~
i =7~ =
— ==
Driving Rollers :‘f - ‘v\_;:; Pressure Discharge
.\1_ ?_'r\‘:, N d
\ === '(-'-*—C LN
N \\’/V TN Impregnated
Nozzle ‘-]L ~ Fiber Tow
=t Strain Free
Fiber Segment
Fig.29A

Fiber spool is placed inside the vessel and soaked in resin.

Locking Device
s S g Air Pressure Meter

Fiber Spool

Motor

Fiber Impregnatdon

M71 june 25,97

Fig.29B e
Fiber spool is positioned in the upper part of the container.

Fig.2-9 Fiber spool is positioned inside the pressured vessel.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Markforged Ex. 1007
Page 74 of 248 Markforged v. Continuous Composites, IPR2022-01218


dib
Sticky Note
None set by dib

dib
Sticky Note
MigrationNone set by dib

dib
Sticky Note
Unmarked set by dib


59

Fiber Filament N

G_ear_;@eel\ ; :
Bearing \, ~

Melt Polymer Pump In

Melt Polymer _,/4‘—_':_—:_‘—___—_—_—____‘; .

Impregnated Fiber Tow : - -

Fig 2-11 When the helix blades are rptated in the vessel,
a downward directional velocity field of the resin fluid flow is created.
The resin fluid impregnates the fiber tow and drives it out through a nozzle.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Markforged Ex. 1007

Page 75 of 248 Markforged v. Continuous Composites, [PR2022-01218


dib
Sticky Note
None set by dib

dib
Sticky Note
MigrationNone set by dib

dib
Sticky Note
Unmarked set by dib


"weans uisal paads-y3iy e Aq umop uaalip pue pajeudarduur st Mo Jaqy oy Z1-7 ‘i

Saidmoy, I

10dg 1317

“uisay Jo weang

ajzzoN Sury

suary Suisnooy

~Z

—,— = ——

-~

ol ol SLN

INQO uisay [enpisay

_ awe wowudiy J0ua)

adid aunssaid Y3y

WAUIB{L 191

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Markforged Ex. 1007

Markforged v. Continuous Composites, IPR2022-01218

Page 76 of 248


dib
Sticky Note
None set by dib

dib
Sticky Note
MigrationNone set by dib

dib
Sticky Note
Unmarked set by dib


61

the solidified towpreg is employed as a raw material for deposition. In the schematic
design, the main process can be seen. When the fiber tow is passed through the melted
thermoplastic material bath, it could be impregnated fully and becomes a towpreg. Then
it is cooled to solidify. In Figure 2-13, the solidification of the thermoplastic matrix is
done by cool air. But solidification should be faster if water is used as a coolant.

After solidification, a towpreg is like a wire with certain rigidity and can be
controlled by a couple of rollers to drive forward and backward reliantly. The depositing
process is similar to the FDM process, but the towpreg cutting off function should be
considered.

Two methods similar to FDM are designed and pictured in Figure 2-14. A
towpreg is delivered to the heating nozzle by a couple of driving rollers and squeezed out
of the nozzle. Before the towpreg is driven into the nozzle, it has enough rigidity to
perform like a piston. When the towpreg is driven into the nozzle with a temperature
gradient, the resin in the towpreg is changed from a solid to a soft and melted substance.
The solid towpreg, the piston, is driven by the roller downward to push the melted
towpreg out of the nozzle.

An improved design is shown in Figure 2-14B. A cooling water sleeve is instailed
at the nozzie’s entrance. The nozzle’s entrance is expected to keep a certain temperature,
and the towpreg is ensured to have the piston effect in this design.

The RPT with a metal matrix composite material is expected to work on a similar
forming principle. A concept design for the metal matrix composite with RPT process is
given in Figure 2-15. The composite contains aluminum as the matrix and continuous

carbon fibers as the reinforcement material. As the picture shows, the aluminum metal
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stick is driven by a couple of controlling rollers, and there is a hole in the middle of the
aluminum stick. Carbon fiber can leave through the hole smoothly. Before the stick is
melted, it is a solid and can be used as a piston to push the front part (melted aluminum)
and fiber tow together to flow out the nozzle. The entrance diameter of the nozzle is 3 or
more times larger than the exit. The solid stick has an enough rigidity to push the melted
aluminum. In order to ensure a proper volume fraction of fiber, when the fiber passes
through the hole of metal stick center, its speed could be much higher than the stick’s
forward speed to add into the front melted zone, the molten bath. This is a concept design
without much calculation and feasibility test. One of the questions is that the distorted
metal could stick as the fiber tow passes through the hole in the soft zone. Even if the
principle of the design is correct, the parameters and geometric shape of the nozzle
should be studied carefully.

It may be noted that plastic welding can be seen as a RPT process. According to
the concept, a deposition method like plastic welding is pictured in Figure 2-16 {56, 57].
If a towpreg made of a thermoplastic material matrix has enough rigidity and can be
controlled forward or backward by a device, it can be used as a welding rod to build an
object. But in general, the welding rod is thick, and the precision of the welding seam is
lower than the requirement for a RPT. It is possible to use the towpreg as the welding rod
to build a larger structure or component because the thick towpreg is relatively thin in the
larger part. On the other hand, if the towpreg is used as the welding rod in a real plastic
welding process, the mechanical properties of the welding seam should be high because
the fiber can reinforce the welding seam. The concept designs are shown in from Figure

2-7 to Figure 2-16 and are briefly analyzed above, whatever the materials, all the designs
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can be classified into the Active Material Supplying method.

There is another materials delivery method, Passive Material Supplying. An
example that works on this principle is the Filament Winding process. In Figure 2-17, a
Filament Wind'ing Machine is shown schematically. When the mandrel is rotated, the
filament or fiber is pulled from a carriage and welded on the mandrel layer by layer. The
filament path and winding style for each layer can be designed and led by the moving
carriage and mandrel rotation. The process is used to form an axisymmetric part or
uniform cross-section part only. But from this process, a new material-delivering concept
for RPT, the Passive Material Supplying method, can be evaluated and used in the CLM
process.

The advantages and shortcomings of the Active and Passive Material Supplying
are compared and summarized as follows:

1. Active Material Supplying:

a The deposition speed would not be limited by the quality of
deposition. If the deposited material can be solidified immediately, the depositing
speed would only be limited by the speed of a motion device.

b. An error or a mistake in the previous layer does not interrupt the
forming process of the current layer.

c. The support structure can be simplified in some situations, which
are analyzed in §2-3.

d. The depositing process can be resumed and restarted on demand at
once.

e. The machinery and controlling system for this method are
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Fig. 2-16 a depositing principle like the plastic welding.
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Fig. 2-17 a CLM deposition principle like the filament winding machine.
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relatively complex.

2. Passive Material Supplying:

a The machinery and controlling system for this method are
relatively simple.
b. The depositing speed depends on whether or not the towpreg is

anchored to the previous layer. The deposition process could be interrupted by a

mistake in the previous layer.

c. The method of restarting should be considered.

Two concept designs are described for the Active Material Supplying and Passive
Material Supplying methods, respectively. The dissertation research was centered on
these two methods.

A two-step, Passive Material Supplying method and for thermoplastic matrix
composites is shown in Figure 2-18, but the method of making the towpreg is not shown
in these pictures. The towpreg is driven to pass a heating pipe by a couple of driving
rollers, and then is heated by the radiation of the heating pipe to a molten state (See
Figure 2-18A). Another couple of rollers called a depositing roller is positioned near the
bottom of the heating pipe to pull the molten towpreg downward and to help the towpreg
roll to a desired location. Then the deposition is realized. But in the design, the axis of the
depositing rollers must be perpendicular to the direction of deposition at all times. The
software and machinery designs for this situation would be quite demanding.

A simplified design is shown in Figure 2-18B. The depositing roller is replaced by
an alignment ring i.e. nozzle. Its diameter is larger than the diameter of the towpreg.

During the deposition step, the nozzle is pressed on the molten towpreg to help it adhere
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# Towpreg Moving direction

the towpreg is Anchored point by point

Nozzle Moving direction

¢ J
¢ D
C D

Fig. 2-19 the passive material supply mechanism.
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3D motion device

Object Part

Impregnate and deposition device

thermoplastic material
Extruder Machine

Fiber tow spool

Fig. 2-20 the Active Material Supply method, a one-step forming process.
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to the previous layer. The forming mechanism is depicted in Figure 2-19. When the
molten towpreg is deposited on the previous layer, under the surrounding temperature,
the towpreg is solidified and glued to the previous layer immediately. The towpreg forms
a series of anchor points. Because the anchor points adhered to the object, the towpreg
should be pulled automatically out from the nozzle when the nozzle is continuously
moved relative to the object. Then the deposition procedures are repeated to form
successive layers of an object.

Throughout the above analysis and based on a feasibility testing, the design called
self-anchoring method, shown in Figure 2-18B, has been selected as the primary design.

Also, an Active Material Supplying method shown in Figure 2-20 has been
selected. It is designed for the thermoplastic, one-step method. In addition, a lot of
research and development have been done around the designs. More detailed

explanations will be given in Chapter 4 and Chapter 5.

§ 2-6 CHAPTER CONCLUSIONS

1. The development strategy of a new technology has been analyzed, and a
research outline for CLM has been presented.

2. The forming theories of the CLM and the material selection issues for
CLM have been studied.

3. The new concept of Active and Passive Materials Supplying has been put

forward to help categorize and create a new deposition method.
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4. Several concept designs have been given and analyzed in this chapter.

5. Two designs are considered as the best plans.
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CHAPTER 3 PRINCIPLES OF TOOLPATH DESIGN

§3-1 INTRODUCTION

The principle of CLM forming, concept design and developmental procedure
have been discussed before. The methods of material delivery have been analyzed and are
divided into two main kinds, which are Active Materials Supplying and Passive Materials
Supplying discussed in Chapter 2. In this chapter the precision of deposition and the pre-
design of mechanical properties will be studied. We will also investigate the requirements
of software to control the toolpath in a certain deposition procedure.

The depositing method for CLM technology is different from any other method,
in terms of the sources of error and how the system error can be reduced. These are
problems unique to the CLM technology. Once the CLLM precision question is answered,
the rules for software development and tool path generation will be obtained.

How high should the precision be for a new forming technology? What are the
mechanical properties for all the formed parts? How are the mechanical properties be
achieved? These are questions to be answered for all new technology development

efforts. So first of all, we should research the precision in more details.

74
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§3-2 POTENTIAL SOURCES OF ERRORS AND CONTROL METHODS

FOR CLM

3-2-1 Potential Origins of Errors

The forming process of RPT is realized by adding material layer by layer.
Depending on how much material is added each time, the precision could be affected
directly. The cross sections of complicated shape parts are not uniform. Because the
dimensions of a cross-section can vary from layer to layer, no matter what RPT forming
process is used, there will be a Staircase Effort. The Staircase Effect and its dependence
on the layer thickness are illustrated in Figure 3-1.

The Staircase Effect between layers is influenced by the thickness of each layer.
The thickness of layers at the left side of Figure 3-1 is two times that of the right side.
Therefore, the difference between the theoretical contour and the formed part profile line
at the left is larger than that of the right side. For example, in the LOM and SL
technologies, each added layer is very thin. Furthermore, StereoLithography is currently
approaching the point where 90% of all the measurements on a commonly used accuracy
standard test part will be within five mils (0.005™) of their CAD value. The Staircase
Effect is so small that it could not be recognized by the naked eye.

In the FDM technology the thickness of each layer is determined by the diameter of rods,
which is deposited by a nozzle. If the orifice diameter of the nozzle, Dn, is /mm, the max
error is % Dn, or 0.5mm in principle. If the orifice diameter of the nozzle becomes small,

the error could be reduced proportionately. But the orifice diameter of the nozzle could
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Fig. 3-1 Staircase effect and its dependence on the layer thickness.
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not be reduced without a limitation. The limiting factors of the nozzle’s orifice diameter
are discussed as follows:

1. If the nozzle orifice diameter becomes small, the number of layers that are
needed to build the whole part would increase, resulting in an increased part-building
time.

2. If a pressure is needed to extrude the material, the nozzle supplied
pressure, P,, is inversely proportional to the reciprocal of the forth power of the
nozzle’s orifice diameter D,, P, « 1/(D,)*. The pressure that is needed to extrude
materials out of the nozzle is increased dramatically with a smaller orifice. In other
words, if the orifice diameter of the nozzle becomes too small, it may be come
extremely difficult, if not impossible, to extrude out the material. The extrusion
process may be come unstable and difficult to control. The smallest orifice dimension
will be studied in Chapter 4.

Besides the staircase effect between layers and even inside a layer, there may also
be the error that is called “In Layer Error”. The sources of this type error are analyzed in
the following:

1. The diameter of a towpreg could be a source of error. The two common
kinds of In Layer Errors are shown in Figure 3-2.

Materials are deposited line by line to cover a whole layer; the deposition
direction is along the X-axis direction and the towpreg line increment direction is
along the Y-axis. An error occurs where a broken line replaces the arc, which is the

theoretical contour (See Figure 3-2A). The towpreg size in the upper portion is two
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Fig. 3-2A In Layer Staircase Effect.
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Fig. 3-2B Turn deposition direction induced errors.

Fig. 3-2 In layer errors.
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times of that in the lower portion of Figure 3-2A. An influencing factor in this error is
obviously the towpreg diameter.

An error is introduced during the deposition process and is shown in Figure 3-
2B. When the deposition direction is changed and the towpreg is bent at an angle, at
depositing direction-changing points, an error occurs. The error is more pronounced
when the turn angle is larger and/or the towpreg is thicker.

2. In the case of towpreg extrusion as a way of active material supplying and
under the assumption that 3D motion control error is negligible, the discrepancy
between the material delivery speed and the motion device speed could also become a
source of error.

3. An error is induced by material shrinkage, which is the problem many RP
technologies could face. On CLM, the shrinkage error should be smaller since the
fibers, which occupy at least 50% by volume of the towpreg, do not shrink much
within the common working temperature range.

4. An error could occur as a result of nozzle pressure variations. If a nozzle-
supplied pressure fluctuates during deposition, the supplied material could also
fluctuate particularly at the beginning and end.

5. A difference between the nozzle orifice diameter and towpreg diameter
could also cause an error: In the case of Active Material Supply, material is pushed
out of the nozzle, and the diameter of the towpreg is equal to the diameter of the
nozzle’s bore. If the Extruding Die Swell Effect of a plastic material is considered,
the diameter of the extruded towpreg could be larger than the bore of the nozzle. But,

in the case of Passive Material Supply, the diameter of the nozzle bore should be
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larger than the diameter of towpreg. Otherwise, a frictional force between the orifice
and the towpreg will be large and the force that is needed to pull the towpreg out of
the nozzle will correspondingly be larger. If the friction force arrives at a certain
value, the process could not be continued. The diameter difference between the
nozzles bore and the towpreg is shown in Figure 3-3. These kinds of errors will be
studied in the next subsections in more detail.

6. There is another error brought in during the deposition process for Passive
Material Supply. When the deposited towpreg could not be immediately solidified
and anchored to a previous layer, a larger error will be induced. These problem?® will

be discussed in more depth in Chapter 4.

3-2-2 Controlling the Errors

1. In order to reduce the staircase effect, a general method may be followed
which involves building a perimeter area (exterior or interior boundary) by using a
smaller-bore nozzle and building the interior of a layer by using a thicker towpreg.

2. The forming precision is related to the forming speed, and one normally
has to strike a balance between part accuracy and forming speed. When high accuracy
is required, the deposition speed may have to be reduced.

3. The precision may change as the deposition direction is changed, so at the
turning point of the of deposition direction, a reduced forming speed is necessary.
When a straight line is formed, the forming speed could be increased as high as

possible to reduce over-all the forming cycle time.
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Fig. 3-3 Difference in Diameter of the nozzle bore and the towpreg.
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4. The material compositions of the towpreg may be re-formulated to reduce
shrinkage.

5. At starting points or stopping points, an error sometimes occurs especially
in the case of Active Material Supply. Therefore, a materials compensation method

may be considered by way of software or hardware variations.

§3-3 ERRORS CAUSED BY DEPOSITION DIRECTION CHANGES

In the self-anchoring method, using a device of Passive Material Supply, the bore
diameter D; of the nozzle is larger than the outside diameter of the towpreg dr. During
deposition, it is possible to make a big error, especially when the nozzle makes a big-
angle turn. Situations in which an error could be induced include:

1. When the self-anchoring method or other Passive Material Supply
methods are employed to deposit the towpreg,

2. When the diameter of the towpreg is less than the diameter of the nozzle’s
bore, and

3. When the deposition changes direction.

Figure 3-4 illustrates the latter possibility. The difference in diameter between the nozzle
bore D,, and the outside diameter dr of the towpreg is shown in Figure 3-4A. According
to the toolpath, the center of the nozzle is moved from point 4 to point By and then is turn
a right angle to move along B, C direction, (which is perpendicular with line 4B,) to B,
B;. ... to point C. What is a moving regularity of the towpreg center point (Xp, ¥,)? If the

regularity is found, the error can be figured out immediately. Now, the error can be
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determined by the difference between the center track of towpreg and the center track of

the nozzle.

3-3-1 A Mechanics Model

To set up a mechanics model, several assumptions are made:

L. Mechanics Assumptions:
a. All inertial forces are neglected.
b. Gravity and friction forces are not considered.
c. The forces imposed on the center of the towpreg are given only by

the reaction force NV from the nozzle and the pulling force F, which is induced by
the previous anchored point. The situation of forces is shown in Figure 3-4B.
2. Physics Assumptions:

a. The previous point is anchored completely at once, which means

the solidification time should be very short.

b. In practice, if the deposition speed is slow enough, the assumption
could be justified.
3. Geometry Assumptions:

a It is supposed that the nozzle center point moves a distance A from
Byto By.

b. In fact the nozzle is moved continuously, and the distance A should

be infinitesimal. But in practice, a small value can be used for the distance A and

the nozzle is assumed to move step by step.
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3-3-2 A Derivation for the Towpreg Center Tracks

The question could be converted to determining the positions of the towpreg
center with each moving step of the nozzle center. Suppose that the towpreg is at an
original point (Xj Y,), at which the resin has been solidified completely and a reliable
anchored point has been formed. According to the Force Balance Condition, a new
towpreg center point should be judged to be a point of balance between the two forces,
which are the nozzle reaction force NV and the pulling force F at the original point Op (X,
Yy). When the nozzle center is moved from Bj to B;. a new towpreg center point O; (X},
Y1) must be on the point of intersection between the connection line OyB; and the circle,
whose center is set at B; and radius with R-r.

Based on the above assumptions and analysis, an equation can be derived to

determine the towpreg center point O; (X, ¥)).

(h—yl)2 +(R—r-x1)2 =(R-r)’
3-b
h

where: R = bore radius of the nozzle,
r = towpreg radius,
h = the length of the nozzle moving step.
From equation (3-1), a coordinate O; (X, Y;) of the towpreg center can be
determined when the nozzle moves by one-step of length A. When the nozzle
continuously moves along the toolpath B,C to point B2, O; (X}, Y}) is regarded as the new

anchored point, and the position of 0> (X5,Y>) could be found the in same way. Based on
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these rules, the track of the towpreg center point could be found. Equation (3-2) describes

the track of the towpreg center point.
(ixh-y) +(R-r-x)*=(R-r)?

yi= ih—yi—1

S R T E) F Y i=2, 3, 4,...

where i =i moving step of the nozzle.

3-3-3 Discussions of the Calculated Results

Equation (3-2) is a dispersion equation; the coordinate O, (X, Y, of the towpreg
center is determined by each moving step length 4 of the nozzle and by how many steps
have been executed. A total moved distance of the nozzle is the product i times h.
Equation (3-2) is also a convergence function. When the nozzle is moved to the i times,
O; (X; Y is gradually converges to the toolpath line B¢C, and the line of ByC is the
infinite position of the track O; (X; Y,). The track of O; (X, Y,) could be obtained when a
value for A is given. When the step length 4 is changed, the convergence value of each
point O; (X, Y) is not the same (Figure 3-5).

According to Equation (3-2), when the length of each step A is changed, the center
point of the towpreg converges to different locations. In a real deposition process, the
nozzle is moved continuously, which means that the length of step #— 0, only when the

length of each step is small enough, Equation (3-2) could describe the actual condition.
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Fig. 3-5A Effect of Changing the Step Length h
h=0.001
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Figure 3-5.
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If a small value J,, a distance between the points O; (X; Y) and the X-axis
direction B,C, is set as a controlling target, the value J, = /0"’ mm is accurate enough and
could be regarded as coinciding with line B,C. Then the step length A is set at A=10"',
h>=10", h3=107 and is substituted into Equation (3-2), respectively, see Figure 3-SA.
When <07 and the iterative times in Equation (3-2) are greater than the value ix A,
each track is always converged to a same J,.

The 3D motion device, which is employed for the CLM experiment, is driven by
three stepper motors to move along the X, Y and Z-axes, respectively. The step length of
these motors is a half-degree, [/720. The diameter of the driving shaft is 20 mm and the
pitch of screws is 3mm. The moving length of each step for each of the linear motion
devices is 3/720 = 4x10° mm. When the simulation step length is set to /0" 3 mm, the
situation is more realistic. After proper values are assigned to the bore diameter of the
nozzle, D, = 2R, diameter of the towpreg dr = 2r, the controlled value of error J, and the
supposed length of step 4, then the error of the towpreg center could be calculated by
using Equations (3-1) and (3-2). An algorithm flow chart is shown in Figure 3-6A. Figure
3-5A and Figure 3-5B are then calculated results after the above parameters have been
changed.

In Figure 3-5A, we could see the moving regularity of the towpreg. The moving
direction of the nozzle is changed (mew direction is perpendicular to the original
direction) after appointing a new length value so that the nozzle can move along a new
direction. The center of the towpreg converges very fast to the toolpath. Finally, only a
value R-r, which is the difference between the track of the nozzle center and the track of

the towpreg center, is reminded.
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When h<0.05 mm, the difference of the each towpreg center tracks is not obvious
(In Figure 3-5A). With other conditions being the same and A being set at A=0.03, and
h=0.00Imm, the curved lines of the two towpreg center arcs almost overlap with each
other. Figure 3-5B shows the variation of the towpreg tracks with a differing R-r value.
The result shows that when R-r is larger, the error is bigger. Then, the distance that is

needed to converge to the toolpath is larger.

3-3-4 Analysis of Case 1: Obtuse Angle Turn

The deposition direction of the nozzle could be change by an angle between 0°
and /80°. The resulting error will be discussed in the following sections. First, we will
examine the case of making a turn in an obtuse angle; the situation is shown
schematically in Figure 3-7. A nozzle is controlled to move from left 4, to right By and
then at By, the nozzle is turned at an obtuse angle € in order to move toward C. The same
assumptions used in the previous section for the case of a right angle tum arc are
employed in the present case.

For convenience, the initial conditions are presumed to be: nozzle center is placed
at By, center of the towpreg located at O, (Xp, ¥p), and turned angle being ¢. When the
nozzle is moved by a one-step length A, the position of the towpreg center could be at O,

(X, Y;), which could be evaluated by equations (3-3A) and (3-3B).
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Nozzle Center
Move 2h Distance at B2

Nozzie Center
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Nozzle Center BO
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- _Nozzle Inside Dia.

_ Towpreg Outside Dia.

Fig. 3-7 Obtuse angle turn.
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(rsing — R¥ HR-r + h-cosg—XY=( R—r ¥ G349
_ hsing
A= R-r+h-cosg X ¢35

where: & = nozzle moving length of each step,
0= an obtuse angle,
¢=180°-6.
Substituting Equation (3-3B) into (3-3A), one obtains Equation (3-4):

h-sing
R—r+h-cosg

(h-sing — X)) +(R—r+hcosg—X,) =(R-r)’ (3-4)

The value of X; can obtained from equation (3-4) and then the X; value can be
substituted into (3-3B) to get ¥;. The point O; (X}, Y;) is a new location of the towpreg
center.

To calculate the error (a distance between the point O; (X}, ¥;) and line ByC) a
line O;D is drawn from point O; (X}, ¥}) to be perpendicular to BoC. See Figure 3-7.
Equation (3-5) is a straight-line equation to indicate line O;D;

Y=kX +b (3-95)

Because O,D; 1 ByC,

Tang -k = -1, and k= X,
Tang

Substituting £ into equation (3-5) to get b:

X,

b=Y +
Tan

Equation (3-5) is re-written as equation (3-6):
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1
Y—m(X"XI)*”YI 3-6)

An equation for the straight line BoC could be obtained at same time:

Y = Tang[X — (R - O)] G-7

Combining Equation (3-6) and Equation (3-7) to have the intersection point D;.

_ X, +YTang +(R—r)xTan’p

‘?l B
1+ 7Tan ¢

7 - [X[ +Y,Tang + (R —r)Tan’$

1+ Tan2¢ ~(R- r):lTamﬁ

The distance from point O, to point D; is given by:

0D, = (X, - X,)* +d, - 1)’ (3-8)

So far, the first step has been finished and it is a very important step. The
following track of the towpreg center points can be obtain in the same manner by using
Equations (3-9):

(ihsing —Y,)> +(R—r +hcosg—X,)> =(R—r)?
(3-9)
Y,-Yi-1  ih-sing-¥, -1
X, -X,-1 R-r+hcosg—X, -1
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where:i=1, 2, 3, ...... and when Xy =0, Yy =0.
Using the same principle as in step one, the distance between each point of the

towpreg center to the nozzle center could be obtained by equations (3-10), (3-11) and (3-

12):
OiDi= (X, - X,)* +(¥ - T)? (3-10)
_ 1 —
Y‘—Tan¢(X’~X’)+Y’ (3-11)
¥ =Tang[X, — (R -1r)] (-12)

A calculation algorithm is shown in Figure 3-6B.

Figure 3-8 shows the errors vs. turned angles ¢ and different R-r with other
conditions being the same as before. From the diagram, the following observations can be
made:

1. No matter how big the turn angle is, when the nozzle along the
new direction moves a distance, which is 5~7 times of (R-r), the track of the
towpreg almost always coincides with the nozzle path. The deviation is less than
107 mm.

2. When the turning angle is smaller, the error is larger and the
required converging distance is longer.

When the angle ¢ = 90° this is described previously in the condition for the

nozzle turning at a right angle. When the turn angle that the nozzle makes is less than 90",
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Fig. 3-8A Nozzle Turn a Obtuse Angle
Angle=10 — - — - Angle=30 Angle=45 — - - — Angle=60

5]

Step Length:0.05mm
‘R-r:2mm

' Track oi‘ Tnpfcg ‘

1
PN
o
®
s
]
=

X - Nozzle Moving Distance

Track of Towpreg

Fig. 3-8B Angle & un-Touch

w—— 5PV/12, Pi3. P4, P45, Pi6. P12
25 =
/>< ; h=0.05
s _

0.5

o
da
s
®
s
I§]
=

Nozzle Moving Distance

Figure 3-8. The toolpath has an obtuse angle turn.

Fig. 3-8 A shows the towpreg track vs. different turned ang=les,
Fig. 3-8B shows the towpreg track vs. different value of R-r.
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such a situation is complicated and will be studied in the next section. The reason is

because during a short distance, the nozzle could not touch the towpreg.

3-3-5 Analysis of Case 2: Acute Angle Turn

For convenience, suppose that the nozzle moves from right side 4 to the left
direction B and then turns at an angle, ¢ to C. The angle ¢ between the toolpath AB and
BC is less than 90°.

Referring to Figure 3-9A. Point B is regarded as the original position where the
towpreg center is at Oy (Xj, Yp), and the center of the nozzle is at B(0, 0). When the
nozzle at point B changes direction, during a certain period of time the nozzle could
neither control nor touch the towpreg again until it comes to B;. After B, the effect of the
nozzle on the moving behavior of the towpreg is as same as in the case of an obtuse angle
that was analyzed above. Therefore B;, the nozzle center, should be found under the
condition of turning an acute angle first.

Assume that the towpreg is kept at the original position until is touched again and
the distance of BB, is h. The original coordinate of the towpreg center is:

Xy=R-r, =0 (3-13)

Inside the nozzle, an equation of a circle, which is through the center of the
towpreg could be written as:

(Hcosg—x)> +(Hsing - y)> =(R—r)? (3-14)

Substituting equation (3-13) into (3-14) to get equation (3-15):
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Y
Nozzle Center _ ,X il - ¢
Move H+2h Distance .. —— "
P r
Nozzle Center 4 .
Move H+hDistance = ..———" "H+2h r o
. 0:0C, Y2)
H+ih o
Nozzle Wall P -
Re-Touch Towpreg Py e ; D
/ H ~ Oi(Xs, Y1)
Nozzle Center B N ' 1
Started Tumning . B Cu(Xo . Yo) A X
Fig. 3-9A.
| C
Y . -

o Nozzie Wall
_Re-Touch Towpreg

Nozzle Inside Dia. _

Fig. 3-9 B.

Fig. 3-9 Acute angle turn.
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H=2(R-r)cos¢ (3-15)

When the nozzle center exceed the point H, and moves one more step, the track of

the towpreg center can be described as:

[(H +ik)-sing ~ YT +[(H +ih)-cosp - Xif = (R—r)? (3-16)
Y,—(H +ih)sing _ Y_, —(H +ih)sing G-17)
X, —(H +ih)conp  X,_, —(H +ih)cong

ki Y= +ik)sing G-18)

X:-1—(H +ih)cosg
Wherei=1,2,3......
¢ = turning angle,
h = one-step length of nozzle movement.
Substitution of i = 1, Xy = R-r, Yp = 0, H=2(R-r) Cos¢ into Equations (3-16), (3-

17), (3-18) and simplify them to get X}, K;. Equation (3-19A) gives X.

~(H+h)sing _ (R—r)sin2¢ +hsing

T (R-r)—(H +hycosg _ (R—r)cos 24— hcos

1

R-r

J1+K?

X, =(R-r)cos2¢ —hcos¢ =

X, = (H +H)cosg +—2="_ (3-194)
Ji+k1®
Substitution of Equation (3-19A) into Equation (3-16) yields Y;. Equation (3-19B)
gives Y.
Y,=K, [X|-(H+h)cosd] +(H+h)sing (3-19B)
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If set i = 2, then substitute Equations (3-19A) annd (3-19B) into Equations (3-16)
and (3-17) to get X> and Y- values and the track of the towpreg could be obtained. Using
the same principle with obtuse angles, Equations (3-10), (3-11) and (3-12) are employed
again to yield the deviations for each point of the towpreg center. A calculation flow chart
is depicted in Figure 3-6C. A toolpath for turning at an ascute angle is illustrated in Figure
3-8B. These angle directions are different with the obtuse situations and need to be
specified in the diagram.

When the nozzle moves along a new direction by a segment, it does not touch
with the towpreg. The segment is longer with a smaller turn angle of turn. When the turn
angle is zero degree, nozzle go back to the opposite direction, and the length of the

segment that the towpreg could not be touched is 2(R-r).

§3-4 ERRORS IN DEPOSITING AN ARC-SHAPED SEGMENT

3-4-1 Evaluation of Errors in Depositing an Arc

When the nozzle moves along an arc, the route of the towpreg is different from
the route analyzed in the previous section. In building a_ part using CLM, the arc is the
most commonly deposited shape, so a study for the mozzle moves along an arc is
emphasized in this section.

A deposition along an arc is schematically shown in Figure 3-10. All assumptions
are same as made before.

The toolpath is an arc with radius L and center at p-oint O with turning in the
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'Y
C : T Nozzle Center Moved
. - Two Increments at B2
B2 .
o1 Nozzle Center Moved
. __One Increments at B1
B
. - - - Nozzle Center BO
20 o o1 - ___ In Original Position
0 L
| .. R
N . T Nozzle Inside Dia.
L .roo
R e - Towpreg Outside Dia.
T =—— __ ToolPah
A e T

Fig. 3-10 Nozzle moving along an arc toolpath.
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anticlockwise direction. The original position of the towpreg center is on the arc toolpath
and is placed at 0p; the nozzle center is at By. Actually, throughout an analysis, no matter
where the original position is when the towpreg moves an arc distance with the moving
nozzie, the towpreg center could come to a balanced position. The balanced position is
calculated in the following.

For convenience, assume that the radius L of the arc is a constant, which means
that the nozzle moves along a circle. So, the coordinates of By and Oy could be written
directly since for point O,

X +y:=r*
(3-20)
(X=-L)Y+Y*=(R-r)’

And forpointBg: X=L, Y =0.
where R = the bore radius of the nozzle,
r = the towpreg radius,
L = the toolpath radius.
From Equation (3-20), Xj and Yj can be solved:

y 2L -@-ry

0 2L
R—r
Y = ,/4[.2— R-r)?
0 2L ( r)

Here, let the angle ¢ be used as an increment for the nozzle moving along the
toolpath. because this angle @# can be conveniently observed. In the software
development, a length of the arc should be used as the increment. When the nozzle is

moved along the arc to point B; based on the original position Oy (X3, Yp) and the first
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increment turning angle step ¢, the center position of the towpreg could be point O;.

(X — Lcosg)? +(Y — Lsing)? =(R—r)?

(3-21)
Y-Y¥, Lsing-¥,
X-X, Lcosg—X,

where ¢ = increment angle for nozzle moving each step.

From equation (3-21) we can get the coordinates of point O;:

y _CK +Loosg . [(CK +Lcosg) _C2cos’¢+Cl—(R-r)’
: 1+K2 1+ K2 1+K?

(3-22)
Y =K/ (X, -X,)+Y,

where:

Lsing -,
K=—"-—-
Lcosg—- X, *

C, =K X,+Lsing-Y,

When the nozzle is moved along the circle with any angle i@, the position of the

Towpreg center is:

Xi

_CiKi+Lcosig . |(CiKi+Lcosig) L cos’(ig) + Cli+(R~r)’
1+k% 1+ K} 1+K}

(-23)
Yi=Ki(Xi—Xi—1)+Yi—1

where:
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- Lsin(ig) - ¥i~1
"~ Lcos(ig) - Xi—1

Ci = KiXi -1+ Lsin(ig) — Yi—1

i= 2, 3, 4,..

The deviation, a distance from the towpreg center point O; (Xi, ¥7) to the nozzle
toolpath, is:

AL=L-.[X?+Y? (3-24)

A calculation flow chart is given in Figure 3-6D and the results are charted in
Figure 3-11A, B, and C. From these charts, a deposition error is obtained. When the
nozzle is moved by a certain distance, the towpreg center reaches a balanced track, which
is like another circle and its radius being smaller than the radius of toolpath. This is an
important result, which should be considered during software development.

Figure 3-11A shows the errors vs. ¢, the increment length.

Where: R-r = 2mm,

L = [0mm,

[ = Arc length is conversed from ¢ with,

180

When ¢ = 1/59 1/10° 1/100°and 1/1000°,
then I = 0.03491, 0.01745, 0.00171 and 0.00017, respectively.
In Fig 3-11A, we could find that when step length / is smaller than 0.00171

(1/1009), the variation in error of the towpreg is not large, and the two curved lines of

step length
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Fig. 3-11A Different Step Length
—=0.00017 ——0.00171 0.01745 0.03491

02s

R-r=2
L=10

Fig 3-11B Different Curve Radii's
L= .

—LeS, L=10. L=15.

oS

Y - Ewor

0 2 4 6 X- ng to 12 2} 16
Fig. 3-11C Different R & r Combination
R-r=1, R-=L5, R-=2, R-=25
0.18 e
016 p—— - - %*-
014 / —
o1 L=20:--Angle=Pi/1800——
g (A /
~ 008 - _
000
o |~ = .
002 {4 2
[+]
o 2 4 X - Arc Length 8 10 12 14

Figure 3-11. Calculation results for an arc toolpath.
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0.01°and 0.00!°almost coincide.

Fig 3-11B shows the regularity with which the error changes as the changing
radius of the toolpath varied. When the toolpath radius is small the error is large.

Fig 3-11C shows another effect that error changes with different R-r value. Then

the larger the difference of R-r value is, the larger the error is.

3-4-2 Sources and Factors that Affect the Errors

In §3-3 and §3-4, the deposition errors induced in certain situations have been
discussed and calculated. The original error sources and their effects are summarized in
the following:

1. A toolpath is made up of a group of straight-line segments, when
the nozzle moves along one of the lines and turns to move along another line, the
error could be induced due to a difference in R-r. No matter how many degrees
the nozzle has turned, the track of the towpreg could converge quickly over to the
toolpath. Finally, the deviation is given by R-r only.

2. From point 1 it follows that the simulation step length does not
affect the convergence result but the convergence shape. When the step length is
smaller than an appointed value, (i.e. < 0.05), the calculation result is not much
different.

3. When a toolpath is an arc, the center of the towpreg could
converge very fast on another circle at a balanced position. The radius of this

circle is smaller than the radius of toolpath. The difference between the radius of
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the balanced circle and the radius of the toolpath is determined by the R-r value,
the radius of the arc toolpath.

4. From conclusion 3 it follows that, the simulation step length
affects the balanced position. But, when the arc length is less than 0.00/71, the
final result is not much different.

5. These errors, cited in Conclusion one and Conclusion three are
small compared with toolpath dimension and will converged to zero or to a certain
value quickly.

6. Because the method of depositing is unique, the mechanics model
that describes this process is also unique. It was assumed that at any deposition
point, the towpreg is anchored to the previous layer immediately, and the previous
point and the nozzle moving direction determine the position of the next point.
Hence, the equations, which describe the process, are the dispersion equations. If

the step length is longer, realistic condition could not be simulated.

§3-5 DESIGN AND PREDICTION OF COMPOSITE MECHANICAL

PROPERTIES PRODUCED BY CLM

A component made from a composite material normally has excellent mechanical
properties [58-60]. Many composite materials scientists have experimentally studied
mechanical properties and failure mechanism of various composite structures. Other have

developed micro-mechanics and macro-mechanics models that are capable of predicting
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mechanical properties of a composite based on the properties, proportions, and
orientations of its constituent phases. With the great computing capability of a modemn
computer, many complicated composite mechanics problems can be readily solved.

The forming flexibility of RP technology gives a possible way to build a structure
with desired mechanical properties. This is another advantage for CLM technology.

Fiber reinforced composite materials are a kind of orthotropic materials. For
example, a fiber-reinforced composite laminate structure is shown in Figure 3-12. A
symmetric structure is arranged and shown in Figure 3-12A. When the laminates are
over-layered and pressed together to form a panel, the panel will be a cross plied quasi-
isotropic laminate .

This kind of structure could not be used as a part directly. But a part that is shown
in Figure 3-12C is cut off from the panel and is indicated by the dashed line in Figure 3-
12B. The part will process a quasi-isotropic character. Several methods to make the part

with desired mechanical properties will be introduced.

3-5-1 Arranging Layer Directions with LOM

A good method to finish the cross permutation between different layers is to use
LOM technology for forming a 3-D composite part. RPT has another important feature,
which is the ability to regulate the mechanical properties during the forming process.
An improved LOM (Laminate Object Manufacturing) technology device is illustrated in
Figure 3-13. The basic forming principle and structure are similar to traditional LOM.

The differences are as follows:
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Cross Cutting
Support Structure

Part's Contour e

———

PR Overlap &

Fig. 3-12B

Remove
Support Structure

Fig. 3-12A

Fig. 3-12C

Fig. 3-12 Cross plied quasi-isotropic part.
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1. The material that is used is not paper with glue on its back, but is a
kind of material that has a thickness similar to that of paper, for instance, a
continuous fiber reinforced thermoplastic matrix where fiber direction is parallel
with the feeding direction. Such a material could be made easily with a low cost.

2 Another difference is the working platform. In the common LOM
technology, when a layer is formed at each time, the working platform is moved
down one layer thickness. Then, a new layer could be carried in. In the improved
LOM system, the working platform is not only moved up and/or down, but also
could be rotated around the Z-axes to arrange the composite with a cross
direction. With such a method, a part as shown in Figure 3-12C could be readily
formed.

3. Software has to be modified: A computer-controlled laser cutting
head is employed to cut the contour of a cross section for each layer. When the
working platform is rotated at an angle, a new toolpath should be rotated at the
same angle to match the required contour and make the required support structure.

4, The heating device is different. A heating roller or a heating plate
is used to melt the thermoplastic materials and make the current layer stick to the

pervious layer.

3-5-2 In Layer Mechanical Properties

On the improved LOM technology the orientation angle of all the reinforcing fibers in a

layer is uniform throughout the layer. In contrast, in the present CLM technology, the
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fiber orientation can vary from spot to spot in a layer and can vary from one layer to
another. This feature makes it possible to tailor-make the mechanical properties,
essentially point by point and layer by layer. For example, two laminates that are
subjected to the same force condition but are arranged in different fiber orientations are
shown in Figure 3-14.

A stress field distribution exerted on the laminate is shown in Figure 3-14A. A
stress concentration could be induced around a small hole as indicated with the dashed
line in Figure 3-14A. However, along the Y-axes direction, the load-carrying capability is
limited. Another fiber orientation arrangement style is shown in Figure 3-14B. A fiber
reinforced towpreg may be deposited around the hole by CLM to reinforce the strength of
the laminate in the vicinity of the hole. Another example is depicted in Figure 3-15,
which shows an arbitrary plane of a component, along with its shear stress condition and
fiber orientations. It is obvious that the stress concentrations are present in at areas A, B,
and C, and a crack could be readily initiated at these areas. In contrast, if the towpreg
orientation is arranged like that shown Figure 3-15B, this plane could exhibit a much
higher strength.

The above analysis is only qualitative in nature. For a complex-shaped structure,
which is loaded even with a simple force (i.e. tensile or compressive force) only, the
stress condition could be difficult to determine for the whole structure and for individual

layers. This is a challenging research direction in the future for the CLM technology.
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Fig. 3-14 In layer mechanical properties tailor.
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Figure 3-15 Toolpath orientation arrangement.
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§3-6 SOFTWARE DEVELOPMENT STRATEGY

In the current software market, many specialized software packages for RPT
development are available. These software packages are capable of automatically slicing
a solid model to generate contours for each layer from a 3-D CAD file such as in STL file
format. Then, according to the requirement for a specific system, the contours are
converted to a programmed signal to control the toolpath. The toolpath signals are used to
drive the work platform to move relative to a deposition head.

This software that is developed for several current kinds of RP technologies such
as SLA, FDM, LOM, etc, is not suitable for CLM. Hence, new software needs to be
developed to meet the specific requirements of CLM. Only the requirements for writing
the software will be discussed here. The software development details for CML are

introduced in other articles.

3-6-1 Software Development Considerations

The CLM forming principle and concept design have been studied in Chapter 2.

Also the errors, depositing deviation, and mechanical properties have been analyzed in

the previous section of this chapter. All these could be considered as the foundation

requirement for the software development. There are several unique features associated
with the deposition of continuous fiber composites:

1. Cutting off the towpreg: the function of cutting is important in the CLM

system, and the function of the cutting device should be a simple and reliable design.
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A monitoring sensor should be used to ensure that cutting is finished completely. The
function could be written simply with the CNC G and M code to implement the
cutting action.

2. After an intermittent cut-off, a towpreg must be re-attached to a spot in a
different region of a layer or in a different layers, and a dwell time may be required to
accomplish this function. The nozzle could stop on an initial point for 1/4-1/2
seconds. In practice the dwell time could be obtained by an experiment.

3. Optimization of cutting times: With the cutting times being reduced not
only the complete forming cycle time could be reduced, but also the part forming
precision couid be improved. For example, three different toolpath designs for a layer
of a part are shown in Figure 3-16. The toolpath direction design shown in Figure 3-
16A requires the longest cutting times. A second longest cutting time is needed in
Figure 3-16B, and the shortest cutting times are shown in Figure 3-16C. But the
degree of difficulty in automatically generating a toolpath logic is just in the opposite
order; in Figure 3-6A, the toolpath could be generated most easily.

4. Mechanics considerations: The software could be developed to generate a
toolpath with desired mechanical properties, as suggested in the previous subsection.

5. To makes up the errors: The software could compensate for the errors that
could occur in the process as analyzed in §3-3 and §3-4.

To generate a toolpath, a proper towpreg orientation could be used for a given
layer for the purpose of optimizing the toolpath orientation and to minimize cutting times,
as discussed in the following:

The required minimum cutting times for each layer and the needed fiber
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orientation with an angle for two adjoining layers could impose conflicting constraints on
the toolpath design. In any structure, two adjacent layers almost have the same geometric
shape. If one of the layers is optimized with a minimum cutting time but for another layer
the toolpath could be turned at an angle in order to have proper mechanical properties.
Under this condition, the cutting times for this second layer could not be minimized. To
overcome the contradiction, the following strategy is suggested,

1. The mechanical property is the first priority consideration. Parts having
excellent mechanical properties are one important reason to develop the CLM
technology. The mechanical property is sensitive to the towpreg orientation. When a
layer toolpath is created, the towpreg in the following layer should be first turned by
an angle to rearrange the current layer direction.

2. Interlayer direction is considered first. The direction of the towpreg in a
layer is considered second. When the towpreg direction is determined for a certain
layer, according to the results analyzed in a previous section, a partial reinforcing
orientation arrangement should be considered to protect the laminate against stress

concentration.

3-6-2 A Method to Optimize the in-Layer Toolpath

Once a main orientation is determined for each layer, the partial reinforcing effect
is then considered. If a structure is complicated, its cross-section should be complex also.
To automatically arrange an in-plane towpreg orientation for each layer and to minimize
cutting times through a general rule is still a challenge. Several methods have been

studied, one of which, the region partition method, is introduced here.
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A cross-section layer of a part is shown in Figure 3-17. A rectangular hole and a
groove hole do not require any deposit of materials on it. A towpreg depositing direction
is arranged parallel to the X-axis (See Figure 3-17A). When deposition proceeds near the
rectangular hole area, the deposition order could be from point A to point B. It could be
stopped during the towpreg being cut at point B. After that, towpreg could be jumped to
and restarted at point C and then continue to processed until point D. Such a start — stop-
cutting- restart procedure could occur many times in the rectangular slide area, and the
same procedure will be repeated in the groove area.

A new depositing arrangement is shown in Figure 3-17B. The layer is divided into
6 solid regions. The dashed lines are used to indicate the boundaries and /, 2, 3, 4, 5, 6
are assigned for each region, respectively. In each region, the deposition could be finished
at one time by starting and stopping with one towpreg. There are six total starting and
stopping times.

A direction of deposition being parallel with the Y-axis is shown in Figure 3-18A.
According to the same principle, the layer could be divided into six regions by the
straight lines, which are parallel to the X-axis. If the deposition direction is needed to be
turned 45° degrees relative to the X-axis, another 6 regions are divided. The case is
shown in Figure 3-18B.

Figures 3-17B, 3-18A and 3-18B, serve to illustrate the region-dividing method.
This method can be carried out by a computer automatically. Figure 3-18C shows an
optimized region dividing method, and the layer is divided into only two regions.
Therefore, a deposition process should need only two starting and stopping times. But the

dividing logic is complicated.
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Fig. 3-16A

Fig. 3-16B

Fig. 3-16C

Figure 3-16 Different toolpath design.
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§3-7 CHAPTER CONCLUSIONS

1. The error sources, values, and governing factors in the CLM Technology have
been analyzed and evaluated.
2. The method for in-priori design of mechanical properties and the method for

reducing cutting time are introduced.

3. These results could be used in developing the software for CLM.
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CHAPTER 4 THE SIMULATION OF THE CLM PROCESS

§4-1 INTRODUCTION

The fundamental theory for the CLM forming process has been studied in Chapter
2. The two forming strategies and related concept designs were selected because these
forming methods have the greatest potential. In Chapter 3, the forming precision has been
calculated to help on the design of a toolpath. In this chapter, the two forming methods
will be numerically simulated and analyzed.
The reasons for simulating the CLM processes are:
1. The modeling of the process could lead to a betters understanding
of the part forming theory.
2. The result of a simulation study could help confirm the feasibility
of a forming method.
3. Proper process parameters could be found through a simulation
study such as, the best temperature and the maximum forming speed.
4. The shape, dimension and the suitable position of a part could be
optimized.
Computer simulation and optimization have been developed as essential tools in
the theoretical research and for real applications. Simulation and optimization have been

commercialized for the composite industry, such as for the optimization of composite

123
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structures, simulation of resin transfer molding, modeling of textiles, damage analysis
etc. Computer software has played a key role in the development of the RP technology as
a field. Specific software specifically for the CLM technology has to be developed for
generating the toolpath and controlling the system. But, a process simulation by using a
computer is still a challenging task. In this chapter, two models will be built and studied
based on the existing CLM processes. These forming processes are complicated and are
influenced by many factors. Therefore, several assumptions will be made to simplify the
problem. These simulation approaches, although highly simplified, do provide deep

insight into the CLM processes.

§4-2 SIMULATION OF THE SELF-ANCHORING PROCESS

4-2-1. Basic Theories

The self-anchoring method, a Passive Materials Supply Method, has been
demonstrated to be an effective process for CLM. Its features and forming precision have
been studied in the preceding chapters. How dose self-anchoring, basic forming
mechanisms work? This will be investigated in more detail.

In the self-anchoring forming method, a towpreg made of a thermoplastic matrix
is re-melted and deposited onto an object; the towpreg could be solidified to a certain
degree and glued to a corresponding point of the base or the previous layer immediately
to form a point of anchoring. Then, with the nozzle being moved forward, the anchored

point of towpreg servers as a stationary point to pull the towpreg out of the nozzle. Thus,
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more towpreg could be deposited into the osbject. The sequence “towpreg depositedO
solidified O anchored( pulled outd deposited again” is the basic procedural steps of the
self-anchoring process, which is also called WDeposited and Anchored At Once forming
principle. The forming mechanism for self-amchoring is illustrated in Figure 4-1. Figure
4-1A shows an overall profile of the formding process; Figure 4-1B shows that the
towpreg is in the deposited condition.

It is expected that these steps can occur immediately, continuously, repeatedly
and simultaneously. It takes some time for amy step to be accomplished. But, a time for
each step should be within a reasonable range.. so as a main task for simulation, the range

of time would be found.

4-2-2 Some Preliminary Concepts about Thought on the CLM Process

A stepper motor drives a delivery rolller to supply the towpreg, where the later
stays free of tensile force and the towpreg insiale the heating tube is tensile force free (see
the Figure 4-1, the roller is not shown in thds sketch). The friction force between the
towpreg and the nozzle is neglected. The fomce acting on anchored points lies on the
nozzle-moving plane. In order to simulate an.d optimize the self-anchoring process, the
requirements and restrictions on this process slhould be considered first.

I. Part Quality Considerations:
a. Errors induced by the different diameters between the towpreg and the

bore of the nozzle have been analyzed in Chapter 3, and there errors could
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Fig. 4-1 Forming mechanism of the self- anchoring method.
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be eliminated or compensated for by a modification to the software.

b. A toolpath error could be generated if an anchoring point is not formed
properly. An arc toolpath is shown in Figure 4-2, and the nozzle is
programmed to move along the arc toolpath from point 4 to points B, C,
and D. Ideally, the towpreg is firmly anchored at point 4. When the nozzle
arrives at point B, the towpreg is supposed to be deposited and anchored at
once to form a new anchoring point at B. Then the nozzle is moved to
point C and so on to deposit the towpreg be following the path indicated
with the broken line ABCDE---. However if the towpreg is not solidified
to a certain degree and is not anchored completely at point B, the partially
anchored point could not be serve as a stationary point to pull the towpreg
out of the nozzle. With the nozzle being moved continuously to point C, a
point in the towpreg that was supposed to be anchored at point B skids to
B, and is anchored at B/ instead. For the same reason, a poiat in the
towpreg expected to be deposited at C is actually anchored at point C;.
Therefore, the real formed line 4B;C,D; is deviated from the theoretical
line ABCD.

The extent of this error depends on the forming condition,
particularly the forming speed relative to the depositing speed or the
nozzle moving speed. For example, in Figure 4-2, during the same period,
as mentioned in the above paragraph, but with a higher nozzle moving
speed, then when the nozzle arrived at point E instead of at point C, the

towpreg is slid to B; instead of B,. Therefore, the error is larger than the
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~ --.__Nozzle Path

- Real Deposited Line

Fig. 4-2 An error is generated by the mechanism of the forming processs.
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Fig 4-3A Fig 4-3B Fig 4-3C

Fig. 4-3 Different boundary conditions for the thermal field.
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case of deposition at a lower speed. In fact, in this situation the deposition

is regarded as failure.

2. Speed considerations: as a matter of fact, the forming speed is relatively slow for
most RPT processes. In the self-anchoring process, the forming quality is directly
related to the forming speed, as has been analyzed in the preceding paragraph.
However, the forming speed is limited by the present forming mechanism, and
other influencing factors should be considered:

a The machine capability: any CNC machine has the maximum X-Y
and/or Z interpolation speed, which is also the maximum depositing or scanning
speed. For the Mini-Mill machine that is employed for the present CLM process,
the maximum X-Y interpolation speed (GO01, G02, GO3 etc) is 6350 mm/min.

b. Towpreg melting speed: the self-anchoring process is a two-step
method. In the first step, the towpreg is fabricated with the continuous fiber being
impregnated with a thermoplastic material. During the deposition step, the
towpreg is re-melted with a heating tube. The heating tube cannot be very long. If
the towpreg is heated by radiation heating, it may take sometime for the towpreg
to go from room temperature 7 to the melted point 7y, Thus, the delivery speed

for the melted towpreg is restricted by:
Vo= “-1
where ¥, = Delivery speed of the melted towpreg, mm/s

L,= Length of the heating tube, mm,

t, = the time needed to heat the towpreg from 7z to Ty _s.
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If L;= 150 mm, ¢, = 30 second, then V,, = 5 mm/s, this means that the forming
speed could not exceed 5 mm per second. Optimizing the tube structure and/or raising the
heating temperature of the tube could somewhat relax this restriction. In the following
process simulation, the towpreg melting speed in the tube is not considered, but one must
bear in mind that the melting speed could be a constraint.

According to the above analysis, the major concem is the forming speed. The

simulation for the self-anchioring process is related to the forming speed.

4-2-3 Transformations and Simplification of the Problem

To investigate the Deposited and Anchored At Once forming principle, and
optimize forming parameters, the forming speed is the priority consideration. But this
problem may change into a research of a temperature field for the forming process
because in the self-anchoring process, the durations of time required of solidification and
anchoring are directly related to temperature changes.

As Figure 4-1 shows, the depositing process is done in a chamber that has closed
surroundings and opened at the top. The interior of the chamber is at a constant
temperature, which is a very important parameter. During the forming process, the
molten towpreg is deposited line by line to form a layer, and layer by layer to build a
whole part or structure. The temperature of the added new line or layer is higher than the
temperature of the previous line or layer. The newly added line or layer is regarded as a

thermal source, which can heat the previous layer. But after a short period of time, the
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chamber temperature and the surrounding temperature are in equilibrium with the
temperature of the formed layers or lines.

The temperature inside a chamber could not be set too high because it is necessary
to increase the solidification speed of the towpreg in order to anchor it into a previous
layer as soon as possible. However, the temperature inside the chamber could not be set
too low either. If the temperature is too low and the cross-section of a part is too large,
then when a new segment of the towpreg is added onto the top of the object, the heat
quantity of the towpreg may not be sufficient to melt the corresponding point of the
previous layer, which is already in equilibrium with the low surrounding temperature. As
a result, the newly added towpreg could not be glued effectively to the previous layer,
and the formed part will have delamination defects.

Not only the temperature field of the chamber but also the sign and shape of the
part affect the solidifying speed of the towpreg. The result is shown in Figure 4-3.

For example, in a layer, the tool path is from 4,— By— Cy— Dy and then to 4,—
B,.... For the different points, their thermal boundary conditions are different, and the
temperature of each point could not be the same. The results analyzed above show that
the effects of different temperatures on the forming speed are much different. If a part is
significantly larger and more complicated, and has a larger cross section than the others,
then it should take more time to finish one layer. When a previous layer has been built
and a new layer has started to form, the starting point 4y in the new layer is supposed to
be anchored to a corresponding point 4y, which is in the previous layer (Figure 4-3).
Because the time is too long, the temperature of 4y’ is much different from that of 4,.

Perhaps the temperature of point 44’ has already reached the surrounding
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Heat Diffuse Direction

A0

Fig. 44A Thermal transfer direction in a single towpreg line.

Fig. 4-4B Thermal tansfer direction in the multiple line.

Fig. 4-4 TThermal transfer direction.
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temperature, and point 45 could not re-melt point 45" As a result, it could not be
anchored to the point 4¢".

If a layer area is significantly smaller than other layer, then it is possible that the
temperature of the starting point of a layer has not reached the equilibrium point before
the nozzle returns to this point for starting to build the next layer. In this case, one may
have an unsuccessful anchoring.

If the cross-section of a structure is more complex, the condition for heat
dissipation and/or absorption may vary from point to point, such as point By and point A
in Figure 4-3. The cross-sectional shape of a part or structure varies from part to part;
even in a particular structure, all cross-sections are not the same. But, it is practically
impossible to adjust the chamber temperature and nozzle moving speed according to the
different cross-section or different part shape. Therefore, it is necessary to make some
assumption in order to simplify the problem:

1. The temperature is the same in each built layer and is different
between different layers.
2. In a currently being built layer, the temperature is the same in each

deposited line and is different between different lines.

§4-3 BASICS OF SIMULATION

4-3-1 Thermal Conduction Equations

The Fourier differentiation equation, a general heat transfer equation is given

by {61]:
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. Ly + 2k, %T) +

p(T)c(T)%% - Dt

G g ., o,
g 2k, 4-2
E az(": 3 )+Q (4-2)

where Q= the internal thermal sources density, p(T), ¢(T) are the density and
specific heat of a material, respectively, k. k, and k. are the coefficient of thermal
conductivity along the X, Y, Z, directions, respectively. If the material is isotopic, k.=
k= k-=k

Equation (4-2) is a thermal balance equation, in which the left hand side is the
needed heat quantity for a unit temperature increment. On the right hand side, the first,
second and third terms indicate the inputted heat quantity from the X, ¥, and Z directions,
respectively, and the last term is the heat quantity generated by the internal thermal

source. If only the 2-D problem is considered, and assuming no inside thermal source and

material being isotropic, then Equation (4-2) can be simplified to

ar _ 8T &°T
p'C—a—t‘=k(ax2 +§2—) (4-3)

The equation governs the heat transfer behavior of a system. Further, the thermal
field inside the material is determined by a specific boundary condition for a given
situation.

I(x,y,2,0).o =T,(x,y,2) (4-4)

There are four types of boundary conditions:

1. The first boundary condition is that the temperature on surface S; is

already known. The condition is:
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T(x,y,z,t) =T,(x,y,2z,t)

(4-3)
2. The second boundary condition is the density of a thermal flow on surface
Sg:
#8L _ —q (4-6)
on
where o is a directional derivataive of a temperature, 7, along the normal line
direction.

q is the density of thermal flow.
3. The third boundary conditiom:

a. S3isa convection thermal exchange boundary:

kL _ur-1,) -7
on

where a is the thermal exchange co-efficient, 7; is the outside temperature.

b. S.is a radiating thermal exchange surface:

kL - _oer (Tt -T) (4-8)
on

where o is the Boltzmann constanz, 1.380662x102 J/K, ¢ is the radiation ratio

(thermal emissive), F' is a shape coefficient, and T is the temperature of the thermal

radiating source.

4. The fourth boundary condition is that a surface Ss is a heat insulation boundary:

o (4-9)
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where 7 is the outside normal direction of the surface S;.
For any system, the boundary condition should be S and
S=8+S5,+S;+S,+S; (4-10)

where S includes all the boundaries of the system.

4-3-2 Basic Assumptions

According to the existing CLM system operating in a self-anchoring mode, the
following boundary conditions can be assumed:

1. At the bottom of the forming chamber, the surface is thermally insulated.
Thus, it is the fourth boundary condition, and Equation (4-9) can be used.

2. Connecting thermal exchange exists between the deposited towpreg and
the air of the inside chamber. Hence, the third boundary condition; Equation (4-7) can be
used.

3. The temperature inside the chamber is set to be constant and uniform.

4. The radiation direction is along the longitude of the deposited towpreg

line. The cross-section direction does not radiate. See Figure 4-4.

4-3-3 Basic Parameters

The most important parameters used for the present simulation work are listed in

Table 4-1 (see Appendix A). In the Self-anchoring process, Kevlar-49 fiber and
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polyethylene matrix are used. The parameters listed in Table 4-1 are for these two
materials. If other materials replace these materials, the simulation process does not need

to be changed. Only the inputted parameters need to be changed {62, 63].

4-3-4 An Analytical Solution for a Single Towpreg

An analytical solution should be used to describe the results of the simulation
study.

A unit cube is shown in Figure 4-5. Assume that

1. The temperature inside the cube is uniform, and is not a function of the X,
Y, and Z coordinates.

2. There is no heat source inside the cube and only the heat quantity change
on the cube surface influences the heat quantity change inside the cube.

3. Furthermore, only a change of the heat quantity could changes the
temperature inside the cube.

4. The temperature change in the cube surface follows the third boundary
condition. Equation (4-7) should be used.

5. No thermal exchange occurs on the bottom, front and rear surfaces. Only

the top, left, and right surfaces experience thermal exchanges, (Figure 4-5).
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Thermal Exchange Surfaces

P

Top side

Right side

Left side

Figure -1-5 A Unil cube of thermal exchange.
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The area of the thermal exchange surfaces is 3a°, and the cube volume is &°.
According to the principle of energy conservation, one can establish an equation that

describes the thermal exchange in the micro-cube:

wIla =T ~T)Ga) @—11)

where T is the temperature of the chamber, & is the thermal convection exchange
coefficient.

In the left hand side of Equation (4-11), the item indicates the heat quantity varies
with the temperature, which changes with the time inside the micro-unite. The right hand
side item is related to the quantity of the thermal exchange at the boundary.

Simplifying and changing the order of Equation (4-11) we have Equations (4-12)

and (4-13):
aI__3¢ 1) (“4-12)
dt apc

dT-T) 3a
T-T. apc

dt (4-13)

and upon integration of both sides of Equation (4-13), one obtains

3a
t

T=de * +T, (4-14)

From an initial condition:
whent =0, T=T) wehaved= Ty- T,
Substituting the value 4 into equation (4-14) results in:

3a
‘4

T=(T,-T,)e +T, (4-15)
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Figure 4-6 An analytical solution for the single- towpreg-line
heat transfer.
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According to Equations (4-14), and (4-15) and the length of the cube g = Pma
diagram of the temperature vs. the time is shown in Figure 4-6. By comparing Figure 4-6
with Figure 4-9 and Figure 4-10, we can find that the temperature change pattern is
almost the same. The temperature change for a single towpreg can be simulated and

calculated, but in a complicated problem, only the simulation is useful.

§4-4 TEMPERATURE SIMULATION FOR A SINGLE TOWPREG
4-4-1 Introduction to the ANSYS

It is hard to find an analytical solution to Equation (4-3), even if it is a 2D
problem. For most of the thermal field problems, a numerical solution is used. Many
software packages are commercially available for thermal field simulation. The ANSYS
is one of the most successful software packages. ANSYS can be used to solve the
problems such as structure analysis, thermal transfer, electromagnetic field and fluid flow
analysis.

Conduction, convection, and radiation, the three basic heat transfer processes
could be treated by the ANSYS program package, which can be used for linear,
nonlinear, steady state, and transient thermal analysis.

According to the forming characteristics of the CLM process, the current problem
requires nonlinear and transient thermal analysis. Thus, thermal conduction, convection,

and radiation should be considered.
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4-4-2 Simulations for a Single Towpreg

First let us evaluate the influence of a towpreg’s cross-section. A towpreg is
dispensed from a nozzle, which has a circular cross-section. When the towpreg is
deposited onto a surface, its cross-section could be changed into a square or other shapes,
see Figure 4-3A, B, and C. Two shapes are shown in Figure 4-7. Figure 4-7A shows a
shape with round corners. Figure 4-7B shows a square shape. Now, an error is evaluated
when the shape effect is negligible.

Five points were selected for each shape (see Figure 4-7). It is assumed that the
chamber temperature is 20 C and the initial temperature of the towpreg is /50C. A
calculation result is shown in Figure 4-8. Figure 4-8A shows the temperature changes
with time at each point for the shape that has round corners, Figure 4-8B shows the same
thing but for a square shape. As demonstrated in Figure 4-8, the shape does not influence
the temperature variation too much. Therefore, in the following calculation the towpreg is
treated as a square cross-section.

Second, consider the effect of fiber. Figure 4-8 shows the result for the case of a
pure matrix in witch the fiber effect is not considered. for the case of a 50% fiber volume
fraction, the result is shown in Figure 4-9. By comparing Figure 4-8 and Figure 4-9, we
can see that the temperature change trend is almost the same, but the value is different.
The specific heat of the Kevlar fiber is lower than that of the PE matrix. When heat is
lost, the temperature of the Kevlar-PE towpreg will fall faster than that of the pure

material.
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1 2
R 1
3
4
s

Figure 4-7A A cross-section of the towpreg has round corners.

1 2
3 4
5

Figure 4-7B A cross-section of the towpreg has right-angle corners.

Figure 4-7 Cross-section shapes and the calculated points.

1,2, 3,4, 5 and 6 are the selected points for evaluation.
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Figure 4-8A Temperature changing with time at each point for the round-corners shape.
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Figure 4-8B Temperature changing with time at each point for a square shape.

Figure 4-8 Temperature changing for each point.
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An ANSYS model for a composite material is complicated. The model is buiit up
with two different components, the fiber and the matrix. These components are assumed
to be evenly distributed inside the model. Through separate Boolean Operations, the fiber
and the matrix properties were inputted to the units, respectively. Then, they were marked
with different number to build the final model. If equivalent heat transfer properties of
the material are found, the model can be readily built.

According to the heat transfer principle, the equivalent conductivity & specific

heat c, and density ;_) of the composite are [64]:

— k. k,

E=—_ I (4-16)
kY, +k,V,

c=cV, +c,V, (4-17)

5=prf+pme (4—18)

where Ky K, are the thermal conductivity of fiber and matrix, respectively, V7.
Vm are the volume fraction of the fiber and matrix, respectively. ¢s, cnare the specific heat
of the fiber and matrix, respectively, and g, pn are the density of the fiber and matrix,
respectively.
Assuming that V; = V,, = 0.5, and that the fiber is well dispersed in the matrix. according

to Table 4-1 and Equations (4-11) ~ (4-13), the equivalent parameters are:
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Figure 4-9 Temperature changes of the towpreg having a 50% by volume of fibers.
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Figure 4-10 Temperature chianges with time (with equivalent parameter values

incorporated).
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k=007-2, E=l465—J—, 5:12315"— 4-19)
mK kg K m

According to the equivalent parameters, a simulation result is shown in Figure 4-
10. The numbers 1, 2...5 indicate different investigation points in the towpreg cross-
section (See Figure 4-7)

By comparing Figure 4-10 with Figure 4-9 on the surfaces and corners of the
towpreg (points 1, 3, 4 and 5), we can see that the temperature change trend is almost the
same. Only in the inside of the towpreg (point 3) the temperature change trend is a little
different. During the forming process, a temperature change on the towpreg surface is a
major effect for anchoring. Therefore, the equivalent parameters can be used to substitute

for the composite parameters and make the simulation simple.
§4-5 TEMPERATURE SIMULATION FOR MULTIPLE TOWPREGS

4-5-1 Forming and Heat Transfer Model

As indicated in the analysis in §4-1, the temperature of the towpreg is influenced
by many factors. During the earliest stage of the simulation, the influencing factors
should be simplified. A part of a forming process is selected for the simulation to find a
general regularity of the whole forming process. As an example, the structure of a part
may be built with nine towpreg circles. A cross section of the nine-towpreg circles is
shown in Figure 4-11. There are three towpreg lines in each layer and three layers in the
structure. In Figure 4-11, the different colors indicate different lines and layers, and the

depositing sequence is 4;—> A;—> A3 — - — Ay
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Figure 4-11 Deposition sequence of the nine towpregs (a cross-section).
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Figure 4-12 Temperature vs. depositing interval.
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The deposition interval between two towpreg lines is the same everywhere and
the interval is in inverse proportion to the nozzle moving speed. Assume the temperature
of the chamber is 20° C, and the convection coefficient is 5 N/m’sk. Based on this
forming and heat transfer model, the temperature change of the fifth towpreg is
investigated under the different chamber temperature, nozzle moving speed, and

convection coefficient conditions.

4-5-2 Temperature Field Simulations

The effects of depositing speed, chamber temperature, and convection coefficient
will be simulated in this subsection. Figure 4-12 shows the fifth towpreg’s temperature
vs. different interval or depositing speed. The following observation are made:

I. At the beginning, the temperature decreases in a more drastic
manner. With the towpreg is being added, the temperature is undulated. The
temperature undulation is larger when the temperature is lower. The maximum
fluctuation is up to approximately 16°C. After that, the temperature decrement is
slower.

2. The sixth and eighth towpregs have the largest influence on the
temperature of the fifth towpreg.

3. If the interval is longer, or the depositing speed is siower, the

temperature falls faster.
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Figure 4-13 Temperature vs. convection exchange coefficient.
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Figure 4-14 Temperature of the fifth towpreg vs. different chamber’s temperature.
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When the chamber temperature is 20°C and the interval is 60 seconds, the
temperature vs. the convection exchange coefficient, @, is shown in Figure 4-13. The
temperature undulation is not much different for the different convection conditions.

When the convection exchange coefficient is SN/m’ s k, and the interval is 60, the
temperature vs. the different chamber temperatures is shown in Figure 4-14. The
undulation of temperature does not vary much with the different environment
temperature.

In the preceding subsections, the temperature fields were simulated under
different conditions. A future task should be to investigate the conditions of the towpreg’s
solidification speed in relation to the temperature fields, and then, according to the
different towpreg’s solidification degrees, to find the various bond strength of the
towpreg, and finally to calculate the effect of the forming speed on the towpreg’s bond
strength. With this knowledge on hand, the max forming speed ~:an be evaluated for

different towpreg materials.
§4-6 ANALYZING AUTOMATIC EXTRUSION
4-6-1 Principle of Automatic Extrusion Method
The self-anchoring forming method was studied in the previous sections. It was

found that the forming speed of the self-anchoring CLM method is limited. So, other

effective forming methods are highly desired and must be investigated. The advantages
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of the one-step forming method and the Active Material Supply method were introduced
in Chapter 2. One of the advantages is that the forming speed is not limited by the
solidification condition of the towpreg during the forming process. But, a challenge of the
one-step forming method mentioned before is to continuously deliver the fiber tow into a
pressure vessel and to seal the fiber entrance to prevent leakage.

A one-step forming method is shown in Figure 2-20. In this system, an extrusion
machine supplies melted thermoplastic material to an impregnating and depositing
device. The device impregnates a continuously supplied fiber tow where the melt
deposits the towpreg onto a work surface, which is located on a 3D-motion system. A key
component in this forming system is the impregnating and depositing device. A layout of
this device is shown in Figure 4-15. In the design, a flange joins the device to the
extruder machine to receive a pressurized polymer melt there from; the fiber tow is drawn
into the pressure chamber through a regulating rod and regulating head and is
impregnated with the polymer melit inside the nozzle area. The regulating rod could be
risen or lowered to adjust the distance between the regulating head and the nozzle. The
nozzle and regulating head are changeable to match different towpreg requirements and
to find the best shape and dimension.

A proposed fluid flow model is shown in Figure 4-16 [65, 66]. When the melted
polymer is squeezed in the pressure vessel, in zone 4, the fluid flow speed is steady and
uniform, see Figure 4-16A. In zone B, the matrix impregnates the fiber tow, and the
speed of the distributing matrix flow is complicated. However, a dead zone C, where the
pressure is equal to zero, could be generated at the end of the regulating head. In zone C,

the polymer flow speed is higher than that in zone 4, and the towpreg is driven out of the
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Fig. 4-15 An impregnation and deposition device.
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nozzle by shear stress. Because a dead zone is formed near the entrance of the fiber tow,
the melted polymer could not go up. Therefore, the fiber is drawn into the chamber for
impregnation and is deposited onto the work surface continuously and automatically.
This is the mechanism of the forming method, which is called Automatic Impregnation
and Deposition Mechanism (AIDM).

The factors that influence the AIDM are shown in Figure 4-16B. Physical
properties that are influencing are material viscosity g, chamber pressure p, and
temperature 7. The geometry factors are the shapes of the regulating head and nozzle.
The dimension factors are shown in Figure 4-16B. The following simulation and analysis
procedures were used to study their factors for the purpose of determining the best

parameters for the AIDM forming method. The feasibility of the AIDM method has been

demonstrated by experiments.

4-6-2 Simplification and Estimation of the Best Parameters

Figure 4-16A shows a distribution profile model of the fluid flow lines. In zone A,
the fluid flow could be treated as a non-Newtonian fluid inside coaxial cylinders. This is
a commonly encountered situation in the industry. Therefore, many scientists have tried
to solve the problem with an analytical solution. Bird [67-72 ] has done much
investigation in this field. The results of Bird’s work provide some solution to the AIDM
problem. Before analyzing the fluid flow, the following assumptions are made:

1. The fluid is incompressible (constant density).

2. The flow is under steady state conditions (i.e. time-independent).
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3. Stationary boundary condition (the two cylinders do not slide or

rotate during the simulation).

4. The cylinders are sufficiently long, so that the effect of the cylinder
ends could be neglected.

5. The gravitational force is neglected.
The stress distribution for the axial laminar flow of an arbitrary inelastic, non-

Newtonian fluid through a concentric annulus is known as:

P 2
r. =R A (4-20)

=5 €5

o=y (4-21)

Where p = the total pressure loss per unit length L, 7 = the shear stress,& = %

and R = the Radius of the outer pipe of the annulus as illustrated in Fig4-17.
The constant of integration is chosen so that: when r = AR, 7. = 0.
In a laminar flow this corresponds to the location of maximum velocity. The

power-low rheological model could be represented as:

T, = -mlﬂ"—l ) x (E‘L) 4-22)
dr dr

where: m, n are the parameters in power-low model and s = I/n.
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Figure 4-17 A fluid flow model.
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Combining Equations (4-20) and (4-22) and considering the boundary conditions

that, when §=K, v. =0, and when &=/, v. =0, we obtain Equations (4-23) and (4-24):

dv, "“Ldv. PR A2
- __=__ L )
m e ; ¢ 5) (4-23)

(4-24)

where: £ = the ratio of the radius of inner cylinder to that of outer cylinder,
A=a value of a dimensionless radial coordinate,
p# = Newtonian Viscosity,
po = “Plastic-viscosity” of the Bingham plastic.

The value of A is determined by the condition:

v.(A) = v,(4)

Or: f[l ]ax £(x—£) (4-25)

A volume flow rate is

Q =2zR’ Ié’vzdﬁ (4-26)

Substitution Equation (4-24) into (4-26) yields:

;d%’ ='(CPR) [ffdé f[—~x) dx + Iédél[x—’q;]sdx} (4-27)

Integrating Equation (4-27) yields:
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1
mR® ( PR\~
Q 1+3n[2m] (4-28)

PR 1+3nY)"
Or: —=
2 (QYszs) xm

whete ¥ =(1-2)" —k‘_;(;.2 —)s (4-29)

The value of A can be calculated by Equation (4-25), or the Table of A (n, k) [73].

Thus, Equation (4-28) shows the relationship between pressures drop and flow
quantity. When the m, n values and the dimensions of the concentric annulus are known,
Equation (4-28) can be used to compute PR/2 if Q is given.

According to the design of the impregnation and deposition device, the
parameters could be R=15 mm, and K =~ 0.3. For polyethylene, values of n=0.5, m=0.3
can be assumed

From the values of the table for A(n, k), the value of A can be obtained: A =
0.5970. Substituting those parameters into Equation (4-29) we obtain ¥Y=0.5/1. If the
extruder machine supplies a flow rate of melted polymer with

Q = 0.00cubic foot per second

1+3n
YmR?

p=2(Q ) xm/ R =0.125 pound per square foot.

The above analytical solution can be used to describe the flow behavior in zone A
of the impregnation and deposition device if the device is long enough (see Figure 4-
16A). Several articles that introduced the analytical solutions for an Apex Tapered
concentric annulus can be used to evaluate the wire coat and plastic blowing process. But

for such
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Fig. 4-18 A Different positions for tapered head.

1/

Q. A} 8

prnd,
.(\EE:[ . _

Fig. 4-18 B Different positions for flat head.

Fig. 4-18 The relative position of the heads and nozzles.
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complicated shapes in zone B, C and D it is impossible to get the analytical solutions; the

numerical solution is useful in this situation.
§4-7 NUMERICAL SIMULATION OF THE AIDM METHOD

4-7-1 The Numerical Simulation Model

The fluid flow could be assumed to be nonlinear, and steady-state, and the
assumptions concerning physical properties are the same as those made in the previous
subsection period, In fact, no matter how one selects the parameters of the matrix, the
simulation result will not change too much. Hence the simulation will be focused on the
geometry and dimensions of the regulating head and nozzle.

1l Two regulating heads are selected to be studied, referring to Figure

5-11. Figure 5-11A shows a flat head, Figure 5-11B shows an apex-tapered head,

called tapering head. The heads are positioned inside the nozzle as shown in

Figure 4-18.

2. The distance between the regulating head and the nozzle is an
important parameter. It is called A4, and several & values are investigated.
3. The diameter of the nozzle bore ¢ and a depth & of the bore need to

be evaluated. See Figure 5-10.

4-7-2 The Fluid Flow Simulation

In this subsection, several simulation tasks are discussed.
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1. The h effect: the tapering head is used with a nozzle of ¢ = 2 mm.
Figure 4-19 shows a pressure distribution diagram near the nozzle exit for & = 1,
2, 3, 5 mm, respectively.

2. The effect of the diameter of the nozzle bore ¢ In this case, using
the tapering head, and setting 4 = /, 2, 3, 5 mm, for four positions, three @ values
have been simulated. Figure 4-20, 4-21 and 4-22 shows the results for ¢ = 3, 4, 6,
respectively.

The simulation results show that when the regulating head is adjusted near
the nozzle exit, 4 is shorter and a zero pressure zone appears near the end of the
regulating head. With increasing ¢, the h needed to build a dead zone is going to
be longer. When ¢ is smaller, the pressure inside the nozzle will be higher. The
regulating head needs to be closer to the nozzle exit to form a small environment
in which the pressure is equal to zero.

This simulation result is consistent with the result of an experiment that
will be introduced in Chapter 5.

3. The effect of the regulating head: Figure 4-23 shows the simulation
results in which the flat head is employed. One can see that when the regulating
flat head is adjusted closest to the nozzle exit and ¢ is larger than 8mm, a zero
pressure zone will be established around the fiber tow entrance. The result is a
little different from the experiment at resuit. Because in the simulation, only the
steady state is considered. Actually, once a steady fluid flow is formed and the flat

regulating head is adjusted up to some distance, the flow is still stable, and no

melted

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Markforged Ex. 1007
Page 178 of 248 Markforged v. Continuous Composites, [PR2022-01218


dib
Sticky Note
None set by dib

dib
Sticky Note
MigrationNone set by dib

dib
Sticky Note
Unmarked set by dib


163

SMN =-.164E+07
SMX =.413E+08

- }igg%’? SMN =—.272E+07
. Coori07 S =3 eee
. ~.272E+07
= .127E+08 = .181E+07
.174E+08 Ry - S35E+07
[ ] .109E+08
gagn - 222E+08 - - 0e
] -270E+08 BB igop+0s
.317E+08 l% -245E+08
.365E+08 ) .§SOE+08
. .335E+08
-413E+08 - .381E+08
Figure 4-19A h =1 mm Figure 4-19B 2 = 2 mm

e
/
SMN =-313447 //
SMX =.248E+08 /S
-313447
. .247E+07 SMN =-.151E+07
]
.526E+07 SMX =.153E+08
[ ] , 2 151E+07
BBE - 80SE+07 e
.108E+08 B - 222E+07
g 1362405 — R
] -l64E+08 - 7838+07
e - 192E+08 .igzmgg
. 220E+08 [116e+
.134E+08
- .248E+08 - .153E::08
Figure 4-19C 2 = 3 mm Figure 4-19D 2 = 5 mm

Figure 4-19 the pressure distribution with different 4 values.
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Figure 4-20 the pressure distribution when ¢ = 3 mm.
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Figure 4-21 the pressure distribution when ¢ = 4 mm.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Markforged Ex. 1007
Page 181 of 248 Markforged v. Continuous Composites, [PR2022-01218


dib
Sticky Note
None set by dib

dib
Sticky Note
MigrationNone set by dib

dib
Sticky Note
Unmarked set by dib


166

=—.267E+07
SMN =—.221E+07 -
.123E+08
SMX =.127E+08 z
Zaoe .267E+07
- 22lE+ -.101E+07
| >32%49 656718
.109E+07 -
[ ] .232E+07
.275E+07
] .398E+07
4408407
N .565E+Q7
e . 605E+07
o .731E+07
.771E+07
.898E+07
.936E+07
.110E+08 -106E+08
.127E+08 -1238+08
Figure 4-22A h =1 mm Figure 4-22B h = 2 mm

SMN =-.211E+07
SMX =.874E+07
me ~.211E+07

SMN =-.104E+07
SMX =.645E+07
E -.104E+07

- 2

R _°02197 -209673
302599 [

— 622333
.151E+07 .. B
.271E+07 -7
.392E+07 : .312E+07
-512E+07 e .395E+07
- 633E+07 L i7se+07
- 753E+07 =

- e .561E+07
.874E+07 .645E+07

Figure 4-22C h = 3 mm Figure 4-22D A = 5 mm

Figure 4-22 The pressure distribution when ¢ = 6 mm.
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Figure 4-23 the pressure distribution when ¢ = 10 mm and using flatting head.
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Figure 4-23 the pressure distribution when ¢ = /0 mm and using flatting head.

polymer goes up through the regulating rod. More detail will be introduced in Chapter 5.

§4-8 CHAPTER CONCLUSIONS

1. In this chapter, the Self-Anchoring Process and Automatic
Impregnation and Deposition Mechanism have been analyzed in more detail and
analytical solutions methods were obtained that describe simplified processes.

2. The temperature fields for the Self-Anchoring Process were
simulated by using ANSYS. The results could be used in the future for optimizing
the whole process.

3. Numerical simulations were also obtained for the Automatic
Impregnation and Deposition process. Again, the results could be used to

optimize the process.
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CHAPTER 5§ CLM SYSTEM DEVELOPMENT AND EXPERIMENTAL

ANALYSIS

§5-1 INTRODUCTION

The investigation of Composite Layer Manufacture (CLM) has been a four-year
project, starting from the creation of original ideas, concept design demonstration,
complete design for the CLM process, and the construction of the present prototype
machine.

In this chapter, several important experiments, key part design principles, and
CLM system components will be discussed. The mechanical properties of several parts
fabricated through CLM will be analyzed in order to evaluate an important feature of this
process.

A system developing process is a tedious procedure; the whole development
process (including successes and failures) could not be completely covered in one
chapter. Throughout the development process, no matter how big or small a component
design is, several different plans were presented, analyzed, and compared to determine
their pros and cons before making a decision.

Although the prototyping CLM system appears to work reasonably well, however,

there is room for improvement and better systems will be coming in the future.

169
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§5-2 THE EXTREMUM EXPERIMENT

The methodology used in the development of the new CLM technology has been
introduced in Chapter 2. Numeric analysis is an important method used in the
development period. Hence, a great amount of concept design, numeric simulation, and
analysis work has been done and the results have been presented in Chapter 3 and
Chapter 4. These results could be used as a guide to direct the hardware and software
development of a CLM machine. But some key problems were hard to study with a
numeric method or a numerical solution was impossible to get. So, from time to time,
experiments were carried out to provide additional insight into the CLM process. With
the sole purpose of reducing the required amount of simulation and modeling work an

“Extremum experiment” were conducted.

5-2-1 The Concept of Extremum Experiments

In the early stage of development for a new technology, when a design is carried
out or a method is proposed, many parameters should be considered, and many
possibilities need to be analyzed. So, a lot of experiments need to be done in this period.
Given the requirements and characteristics of the technology, Extremum experiments
could be used to get an initial resuit quickly so that the whole technology development
procedure can be conducted efficiently and effectively.

An Extremum experiment is done to investigate the result under a certain situation

in which all influencing factors and parameters are set on the maximal or minimal value.
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The Extremum experiment is one of the feasibility experiments, and it is used to yield a
qualitative result to determine if the investigated object is possible or impossible. The
Extremum experiment could be separated into two different experiments, which are
Confirming Extremum Experiment and Denying Extremum Experiment:

1. Denying Extremum Experiment: To determine whether or not a design or
a method could be employed, all parameters or positions are set in the best conditions.
Then the experimented result is evaluated.

a. If the result yields a negative conclusion, the design or method is not
useful at all. Even in the best situation, the method is not workable, so
it could not be used in a common situation. Therefore, the design or
method should be discarded.

b. If the result yields a positive conclusion, the design or method could
not be rashly inferred as a good one in a common situation. Further
experiments are required to determine the real conclusion.

2. Confirming Extremum Experiment: The experiment condition is set just
opposite to the denying extreme experiment. All parameters and/or positions are set at the
worst value or location.

a. If a result yields a positive conclusion, the investigated design or
method could be taken as a good one at once.

b. If a result yields a negative conclusion, the investigated object could
not hastily be regarded as a bad one.

The Extremum experiment could be used to find a correct research direction, or a

region of parameter values only. But the direction could be modified, and the region
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could be compressed with a continuous Extremum experiment. When a series of
Extremum Experiments is being done, the best point should be achieved, and/or the
optimized value could be obtained. Several Extremum Experiments will be introduced in

the following section.

5-2-2 Automatic Extrusions of Thermosetting Materials

The Extreme Experiment 1 was introduced in Chapter 2 briefly and is shown in
Figure 2-6. In the concept design period, a material delivery method was proposed in
which the fiber impregnation and towpreg deposition were meant to be done
automatically and simuitaneously. In order to test the designed method, a Deny
Extremum Experiment was employed. All parameters and positions were set on the best
conditions. If the towpreg could not be extruded out automatically, the design should be
abandoned.

The influencing factors were simplified and the experiment was set up, as shown
in Figure 2-6A. A segment of fiber tow was placed inside a hypodermic in where it was
pilled out along with epoxy resin. The thermosetting resin was used as a matrix because
its viscosity would not change too much at room temperature during a short period of
time. When the plunger is pushed down, the impregnated towpreg could be squeezed out
of the needle connecter. In such a set up, we assume that

a A seal effect does not need to be considered,

b. Friction does not need to be considered,
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c. The viscosity, u of the polymer is not changed, so the shear stress
could be regarded as a constant.

Throughout the present study, Kevlar-49 was used as the reinforcing fiber. There
were /2K filaments in one tow. In this experiment, / tow, 2 tows, or 3 tows were jointed
together, respectively in 3 separate runs. The result indicated that when 2 tows were
combined together, the impregnated Kevlar-49 fiber tow was readily squeezed out of the
syringe. The volume fraction V¢ could be evaluated as:

Sf
Vf=S ¢-D

n

where: Sy= the total cross section area of fibers, and
Sn = the cross-section area of the needle.

The diameter of a Kevlar 49 filament was 9um, so
9? - 2
S, =2 x12000x — awx10° = 153 (mm)
4
The inside diameter of the needle connecter was around /.8mm, so,

1.87 2
S, = 48 x=2.54 (mm)~

1.53
V. == %0.6 = 60%
£ 254 ?

When 2 tows were used, V; = 60% is the best volume fraction for effecting the
autornatic extrusion. The viscosity u of the thermoplastic is higher than that of the
thermosetting materials, so 50% volume fraction is chosen for the thermoplastic matrix

composite.
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For the case of 3 fiber tows, the total diameter of the fibers was larger than the
orifice diameter of the syringe and the friction force was too large for the towpreg to be
squeezed out.

In the case of using / tow of Kevlar-49, the fiber volume fraction was around 30
percent, ¥y = 30%. The automatic extrusion process did not work well for this case. One
specimen of the extruded towpreg is shown in Figure 5-1. The speed of resin extrusion
was not uniform and excess amount of resin was extruded out intermittently.

The conclusion was that the method for impregnation and deposition implemented
at the same time is possible in certain situations. But further experiments need to be done

to well define these situations.

5-2-3 Automatic Extrusions with Thermoplastic Materials

In the previous experiment, a thermosetting resin was used for the matrix. In the
case of using thermoplastic materials, the viscosity 4 is 50 ~ 400 times higher than that of
a thermosetting resin [74]. A device for extruding a thermoplastic melt and a continuous
fiber tow is shown in Figure 4-7. Because many parameters influence the final result,
several experiments had to be done. The result had not been was satisfactory, so a
different extremum experiment had to be conducted, explained as follows.

To simplify the attempt to identify identifying influencing factors, the device was
re-designed, as shown in Figure 5-2. The regulating rod and regulating head were
removed, and a seal screw was used to seal off the hole of the top cover. Then a small
shaft, which was entwined with the fiber, was placed in the cylinder. The volume fraction

was set
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Fig. 5-2 An Extremum experiment.
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at 50% by selecting a proper bore diameter of the nozzle. After that, the device was
installed on the extruder machine that supplied the required melted thermoplastic. This
configuration was operated to determine if the towpreg could be extruded. The extremum
experiment was successful, which means the method was useful provided that proper
processing parameters could be found.

In order to find a correct parameters range, an experiment similar to the extremum
experiments was carried out, such as indicated in Figure 4-7. To find the best distance
between the regulating head and the nozzle, other influencing factors were kept at the
same values or positions, which were supposed to be in the right region. Then, the effect
of this distance was investigated. Initially, when the distance was not set in a correct
position, the melted polymer would climb up through the center hole of the regulating rod
to sometimes block the channel for the incoming fiber tow, and the polymer could not be
sent back to the cylinder. As a result, the experiment could not be continued. A series of
operations had to be carried out before the experiment could be resumed. These included
cooling the device, disassembling the regulating rod, cleaning the polymer from the
channel, and re-installing the rod, etc. But, if the regulating rod was set at the extremum
position before the thermoplastic was extruded in the device, the phenomena of melted
polymer climbing up should not happen. If in this situation, the polymer still goes up, the
effectiveness of the method could not be proven.

A portion of the device is enlarged and shown in Figure 5-3. Figure 5-3A shows
the setting position, with the regulating head being set in the lowest position and the end
of the regulating head being at the exit of the nozzle to ensure no melted polymer could

enter into the regulating head. But in this position, the impregnating time is very short,
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h NN\

Fig.5-3A The original position. Fig.5-3B The head was ride.

Fig.5-3C The two positions for a long-nozzle with the tapered head.

Fig.5-3C The two positions for a long-nozzne with the flat head.

Fig. 5-3 Extremum position experiment.
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because when polymer is extruded outside of the nozzle, no shear stress is exists to assist
the fiber impregnation. So, the regulating rod was raised to have the regulating head back
in the nozzle. During the experiment, the regulating rod was rotated and raised slowly
until the fiber was driven down automatically while no polymer went up through the
regulating head. The situation is shown in Figure 5-3B. It was observed that, when 2 =

I~3 mm, the fiber tow was driven out automatically.

§5-3 “PISTON EFFECT” EXPERIMENT

In the FDM process, a wire made of thermoplastic materials is driven by rollers to
work as a piston to push the melted materials out of the nozzle to implement the
deposition process. Inspired by this FDM concept, in the early stage of development for
CLM, a method was proposed that involved a concept design as shown in Figure 2-14.
Several devices have been designed for the concept and a series of feasibility experiments

have been conducted.

5-3-1 Experimental Set Up

The proposed CLM process, as indicated in Figure 2-13 and Figure 2-14, is a two-
step forming method. In the first step, a towpreg that is a composite wire made of
continuous fiber, and a thermoplastic are pre-formed. A towpreg forming device is shown
in Figure 5-4. In the second process step, the towpreg is deposited onto a work surface

just like in the FDM.
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Fig. 5-5 The nozzles were designed for piston effect.
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The 3D motion device, work-platform, heating and cooling device are considered
to be similar to those in the FDM. The selection of a towpreg delivery method and the
design of an effective nozzle are the key tasks in the development of the CLM process.
Two nozzle shapes and dimensions are shown in Figure 5-5. The differences between the
two designs are the lengths of the heating zone, entrance shape of the nozzle and the
guiding distance for the towpreg.

The diameter of the towpreg is /mm; it is a little bit smaller than the orifice of the
nozzle in order to ensure the towpreg could be pushed into the nozzle first. It is
considered that the towpreg is heated up to above the resin melting point in the nozzle
and the solid towpreg in the rear is used like a piston to push the melted towpreg out of
the nozzie.

During the experiment, the towpreg was hard to push into the nozzle. What
happened was that when the towpreg was forced to enter the nozzle as shown in Figure 5-
6. the towpreg was bent or zigzagged to avoid entering the nozzle. The phenomena were
analyzed as follows:

1. The diameter of the towpreg was too small so that the rigidity of
this materials is not sufficient for it to serve as a piston.

2. At the nozzle entrance, the towpreg was heated and softened and
hence it lost its stiffness.

3. The dimension and shape of the towpreg are not uniform and the
fiber tow was not well impregnated.

4. The surface finish of the nozzle orifice is too low to allow the

towpreg to go through smoothly.
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Based on these considerations and experimental results, we believed that an
improved design was much needed. Two such designs were layed out as shown in Figure

5-7 and Figure 5-8. These two designs were developed based on the following

considerations:
I. A cooling sleeve may be used to keep the entrance at room
temperature or lower.
2. The exit diameter of the nozzle is half of the entrance diameter. If

the exit diameter is / mm, a towpreg of 2 mm diameter could be used.

3. In the FDM process, the entrance is three times larger than the exit
diameter. The larger entrance ensures that the thick wire can be used as a piston,
and a small exit is to ensure the precision of the deposited object. But, there are
fibers inside a towpreg, and the fiber dimension could not be reduced. Because
the towpreg is melted in the melting zone, segment by segment, and is supplied
segment by segment, a branched-out orifice could be use to drain out the extra
matrix materials.

4. Detailed designs of towpreg dispensing nozzies are shown in
Figure 5-8. In order to evaluate the influence of shape and dimension, 12 different
nozzles have been designed. The dimensions are shown in Table 5-1 and 5-2 (see
Appendix B).

5. The fiber impregnation device was redesigned in order to make the

towpreg uniform.
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towpreg

towpreg
Nozzle Nozzle
Fig. 5-6A The towpreg was bent. Fig. 5-6B The towpreg zigzagged.

Fig. 5-6 The towpreg can not be pushed into the nozzle properly.
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Fig. 5-7A The nozzle core was separated. Fig. 5-7B The nozzle core has a groove.
Solid Towpreg

Fiber filaments
.

r—-——u ______ Plastic Matrix

Core of Nozzle

~~~ _ Softening Zone

T ——~}—_____ Meliing Zone

[_\_ ) Branch
" - QOut Orifice

"~ Melt Towpreg

Figure 5-7C A divided exit for extra polymer.

Fig. 5-7 The nozzles designed for the "piston effect”.
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Fig. 5-8 Detailed Designs of the deposition nozzle shown in Fig. 5-7.
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5-3-2 Results and Discussions

After conducting a series of experiments with these nozzles, we obtained the
following results:

I. The towpreg could be melted within the nozzle when the towpreg
was carried into the nozzle through a distance.

2. The cooling sleeve cooled the entrance of the nozzle, so the
towpreg was delivered through the entrance with enough rigidity.

3. The towpreg was supposed to branch out near the exit of the
nozzie; but did not.

These results indicate that a challenge still exists in the case where a solid
towpreg is used to provide the piston effect to push the melted towpreg out of the nozzle.
Other parameters and shapes could be improved to achieve successful results.

1. The fiber volume fraction of the towpreg could be made smaller. If
the diameter ratio of the nozzle entrance to exit is 3:/, and the fiber voiume
fraction of the towpreg in the exit of the nozzle is intended to be 50%, at entrance,
the fiber volume fraction at the entrance could not be in excess of 5.5% (1/18).

2. The temperature of the nozzle could be raised to decrease the
needed heating distance in which the towpreg is touched with the nozzle. The
smooth surface finish of the bores of the nozzle could be improved to decrease
friction.

3. For a large structure or part, the towpreg could be slightly larger,

but still keeping a reasonable precision. In this case. the nozzle exit diameter
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could be made as large as the entrance, and the shape of the nozzle could be made
very simple. The effect of the nozzle is only for heating up and guiding the
towpreg to a certain location. Then, the diameter of the towpreg does not have to

be reduced and the towpreg could be pushed straight through the nozzle.

§5-4 “AUTOMATIC EXTRUSION” EXPERIMENT

In Chapter 2, an Active Materials Supply method Wwas introduced. See Figure 2-20
and Figure 4-7. The advantages of the one-step method have been analyzed in Chapter 2
and feasibility testing has been done successfully as discussed in §5-2. In order to find the
best forming parameters, a numeric simulation procedure has been used to imitate the
process of the one-step method with the results being analyzed in §4-3. To validate the
method and to find the best range for the important parameters, a device that simulates a

real system was set up and investigated.

5-4-1 Experimental Set Up

The experimental set-up was shown in Figure 2-20. The 3D motion device was
not installed because the experiment was for testing the concept of automatic push-out in
order to integrate the two processes, impregnating and depositing, into one step.

L. Pressure Control: The vessel pressure value is considered as an
important parameter for this method, because the flow shape of the melted

polymer fluid is influenced by the pressure directly. The extruder used in the
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present study was a Killion extrusion machine (Series Number 10881), the
pressure was regulated by controlling the volume of the extruding material. A
fine-tuning resistor is used to control the volume. Actually the pressure value
depends on the load also. A digital pressure meter is installed on the connector
between the extruder and the impregnating and forming device. The displayed
number approximately reflects the pressure value inside the device. At a stable
fluid flow, a value of /50 Psi ~ 250 Psi was shown on the display screen.

2. Temperature Setting: Temperature is also considered as an
important parameter, because the viscosity g of the polymer fluid depends on
temperature. The effect of viscosity is complicated for a non-Newtonian fluid. For
shear thin plastic materials, its viscosity is influenced by the shear stress also.
Viscosity has two effects on the movement of a towpreg in this method. If the
viscosity increases, the shear stress near the exit of the nozzle could also increase.
That is an advantage for pushing automatically towpreg out. But if the viscosity u
is increased too much, the fiber could not be impregnated very well or could not
be impregnated during a short period.

The above considerations led us to set the temperature at a certain value,
which did not change during the experiment. A temperature of was selected 360°F
for the extrusion machine, and the temperature setting for the device was 370° F.

3. The distance 4 between the regulating head and the nozzle: the
distance could change continually (See Figure 5-4). Determination of the distance
h was one of the targets for the experiment and it was set at three different values

to evaluate its effect.
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4. Shapes and dimension of the nozzle: The shape of the nozzle was
not varied by much. But the ratio between the diameter and depth of the nozzle
orifice was considered an important parameter because the stress distribution
depends on the ratio:

D,
L

n

where: D, = diameter of the nozzle and

R=

(5-2)

L, = depth of the nozzle.
In the experiment, R was set at eight different values, respectively.

5. The shape and dimension for the regulating head: Two different
head shapes were designed in order to determine a preferred shape. The two
designs are shown in Figure 5-9 and 5-10.

6. The fiber volume fraction: Each Kevlar fiber tow has 72,000
filaments and could not be separated, but several tows could be combined
together. In the experiment, /, 2, 3, and 6 tows have been employed in 4 separate
runs. The cross sectional area for each tow is around /.53 mm’. The volume
fraction is determined with the number of fiber tows and the orifice diameter of

the nozzle.

5-4-2 Results and Discussion

This experiment had many different effects. If each and every combination of
items 3 - 6 above is evaluated, there would be /28 (4 x 4 x 4 x 2) different experiments
that must be done, and it could take a long time. Instead, only representative

combinations have been studied, which led to several significant findings or observations.
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L=10 ~ RS

Fig.5-9A The long nozzle. Fig.5-9B The short nozzle.

Fig. 5-9 The dimensions of the long and short nozzle.
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Fig. 5-10A The flat head. .
Fig. 5-10B The apex tapered head.

Fig. 5-10 The dimensions of the regulating heads.
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The conditions for these experiments are listed in Table 5-3 (see Appendix C) and
key observations shown are as follows:

1. The proposition that the towpreg could be delivered automatically was
achieved under certain situations.

2. Some positions and parameters are not critical; a stable fluid flow could be
established under a wide window of parameter values. For example, the distance
between the regulating head and the nozzle was discussed before; actually the head
was initially set outside of the nozzle. as shown in Figure 5-10. In this position, the
fiber was readily guided through the device and it was ensured that the melted
polymer would not go up into the regulating rod. When the regulating head is raised
slowly, the melted polymer should be squeezed out by the vessel pressure. At the
beginning, a gap between the head and the nozzie was small, so not much polymer
was extruded out, and there was not enough force to push the towpreg out of the
nozzle just yet. But, when the head was raised, the gap was larger and the volume of
polymer flow was also larger. When the distance reached a certain value A4, the
polymer flow had enough shear stress to drive the towpreg out. Depending on the
different ratio R, the distance A could be varied over a2 wide range. Some times, even
when the head was still outside of the nozzle, the towpreg was driven to start moving.

3. The established stable flow: Once a stable flow is established, even if
some conditions are later changed, the flow remains stable.

For example, when the head was raised to a distance A, say A = 3mm, the

towpreg was driven downward. During this situation, if the head is raised up by
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additional 3~5 mm more, no polymer is going up through the regulating rod. In
another direction, if the head is lowered down by /~2 mm more, the towpreg was still
driven downward by the polymer flow.

But, if the head was set at the same stable position # = 3mm, before the
polymer was extruded, then even after the polymer was extruded, with the pressure
slowly getting larger, the towpreg was not driven down and some polymer was going
up through the regulating rod.

4. The ratio R: The ratio R between the diameter and the depth of the nozzle
orifice was an important parameter. For the polymer fluid flow, the larger R is the
more stable the flow is. But if R is smaller than a certain value, say R<0.5, a stable
flow state is never reached.

5. The minimum diameter of the nozzle: In this experiment, the nozzle bore
diameter ¢ was selected at ¢ = 4mm, ¢ = 2.5mm, ¢ =2, and ¢ = Imm, respectively. If
¢ > 2mm, with the different depth of the nozzle and the ratio R not smaller than 0.5, a
stable flow is observed.

6. The fiber volume fraction: The fiber volume fraction did not influence the
stable flow t00 much. But, in general, when the fiber volume fraction is larger the
flow is more stable.

7. The regulating head: the shape of the regulating head did not have a
significant effect on the stable flow. A flat head shown in Figure 5-10A could not be
set outside of the nozzle. If the flat head was set at the lowest position in the

beginning, the bottom edge of the flat head was touched the nozzle inside surface to
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be service as the function of a seal, the polymer did not goes up. Then a similar

operation that like conducted in the apex tapered head could establish a stable flow.

5-4-3 Design Features and Further Improvements

The “two in one” method (impregnation and deposition being integrated in one
process step) was demonstrated by the experiments as a viable method. Compared with
the “two in two” method (impregnation and deposition being conducted in sequence), the
features of the “two in one” method are summarized as follows:

1. Advantages:

a. The process is simple, and the time and cost will be saved.

b. Itis an Active Materials Supply method. The forming condition of the
current layer being deposited is not influenced by the quality of a
previous layer.

c. The deposition speed is higher.

d. The towpreg diameter is equal to the diameter of the nozzle bore.
When the depositing toolpath turns at an angle or follows an arc, the
errors analyzed in §3-3 and §3-4 could be neglected.

2. Disadvantages:

a. A pressure is requires to drives the towpreg out of a vessel, but the
pressure is hard to control, especially at the beginning of the forming

process.
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b. The bore or orifice diameter of the nozzle could not be too small and
the deposited towpreg is somewhat thick. As a result, the part
precision could not be high.

3. Improvement:

a. Redesign the “two in one” devices. The volume of the cylinder could
be reduced, and a flow balance should be maintained; i.e., the
polymer-entering rate equals to the polymer-exiting rate. The cylinder,
the shape of the regulating rod, and other parts could be optimized to
let the polymer flow more fluently and to let no extra polymer
cumulate inside the cylinder.

b. The operating parameters of the extruder machine could be improved.
The volume flow rate could be smaller and steadier.

c. One should select different matrix materials to impregnate Kevlar
quickly and completely during a short period of time.

At the end of this section, another design will be introduced, which is supposed to
improve the stability of the “two in one” method. A concept design is depicted in Figure
5-11. The melted polymer is supplied into a container by an extruder machine, which is
used for shear thinning the viscosity 4. The container is divided into a top region and a
bottom region by an annular seal that is made of rubber or some material that could not
damage the fiber. In the top region, the pressure is higher than the atmospheric pressure.
In the bottom region, there is a circulating pressure region. An annular Pulse Air Bag
could be blown up or shrunk down by a circular pressure source to induce a circular

pressure in the container. The annular seal could be controlled to open and l’bsg just like
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Fig.5-11 A proposed pulsating air method.
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a door could be opened and closed. When the door is open and the Pulse Bag shrinks, a
negative pressure is induced in the circular pressure region. Then the fiber tow and matrix
materials, which are in the pressure free region, could be drawn into the circulating
pressure region. When the door is closed and the Pulse Bag is blown up, a positive
pressure is induced in the bottom region. The fiber is gripped and the polymer in the
bottom region could not go up but could go out of a nozzle due to the positive pressure.

If the frequency of the circulating pressure is /00~ 200 times per second, the
continuous towpreg will be delivered smoothly. Actually, other means could be

employed to get the same function.

§5-5 SYSTEM DEVELOPMENT OF THE CLM WITH SELF-

ANCHORING

The concept of seif-anchoring was introduced in §2-5. Potential of this method
capability were analyzed in §3-2 ~ §3-4, and the forming mechanism was studied in §4-2.
A system for this forming method has been developed, and various simple parts and
structures have been produced with this system.

This is a two-step method with thermoplastic materials: a towpreg making system
was used to form the towpreg, a semi-finished composite product. Then, another machine

system was used for deposition process.

5-5-1 The Towpreg Making System
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The towpreg forming system is schematically shown in Figure 5-12. Four main
units were lined up from right to left. An impregnating die fixed on the extruder machine
was the first unit. A cooling water trough and a position trimmer constituted the second
unit. A drawing machine and the winding machine were the third and fourth unit,
respectively.
A towpreg made with the unsophisticated device mentioned before (See Figure 5-
4) had many defects:

1. The geometric defects:

a. The diameter of the towpreg was not uniform.

b. Defects of creases, tumors, and ripples were induced sometimes
because the extruder-supplied pressure fluctuated, and the
impregnating device was designed roughly.

2. Impregnation defects:

a. The fiber tow was not fully impregnated with the matrix in some
sections because the viscosity 4 was too high. The affinity between the
fiber and the matrix was low.

b. The fiber was not uniformly soaked.

3. Eccentric defect: The fiber tow filaments were not well dispersed in the
matrix, even in segments where the fiber was soaked completely. This defect
happens especially when the fiber volume fraction is lower. The filaments
were not located at the center of the towpreg, as shown in Figure 5-13. The
eccentric defect shown in Figure 5-13A has the characteristic that the

impregnated filaments were pulled to one side of towpreg and,
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These is no fiber in this side

Fiber was pulled to other side

Fig. 5-13A A cross-section of the towpreg.

Impregnating Die

Direction Changing Roller

Fig. 5—-13B The device was alignment properly.

Fig.5-14 An analysis diagram of the towpreg eccentric.
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in another side, there was no filament.

A cause for the defect was that an angle ¢ existed between the impregnating die
and the drawing device. The angle ¢ is shown in Figure 5-13B. In order to eliminate the
angle ¢, a position trimmer was designed, fabricated, and installed to align the towpreg
line with the central axis of the impregnating die. The position trimmer is shown in
Figure 5-14. Where the position trimmer is located in the whole impregnation system can
be found in the Figure 5-12. The trimmer was fixed in the water trough first, and its
position was roughly adjusted. Next, the core was aligned with the impregnating die by
meticulously turning the three core-adjusting pins in order to ensure the towpreg be
puiled concentrically with the impregnating die.

The device in the system was the impregnating die, which is shown in Figure 5-
15. The die was designed and built based on the experience and knowledge acquired from
previous experiments on polymer fluid flows. The design principle and the required
calculations for the impregnating die are too complicated to be described in a short
paragraph [75,76].

The main parts, which are the guider tip, and the cores of forming die, were
designed into different dimensions and shapes so that the effects of shape and dimension
could be readily accommodated. With this system, towpreg samples with a dimension
range from 0.8 mm to 2 mm have been successfully formed with different forming dies.

The linear forming speed was from 20 to 50 meter per minute (20m/min. ~ 50m/min).
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Fig. 5-14 The towpreg alignment device,

Core

Support Frame
Core-adjusting pin

Roller for dirctoin change
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Fig. 5-15 The towpreg forming die assembly.
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Picture 5-1 Formed towpregs.

Picture 5-2 One of the CLM system.
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Picture 5-3 Parts made by the CLM system.
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Picture 5-1 shows the towpreg produced by this system. The towpreg was found

to satisfactorily meet the subsequent deposition requirements.

§-5-2 Depositing Systems

A depositing system is shown in Picture 5-2. The deposition former, a main unit
of the system, is shown in Figure 5-16. The list of parts table is given in Appendix D. The

structures produced by this system are shown in Picture 5-3.

§5-6 EVALUATION OF MECHANICAL PROPERTIES

The mechanical properties of selected parts produced by the CLM method were
measured and compared with those of corresponding parts produced by a traditional

composite fabrication method, compression-molding.

5-6-1 Three Point Bending Test

To measure the elastic modulus of a composite material, on may choose to
conduct the three-point bending test as recommended by ASTM. The test was done with a
universal testing machine. The three-point bending set up is shown in Figure 5-17.

Delamination strength is a very important index for a part or structure that is made of a
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composite material. So, the delamination strength was tested with a three-point bending

mode. This test is also referred to as a “transverse bending” method.

5-6-2 Specimens from the CLM

A structure like a box formed by the CLM process is shown in Figure 5-18.
The structure was built line by line and layer by layer with the self-anchoring method.
The towpreg was deposited continuously, so each layer of this structure was
unidirectional. The specimen was cut off from the structure. Where these specimens
were cut from and the orientations of the specimens are shown in Figure 5-18B and 5-

18C.

5-6-3 The Specimens from Compression-Molding (Hot Press)

In order to evaluate the mechanical properties of a part made from the CLM, a
baseline structure should be made with a common composite method. The flow chart
for this process is pictured in Figure 5-19. In this forming process, a slab was made
from the same fiber and matrix, which was used in CLM, and a fiber volume fraction
was almost maintained at the same percentage. Shown in Figure 5-22 A, B and C, this
process is called FWPM (Filaments Winding and Press Molding). This process begins

[

with the formation of laminar layers or “ prepregs” by a filament winding type

procedure, which is followed by prepreg cutting and lay-up.
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40
( Support Span)

Fig 5-17A Three Point Bending.

e
F b~
F Al
h
For flexural moduius and strength: For delamination testing:
L=60 mm L=50 mm
h=6 mm h=10 mm
b=10 mm b=12 mm

Fig 5-17B Specimen dimension.

Fig 5-17 The three point bending set up.
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Fig.5-18C Delamination test.

Fig.5-18B Modules test.

Fig.5-18 The orientations of the specimens
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For flexural strength & modulus
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Fig.5-19A Laminar layers made

by Filament Winding.

Fig.5-19B Layer-up
with unidirection.
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Fig.5-19C The hot press.

For Delaminatioin testing

Fig.5-19D Specimen cut off.

Fig.5-19 The Specimen made by compression molding.
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The laid-up prepreg assembly, placed in a mold, was then heated to a temperature
above the melting point of the thermoplastic matrix, compressed under a pressure, and
then allowed to solidify to form a slab. Then, specimens with proper fiber orientations

and rectangular dimensions were cut off this slab.
5-6-4 Three-Point Bending Test for Flexural Strength and Modulus

Flexural properties and delamination strength of both CLM and FWPM samples
were measured by using the three-point bending and transverse bending test, respectively.
Five specimens were tested for each sample to get an average value.

The calculations for elastic modulus and flexural strength are given by Equation
5-2A and 5-2B:

o WF w> F w’

== = (—) = ——
e 4dbhH 4bh3‘d) 4bh

(m) G-24)

3WF,,

=7 o 5.
APy =28

where: Ez = modulus of elasticity in bending, P,
m = slop of the load-deflection curve,
W = support span,
b = width of beam,

h = depth of beam,
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d = deflection of the beam,
F=Force, N.

A record of the 3-point bending test is shown in Figure 5-20. According to the
strain-stress curves, the modulus can be solved by Equation 5-2. As shown in Figure 5-
20A and 5-20B, five specimens were tested for each of the CLM and FWPM samples,
respectively. The modulus was an average value of the five specimens.

According to the data and a simple calculation, the modulus is:

For CLM: Ecpyy =(E; + E3 + E4+ Es + Eg)/5

= (1594.3+1151+1460+1815+1675y5=1539 MPa
For FWPM: Erwpy = (E7 + Eg + Eg + Ejg + E V5
=(611+1276+1506+1171+1130Y5=1249 MPa
Where Ecry = modulus for the CLM sample,
Erwpy = modulus for the FWPM sample,
Es E3 -~ modulus for each specimen.
This result could be normalized with respect to the fiber volume fraction. The

modulus of a composite is a function of the fiber volume fraction:

Ec=E <V + B, x(-7) )

where Ec = modulus of composite
Ey = modulus of fiber, for Kevliar-49, 125GPa,
E» = modulus of matrix, the range being around 1~6 GPa for most
thermoplastic materials,

Vs = fiber volume fraction.
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Figure 5-20A The modulus for the CLM sample
" ——— Specimen #5 #2 #3 #4 #6

Stress (ksi)

10
strain (%)

Figure 5-20B The modulus for the FWPM sample
Specment 7

#8 #9

#10

#11

stress (ksi)
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R 10 12 4 '
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Figure 5-20 Flexural test results.
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Figure 5-21A Delamination test for the CLM sample
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Figure 5-21B Delamination for the FWPM sample
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Figure 5-21 Dclamination test results.
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Picture 5-4 A CLM sample, 40X Picture 5-4 B FWPM sample 40X
“fiber phase” was 65% . “fiber phase” was 78%.

Picture 5-4 C CLM sample 400X Picture 5-4d FWPM sample 400X
Inside the “fiber phase™, the fiber was 94%. Inside the “fiber phase”, the fiber was 94%.

Overall fiber volume fraction in the CLM sample: 60%,
Fiber volume fraction in the FWPM sample: 80%.

Picture 5-4 Pictures made by a metalloscope to analyze the matrix volume.
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Equation 5-3 can be rewritten as:

Ec= E xV, -4

According to a microscopic analysis, the fiber volume fraction is ¥/ - 78% in the
FWPM specimens and 59% in the CLM specimens (Picture 5-4). From Equation (5-4),
we realize that the fiber fraction of the FWPM specimen is higher than that of the CLM
specimen by 20%. So, if the fiber fraction in CLM process is the same in FWPM process,
the modulus would have been increased by 20%. After the revision, the modulus based
on a 78% fiber volume fraction basis couid be:

Ecrm=1847 Mpa
Erwprn = 1249 Mpa

The modulus of the CLM process is larger than that of FWPM by almost 30%.
5-6-S Transverse Bending Test for Delaminatoin Strength

The ability against delamination is defined as:

3LF_,

= m 5—
=55 -9

where: gy, = the max stress,
L = support span

b = width of beam,
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h = depth of beam,
Fmar = Maximum Force.

A record of the delamination testing is shown in Figure 5-21. An average value
for the CLM sample is:

Oflex = 3.66 Mpa

For a transverse test, the composite modulus

0l
Il

nq
f
¢ 9 ,
s
il
9
R\

(-6)

where V,, =matrix volume fraction,
Vy = fiber volume fraction,

o, = matrix stress,
o , = fiber stress,

O .y = INAX COMPpOSite stress.

Revising the value with the fiber volume fraction yield an answer of:
Oftex = 3.66 % (1+20% ) = 4.39 (Mpa)

For FWPM process:
Ofex=1.76 (Mpa)

The ability against delamination of the FWPM sample is larger than that of the
CLM sample by 43%.

5-6-6 Result and Discussions
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1. Elastic modulus of the part that is made from the CLM process is
higher then that of the part made by the FWPM process.

2. The ability against the delamination is much lower for the CLM
sample. From Picture 5-4A, we can see that a pure matrix interface is placed in
each layer, and the mechanical properties of the interface are lower. During the
CLM deposition procedure, very little pressure was exerted on the towpreg layers

resulting in poorer contacts between the fiber and the matrix.

§5-7 PROPOSED FUTURE WORK
1. To optimize the existing system and method.
2. To develop a forming method to deposit the towpreg not only in the X-Y

plan but also in the Z direction.

§5-8 CHAPTER SUMMARY
1. Experimental data have further validated the viability of the proposed
CLM process.
2. The two primary forming methods in CLM have been tested and proven
very effective in forming a part layer by layer.
3. The self-anchoring method and the required system have been developed.
Composite parts have been successfully made using this method.

4. The mechanical properties of the part, were tested and analyzed.
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CHAPTER 6 CONCLUSIONS

A novel solid freeform fabrication (SFF) technology, Composite Layer
Manufacturing (CLM), has been developed. The CLM process is capable of building a
continuous fiber reinforced composite part on a point-by-point and layer-by-layer basis.
This computer-automated process converts a computer-aided design file of a part directly
into a 3-D physical object of a complex shape and good mechanical integrity. Most of
the conventional SFF technologies are limited to the fabrication of a concept model, a
prototype, or a master pattern for casting and, therefore, are at best considered to be for
“rapid prototyping”. In contrast, the present dissertation study has laid down a solid
foundation for a new SFF technology that provides “rapid tooling” as well as “rapid
manufacturing” capabilities. Although the present study, due to time constraints, has
been limited to the fabrication of polymer matrix composites, the same process can be
readily adapted for the fabrication of other types of continuous fiber reinforced
composites.

Specifically, in the present dissertation study, the technical feasibility of the CLM
process has been demonstrated with a bench-top CLM machine constructed that is
capable of fabricating both thermoplastic and thermoset resin matrix composites. This
CLM machine rapidly dispenses, deposits and consolidates pre-impregnated fiber tows or

towpregs to form a 3-D advanced composite component of a complex shape without

218
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using a mold or process tooling. Two CLM forming methods, the “self-anchoring” and
the “automatic-extrusion”, bhave been designed and developed based on the selection and
evaluation of various formimg theories.

Related part formings theories and material selection issues for the CLM have been
studied during the earliest clevelopment stage of the CLM. Several innovative process
strategies have been prop-osed and tested, including “active and passive material
supplying”, “one step formming method”, and “multiple step forming method”. These
strategies were introduced to help categorize and create a deposition method for different
matrix materials. Over ten CLM forming methods have been designed and analyzed.
Based on comparison comparisons of their advantages, shortcomings and feasibility, two
designs were considered as part of the best forming plans for CLM and were further
investigated.

The sources, values, and governing factors of process errors in the CLM
technology have been analyzed and evaluated. A series of equations have been derived to
evaluate the magnitude of ewrors in different forming situations. When the parameters of
the towpreg, nozzle and to-olpath are inputted to these equatioms, the error could be
calculated and the error diasgrams could be drawn. The method for a priori design of
mechanical properties of a «composite made by CLM and the method for reducing the
towpreg-cutting time during the towpreg deposition process were proposed and studied.
These results of these studie=s could be used in the development of the required software
for future commercialization of the CLM technology.

Self-anchoring and automatic extrusion methods have been analyzed in detail.

Some analytical solutions were obtained to describe the mass and heat transfer processes
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involved. According to the studies, the self-anchoring forming speed has an effect on the
towpreg bending strength. The bending strength is correlatable with the towpreg
solidification, but the degree of solidification depends on its surrounding temperature.
The initial and boundary conditions of the temperature fields for the self-anchoring
process were considered and a modeling study was carried out by using ANSYS. The
results could be used in the future for optimizing the whole process.

Numerical simulations were also obtained for the automatic extrusion process.
Again, the results could be used to optimize the process directly. The simulation results
were consistent with the experimental data, which further validated the viability of the
proposed CLM process.

The two primary forming methods in CLM have been tested and proven very
effective in forming a part layer by layer. The self-anchoring method and the required
system have been developed. Composite parts have been successfully made by using this
method.

The mechanical properties of the part were tested and analyzed. The modulus of
the samples, which were cut from the CLM formed samples are greater than that of the
part made by the FWPM process by almost 30%. But the ability against delamination of

the FWPM sampie is better than that of the CLM by 43%.
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APPENDIX A

Table 4-1 Parameters for the temperature field simulation.

Polyethylene matrix Kevlar fiber
Thermal Conductivity, & 0.26 Nisk 0.04 Nisk
Density, p 976 kg/m’ 1450 kg/m’
Specific Heat, ¢ 2260 Jkg k 670 Jikg k
Convection Exchange coefficient, a 5 N'm” sk
228
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APPENDIX B

The dimension table for the nozzles (see Figure 5-7 and 5-8).
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APPENDIX C

The resuits of the automatic extrusion experiment.
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APPENDIX D

The Parts list for the deposition device (see Figure 5-16).

Name Material | Quantity
01 Alignment Tube A3 1
02 Regulator shaft 45
03 Nut 45 4 GB70-85
M5X15
04 | Regulator lift Stand A3 1
05 Locking Bolt 45 1 GB77-85
M2X6
06 | Tube Locking Nut 45 1
07 Balance Shaft A3 2
08 Regulator Right A3 1
Stand
09 Bolt 45 4 GB70-85
MS5 X 40
10 Bearing Cover A3 4
11 Bearing 4 GB276-
200 89
12 Bearing Support A3 4
13 Locking Nut 45 4 GB812-
M16X1.5 88
14 Roller A3 2
15 Nut 45 1 GB41-86
M12
16 | Depositing Holder 45
17 Bolt 45 4 GB70-85
MS8X 25
231

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Markforged Ex. 1007
Page 247 of 248 Markforged v. Continuous Composites, IPR2022-01218


dib
Sticky Note
None set by dib

dib
Sticky Note
MigrationNone set by dib

dib
Sticky Note
Unmarked set by dib


18 Locking Bolt 45 3 GB77-85
M5X12

19 Driving Shaft 45 1

20 Driven Shaft 45 1

21 Pushing Rod A3 1

22 Bolt 45 4 GB70-85
M5X20

23 | Compression Spring | S0CrVA 1

24 Front Cover A3 1

251 Compression Nut 45 1

26 Main Support A3 1

27 Motor Support A3 1

28 Shaft Clipper Existing

29 Stepping Motor Existing

* GB China Standard
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