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Abstract

Hybrid large-scale manufacturing (HLSM) of tooling for composite processing offers poten-

tial to address common cost and performance problems with traditional tooling, however

current methods of research into their design and manufacturing are time, material, and

labour-intensive resulting in unnecessary cost. This study proposes a quantitative, small-

scale test suite to assess and predict key processing parameters and resultant tool properties

and performance of HLSM-tooling in composite processing, which minimizes large-scale test-

ing and consequently material and labour.

The test suite consisted of thermal characterization and a durability test plan, the latter

further subdivided into pre-screening tests and a small-scale composite process. Thermal

characterization used differential scanning calorimetry and thermogravimetric analysis to

develop extrusion temperature processing windows for the two hybrid-manufacturing mate-

rials investigated, carbon-fibre acrylonitrile-butadiene-co-styrene (CF-ABS) and glass-fibre

polycarbonate (GF-PC), determined to be 150 – 300 °C and 160 – 395 °C respectively.

Thermomechanical analysis was additionally employed to determine coefficients of thermal

expansion (CTE) for the materials, which revealed significant CTE anisotropy due to the

material extrusion process. All thermal properties were characterized using less than 12

grams total for each material tested. Pre-screening tests used tensiometry, a custom vac-

uum setup, and micro-indentation testing to assess chemical resistance, vacuum integrity,

and hardness of tools, which enabled the rapid screening of many different tool/coating

combinations based on a calculated performance index. Small-scale composite process tests

used laser profilometry and demould testing to characterize the progressive deterioration of

the tools, which revealed that HLSM-tool degradation and failure predominately occurred

through mechanisms of increasing roughness of the tool surface that led to increased tool-

composite part adhesion.

This work demonstrates that HLSM has potential to produce low-cost, high performance

tooling for composite processes competitive with traditional tooling materials and manufac-

turing processes, but furthermore that research into HLSM and HLSM-tooling for composite

processing can be achieved through a low-cost, high fidelity approach that employs small-

scale, quantitative characterization methods.
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Résumé

La fabrication hybride à grande échelle (HLSM) d’outils pour le traitement des composites

offre la possibilité de résoudre les problèmes courants de coût et de performance de l’outillage

traditionnel, mais les méthodes actuelles de recherche sur leur conception et leur fabrication

demandent beaucoup de temps, de matériel et de main-d’œuvre, ce qui entrâıne des coûts

inutiles. Cette étude propose une suite d’essais quantitatifs à petite échelle pour évaluer

et prédire les paramètres de traitement clés et les propriétés et performances résultantes

de l’outillage HLSM dans le traitement des composites, ce qui minimise les essais à grande

échelle et par conséquent le matériel et la main-d’œuvre.

La série d’essais comprenait une caractérisation thermique et un plan d’essai de durabilité,

ce dernier étant subdivisé en essais de présélection et un processus composite à petite échelle.

La caractérisation thermique a utilisé la calorimétrie à balayage différentiel et l’analyse ther-

mogravimétrique pour développer des fenêtres de traitement de la température d’extrusion

pour les deux matériaux de fabrication hybrides étudiés, acrylonitrile-butadiène-co-styrène

avec fibre de carbone (CF-ABS) et polycarbonate avec fibre de verre (GF-PC), déterminées

comme étant 150 - 300 °C et 160 - 395 °C respectivement. L’analyse thermomécanique a

également été utilisée pour déterminer les coefficients de dilatation thermique (CTE) des

matériaux, ce qui a révélé une anisotropie significative du CTE due au processus d’extrusion

du matériau. Toutes les propriétés thermiques ont été caractérisées en utilisant moins de

12 grammes au total pour chaque matériau testé. Les tests de présélection ont utilisé la

tensiométrie, une installation à vide personnalisée et des tests de micro-indentation pour

évaluer la résistance chimique, l’intégrité du vide et la dureté des outils, ce qui a permis de

sélectionner rapidement de nombreuses combinaisons outil/revêtement différentes sur la base

d’un indice de performance calculé. Des essais de traitement des composites à petite échelle

ont utilisé la profilométrie laser et des essais de démoulage pour caractériser la détérioration

progressive des outils, ce qui a révélé que la dégradation et la défaillance des outils HLSM se

produisaient principalement par des mécanismes d’augmentation de la rugosité de la surface

de l’outil qui entrâınaient une augmentation de l’adhérence outil-pièce composite.

Ce travail démontre que HLSM a le potentiel de produire un outillage à faible coût et à

haute performance pour les processus composites, compétitif par rapport aux matériaux

d’outillage et aux processus de fabrication traditionnels, mais aussi que la recherche sur

HLSM et l’outillage HLSM peut être réalisée par une approche à faible coût et à haute

fidélité qui utilise des méthodes de caractérisation quantitative à petite échelle.
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Science and Engineering Research Council of Canada (NSERC), and the Centre de
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Chapter 1

Introduction

In a growing materials landscape, composite materials are finding widespread use today for

a myriad of applications as scientists and researchers find ways to synergistically leverage

the advantages and minimize the disadvantages of each individual material used. Though

many different types of composites exist, of growing prevalence is that of polymer-matrix

composites which are finding widespread adoption in a range of consumer and commercial

industries such as sporting goods, aerospace, automotive, and defence due to their superior

properties compared to conventionally used single-phase materials (Figure 1.1) [1–4]. Some

of these properties include high strength-to-weight ratio, corrosion resistance, and electrical

and thermal resistivity, but what, furthermore, demonstrates their success is their design

flexibility in which their highly customizable nature allows for the exact properties of the

composite to be tailored specifically for the application [3, 4]. This design flexibility will ul-

timately be influenced by the specific composite manufacturing method used, many different

composite processing methods existing to achieve various types of composite products [4].

Given this growing demand for polymer composites, however, the composite manufacturing

industry must find new and innovative ways to streamline the manufacturing process to both

increase production and minimize cost.
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CHAPTER 1. INTRODUCTION

Figure 1.1: The various applications of polymer composites. From top working clockwise:
bike frame, aircraft propeller, car bumper, archway, rocket nozzle, yacht. Images reproduced
from [5–9].

Tooling is an essential element in almost all composite manufacturing processes in which

tight control of the tool properties is required to ensure good quality composite parts [10–13].

Traditionally, these tools are manufactured using metal or composite materials (Figure 1.2),

both of which offer advantages and disadvantages in properties and performance depending

on the composite process employed. An underlying theme, however, among both are high

costs associated with fabrication, due to either inherent material or labour costs when using

high performance metal alloys or composite materials respectively [14].
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Figure 1.2: Traditional (a) metal and (b) composite tools used in composite manufacturing
processes. Images reproduced from [15] with permission.

Recent studies have looked at the use of hybrid large-scale additive and subtractive man-

ufacturing (HLSM) to address these shortcomings in tool manufacturing, in which a ther-

moplastic material extrusion system is combined with a conventional computer numerical

control (CNC) machine which allows for large-scale printing of near net shapes and their

subsequent machining to required dimensions and tolerances to take place on the same ma-

chine (Figure 1.3) [16–18]. This hybridized process allows for reduced lead time and labour

enabling rapid tool development and production, however issues of tool durability due to the

intrinsic properties of thermoplastic or thermoplastic composite tool materials used must

be addressed [14, 16, 17, 19–27]. Furthermore, to assess the durability of tools produced

through this process, most research and development (R&D) is typically performed through

large-scale empirical testing which leads to superfluous time expenditure, material waste,

and associated costs [14, 16, 17, 24–26]. There is a need for less time and material-intensive

approach to characterize tool durability.
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Figure 1.3: The large-scale hybrid manufacturing process, which consists of an (a) additive
process followed by a (b) subtractive process. Adapted from [28].

The aim of this work was to present a small-scale suite of characterization methods to

quantitatively assess and predict the performance of hybrid-manufactured tools for polymer-

matrix composite part fabrication. Performance is evaluated both in terms of processing and

manufactured tool performance, in which the context for the latter is a wet layup vacuum

bag (WLVB) process. The results of these tests can be used as an early-stage screening

process in the design and manufacturing of large-scale tooling produced through the hybrid

manufacturing process before progressing onto more time, material, and cost-intensive large-

scale testing methods.

1.1 Motivation & Hypothesis

For the completion of this work, there were 2 key motivations: 1) the need for “better”

tooling and 2) the need for a small-scale approach to perform research and development into

HLSM. The need for “better” tooling stems from issues present in traditional tool options,

these issues rooted in both processing method and manufactured tool performance [10–14,

29, 30]. From a processing perspective, there is a need for a processing method that mini-

mizes material waste, long lead times, and labour investment that would ultimately minimize

cost [13, 14, 25]. Directly resulting from this processing method is the tool produced, which

must not only match traditional tooling options, but offer superior properties for composite

processing (ex. high durability, ability to withstand elevated temperatures for an extended

time, chemically resistant during composite part curing, etc.) [10, 12, 13, 17]. Hybrid-Large

Scale Manufacturing (HLSM) can potentially address the issues with traditional tool op-

tions both in process and tool performance [16, 17, 24], however further R&D into HLSM
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is needed to find out how to leverage the process to produce low-cost, high-performance tools.

With HLSM offering significant potential, the method in which R&D is performed in this area

needs to be highly targeted, first by identifying key properties that are required for a compos-

ite processing tool and then investigating how to achieve them in HLSM tools. Whereas the

identification of key properties can be achieved through comprehensive understanding of the

specific composite process employed, investigation in turn needs to employ well-established,

quantitative, small-scale characterization techniques to accurately determine these properties

with minimal material and labour. Of particular importance is understanding tool “dura-

bility” and what key properties influence it, as this will predominately define the practical

use of the tool (i.e. How may composite parts can be produced on the tool before it fails.)

[10, 16, 17]. The hypothesis of this work was therefore that through quantitative, small-scale

test methods, one can determine the properties, processing, and performance of these HLSM

tools while minimizing large-scale testing methods and consequently cost.

1.2 Objectives & Scope

From the motivation and hypothesis, objectives for the quantitative, small-scale test method

were established based on key tool properties identified in the literature review (Figure 1.4).

As there are many different properties that can define a tool’s performance [10, 17], it

was essential to select a small subset that would best represent tooling performance in the

context of a specific composite process. As such, the process used to assess and predict tool

performance was wet-layup vacuum-bag (WLVB), in which “better” tools was subdivided

into 2 major objectives:

Objective 1: Maximize parts per tool.

Objective 2: Minimize cost of determining HLSM tooling performance.

The first objective was further subdivided into 2 indicators of tool performance, durability,

and thermal resistance1, in which the WLVB process was specifically chosen to further define

“durability” based on specific elements present in the composite process. Thermal resistance

was further divided into service temperature and thermal expansion/contraction, in which

unique to the thermoplastic material used in the HLSM process, these aspects are governed

by thermal properties unique to polymers [31, 32]. The cost objective comes from the second

1Contrary to the traditional definition of “resistance” in the context of electrical circuits, here “resistance”
is defined simply as “opposing”.
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point in the motivation, in that minimizing all associated costs with R&D into HLSM (and

the tools produced through it) make the entire option competitive with traditional tools.

Finding the appropriate trade-off between these two main objectives is paramount to the

successful transition of HLSM and HLSM tooling to industrial composite processing.

Figure 1.4: Objectives hierarchy.

1.3 Metrics

Having identified the objectives and scope, the next step was to then establish key metrics in

which to assess the relative performance of HLSM tool for each relative to traditional tools.

With the underlying objective of minimizing cost (and the corresponding sub-objectives),

the metrics chosen for this work were predominately geared towards being quick to perform,

small-scale, and preferably provided quantitative results for each specific objective (Table

1.1). The resulting data could therefore be low-cost and straightforward to acquire and

interpret, allowing a unique set of data “profiles” to be assigned to a specific tool type.

These data profiles could then contribute to the development of a library containing each tool

type tested, which could subsequently be referred to and compared against in all future tool

designs. Further details regarding each specific metric can be found in both the Literature

Review (Chapter 2) and Materials & Methodology (Chapter 3).
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Table 1.1: Metrics associated with each objective.

1.4 Thesis Structure

In the organization of this thesis work, the goal was to provide a structured approach for

the reader that followed a logical progression of thought. This required that the thesis:

� Identify the need for hybrid manufacturing and support the motivation and chosen

materials and methodologies.

� Provide detail on the materials and methods chosen to assess hybrid manufacturing

process and tool performance.

� Present the results of the work for each method employed and discuss its significance

both individually and holistically.

� Summarize the main findings from this thesis and what next steps could potentially

be taken to further this work.

� Provide the references used to further understanding of this thesis work and the general

status of the research area.

� Give additional supplementary information not contained in the main body of the

thesis that the reader could consult to enrich their understanding behind the work

performed.

As such, the structure of this thesis is as follows:

Chapter 2 provides a literature review on the requirements of composite processing tools,

traditional tooling materials and manufacturing processes, the hybrid manufacturing

process and associated materials, and finally theory behind the thermal and durability

characterization techniques employed.
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Chapter 3 outlines the materials and methodology used in this thesis work, beginning with

a detailed description of the composite processing tools manufactured (both traditional

and hybrid) followed by identification of key attributes specific to the thermal and

durability characterization methods employed.

Chapter 4 presents the results of each characterization method, followed by a compre-

hensive discussion of the validity of each metric and their implication for the hybrid

manufacturing process and production of hybrid-manufactured tools.

Chapter 5 summarizes the main conclusions drawn from the work performed, drawing on

the findings presented in the results and discussion.

Chapter 6 highlights major avenues of future work, building off of the conclusion and

previous chapters.

References covers the references used throughout this thesis document.

Appendix contains additional supplementary information in the form of an appendix.
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Chapter 2

Literature Review

2.1 Requirements of a Composite Processing Tool

For a composite processing tool, there are many different requirements that determine tool

performance which are ultimately a function of the tools properties [4, 10, 11, 13, 33]. These

properties can range from thermal, mechanical, or other physical/chemical properties, each

of which play a key role in the tool’s performance and will consequently have significant

influence on the final properties of the composite parts produced [4, 10, 11, 33]. Many of

these required properties are common across almost all composite processes (ex. stiffness,

strength, etc.). However many requirements are specific not only to the application but,

furthermore, the specific composite process employed to fabricate parts, leading to addi-

tional properties to consider [4, 10, 11, 33]. With a growing list of properties to consider,

attempting to characterize them all in the proposed small-scale test method would be ambi-

tious, yet unreasonable as it would create an endless “laundry list” of tests that would drive

up material and labour costs. As such, the properties discussed in the following sections

of the literature review were selected based on their having broad applicability across most

composite processes in which the model composite process used in this thesis work, WLVB,

is an exemplar of their impact [4].

2.1.1 Thermal Properties

In many composite processes, precise yet dynamic processing temperatures are required to

control final part properties as the thermal profile used will influence the structure and be-

haviour of the materials used to produce the composite part (Figure 2.1) [4, 10, 34–36].

For thermoset materials, the temperature profile will ensure proper degree of cure through

regulation of the cure kinetics, whereas for thermoplastic materials, temperature will dic-
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tate properties and behaviour predominately through molecular mobility and crystallization

mechanisms [37–40]. Furthermore, the temperature profile will control residual stresses and

deformation due to tool-part interaction that can ultimately lead to composite part warpage

[33, 41–43]. It is therefore critical that the tool used remains thermally stable, and its be-

haviour in response to temperature is well characterized to be able to accurately predict

its influence on the composite parts produced. To this end, two key thermal properties of

tools used in composite processing are the maximum service temperature and coefficient of

thermal expansion [4, 10, 33].

Figure 2.1: Typical cure cycle used in composite processing. Reproduced from [4] with
permission.

Maximum Service Temperature

At the elevated temperatures used in many composite processes, the tool must remain ther-

mally stable to ensure that it does not undergo any physical changes that may influence part

quality [4, 44–46]. As such, for each tool type there exists a maximum service temperature

which defines the limit of its use [4, 10]. This maximum service temperature is ultimately

dependent on the tool material used. However it is nevertheless critical to remain below

this temperature as surpassing it may lead to thermal deterioration of the tool [4, 10]. In

practice, the value used as the maximum is conventionally lower than the “true” maximum

service temperature to ensure that tool degradation does not occur [4, 10, 47]. Regard-

less, for composite processes that require elevated temperatures, it is most advantageous to

maximize this value enabling its use in a wide range of processing temperatures [47].
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Coefficient of Thermal Expansion

When heating or cooling during a composite process, differences in coefficient of thermal

expansion (CTE) value between tool and composite part can lead to significant warpage of

the part and/or tool, compromising dimensional accuracy and/or potentially causing part

failure [33, 41, 48–50]. This is due to the fact that each material involved has its own

unique CTE, resulting in intrinsically different thermal expansion/shrinkage in response to

temperature increases/decreases respectively [4, 33, 51]. If there is a large mismatch of CTE

values, this can lead to the development of residual stresses in the composite part and/or tool

as the different expansion/shrinkage of each material will constrain the deformation of the

other1 (Figure 2.2). Once demoulded from the tool, these residual stresses can then lead to

deformation/warpage of the part and/or tool as they are no longer constrained [33, 50]. As

such, in tool design it is most advantageous to minimize the CTE such that it is in a similar

range to that of the composite part, which is typically dictated by the low (or sometimes

negative) CTE values of the fibre reinforcement [10, 50, 51]. By matching the CTE values,

expansion and shrinkage of the tool and part is more uniform, minimizing residual stresses.

Figure 2.2: Composite part warpage as a result of CTE mismatch between part and tool.
(a) Due to the CTE mismatch, the tool and part expand at different rates, generating
residual stresses. (b) Once the part is demoulded from the tool, the residual stresses lead to
distortion/warpage of the part. Adapted from [33] with permission.

2.1.2 Mechanical Properties

Various types of forces are commonly applied to the tool during composite processing, such

as in the form of vacuum or autoclave pressure, to ensure consolidation of individual plies

and tight control of the final laminate thickness (Figure 2.3) [4, 54–56]. In doing so, the

tooling used must therefore have sufficient mechanical properties to endure these loads,

potentially at elevated temperatures, on a repeat basis with each composite part produced.

Conventionally, properties of stiffness, strength, and hardness can be used as good indicators

1Residual stresses can also occur within the laminate itself due to the differences in CTE of fibre and
matrix phases. However this can be mitigated through intelligent laminate design [52, 53].
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of a tool’s mechanical performance [4, 10, 57], the exact values ultimately dependent on the

specific composite process employed [4].

Figure 2.3: Forces acting on tool during specific composite process. (a) Compressive forces
present in compression resin transfer moulding process introduced by press. (b) Compressive
forces present in vacuum infusion process due vacuum/atmospheric pressure. Adapted from
[56] with permission.

Stiffness & Strength

Regardless of the specific composite process, the tool used must be able to predictably with-

stand the forces applied without failure, ultimately corresponding to the tool’s stiffness and

strength. Stiffness defines the tool’s ability to resist deflection, which is important to know

and account for as it’s deflection in response to processing force can lead to undesirable

warpage of the composite part [4, 10]. Concurrently, strength of the tool is of equal impor-

tance, as it describes the maximum allowable load the tool can withstand without failure

[4, 10]. Exact stiffness required will depend on the magnitude of forces present in the com-

posite process, where for high force applications, a tool of high stiffness is typically desired

to ensure minimal deflection during composite processing, and for lower force applications,

a combination of tool materials can be used with stiffness values ranging from flexible (low
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stiffness) to rigid (high stiffness) [4, 54–56]. When considering strength, a higher value is

typically desired to ensure that the tool does not fail during composite process by exceeding

this value.

Hardness

Though not explicitly a material property, hardness of the tool serves as a good indicator of

its ability to resist permanent compressive deformation both during and between composite

processing [17, 58]. In service, tooling is generally subject to various compressive forces as

a result of both pressure applied during the composite process (where the composite part

reinforcement, typically fibre, is pressed down into the tool, leaving an imprint on the surface)

and/or impact due to “dropped tools” or “tool scratches” (Figure 2.4) [17, 56, 59]. If the

tool material is not sufficiently hard, these compressive forces can lead to the formation of

permanent localized indentations on the tool surface, significantly increasing tool wear [17].

As wear accumulates, so too does tool performance, reducing the service life of the tool [17].

It is therefore critical in tool design to ensure that the tool and tool surface is of sufficient

hardness such that tool life may be extended.

Figure 2.4: Sources of localized plastic deformation during/between composite processing.
(a) Localized plastic deformation due to fibre imprinting. (b) localized plastic deformation
due to (demould tool) indents/scratches.

2.1.3 Other Physical/Chemical Properties

In addition to the aforementioned thermal and mechanical properties, there are many other

physical/chemical properties of tools that have been shown to have a significant impact on

tool performance [4, 10, 11, 17, 60, 61]. Depending on the property, this impact on tool

performance may not only influence composite part quality but, furthermore, impact tool

durability with each successive part produced, necessitating their careful consideration. Two

key properties that play a predominate role in tool performance are vacuum integrity and

chemical resistance, which have been demonstrated to influence both composite part quality

and/or tool service life [4, 10, 11, 17, 60, 61].
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Vacuum Integrity

For many composite processes, vacuum is drawn within a closed (i.e. 2-part) tool to facili-

tate infusion of the liquid resin phase through the dry fibre reinforcement and/or introduce

pressure to compact and consolidate the plies of the composite part2 (Figure 2.3b) [4, 10,

56, 60]. In these processes, it is critical that a constant vacuum pressure is applied and

maintained at a specific value, as it will influence the rate of infusion and/or pressure ap-

plied to the laminate [56, 60, 62]. Variations in the infusion rate and/or pressure applied

can consequently impact the final part quality due to increased void content and/or uneven

compaction [56, 60, 62, 64]. Any potential source of vacuum leakage must therefore be elim-

inated and/or mitigated, in which the major sources of vacuum leakage are improper seal

between tool components and/or permeability of the tool [10, 60, 62]. Improper seal relates

to the properties of the tool surface that are in contact with sealant tape, where it is critical

that a complete seal is achieved [10, 60]. Permeability of tool dependent on its inherent

structure, in which porosity will lead to avenues for vacuum pressure loss [10, 62]. As such,

tools used in vacuum-assisted/mediated processes must provide a non-porous, impermeable

surface that also facilitates good adhesion with sealant tape [56, 60, 62, 64].

Chemical Resistance

During the composite manufacturing process, the tool surface is exposed to a harsh external

environment consisting of thermal, mechanical, and chemical factors that it must resist [4,

10, 11, 17, 61]. Though mechanical and thermal properties of the tool must be sufficient for

the given process, chemical resistance becomes paramount as the tool surface must provide

a chemically resistant, “non-stick” surface with each successive tool use (Figure 2.5) [17, 61,

65, 66]. This nonstick property ultimately ensures that the composite parts can be easily

demoulded from the tool and that the tool surface remains in its “as-fabricated” state [17].

Conversely, if the tool surface is not chemically resistant, this can lead to the composite part

bonding with the tool surface which can lead to difficulty in demoulding the part from the

tool as significant force is required to overcome the bond between the composite part and

tool surface or coating [17, 61, 65]. Furthermore, if the bond between the tool and composite

part is stronger than the inherent strength of the base tool substrate or applied coating, this

can lead to failure of the tool surface as the demoulding of the composite part strips away

the tool surface/coating or even complete failure of the entire tool if it’s strength is exceeded

(Figure 2.6) [17]. As such, it is most advantageous that the tool/coating has high chemical

2This is achieved through a pressure differential created by the external atmospheric pressure exterior to
the tool which leads to laminate compaction [4, 60, 62, 63].
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resistance so as to minimize the susceptibility of the composite part bonding to the tool [10,

11, 17, 61, 65]. This is in part achieved by the use of mould release agents, typically applied

before every tool use, which act as a semi-permanent “non-stick” coating [11, 61, 65, 66].

However it is nevertheless critical that the tool itself possess chemically resistant properties

should the mould release agent not provide adequate coverage or in the extreme be omitted

due to operator error.

Figure 2.5: “Non-stick” properties of a composite processing tool.

Figure 2.6: Tool surface/coating wear due to composite part bonding. Adapted from [17].
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2.2 Traditional Tool Materials & Manufacturing

For most conventional composite processes performed today, similar types of tooling mate-

rials and the processes to manufacture them are traditionally used across all industries [4,

10, 11, 13]. This “tradition” is due to the fact that they have been widely demonstrated

to provide reasonable and/or sufficient tool performance, meeting or exceeding most funda-

mental tool requirements [4, 10, 11]. Despite their widespread use however, they are by no

means flawless; each tool type having its advantages and disadvantages both in terms of tool

material and/or its associated manufacturing process [4, 10, 13, 67]. Traditionally, the two

most commonly used tool types used for composite processing are metal or composite tools

[11, 13, 67].

2.2.1 Metal Tooling

The production of metal tooling is performed through a single-step subtractive process in

which a metal “billet” (i.e. block) is machined down into the final tool geometry (Figure 2.7).

Machining is conventionally performed on a computer numerical control (CNC) machine

which utilizes a rotating machine tool to selectively remove material from the billet and

create complex features with high precision [68–71]. With this process, one can use many

different metal types depending on the specific material properties required for the tool,

however, traditionally aluminums or steels are used for more low-cost applications whereas

invar or nickel-based alloys are reserved for high-performance due to their unique material

properties [10, 11, 13]. As a single-step process, metal tool manufacturing is relatively simple

and only requires the feedstock material and CNC program to machine the tool geometry.

The metal materials used are relatively durable, the tools produced using them often being

able to withstand repeated use before the need for repair or replacement [10, 11, 13]. As

this process is entirely subtractive, it results in significant material wastage, in most cases

only a small fraction (as low as 10% [69]) of the original mass of feedstock remaining after

machining [68, 69]. Furthermore, the more common, less expensive metal materials such as

steel or aluminum do not inherently have similar coefficients of thermal expansion to that of

the composite parts being produced, which can prove detrimental to final part quality [10,

11, 13, 33]. This can be solved by utilizing more high-performance alloys such as Invar which

have more comparable CTE values, however, not without a significant increase in lead times

to procure the material and its associated material cost [10, 11].
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Figure 2.7: Metal tooling manufacturing steps. Image reproduced from [15] with permission.

2.2.2 Composite Tooling

Composite tool manufacturing is a multi-step process which involves the fabrication of a

tool “template”, which is then used to make the composite tool (Figure 2.8) [11, 13, 67, 72,

73]. This template is created using tooling board, a lightweight, easily machinable material,

that is assembled into a near-net shape of the final composite tool geometry. The near-net

shape is then machined on a conventional subtractive system (such as described in “Metal

Tooling”) before finally being used to fabricate the composite tool [67, 73]. Traditionally,

the composite materials used to produce these tools are the same if not similar to that of the

composite parts to be produced on it, which offers the advantage of having similar thermal

expansion/shrinkage (i.e. CTE) during processing [10, 11, 13, 73]. Despite this thermal

advantage, most composite tooling options suffer from having intrinsically low durability

and as such are costly to produce given the manufacturing process being relatively labour-

intensive [10, 13, 67, 73].

Figure 2.8: Composite tooling manufacturing steps. Image reproduced from [15] with per-
mission.
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2.3 Hybrid Tool Materials & Manufacturing

Given the current shortcomings of traditional tooling options, recent work has looked into

using a new technique known as hybrid large-scale manufacturing (HLSM), which combines

both additive and subtractive fabrication steps on a single machine, to address these issues

and streamline the manufacturing process (Figure 2.9) [14, 16–18, 24–26, 28]. In this hy-

bridized process, the additive element first prints the near-net shape of the tool which is

then followed by the subtractive element that machines it to the final tool geometry. The

result of this hybridized system allows for reduced lead time, labour, material waste, and

ultimately cost, though like most other manufacturing processes it still has its own unique

disadvantages that must be addressed to leverage the benefits of the process for tooling [14,

16, 17, 19–27, 74]. As such, in addition to having an intimate knowledge of the advantages

and disadvantages for both additive and subtractive manufacturing processes and the asso-

ciated materials, one must also consider the interplay between these two elements to ensure

successful tool fabrication.

Figure 2.9: Basic hybrid manufacturing process, detailing the key components of the thermo-
plastic material extrusion system used for the additive manufacturing step. Thermoplastic
material extrusion system schematic adapted from [75]. Images of subtractive manufacturing
reproduced from [76]. Image of final hybrid tool reproduced from [74].

From a material perspective, the exact tooling material used in hybrid manufacturing is

dependent on the hybrid system design, in which different types of additive systems can

be used with materials ranging from metals to polymers [14, 19, 26, 75, 77–79]. In most

cases however, the latter is most commonly employed due its well-established background in

pre-existing polymer processing techniques and relatively low material cost [14, 80–82]. The

additive element of hybrid manufacturing is typically achieved through thermoplastic ma-
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terial extrusion, in which a miniaturized single-screw pellet extruder (similar to those used

in traditional polymer extrusion) is used to melt and extrude a thermoplastic or thermo-

plastic composite pellet feedstock material (Figure 2.9). For these thermoplastic composite

materials, the polymer generally acts as the matrix phase whereas the reinforcement phase

can take the form of short fibres or particles [14, 26, 75, 78, 81]. Given the range of poten-

tial polymer and reinforcements possible, the properties of the resulting material systems

used can be highly customized to meet the target tool application. Relative to metals (and

similar to composite) tools however, hybrid manufactured tools suffer the same issues of

durability with the additional issue of strength due to the weaker bond between additively

manufactured layers that must be eliminated or mitigated to ensure their success [17, 24, 77].

In the first step of the hybrid manufacturing process, significant time must be spent in tool

design and generation of additive and subtractive toolpaths, as successful execution of the

hybrid process will ultimately require both design for additive manufacturing (DFAM) and

design for subtractive manufacturing (DFSM) principles be used simultaneously. To do so,

one must consider the individual settings of each process, specific design considerations for

each process, and ultimately how the optimizations for both will impact the other process.

It is of paramount importance that in doing so, the additive and subtractive processes vari-

ables are considered concurrently, as optimizing for one can render the execution of the other

impractical or in the extreme impossible [17, 83].

From an additive perspective, one must consider the settings associated with the additive

software and how they will impact the manufacturing process and resultant tool properties

during print. These settings are defined in the toolpath software for the additive system

commonly referred to as a “Slicer”3, in which the number and type of settings (and conse-

quently the degree of process control) is largely determined by the complexity of the software.

Despite this complexity, in almost all software the most prevalent and conventional settings

employed are print speed, bead width, layer height, print speed, and build orientation [77,

83–85]. Modification of these settings will influence both the manufacturing process through

key processing parameters such as print time and material cooling rate but, furthermore,

the final/resultant tool properties such as part interlayer bond strength [24, 26, 27, 77, 83,

84]. Though the main objectives are typically to achieve a “good” quality part in as short

a time as possible, these two objectives commonly conflict, therefore the optimal solution is

ultimately a trade-off between the two.

3The name “Slicer” comes from the fact that the software “slices” the imported model into a stack of
thin layers, which it then creates toolpaths for each.
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From a subtractive perspective, the impact of the process settings and how they will impact

the process and resultant tool properties is similar to traditional (metal or composite) tool

manufacturing, though has its nuances specific to the thermoplastic material used during

the additive stage. As such, conventional settings associated with subtractive machining

apply such as feed rate, spindle speed, and types of cutting tools used, all of which are pro-

grammed into the specific computer-aided manufacturing (CAM) software used. Variation

of these settings have ultimately been shown to impact the subtractive process through ma-

chining time and cutting tool wear, but, furthermore, influence the final tool properties such

as surface finish and structure of the tool (Figure 2.10) [16, 86–88]. Structure of the tool

can be specifically influenced by overheating caused by the machining process, which can be

detrimental to the printed tool given the use of thermoplastic (or thermoplastic composite)

materials that have relatively low temperature resistance [16]. Therefore, similar to the ad-

ditive manufacturing, the optimization of the subtractive process is ultimately a compromise

between minimizing the machining time without negatively influencing the properties of the

tool [16, 83].

Figure 2.10: Impact of machining parameters on tool surface. Adapted from [16] with
permission.

In the optimization of the additive and subtractive processes, it is of critical importance

that the interplay between the two is taken into account to ensure the success of the hy-

brid process as optimizing for each process individually may impact the performance of the

other. As such, one must consider how the structure resulting from the print process may

influence the machining process from multiple aspects ranging from toolhead access, feature
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creation, process stability, and final tool surface on the printed part (Figure 2.11) [17, 24,

26, 83, 89]. Toolhead access pertains to the ability of the subtractive toolhead to reach all

necessary areas on the printed structure, which ultimately must be accounted for during

the additive process (Figure 2.11a) [83]. Providing the cutting tool can access all areas, a

subsequent concern is whether the printed structure is sufficiently stable to be machined “as

is” (i.e. unsecure) or if additional fixturing needed to mitigate machining vibrations (Figure

2.11b). These vibrations are produced by the interaction of the cutting tool and printed

structure, which can ultimately lead to defects or in the extreme significant movement of

the printed part from the machine bed [17, 18, 90]. The remaining two design considera-

tions of feature creation (Figure 2.11c) and chosen tool surface (Figure 2.11d) are ultimately

based on personal preference and/or the required application. However there is generally a

specific approach that garners the most success [24, 26, 83, 89, 91, 92]. Given the ability to

manufacture the tool using two distinct processes, it must be determined whether certain

complex features are easier to produce during the additive or subtractive stage. Regarding

feature creation, given the strengths and limitations of each process, it is typically most

advantageous to minimize complex features during the additive stage to produce a rough,

near-net shape which is then fulfilled during the subtractive stage (Figure 2.11c) [83, 91,

92],. The latter choice of tool surface is of critical importance as print surface quality can

vary significantly depending on the machined surface, which will impact the surface quality

of the final tool (Figure 2.11d) [24, 26, 83].

Figure 2.11: Interplay of additive and subtractive processes in hybrid manufacturing. (a)
subtractive toolhead access. (b) Subtractive process part stability. (c) Feature creation. (d)
Tool surface selection.
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Following tool design and generation of toolpaths for the additive and subtractive processes,

the next step is their execution as ultimately it is generally difficult to plan the entire fabri-

cation process without any tangible feedback or prior experience. Therefore, once sufficiently

confident in the specified settings, one must execute the toolpath codes for each respective

process to confirm their performance. At this stage, modification of the processes during

fabrication is relatively limited as the process steps have already been largely predetermined

by the numerical control files containing the additive and subtractive toolpath instructions,

though some degree of process parameters can be adjusted during fabrication (ex. print

speed, feed rate). If the settings employed, however, yield undesirable or unsatisfactory

results in either process, one must iterate by returning to the tool design and toolpath

generation step in which with each successive iteration comes additional time, labour, and

material costs (Figure 2.12) [93–95]. This highlights the need for predictive tools in hybrid

manufacturing which accurately capture the additive and subtractive processes, such that

iteration can be minimized and consequently time, material, and cost.

Figure 2.12: Iterative workflow in the hybrid manufacturing process. DFHM: Design for
Hybrid Manufacturing.

2.4 Thermal Characterization Techniques

2.4.1 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a thermal characterization technique which measures

specimen weight change in response to change in temperature. The setup typically consists
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of a small pan which contains the specimen and is suspended by a platinum hook within

an insulated ceramic furnace (Figure 2.13). The exact pan material and geometry used

ultimately depend on the material type tested [96]. Once the specimen is contained within

the ceramic furnace, the internal volume is filled with a gas of interest (ex. air, nitrogen,

etc.) and the temperature can be ramped up or down at varying speeds or held isothermal

according to the predefined temperature profile.

Figure 2.13: Basic components of a thermogravimetric analyzer (TGA). Reproduced from
[97].

For polymer or polymer composite TGA, the technique is generally used to determine the

degradation onset temperature, which can traditionally be defined as a change in weight

percent ranging from approximately 1-5 weight percent [31, 98]. At this temperature the

polymer begins to experience thermal degradation, which depending on the atmosphere can

consist of deterioration of the physical molecular structure and/or the formation of oxida-

tion products in the presence of oxygen respectively [31, 98]. For fibre-reinforced polymer

compositions, such as carbon or glass fibre reinforced polymers, thermogravimetric analysis

can, furthermore, be used to determine fibre reinforcement content of the material system

[99]. This can be done when testing the thermal degradation in an inert atmosphere (i.e.

N2), in which the temperature is ramped to a significantly high temperature relative to the

polymer system (ex. 800°C), resulting in complete thermal degradation of the polymer com-

ponent. Following this thermal degradation, one will be left with only fibres in the specimen

pan providing there are no additional high temperature additives in the specific polymer

material system tested [31, 99].
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2.4.2 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) is a thermal characterization technique that mea-

sures the rate of heat flow to and from a specimen with respect to time and temperature

[100]. This is achieved through comparison to a reference that is inert, typically an empty

specimen pan, in which the differential in heat flow between the specimen and reference is

reported. Similar to TGA, the exact choice in DSC specimen pan material and geometry

ultimately depends on the material to be tested, with materials and geometry is ranging

from aluminum to platinum and open to hermetically sealed respectively [101].

Two major types of DSC setup exist, known as power-compensated DSC and heat-flux DSC

(Figure 2.14). In the former, the general set up consists of two separate chambers, in which

one chamber holds an empty specimen pan (i.e. the reference) and the other holds a pan

containing the specimen. Each specimen chamber has its own individual temperature sensor

and heater in which the differential heat flow is measured through the difference in energy

(i.e. the power input) required to maintain both chambers at the same temperature. In

the latter, the general set up consists of a single chamber and heat source, in which the

heat flow is measured by comparing the temperature difference between the specimen and

the reference. Both instruments have their advantages and disadvantages, the predominant

difference being the faster heating and cooling rates on the power compensated DSC versus

higher sensitivity on the heat flux DSC [100].

Figure 2.14: Basic designs of differential scanning calorimetry (DSC). (a) Heat-flux DSC.
(b) Power-compensated DSC Reproduced from [100].

Regardless of DSC type chosen, both systems allow the measurement of specific heat capac-

ity of a material, in addition to characterization of various exothermic and endothermic heat

flow events, such as the glass transition and melting/crystallization temperatures in thermal
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plastic polymers, the cure reaction in epoxies and other oxidation and decomposition [96].

Of particular interest in thermoplastic polymer material systems are the properties of glass

transition temperature (Tg) and melting/crystallization temperatures as both temperatures

offer key insight into the molecular mobility and structure of the polymer chains and as

a result the mechanical strength of the material [37]. For the production and use of 3-D

printed tooling materials, understanding these properties is paramount as they will dictate

not only processing conditions (i.e. interlayer bonding of printed beads) but additionally the

maximum permissible service temperature of the tool (Section 2.1).

The glass transition temperature specifically marks the transition between a glassy and rub-

bery state of the polymer chains which has important implications on mechanical strength

(Figure 2.15). Below the glass transition temperature, the polymer chains are frozen into

place, with the material exhibiting more brittle like properties. Conversely, above the glass

transition temperature there is enough energy supplied to the system to allow a small de-

gree of polymer chain movement, and the polymer exhibits more rubber/elastomeric like

properties (i.e. decreased stiffness and strength). Time spent above the glass transition

temperature will, furthermore, influence the interlayer bonding strength of printed beads by

enabling prolonged diffusion of polymer chains across adjacent layers (Figure 2.16) [74, 102].

For a semi-crystalline polymer, the melting temperature represents the points in which there

is the degradation of long-range structural order (i.e. the crystalline component) in the

polymer system. Above this point the polymer chains have enough energy to be freely

mobile and the polymer material exists in a liquid/melt state, resulting in a significant drop

in mechanical properties [103].

Figure 2.15: Effect of temperature on the mechanical properties of amorphous and semi-
crystalline polymers. Tg: Glass transition temperature. Tm: Melting temperature. Repro-
duced from [103] with permission.
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Figure 2.16: Diffusion of polymer chains across printed beads. Reproduced from [104] with
permission.

2.4.3 Thermomechanical Analysis (TMA)

Whereas TGA and DSC measure key thermal transition temperatures, thermomechanical

analysis (TMA) is a thermal characterization technique that measures dimensional change

in response to changing temperature [105, 106]. Based on this dimensional change as a

function of temperature, one is able to characterize key thermal properties such as the linear

coefficient of thermal expansion and in the case of polymers the glass transition temperature

[105, 106] depending on the specific set up. Much like TGA, the set up of this thermal

characterization equipment consists of a small, insulated chamber, however, in this instance

the chamber covers a small apparatus that consists of a specimen stage, thermocouple, and

thermal probe (Figure 2.17). The exact geometry and size of the thermal probe can vary

depending on the specific application, ranging from expansion, macro expansion, penetration,

and more, each of which characterize a distinct property of the material [107].
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Figure 2.17: Basic elements of a thermomechanical analyzer (TMA). Reproduced from [108].

As seen previously (Section 2.1), in the application of tooling for composite of processes,

and understanding of the linear CTE is paramount as it will dictate tool expansion and

shrinkage, which intern will influence final composition part dimensions and tolerances as a

result [33, 34, 36]. Using a TMA, the linear CTE is typically determined through the use

of a macro expansion probe, in which the flat surface of this probe lies flush against a flat

surface of the specimen, prepared in the form of a cube or rectangular prism, that sits on the

specimen stage. Following the loading of a specimen onto the specimen stage (taking care

for the probe to not come in contact with the thermocouple), the probe is lowered to rest

on the top surface of the sample and the insulated chamber is closed. The temperature of

the chamber is then equilibrated at the reference temperature (typically room temperature,

i.e. 25°C) and the initial length of the specimen is recorded. Dimensional change of the

specimen is then recorded as the temperature differs from the reference temperature, the

exact curve generated depending on the temperature profile specified [105–107]. Using the

value obtained for the dimensional change, the linear CTE can then be calculated according

to the following equation:

α =
∆L

L0

1

∆T
=
Lf − L0

L0

1

Tf − T0
(2.1)

α: Coefficient of Thermal Expansion [1/°C]
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Lf : Final Length [mm]

L0: Initial Length [mm]

Tf : Final Temperature [°C]

T0: Initial Temperature [°C]

For an isotropic material determination of the linear CTE generally need only to be performed

once, as the CTE in the remaining orientations should be identical. However, for anisotropic

materials, the linear CTE will most likely vary depending on the orientation of the specimen

therefore all directions of interest must be tested [31].

2.5 Durability Characterization Techniques

2.5.1 Pre-Screening Tests

Tensiometry

Optical tensiometry is a characterization technique that characterizes the interaction between

a fluid and the substrate surface of interest by measuring the contact angle which can be used

to predict or estimate the free surface energy of the substrate material (Figure 2.18). This

property can then be directly related to the substrate materials ability to resist bonding with

fluids that come in contact with its surface [86]. As one of the issues with tool durability is

the chemical resistance of the tool surface to the resin used to fabricate the composition part

(Section 2.1), it is the goal that this technique may therefore be used to predict the ability

of the tool surface to resist bonding with the resin used in the composite part. A tool that

possesses a low surface free energy will potentially resist bonding with resin from composite

parts, which will allow for longer preservation of the tool surface finish in its as-fabricated

state by preventing tool-part adhesion [109]. As this surface-free energy is influenced by both

chemistry and inherent surface morphology (i.e. surface roughness) [109, 110], the longer

the as-fabricated tool maintains this “as-fabricated” after each successive use, the greater

the tool durability.
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Figure 2.18: Contact angle measurement performed through tensiometry. Θe: contact angle,
γSL,γLV ,γSV : surface energy of the solid-liquid (SL), liquid-air (LV), and solid-air interfaces
(SV). Reproduced from [111] with permission.

One particular version of this technique is known as advancing-receding contact angle (ARCA)

measurement, which measures the dynamic contact angle of an advancing/receding drop

(Figure 2.19). In this technique, an initial droplet is first formed on the surface of the sub-

strate with the needle positioned in its centre and close to the substrate surface. Additional

fluid is then pumped from the needle onto the surface of the prescribed amount increasing

the droplets volume over time. Initially, during this increase in volume, the droplet edges

are pinned at their respective positions and the droplet increases in size through an increase

in the contact angle. The droplet, however, eventually reaches a critical size in which the

contact angle no longer increases, but instead the baseline positions becomes unpinned and

advances to a more favourable position before becoming again pinned. This unpinning (and

subsequent pinning) reduces the contact angle of the droplet which then returns to increases

in size through increasing contact angle. The contact angles associated with this point (that

is, the underpinning of the droplet edges and the subsequent advance) is what’s known as

the advancing contact angle (ACA), this pinning and underpinning occurring multiple times

until the prescribed amount of addition of fluid has been fully pumped on to the surface,

allowing for the measurement of multiple advancing contact angles [109, 112]. Similarly, the

receding contact angle (RCA) is the opposite of the advanced contact angle in which the

prescribed amount of fluid is then drawn back into the needle and the baseline edges begin

pinned, however, eventually reach a point in which they become unpinned and recede in

which contact angles associated with this baseline unfitting and subsequent receding of the

droplet what is known as the receding contact angle [109, 112].
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Figure 2.19: Advancing and receding contact angle (ARCA) measurement. Reproduced from
[112] with permission.

Vacuum Integrity

As discussed in Section 2.1, the ability of the tool coating combination to hold the vacuum is

critical to ensure proper pressure is applied to the lab ensuring its consolidation upon cure.

To this end, it is paramount that the tool is non-porous and impermeable to air. Once a bag

has been formed on a tool and vacuum is drawn, one method in industry commonly used to

assess the vacuum integrity of a tool is to perform what is known as a “drop test” [113]. In

a drop test, the vacuum bag is first worked while the vacuum source is active to obtain the

maximum potential vacuum for the given tool-coating combination. Once it is predicted that

the maximum possible pressure has been reached, the vacuum source is deactivated and the

pressure is monitored over a set time to assess whether there is any vacuum pressure change.

In theory, there should be no change in vacuum pressure over the prescribed interval which

would suggest that there is a perfect seal of the vacuum bag on the tool surface. However,

in reality there are multiple potential sources of vacuum leakage including but not limited

to holes in the vacuum bag, insufficient adhesion of the tacky tape to the bag/tool, and/or

porosity in the tool itself [113].

Micro-Indentation/Hardness Testing

Micro-indentation/Hardness testing is a mechanical characterization technique in which an

indenter of known size and shape is applied to a surface at a prescribed force (in the micro

range) and the resulting indentation is analyzed. From this indentation one is able to ascer-

tain many different properties of the material of interest, most commonly a hardness value

being reported. Though not explicitly a material property, the hardness value is a relatively

fast, sufficient, and easy to perform characterization which provides an indication of the

materials stiffness and strength [114]. Many different hardness test types exist (Figure 2.20)

such as the Vickers, Barcol, Shore, and more, defined by the type of indenter geometry used

30



CHAPTER 2. LITERATURE REVIEW

and the class of materials tested (i.e. metals, ceramics, polymers, elastomers, etc.) [115].

Figure 2.20: Indenter types used in hardness testing. Reproduced from [116] with permission.

2.5.2 Small-Scale Composite Processing Tests

Laser Profilometry

Laser profilometry is a non-contact, non-destructive, optical characterization technique that

measures the surface roughness of a specimen by projecting a laser light onto the surface

of interest, the reflected light then detected by camera. The exact method used to capture

the reflected light can vary depending on setup. However the most predominant method is

coherence scanning interferometry which is demonstrated to provide robust characterization

of complex surfaces [117–119]. In this method, a light source scans two surface: one reference

surface and the surface of interest; the resulting reflections merged at the camera detector to

produce an “interference pattern” that is processed into a two-dimensional (2D) “slice” of

the surface. Multiple 2D slices are produced by performing multiple scans perpendicular to

the surface (for a defined scan depth), after which the 2D slices are then combined to form

a three-dimensional (3D) representation of the surface topography [120].

From the laser profilometry method, one is able to ascertain three key parameters regarding

the topography of the surface which have important implications on tool durability (Figure

2.21): arithmetic mean height (Sa), root mean square height (Sq), and maximum height (Sz).

Arithmetic mean height (Sa) is average difference in height of the surface to the calculated

mean plane, most commonly taken as the metric for surface roughness. Closely related

is the root mean square height (Sq), which is the standard deviation of height relative to

the arithmetic mean height. Lastly, as the name suggests, the maximum height (Sz) is the

difference in height between the lowest point relative to Sa and the highest point relative to Sa

[121–123]. As previously mentioned, high surface roughness can lead to increased adhesion

of the composite part with the tool, therefore characterizing this property is essential to

predicting tool-part adhesion.

31



CHAPTER 2. LITERATURE REVIEW

Figure 2.21: Fundamentals of surface roughness. Reproduced from [121].

Psuedo Wet-Layup Vacuum Bag Process

The wet-layup vacuum bag composite process is a relatively straightforward composite pro-

cessing technique that relies on the manual assembly of resin and dry fabric plies followed by

the application of vacuum bag to apply compact and consolidation [4]. During the WLVB

process, the uncured composite part is first assembled layer-by-layer, in which a dry fab-

ric ply is placed into the mould and wetted with resin which is spread across the ply via

“squeegee” or roller to ensure complete wetting of the dry fabric (Figure 2.22). Traditionally,

the tool is also pre-treated prior to each cycle with a “mould release” agent, that acts to

enhance the “non-stick” properties of the tool and prolong its durability [61]. This process

is repeated for the total number of plies required, and then the tool is bagged and vacuum is

drawn to compress/consolidate the plies through atmospheric pressure (101.3 kPa). These

conditions are maintained, potentially at elevated temperatures, until the composite part is

sufficiently cured before removing it from the tool [4]. As seen through this process, the tool

is subject to both mechanical (i.e. atmospheric pressure) and chemical (i.e. resin curing)

conditions that it must withstand repeatedly with each part produced. Consequently, the

quantity of parts produced (of sufficient quality) will ultimately define the durability of the

composite processing tool.
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Figure 2.22: Steps of the wet-layup vacuum-bag process. Reproduced from [4] with permis-
sion.

Demould Testing

Tool demould testing is commonly performed through repetitive use to produce parts (Figure

2.23), in which with each subsequent demould of a composite part from a tool after process-

ing, the surface roughness of the tool gradually increases due to mechanical and chemical

wear (Section 2.1), leading to an increase in the force required to demould composite parts

[17]. The incremental increase of this force will inevitably lead to a threshold value where

“failure” occurs, potentially taking the form of tool failure, part failure, or failure to de-

mould the composite part. For this first case (i.e. tool failure), tool failure can be further

subdivided, the root cause attributable to either failure of the base tool substrate and/or

failure of the bond between the base tool and any applied coating. In this scenario the force

of adhesion between the composite part and tool/coating exceeds the mechanical strength of

the tool itself and/or the strength of the bond between the coating and base tool substrate

respectively [17, 89]. Alternatively, should these strengths be sufficient, the process can fail

through part failure, in which the force required to demould the composite part exceeds

that of the part’s mechanical strength [89]. This mechanical strength is dependent on the

composite part design, which is ultimately dictated by its intended application [4, 10, 17,

89].
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Figure 2.23: Tool durability testing through repetitive use of tool to produce parts. Adapted
from [17].

Though failure of the tool will ultimately occur when the force of adhesion between the

composite part and tool/coating exceeds that of the tool/coating or part strength, in reality

there exists a more realistic failure criterion: failure to remove the composite part from

the tool. This criterion is practically defined by the maximum force that the operator can

apply when attempting to demould the part, which once exceeded defines “failure” of the

tool. The exact value used for this criterion may ultimately vary depending on the operator.

However it is expected that the specified value will generally be lower than that of the tool

and/or coating’s mechanical strength . As such, the “optimal tool” is one that is mechanically

“sufficient” in terms of strength while concurrently minimizing the adhesion of the composite

part to the tool [4, 10, 17, 89].
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Chapter 3

Materials & Methodology

3.1 Tool Fabrication

For all testing excluding thermal characterization, a single type of test specimen was fabri-

cated, hereafter referred to as a “tool” or “specimen”. These tools consisted of base substrate

tool material followed by the application of a coating or left uncoated (Figure 3.1). A total

of 4 different tool materials and 5 coating combinations (including uncoated) were fabricated

for a total of 11 unique tool-coating combinations. The exact test matrix can be seen in

Table 3.1 below. The dimensions of the tool were 25.4 mm x 25.4 mm in terms of length and

width with varying heights depending on the tool material and its associated manufacturing

method. For all tests performed, tool thickness was not important as it did not influence any

of the test results. Following the fabrication of the base tool substrates, one 25.4 mm x 25.4

mm surface on each was milled and polished to a surface finish of 500 grit (0.18 µ m) prior

to the application of any coating. This was done with the intent that the surface roughness

fell between two standards commonly used in the plastics industry for mould finish, B3 (0.28

– 0.32 µ m) and B1 (0.05 – 0.15 µ m), which correspond to a semi-gloss surface finish [124,

125], but, furthermore, to ensure that the surface roughness for all tools was equal and did

not influence test results.

Four unique tool substrate materials were used: Aluminum (AL), glass-fibre epoxy (GF-

Epoxy), carbon-fibre acrylonitrile-butadiene-co-styrene (CF-ABS), and glass-fibre polycar-

bonate (GF-PC). Aluminum and GF-Epoxy tools were traditional tooling options with the

exception of GF-Epoxy (C-P), which was a variation on the traditional composite tooling

option (see Section 3.1.3 for further details). CF-ABS and GF-PC tools were alternatively

produced through the hybrid manufacturing process. The manufacturing process for each

material type is discussed in the following subsections, with additional detail regarding the
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tool materials and their preparation prior to any coatings. Following fabrication of the

base tool substrates, 4 different coatings were applied to the specimens: Sealant 1 (S1),

Ceramic-Polymer (C-P), Sealant 2 (S2), and Epoxy-based (E), while an additional set of

tool substrate materials were left uncoated (U). The details regarding these coatings are

discussed in Section 3.1.3.

Figure 3.1: Tool geometry.

Table 3.1: All possible tool-coating combinations and the associated tool material and coat-
ing. S1: Sealant 1, U: Uncoated, C-P: Ceramic-Polymer, S2: Sealant 2, E: Epoxy-Based.

3.1.1 Traditional Tooling

For the traditional tooling materials, metal and composite substrates that had already been

coated were received from the industrial partner (Figure 3.2). Metal tooling received was

an aluminum, presumably prepared according to the manufacturing process specified in

Section 2.2.1. The composite tooling material provided was GF-Epoxy, which consisted of
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a continuous glass-fibre reinforcement and epoxy-based resin. These tools were similarly

presumed to be prepared according to the manufacturing process specified in Section 2.2.2.

Furthermore, both of these tooling materials were coated with Sealant 1 mould sealant

according to the procedure outlined in the technical data sheet (TDS). As these traditional

tools (and those of similar make) are what is commonly used by the industrial partner

and other aerospace and composite processing companies [10, 13, 30] in the manufacture of

composite parts, they were used as benchmarks during all durability testing.

Figure 3.2: Tool geometry.

3.1.2 Hybrid-Manufactured Tooling

As seen in Section 2.3, the production of hybrid-manufactured tooling is a multi-step process

that consists of multiple software’s and file types. In the first step of the manufacturing

process, a hexagonal structure was designed in Fusion360 computer-aided design (CAD)

software (AutodeskTM). This hexagon had a width of 152.4 mm and height of 101.6 mm

which corresponded to a width and height of 76.2 mm and 101.6 mm respectively for each

side of the hexagon (Figure 3.3). This design was then exported in .stl file format for slicing

and toolpath generation.

Figure 3.3: Design of hexagon in CAD software (dimensions are in mm).
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The .stl file containing the hexagonal design was then imported into the Oak Ridge National

Laboratory (ORNL) Slicer 2 (Oak Ridge National LaboratoryTM), an open-source research

and development (R&D) CAD slicer tool that is largely designed around its use for slicing

parts in large-scale additive manufacturing [126]. Due to ORNL Slicer 2 predominantly

being a R&D tool, there are numerous settings that one can modify to change the details

regarding the print. However many of them result in minor changes to the overall print

quality. Therefore, for the purposes of this thesis, only a select few were adjusted which are

known and have been shown to have the most significant effect on the resulting 3-D print

structure [17, 83]. These settings can be seen in Table 3.2 below. For the major settings

aforementioned, the exact values used for CF-ABS and GF-PC can be seen in Table 3.3.

These print settings were used to generate the g-code files that were then imported to the

hybrid machine.

Table 3.2: Major print settings in ORNL Slicer 2 and their associated function.

Table 3.3: Print settings used for the fabrication of CF-ABS and GF-PC hexagons.

Using the g-code files generated in ORNL Slicer 2, the resulting structure printed for both

materials was a two beads thick (approx. 16 mm) hollow hexagonal structure of approxi-
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mately the same major dimensions specified in the original CAD (Figure 3.4). However, it

was noted that the total height of the hexagon was slightly less than that of the original

CAD, which could potentially be explained due to “sagging” of the printed beads thermal

mass. The physics behind this are well described by Duty at all in [127].

Figure 3.4: Printed (a) CF-ABS and (b) GF-PC hexagons.

After the 3-D printed hexagonal structures were fabricated, they were then machined and

polished into the 25.4 mm x 25.4 mm tools (Figure 3.5). It should be noted that at the time

of completion of the thesis, the subtractive component of the hybrid system was not fully

operational, therefore the machining step was performed on separate subtractive systems

(Struers Sectom-50 or CNC). The hexagonal structure was first cut into six individual plates

and then milled on one side perpendicular to the print direction to be used as the tool

surface. Doing so removes the 3-D print layer lines that are characteristic to the layer by

layer deposition process, which is critical to ensure a relatively flat tool surface by revealing

the most significantly fused sections between each layer (Figure 3.6) [24, 89]. If this is not

done, the resulting tool surface will have inherently poor surface roughness as seen in Figure

3.6b. The milled plates were then polished to a surface finish of 500 grit using an orbital

sander, starting at 200 grit and then working up to 500 . After polishing, each plate was

then cut into six 25.4 mm x 25.4 mm tools on a Sectome-50 or CNC machine, resulting in a

total of 36 tools produced per hexagonal structure.

Figure 3.5: Manufacturing steps for tools produced through the hybrid manufacturing pro-
cess. (a) A 2-beads thick hexagon is first printed in which the six sides are then cut to form
(b) plates and subsequently (c) the 25.4 mm x 25.4 mm tools.
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Figure 3.6: Importance of machining step on tool-coating surface finish. If the layer lines
produced during the addivite manufacturing stage are not completely eliminated, the tool
surface will have significant surface roughness.

3.1.3 Coatings

Once the tool substrates were manufactured and polished, four different coatings were applied

to the tool substrates: Sealant 1, Ceramic-Polymer, Sealant 2, and Epoxy. The intended

function of these coatings was to improve tool overall performance in terms of composite

processing, performance being defined and assessed as seen in the durability test plan (Section

3.3). The following subsections outline some of the key details regarding each coating’s

reported properties, and how they were applied to the tool substrates.

Sealant 1

Sealant 1 is a naptha-based mould sealant by a company well-known for producing mould

cleaners, primers, sealants, and release agents commonly used in the aerospace industry.

This product is specifically designed to fill in tool micro-porosity, resulting in a high modulus

film that chemically and physically bonds to the tool surface when exposed to atmospheric

moisture. There is no mention on the product’s data sheet what tool substrates this sealant

is intended for. However this sealant was chosen as it is what the industrial partner currently

uses for both metal and composite tooling. As such, four coats of the sealant were applied

to the Aluminum and GF-Epoxy tools each according to the TDS directions prior to tool

use.

Ceramic-Polymer

Ceramic-Polymer is an epoxy-based, thin-film coating containing ceramic nanoparticles,

which has demonstrated use in industries ranging from aerospace, healthcare, and auto-

motive in addition to finding a market for consumers. Advertised as having high wear

resistance, hardness, and corrosion resistance, this product was consequently chosen as a

potential to coating as it was expected to lead to better tool durability. Furthermore, re-

cent literature using a similar coating was shown to have potential in the production of
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hybrid-manufactured large-scale tooling [16]. The Ceramic-Polymer coating was applied to

all hybrid tool materials in addition to a set of traditional tooling GF-Epoxy specimens

(Figure 3.7) as per the manufacturer’s training manual.

Figure 3.7: Ceramic-Polymer-coated tools. (a) GF-Epoxy (C-P), (b) CF-ABS (C-P), (c)
GF-PC (C-P).

Sealant 2

Similar to Sealant 1, Sealant 2 is a naptha-based, semi-permanent mould sealant which is

commonly applied to metal or epoxy tools. If used on composite or polymer mould materials,

it is recommended that the mould be treated with a primer prior to the application of Sealant

2. For this MSc work, Sealant 2 was applied only to the hybrid tooling materials (i.e. CF-

ABS and GF-PC) in which no primer was applied prior to the application of the sealant. This

coating was chosen specifically due to previous literature in the area of large-scale hybrid

tooling showing reasonable performance in terms of durability [17]. Following preparation

(i.e. cleaning) of the mould, four coats of the sealant were applied (Figure 3.8) according to

the directions specified in the technical data sheet.

Figure 3.8: Sealant 2-coated tools. (a) CF-ABS (S2), (b) GF-PC (S2).

41



CHAPTER 3. MATERIALS & METHODOLOGY

Epoxy

Epoxy is an epoxy-based coating specially designed for the post-processing of 3-D printed

parts. Compatible with many different 3-D printing materials, this coating is applied through

the use of a paintbrush, in which it creates a high gloss, smooth surface by filling in the layer

line surface roughness characteristic of a 3-D printed layer-by-layer process. This product

was chosen to be included in the test matrix due to its specific development for 3-D printed

materials, and offered a relatively inexpensive alternative to traditional aerospace mould

sealants. The Epoxy coating was applied to all hybrid tool materials (Figure 3.9) according

to the manufacturer’s guidelines.

Figure 3.9: Epoxy-coated tools. (a) CF-ABS (E), (b) GF-PC (E).

3.2 Thermal Characterization of Hybrid-Manufactured

Tools

As the additive manufacturing technique used in the hybrid manufacturing processes is

thermoplastic extrusion, an understanding of the thermal properties of the materials used is

essential. These thermal properties are not only useful in predicting the manufactured tools

performance in service (Section 2.1.1), but will have a direct influence on the thermoplastic

material extrusion process itself and can be the difference between a successful or failed

print [19]. As such, the following subsections highlight three specific thermal characterization

techniques - thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and

thermomechanical analysis (TMA) - and how the results obtained can be used to predict

both the thermoplastic material extrusion processing parameters and tool thermal properties.

A specific benefit of these thermal characterization techniques is that they are small-scale,

requiring minimal material use to determine key thermal properties.
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3.2.1 Thermogravimetric Analysis (TGA)

For this thesis work, both the CF-ABS and GF-PC hybrid manufacturing materials were

tested on a thermal analysis instruments (TA) TGA Q800 (Figure 3.10). Literature was

first consulted to determine an estimated degradation onset temperature for similar polymer

systems such that the appropriate specimen pan material could be selected. Based on this

literature review, it was determined that the degradation onset temperatures of both CF-ABS

and GF-PC were approximately 277 °C and 292 °C respectively [31], therefore a platinum

specimen pan was chosen which is able to withstand temperatures up to 1000°C [101, 128].

The temperature profile used in this thermal characterization was based on the procedure

employed by other researchers testing similar polymer composition systems [31], in which

following an initial temperature equilibration at 25°C the temperature was ramped up to

800°C at a rate of 10°C per minute for both the CF – ABS and GF – PC material systems.

Both materials were subsequently tested in both inert (i.e. Nitrogen) and air atmospheres

for a total of four different test types, with five specimens being tested per procedure for a

total of 20 specimens. Average initial specimen mass for CF-ABS and GF-PC tested in N2

and air atmospheres can be seen in Table 3.4, in addition to the total mass used for each

material.

Figure 3.10: TGA Q800 used for thesis work.
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Table 3.4: Average initial specimen mass for CF-ABS and GF-PC as well as the total mass
for each material used in TGA.

3.2.2 Differential Scanning Calorimetry (DSC)

For this thesis work both the CF-ABS and GF-PC hybrid manufacturing materials were

tested on a thermal analysis DSC Q300 (Figure 3.11), in which the glass transition temper-

atures were determined according to American Society for Testing and Materials (ASTM)

standard D3418–15 [129]. Hermetically sealed aluminum pans were used to contain the spec-

imens, as well as to create the inert reference. The exact temperature profile followed can

be seen in Table 3.5 below. In this temperature profile the specimens undergo one heating

cooling cycle at a rate of 20°C per minute first to illuminate any previous thermal processing

history followed by a final secondary heating at a rate of 20°C per minute in which the

resulting curve was used to determine the glass transition temperature.

Figure 3.11: DSC Q300 used for thesis work.
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Table 3.5: Temperature profiles used for DSC characterization of CF-ABS and GF-PC.

3.2.3 Extrusion Temperature Processing Window

For the production of additively manufactured tooling, Ajinjeru et al. have demonstrated a

quick, compact method to define the extrusion temperature processing window using DSC

and TGA results combined (Figure 3.12) [21]. In this method, the glass transition temper-

ature in degradation onset temperature determined through the small-scale bench top level

tests define key minimum and maximum bounds for the extrusion temperature. By staying

above the glass transition temperature one can avoid the risk of the polymer material ex-

isting in its glassy state during extrusion which can cause unwanted wear on the extruder

motor due to increased torque requirements [21]. By staying below the degradation onset

temperature, one can avoid the risk of thermal degrading or oxidizing their polymer material

system which can lead to extruder clogging [21]. For this work, this method was employed

to determine the extrusion processing temperature window for the CF-ABS and GF-PC

hybrid manufacturing materials. However, the processing window was further narrowed to

be slightly above (+20°C) the glass transition temperature and slightly below (-20°C) the

degradation onset temperature, as it is known that potential variation in a polymer molec-

ular weight can lead to variations in both the glass transition and the degradation onset

temperatures [37].
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Figure 3.12: Determination of extrusion temperature processing window using DSC and
TGA data. Reproduced from [19] with permission.

3.2.4 Thermomechanical Analysis (TMA)

In the following thesis work, a macro expansion thermal probe was used to determine the

linear CTE of the CF-ABS and GF-PC hybrid manufacturing materials. These measure-

ments were performed on the thermal analysis instruments TMA Q400 (Figure 3.13). The

values obtained were also compared against linear CTE measurements previously performed

in this laboratory for aluminum [130], which was used as a benchmark for traditional metal

tooling. 3-D printed specimens were first manufactured by cutting a 12 mm x 12 mm x 12

mm cube from a previously printed structure1. A total of 3 different specimen types were

prepared for each material to characterize the three principal directions (i.e. X, Y, and Z-

direction). For hybrid manufactured materials, this corresponded to the direction of print,

laterally perpendicular to the direction of print, and vertically perpendicular to the direction

of print respectively (Figure 3.14). After specimen preparation, a modified version of ASTM

method E831–12 was followed to determine the linear CTE of the materials [131]. Per test,

a preload force of 0.02 N was first applied and the specimen was equilibrated at 25°C which

was the maintained isothermally for one minute. Following this isothermal equilibration,

1In some cases, the initial geometry of the printed specimen was not large enough to be cut to the
aforementioned dimensions. Instead, the specimens were prepared such that in the direction of linear CTE
measurement the surfaces in contact with the specimen stage and thermal expansion probe were prepared
to ensure that they were both flat and parallel.
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the temperature is then ramped to 120°C at a rate of 5°C per minute, after which the test

is complete. The resulting dimensional change versus temperature curve is then used to

determine the linear CTE according to Equation 1.

Figure 3.13: TMA Q400 used for thesis work.

Figure 3.14: Orientation of the hybrid manufactured materials relative to the principal TMA
test directions.

3.3 Durability Test Plan

The durability test plan is a multistage characterization process which was used to quanti-

tatively assess the durability of tooling at the small scale. This multistage characterization

process consists of three major stages beginning with the tool fabrication which is then fol-

lowed by a set of pre-screening tests and lastly the small-scale composite process testing.

The following subsections will discuss in detail the specifics regarding each of these stages

and how the data is collected, generated, presented, and ultimately interpreted.
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3.3.1 Pre-Screening Tests

The proposed quantitative small-scale test method begins with a series of pre-screening tests

to determine the performance of a tool-coating combination on three specific fronts: chemical

resistance, vacuum integrity, and mechanical resistance. These aspects were chosen based on

the literature review of fundamental tool properties as seen in Section 2.1, and their analysis

is accomplished through the use of tensiometry, a custom vacuum fixture, and hardness test-

ing as quantitative metrics respectively. By evaluating a tool‘s performance on these three

fronts, one is able to get a preliminary idea as to whether the unique combination of tool

material and it’s associated coating will be successful as a composite processing tool and

therefore be worth spending further time and money investigating further. The relative ease

in performing these three pre-screening tests, furthermore, enables the rapid identification

of the best tool-coating candidates from a larger set and any new tool-coating combination

developed which can quickly be analyzed and compared to a database of previously analyzed

tool-coating combinations.

Upon collection of all the pre-screening test results, the analysis to determine the most

optimal tool for the given application is accomplished in two distinct steps. In the first step,

for each of the three pre-screening tests the results of each tool are ranked on an integer

numeric scale ranging from 1 to the maximum number of tools (“n”), where 1 is the worst

performing for the given test and “n” is the best performing for the given test. Following this

ranking, the next step is to assign the relative weight of each of the three given pre-screening

tests as a decimal number ranging from 0.0 (not important) to 1.0 (very important). The

exact weight will depend on the specific application of the tool. The final step is to then

calculate a performance index for each tool according to Equation 1:

Performance = Σ(TestRank)i(TestWeight)i , i = #oftestmethods (3.1)

For each tool a single performance index is calculated by taking the summation of the rank

obtained for each test by the associated test weight. The calculated performance indices can

then be ranked in order of magnitude, with the highest value performance index representing

the best tool for the given application based on the weights given for each of the three pre-

screening tests. Should the application change, the waiting can be reassigned for each test

and the performance in the seas recalculated for each tool and re-ranked to determine the

new best tool.
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Tensiometry

Advancing-receding contact angle (ARCA) optical tensiometry was employed to characterize

the chemical resistance of the tools, correlating results to the tool’s ability to resist bond-

ing with composite parts during processing. Chemical resistance was specifically measured

through dynamic contact angle hysteresis, in which a lower hysteresis value can then be

attributed to the greater ability of the tool’s surface to be nonstick [109, 110]. The ARCA

setup consisted of a 100 µL syringe (McMasterCarr) fitted with a 32-gauge needle (Nordson),

with flow controlled by a syringe pump run using a custom Arduino script (Figure 3.15a).

Reverse osmosis (RO) water was used as the droplet fluid, in which for each test a 2 µL

droplet was first formed on the surface of each tool prior to the ARCA test (Figure 3.15bi).

During each ARCA run, an additional 5 µL of RO water was injected during the advancing

phase, followed by all water being drawn back into the syringe during the receding phase

(Figure 3.15bii,iii). A high-speed camera (Infinity3-1UM) paired with standard video cap-

ture software (Lumenara Infinity Capture) was used for video acquisition of the advancing

and receding droplet, the resulting data then processed (Photron FastCam Viewer 4) and

analyzed (Dataphysics SCA 20) using tangent leaning fitting method to determine the ad-

vancing contact angle (ACA), receding contact angle (RCA), and hysteresis (i.e. difference

between ACA and RCA) for each tool. A total of 2 samples were tested per tool, in which

3 ARCA measurements were performed on each.
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Figure 3.15: (a) Custom optical tensiometry setup. (bi-iii) The ARCA procedure beginning
with (i) the initial droplet, (ii) the advancing droplet, and (iii) the receding droplet.

Vacuum Integrity

To assess the vacuum integrity of the fabricated tools a 5-minute “drop test” was performed

on a custom vacuum fixture (Figure 3.16a). This fixture consisted of a small circular chamber

of approximately 50.8 mm in diameter connected to a vacuum source controlled by an open

close valve, a vacuum pressure gauge, and one other opening with a 19.05 mm x 19.05 mm to

place the tool of interest. To use the fixture, at this opening, the tool of interest was secured

using vacuum tape (General Sealants) as seen in Figure 3.16b, sealing off the cylindrical

chamber when the vacuum source was closed. Vacuum was then drawn, and the tool was

further pressed into the vacuum tape to ensure a good seal. After maximum potential vacuum

pressure was reached for a given tool, determined after no appreciable pressure change was

observed for 2 minutes prior, the vacuum source was closed and the pressure was monitored

over the 5-minute interval to obtain a “vacuum drop” value, calculated by taking the vacuum

pressure at the start and end of the interval. A low vacuum drop was taken to be indicative

that the given tool is impermeable to air, demonstrating good vacuum integrity (the converse

being true for a tool with poor vacuum integrity). A total of 3 specimens were tested per

tool. Prior to analysis of any tools, the fixture was first verified to have no other sources of
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vacuum pressure leak using nylon vacuum bag (Airtech).

Figure 3.16: (a) Custom vacuum integrity setup and (b) its basic function. When vacuum
is drawn in the chamber, the taped-down tool acts as the final wall of the chamber, any
subsequent vacuum losses being attributed to permeability through the thickness of the
tool.

Micro-Indentation/Hardness Testing

Hardness values obtained through Vickers micro-indentation were correlated to the tool’s

ability to resist mechanical wear, with a specific focus on indentation caused by the fibre

reinforcement in composite parts during processing (Figure 3.17). A greater hardness would

suggest greater resistance of the tool’s surface to indentation. For each specimen, inden-

tations into the surface were performed with a force of 50 mN, in which the loading time,

holding time, and unloading time were each 30 seconds. These values were chosen based

on literature previously reporting Vickers indentation on composite materials [132]. One

specimen was tested per tool, in which twelve indentations were performed on each speci-

men in a 3 x 4 grid with indentation points separated by 100 microns in both the X and Y

directions. Following each indentation, the geometry of each indentation was then analyzed

to determine the hardness values.

Figure 3.17: Correlation of tool hardness to mechanical resistance. During a composite pro-
cess involving vacuum pressure, the vacuum pressure exerts a force that pushes the composite
part into the tool. If the tool is not of sufficient hardness, this can lead to the imprinting of
the fibre reinforcement into the tool surface, leading to excessive mechanical wear.
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3.3.2 Small-Scale Composite Process Testing

Following the pre-screening tests, the top five performing tool-coating combinations were

then subject to a small-scale composite process test method to assess the screened tools

durability in an actual composite part production process and to validate the pre-screening

test results. This small-scale testing consisted of three distinct elements: laser profilometry,

a pseudo-wet layup vacuum bag (WLVB), and a demould test (Figure 3.18). Following

specimen fabrication, the specimens were first scanned via laser profilometry to characterize

the “as-fabricated” surface roughness of the tool surface. After the scans were complete, the

tools were then subject to the pseudo-WLVB process such that the tools were subject to

wear conditions present in actual composite processing. Once the cycle was complete, the

composite parts were attempted to be demoulded from the tools without failure and the entire

process (beginning with profilometry) was repeated. Further information regarding each of

these elements can be found in the following subsections. The purpose of this test method was

to give a holistic picture into the progressive deterioration of each tool-coating combinations

durability in a practical composite processing application, characterized through the gradual

increase in surface roughness and eventual failure of each tool-coating combination [17].

Figure 3.18: Workflow for small-scale composite process testing.

Laser Profilometry

In the small-scale composite process testing, laser profilometry was used as the primary

metric to assess tool-coating wear with each successive cycle. To characterize the surface

roughness of the durability test specimen, a Zygo NewView Profilometer was used which

captures both surface roughness and an optical image. A 2.75x magnification was used at

1x zoom to capture a 3 mm x 3 mm field of view (FOV) with a lateral resolution of 2.97
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mm. For each tool, one scan was performed after each cycle2 until the tool was eliminated

from the composite processing trial according to the criteria outlined in Demould Testing.

For each scan, the region of interest (ROI) was chosen at random and in turn gave the

surface profile of the 3 mm x 3 mm region on the tool surface, in addition to the Sa, Sq,

and Sz. The exact settings used during scan acquisition can be found in Table 3.6. Of

particular importance was scan depth, which was chosen based on the specimen type tested

to minimize regions where the roughness exceeded the scan depth resulting in no data. If

the surface roughness was outside the scan depth specified, this would result in what was

known as ”voids” that were represented as black pixels. As a first strategy, voids were first

attempted to be eliminated by increasing the scan depth at the expense of longer acquisition

times. If voids still remained after reaching the basic scan depth limits of the machine for

the given settings, they were secondarily addressed in data analysis by using a ”fill all voids”

post-process which extrapolated the surface roughness of the voids relative to its nearest

neighbour pixels.

Table 3.6: Major settings used in laser profilometry.

Pseudo Wet-Layup Vacuum Bag Process

In the composite processing component of this test method, the goal was to re-create the key

processing conditions found in a wet-layup vacuum bagging (WLVB) process to re-create the

chemical and mechanical wear that would occur during composite part processing [4]. As

such, for the small-scale composite process testing performed in this work, a pseudo-WLVB

process was employed with the general assembly of materials as seen below (Figure 3.19).

In this process, 25.4 mm x 25.4 mm (L x W) composite parts were repeatedly manufactured

on each tool-coating combination until they were eliminated from the test as specified by

Demould Testing. The composite parts consisted of 4 plies of [0/90] dry biaxial plain weave

2In addition to the one scan performed prior to any cycle, i.e. in the ”as fabricated” state.
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carbon fibre wetted with an epoxy-based liquid resin system mixed 100:12 (Resin:Hardener)

by weight according to the manufacturer’s guidelines3. For each cycle, dry plies were first wet-

ted off-tool with an excess of mixed epoxy to ensure complete wetting before being assembled

on the tool-coating combinations surfaces and covered with non-stick composite release film

(A4000R, Airtech), breather (Airweave N10, Airtech), and vacuum bag (742601M, Airtech).

No mould release agent was used for any processing to accelerate the wear conditions of

the tool-coating combinations and, furthermore, eliminate any variability due to additional

reagents use during processing (ex. quantity of mould release used, repeatability of applica-

tion). The entire assembly was then placed in an oven held at 90 C, covered with two 9.3

kg stone slabs (pre-heated in the oven) to simulate atmospheric pressure, and left to cure

for 1 hour. After the hour had elapsed, the assembly was removed from the oven and the

composite parts were demoulded from the tools according to the procedure specified in the

following section.

Figure 3.19: General assembly for the WLVB process.

Demould Testing

For the work performed in this thesis, a 2-stage procedure was employed to track the de-

mould performance of each tool-coating after use4. In the first stage, the composite part was

attempted to be removed from the tool using varying degrees of effort, ranging from “easy”

(hands-only) to “hard” (considerable effort required while using an assistive tool) (Table

3.7). If the composite part was successfully removed from the tool, it remained for subse-

quent small-scale composite processing. However, if this was not possible it was deemed to

have “failed”, the tool eliminated from subsequent small-scale tests and assigned a 2-letter

demould code to qualitatively characterize the associated failure mode. As the focus of this

work was to predominately characterize the performance of hybrid-manufactured tooling,

demould testing was continued until all hybrid tool-coating combinations had failed, the last

remaining hybrid tool-coating combination representing the most durable hybrid tool.

3Composite part configuration was not deemed important for this work as the predominate focus was on
the interaction of the tool and part surfaces.

4At the start of this work, a qualitative method to assess demold force was designed, however preliminary
testing of this setup yielded inconclusive results which made its further use futile. Details regarding this
method and the preliminary results can be found in Appendix A.1.
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Table 3.7: Demould code used for the characterization of tool demolding performance and
failure.
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Results & Discussion

4.1 Thermal Characterization

The high-level results of the thermal characterization testing are presented in Table 4.1 be-

low alongside the total material required to perform each specific test. From these results, it

can be seen that minimal material was required to determine these key thermal properties

of the hybrid manufactured tool materials, a total of 11.34 g and 3.08 g used for CF-ABS

and GF-PC respectively. This demonstrates the utility that small-scale quantitative testing

can provide when determining key tool properties, while minimizing the upfront initial ma-

terial requirements and associated costs. The following subsections go into greater details

regarding each specific thermal characterization, highlighting important aspects regarding

the determination of each respective property.

Table 4.1: High-level results of thermal characterization for hybrid tool materials.
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4.1.1 Thermogravimetric Analysis (TGA)

TGA, N2 Atmosphere, CF-ABS & GF-PC

In a nitrogen atmosphere, for each material it can be seen that there was good repeatability

in the T-wt% profile produced, in which all specimens exhibited a single distinct transition

which corresponded to the 1 wt% degradation onset temperature (Figure 4.1,Table 4.2).

After this transition, the wt% of CF-ABS and GF-PC fell to approximately 21 wt% and 40

wt% respectively. As both materials contain 20 wt% fibre reinforcement, it was interesting

to discover that only the CF-ABS material reached this weight percent by the end of the

test. The GF-PC specimens instead appeared to plateau at approximately 40 wt% by the

end of each test, which might suggest the presence of additional compounds (ex. additives,

plasticizers, etc.) included in the material to aid in its processing [31, 96, 99, 128]. As such,

if fibre reinforcement content is to be determined by TGA characterization, a complete un-

derstanding of the material composition is essential to rule out the presence of any additional

compounds that may interfere.

Figure 4.1: TGA Curves for (a) CF-ABS and (b) GF-PC in nitrogen atmosphere.
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Table 4.2: Degradation onset temperatures for CF-ABS and GF-PC in nitrogen atmosphere.

TGA, Air Atmosphere, CF-ABS & GF-PC

Results from air atmosphere TGA indicated that thermal degradation behaviour varied in a

reactive environment (Figure 4.2, Table 4.3). Though both CF-ABS and GF-PC materials

maintained good repeatability between tests, all profiles showed two distinct transitions in

weight percent. The first transition in each corresponded to the 1 wt% degradation onset

temperature. Though interesting, the second degradation onset temperatures corresponded

to the second transition were not characterized as they would not translate to useful values in

a practical setting. In a practical application, once the initial degradation onset temperature

(DOT) is reached, the inherent material structure is compromised and therefore no longer

usable for most applications [133]. Any further degradation only further compromises the

material structure and is irrelevant.

Table 4.3: Degradation onset temperatures for CF-ABS and GF-PC in air atmosphere.
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Figure 4.2: TGA Curves for (a) CF-ABS and (b) GF-PC in air atmosphere.

TGA, Comparison of N2 and Air Atmospheres

Holistically, for the TGA work performed the goals were to determine the degradation onset

temperatures as well as verify the fibre reinforcement content of the materials used in hybrid

manufacturing while minimizing the amount of material used required for testing. Using

this thermal characterization method, most of these properties were obtained in both nitro-

gen and or air atmosphere using only 297.5 mg of material which demonstrates the benefits

of small-scale quantitative testing. However, though DOTs for the hybrid manufacturing

materials can be determined from the TGA results in inert atmosphere, it is not the most

accurate value replicative of the hybrid manufacturing process and subsequent tool use. In

both of these applications, material thermal degradation does not generally occur in an inert

atmosphere but instead that of air [21, 23, 27, 31, 77, 84, 134], which can ultimately lead to

variations in the temperature weight percent profile [21, 23].

Comparison of the temperature profiles for each material in nitrogen and air atmospheres

showed distinct differences in the DOTs (Figure 4.3), highlighting the importance of con-

sidering environmental effects. In both cases, though the temperature profiles remained

largely the same when tested in different environments, however minor variations did exist.

Most notably, the degradation onset temperature for the initial transition of both materials

decreased by approximately 313.49°C and 412.90°C for CF-ABS and GF-PC respectively

(Table 4.4). In a practical setting, such as the determination of an extrusion temperature

processing window, knowing this difference in DOT relative to the testing atmosphere is

paramount as it can be the difference between failure and success of the process [21, 23].
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Figure 4.3: Comparison of TGA Curves for (a) CF-ABS and (b) GF-PC in nitrogen vs. air
Atmosphere.

Table 4.4: Comparison of degradation onset temperatures for CF-ABS and GF-PC in nitro-
gen vs. air Atmosphere.

4.1.2 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) results for the second heating cycle of CF-ABS in-

dicated the presence two distinct transition temperatures in the tested temperature window

(Figure 4.4). For these two given transitions, the calculated glass transition temperatures

were 102.66°C and 136.6°C, which can be attributed to the glass transition temperatures of

styrene and acrylonitrile components of ABS [135]. ABS is a tri-block co-polymer consisting

of three distinct units: acrylonitrile, butadiene, and styrene; and as such each subunit has

its own distinct glass transition temperature, and as such have their own distinct transition.

The third subunit, butadiene, additionally has its own unique glass transition temperature.

However this occurs at approximately -85.5°C [135] and therefore falls outside the tempera-

ture range probed with the procedure used. This implies that for all temperatures greater

than -85.5°C (i.e. most common tooling applications), the butadiene component of ABS is

in its rubbery state and therefore the ABS is of lower stiffness and strength compared to if

the ABS were below -85.5°C [103]. However, it is common knowledge that ABS is widely

used above this temperature, in which the mechanical properties have been demonstrated to
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be sufficient for most applications [136].

Figure 4.4: (a) DSC Curves for CF-ABS and (b) the associated molecular structure.

DSC, GF-PC, N2 Atmosphere

DSC results for the second heating cycle of GF-PC show a single temperature transition de-

spite minor fluctuation in heat flow values pre-and post-transition (Figure 4.5). Furthermore,

it appeared that specimen four did have some minor fluctuations in the heat flow prior to the

glass transition temperature. However it is expected that this is due to minor disturbances

of the test cells during the test, caused by vibrations of the lab work bench. All temperature

heat flow curves regardless appeared to experience a single transition, which correlated to

a transition temperature of 141.13°C +- 0.57°C. This value is in good agreement with that

reported in literature [137, 138].
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Figure 4.5: DSC Curves for GF-PC.

DSC, CF-ABS & GF-PC Summary

As previously mentioned, determining the maximum permissible service temperature of the

tool is essential for defining the limits of its application (Section 2.1.1). For the produc-

tion of hybrid-manufactured tooling using polymer-based materials, this maximum service

temperature can be defined using glass transition temperatures determined through DSC.

Above the glass transition temperature, the mechanical properties of the tool would signifi-

cantly decrease due to the glass to rubbery transition of the polymer component rendering

the tool unusable, therefore a value is chosen below this point. In reality, the maximum

service temperature chosen would be slightly lower than the glass transition temperature

to ensure no fraction of the polymer undergoes transition [139]. As such, the maximum

service temperature for the CF-ABS and GF-PC material was therefore defined as 75°C

and 113°C respectively. These key properties were obtained using only 51.57 milligrams and

48.21 milligrams of material total for CF-ABS and GF-PC respectively, again demonstrating

the utility of small-scale quantitative testing. Based on the maximum service temperatures

of the two hybrid manufacturing materials used for tooling, it appears that GF-PC would

be better suited for higher temperature applications. However this is still on the lower

end of processing temperatures used [4] which would suggest further hybrid manufacturing

materials should be investigated.
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4.1.3 Extrusion Temperature Processing Window

Combined DSC and TGA results for CF-ABS and GF-PC to form individual extrusion

temperature processing windows shows the utility of small-scale characterization methods

(Figure 4.6,Table 4.5). From small-scale quantitative thermal characterization equipment,

proposed extrusion temperature processing windows for thermoplastic materials used in the

hybrid manufacturing process can be established prior to any use of the large-scale system.

Eliminating the use of the large-scale system results in a significant reduction in material

used, consequently resulting in a significantly lower material cost. However, the processing

windows proposed both covers a relatively broad range of temperatures (approximately 150°C

and 235°C) which demonstrates the need for further narrow this range. This could be

accomplished by further small-scale thermal characterization methods that capture specific

conditions of the actual extrusion process. One such technique would be rheology, which

could capture the influence of thermo-rheological effects present in the extrusion process

and therefore further narrow the processing temperature window by identifying optimal

thermo–rheological processing temperatures [19].

Figure 4.6: Combined TGA and DSC curves to determine extrusion temperature processing
window for (a) CF-ABS and (b) GF-PC.
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Table 4.5: Extrusion temperature processing windows and the relevant degradation onset
and glass transition temperatures from TGA and DSC testing.

4.1.4 Thermomechanical Analysis (TMA)

TMA, General Results

Compared to the aluminum reference, TMA results showed significant differences in CTE

of both hybrid manufactured materials depending on the direction tested, suggesting highly

anisotropic behaviour (Table 4.6, Figure 4.7). The resulting CTE in the X and Y direction

showed relatively similar CTE values. However the CTE in the Z direction was approximately

an order of magnitude greater. Temperature dimensional change curves for the CF-ABS and

GF-PC hybrid manufacturing materials showed good agreement between specimens, in which

two distinct regions were apparent: a linear regime of steady thermal expansion followed by a

sudden inflection where shrinkage occurs (Figure 4.7). This initial linear regime was used to

determine the linear coefficient of expansion (CTE). The deviation in linearity at the upper

end of the temperature range can be explained due to the polymer materials exceeding their

glass transition temperatures (as determined in Section 4.1.2), which results in a significant

change in their mechanical properties [31, 103]. As the focus of the TMA tests were to

determine the linear CTE, this deviation at higher temperatures was not subject to further

study.

Table 4.6: CTE Values from TMA Analysis, in which AL (* = Benchmark) data was obtained
from [130].
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Figure 4.7: TMA curves for hybrid manufactured specimens in the (a) X-Direction, (b) Y-
Direction, and (c) Z-Direction.

TMA, Anisotropy of Additively Manufactured Tooling

The anisotropy of the CTE for the hybrid manufacturing materials is a direct result of the

thermoplastic material extrusion process, in which the fibre reinforcement becomes prefer-

entially aligned in the direction of extrusion during deposition (Figure 4.8) [78, 127]. As

such, the preferential alignment of the fibre phase leads to a low CTE in the x-direction as

it is highly influenced by the negative CTE of fibres [78, 127]. Conversely, the CTE in the

Z direction is largely dominated by the polymer matrix component that has a much higher

CTE [78, 127].

Figure 4.8: Preferential alignment of fibre reinforcement during the thermoplastic material
extrusion process.

Interestingly, the CTE in the Y direction was similar to the CTE in the X direction despite

no preferential alignment of fibres. This similarity can potentially be explained due to the

precise location one harvest samples from the 3-D printed bed, which may impact the extent

in which fibre alignment influences the CTE (Figure 4.9). Due to the nature of flow during
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extrusion, the preferential alignment of fibres occurs predominantly on the exterior surface

of the printed beads whereas the interior largely remains homogeneously dispersed [140–

142]. As such, the region tested from the printed bead can largely influence the measured

CTE value, with higher and lower values obtained from the interior or exterior respectively

[140–142]. For this work, all samples were taken from an interior location, therefore it is

expected that CTE values in the X-direction would potentially be lower if TMA specimens

were alternatively taken from the exterior region.

Figure 4.9: Influence of specimen harvesting location on CTE for hybrid manufactured
specimens.

TMA, Summary

As seen through the TMA results, the coefficient of thermal expansion can be isotropic or

anisotropic depending on the choice of material. This has significant implications for the

production of composite processing tools, in which understanding the CTEs is paramount

in determining its resulting effect on the composite parts produced (Section 2.1.1) [33, 41,

43]. For materials such as the aluminum reference, the homogenous structure of the material

results in an isotropic CTE leading to relatively predictable tool performance [10, 11]. For

hybrid manufactured tools, however, significant anisotropy exists due to the material extru-

sion process, which though less predictable, can be taken advantage of to produce highly

complex tool geometries with variable CTE. Regardless, in the design of hybrid manufac-

tured tools, careful consideration must be given to the deposition path to understand an

account for this variable CTE.
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4.2 Durability Test Plan

4.2.1 Pre-Screening Tests

Results from the pre-screening tests show that though a tool could excel in one of the afore-

mentioned categories (i.e. chemical resistance, vacuum integrity, mechanical resistance),

it did not necessarily imply its equal performance across all (Figure 4.10). Many of the

tools, both traditional and hybrid, appeared to vary significantly in performance across the

tensiometry, vacuum integrity, and hardness/micro-indentation tests, highlighting the im-

portance of a small-scale test suite that characterizes tool durability on multiple fronts. The

following subsections discuss findings relevant to each specific test before finally providing a

structured framework in which to obtain a holistic interpretation of the results.

Figure 4.10: Pre-Screening Test Results. (a) Hysteresis, (b) Vacuum Integrity, (c)
Hardness/Micro-Indentation.

Tensiometry

As seen in by the tensiometry results (Figure 4.10a), there was a spread of hysteresis values

for tools suggesting varying degrees of chemical resistance. GF-Epoxy (S1) tools had the

lowest hysteresis suggesting good nonstick properties, whereas the uncoated hybrid tools (i.e.
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CF-ABS (U) and GF-PC (U)) had the highest hysteresis and potentially the poorest non-

stick properties. It was interesting to note that that identical coatings did not always imply

identical hysteresis values across tools, as AL (S1) and GF-Epoxy (S1) tools had a large

difference in hysteresis despite having the same coating applied. Conversely, tools coated

with Ceramic-Polymer or Sealant 2 also appeared to have similar hysteresis values regardless

of substrate tool material, potentially suggesting substrate independence. These phenomena

were not true for the remaining coatings, the hysteresis of tools coated with Epoxy varying

significantly on each substrate.

Differences in performance of coated tools can potentially be explained by chemical resis-

tance and/or physical heterogeneity of the applied coating (i.e. an uneven/defective coat-

ing). For the latter, physical heterogeneity of the applied coating can be due to surface

roughness imparted by the underlying substrate [61, 86, 110] and/or repeatability of coat-

ing application, the resulting coating defects potentially leading to higher hysteresis values,

and therefore lower chemical resistance [109]. This would potentially explain why the tools

coated with Epoxy did not perform similarly, as closer observation of the coated surfaces

show the presence of various bubbles that formed during the application of the coating which

could influence the measurement of advancing and receding contact angles. Furthermore, the

Ceramic-Polymer-coated tool substrates all appeared to have a distinct surface roughness as

seen in the optical tensiometry imaging (Figure 4.11), which in literature has been demon-

strated to affect surface adhesion properties [16]. Regarding the former, if the coatings are

applied to the tool substrates uniformly and homogeneously, during tensiometry tests the

water droplets interact solely with the coating and not the substrate and the tool/coating

combinations performance should depend exclusively on the chemical composition of the

coating and its interaction with the probe liquid [61].

Figure 4.11: Surface roughness of Ceramic-Polymer-coated tools as seen through optical
tensiometry.

Measurement of the advancing contact angle and receding contact angles on the GF-PC
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specimens, irrespective of coating, proved significantly difficult as there appeared to be some

degree of attraction between the droplet and the tool surface and/or repulsion between

the droplet and syringe needle (Figure 4.12). Upon droplet formation on the tip of the

needle, the drop appeared to be pulled towards a random position on the specimen surface

(Figure 4.12a), which in the extreme would jump off the needle and adhere to the specimen

(Figure 4.12b). A modified procedure was employed to prevent this issue (as documented in

Appendix A.2), however, despite these modifications for many subsequent tests the droplet

would have a tendency to “jump” to the side of the needle during each ARCA measurement.

Furthermore, during the RCA portion of the procedure, the receding edge of the dropper

on GF-PC (U) and GF-PC (S1) tools did not appear to recede uniformly like droplets on

other tool/coating combinations, instead receding in a “tendril-like” fashion (Figure 4.13).

This can potentially be explained by the effect tool/coating surface heterogeneity previously

discussed, in which these higher energy sites have greater surface energy and therefore higher

wettability [109].

Figure 4.12: Attraction of droplet to GF-PC tool surface during droplet formation.
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Figure 4.13: Tendril-like behaviour of droplet on GF-PC tools during the RCA phase of
ARCA measurement.

Vacuum Integrity

Initial results of vacuum integrity testing showed that most GF-PC tools had significantly

poor performance, in most cases the tools completely losing all vacuum pressure (i.e. venting

to atmosphere) (Figure 4.10b). This can most likely be attributed to incomplete removal

of the layer lines of the additively manufactured structure during tool fabrication. As seen

in the fabrication process for hybrid tools (Section 3.1.2), when machining the 3D printed

structure, if the surface is not milled sufficiently deep to reach the completely fused sec-

tion of the layers there will be high surface roughness. This high surface roughness in turn

could lead to easy access points for air ingress between the tool surface and sealant tape

at the edges of the tool. For the tools coated with Ceramic-Polymer and Epoxy, the effect

of surface roughness was potentially mitigated due to the inherent thickness of these coatings.

Filtering out the GF-PC outliers, the vacuum integrity results across all remaining tools

showed that CF-ABS (S2) had the lowest vacuum pressure drop, whereas AL (S1) tools had

the highest (Figure 4.14). Similar to the GF-PC tool results, the large standard deviation

of CF-ABS (U) and CF-ABS (S2) is most likely due to incomplete layer line removal during

tool fabrication (Figure 4.14). Again, AL (S1) and GF-Epoxy (S1) tools had a large differ-

ence in performancedespite having the same coating, with AL (S1) tools experiencing almost

complete vacuum drop for all tested tools. This was surprising as the AL (S1) tool is cur-

rently an industry standard, demonstrating minimal vacuum pressure change over long time

periods [10, 143]. Variation between the two tools could instead potentially be explained

by the same conclusions drawn for their performance in tensiometry (i.e. tool/coating sur-

face heterogeneity). If the coating uniformity is compromised by poor coating application

and/or influenced by underlying tool substrate roughness, this could lead to the ingress of
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air through the tool (if permeable) or between the tool and sealant tape due to high surface

roughness that could create channels not sealed by the sealant tape. Regarding the latter,

it is additionally probable that the adhesion between sealant tape and the tool surface was

inherently poor as the bonding surface that the sealant tape was applied to was also treated

with the S1 coating, which may also possess inherent nonstick properties. This could be

relevant to all coated tools, and as such suggests that minor modification to the tools surface

should be performed to keep the outer edges of the surface nonstick, promoting adhesion

with the sealant tape.

Figure 4.14: Vacuum integrity results minus GF-PC outliers.

Hardness Testing

Hardness/micro-indentation results showed that excluding the AL (S1) tools, the hardness

values were relatively competitive across all remaining tool types, which suggested that the

hybrid tools were comparable to the traditional GF-Epoxy tools (Figure 4.10c). The high

hardness of the AL (S1) tool was expected, as it was the only tool material that was metal

[144]. It was not expected that S1 or S2 coatings provided much (if any) additional hard-

ness to the tool substrates, as their primary function was to seal micro-porosity of the tool

surface. However, it was interesting to note that CF-ABS and GF-PC tools coated with

Ceramic-Polymer exhibited similar tool hardness regardless of base tool material1.

1GF-Epoxy (C-P) tools were not included in this comparison due to issues with hardness measurement.
See following paragraphs for explanation.
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The CF-ABS (S2) tool had the highest hardness of the hybrid manufactured tools. However

their validity is questionable as the results had high standard deviation. High standard

deviation of CF-ABS (S2) hardness values were thought to be a result of the location of

indentation points for the given indenter type. When performing an indent on the hybrid

manufactured tools, it is possible to indent on pure matrix, pure fibre, or a combination of

both components (Figure 4.15). In the first two cases, the hardness would vary significantly

due to the intrinsic hardness values of each material (i.e. matrix vs. fibre), ultimately leading

to significant deviation for the final reported mean. This could potentially be mitigated in

future work by utilizing an indenter type of sufficient size to ensure that each indentation

point captures a similar distribution of fibres and matrix [145].

Figure 4.15: Variation of hardness due to indent location. Scale bar = 200 µm.

GF-Epoxy (C-P) tools were unable to be characterized by Vickers hardness testing as the

indentations into the sample did not yield good quality points to analyze in post-processing.

This is most likely due to inherent heterogeneity of the surface which led to poor indent

geometries (Figure 4.16). As such, for subsequent analysis in the overall pre-screening test

method, the hardness values obtained for GF-Epoxy (S1) were used as they represented a

”worst-case scenario” for the GF-Epoxy (C-P) tool2. In other words, if the Ceramic-Polymer

coating was to be completely stripped from the GF-Epoxy tool, it would most likely have

similar hardness values to that of the GF-Epoxy tool coated with Sealant 1 given that Sealant

1 does not appear to significantly affect hardness.

2One could alternatively use the hardness value obtained for CF-ABS or GF-PC coated with Ceramic-
Polymer, as it appears that the hardness of tools coated with Ceramic-Polymer was independent of tool
material.
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Figure 4.16: High heterogeneity of GF-Epoxy (C-P) tools. Scale bar = 200 µm.

Analysis of Pre-Screening Test Results

The analysis of the pre-screening tests is presented in Table 4.7. Looking at the rank columns,

it is apparent that the top-performing tool varied between each test. However, it did appear

that some tools such as CF-ABS (C-P) and carbon CF-ABS (S2) did consistently rank higher

than others. Using an equal weight for all tests (i.e. an application where all three properties

characterized but each test are equally important), the performance index was calculated for

each tool. From these performance indices, it can be seen that CF-ABS tools were ranked in

the top two positions followed by a three-way tie by AL (S1), GF-Epoxy (S1), and CF-ABS

(E) for third place.
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Table 4.7: Analysis of the pre-screening test results.

A closer look at the performance indices shows that for some tools, despite having a high

ranking, they did not perform significantly well in all tests. AL (S1) did not perform well in

tensiometry or vacuum integrity . However it performed the best in hardness testing which

significantly boosted its performance index. Similarly, GF-Epoxy (S1) did not perform well

in vacuum integrity or hardness testing, but as the top-performing tool in tensiometry test-

ing it likewise had an inflated performance index.

CF-ABS (S2) and CF-ABS (C-P) were the only tool that consistently ranked high for all

three tests. These inflated performance indices are due to the fact that, for the given decision

criteria, if a tool performs exceptionally well in at least one of the tests, it will have a high

performance index even if it performs poorly in the others. As such, and improved decision

criteria is needed to better assess tool results that considers the consistency in which the

tool performs across all tests.

4.2.2 Small-Scale Composite Process Testing

Combined results profilometry, WLVB, and demould tests revealed that success and, fur-

thermore, the exact ranking of a tool/coating combination in the pre-screening tests did not

guarantee its successful performance in small-scale composite processing highlighting the

importance of validating these small-scale metrics in a practical application (Figure 4.17).

Despite being ranked the top-performing tools in the pre-screening tests, the hybrid manu-

factured tools, regardless of coating, were the first to fail during small-scale composite pro-

cessing, with all being eliminated by the third composite process cycle. Conversely, both AL
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(S1) and GF-Epoxy (S1) tools showed no appreciable signs of failure, with composite parts

remaining easy to demould for all tests. GF-Epoxy (C-P) tools showed the most peculiar

performance, maintaining minimal wear despite composite parts being difficult to demould

after all cycles. Key findings of each individual test type (i.e. laser profilometry, WLVB,

demould testing) are presented in the following sections, with a final section discussing their

combined results.

Figure 4.17: Combined small-scale processing results for (a) including and (b) excluding
hybrid tool types.

Laser Profilometry

Profilometry of all tools prior to any infusion (i.e. in their “as-fabricated” state) showed that,

despite 500 grit (0.18 µm) polishing, all had surface roughness values that varied greatly

from the target B1/B3 mould surface finish (Figure 4.18). Not only this, the variation

of surface roughness between each tool-coating combination was significant, with varying

degrees of surface homogeneity. GF-Epoxy (C-P) had a very unexpected surface topography

(“egg carton” shape). As the final coating and polishing of all tools was performed by the

industrial partner, the exact cause for surface roughness variation is unknown. However it is

most likely due to the combined effects of material, manufacturing method, and/or technician

skill when polishing and/or coating the tools [86, 113–115, 146]. For the GF-Epoxy (C-P)

tools specifically, one potential explanation could be that the work surface used to prepare

the tools may have imparted the specific surface roughness seen [86].
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Figure 4.18: Surface roughness of ”as-fabricated” tools.

Looking at the surface profiles of all tools with each subsequent infusion, it can be seen

that whereas some tools maintained a generally consistent topography, others experienced

significant change due to the composite process (Figure 4.19 – Figure 4.21). AL (S1), GF-

Epoxy (S1), and GF-Epoxy (C-P) looked the same after all cycles (Figure 4.19), whereas

the CF-ABS (S2) and CF-ABS (C-P) tools were significantly affected due to the composite

process (Figure 4.19). CF-ABS (S2) tools clearly showed signs of fibre imprinting after

each infusion, with indents that appeared to be transferred from the individual tows of the

composite part fabric (Figure 4.20). This ultimately shows the importance of sufficient tool

surface hardness to resist indentation and maintain an “as-fabricated” surface finish. CF-

ABS (C-P) showed clear signs of the C-P coating being stripped away from the tool after

being demoulded, which would suggest that the bond between the tool and coating was

relatively poor compared to the bond between the coating and the composite part. (Figure

4.21). This could be clearly seen visually, however, due to the size of the laser profilometry

scan, it was possible to miss these signs of tool wear. As such, future work should potentially

use a larger scan area to capture the wear of the entire surface after each infusion.
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Figure 4.19: Laser profilometry scans of AL, GF-Epoxy (S1), and GF-Epoxy (C-P) tools at
start and end of small-scale composite process testing.

Figure 4.20: Laser profilometry scans of CF-ABS (S2) after infusion showing increasing wear
due to fibre imprinting.
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Figure 4.21: Optical image and laser profilometry scan of CF-ABS (C-P) after infusion,
highlighting the ability to miss signs of tool wear.

Pseudo Wet-Layup Vacuum Bag Process

The pseudo-WLVB process was fairly repeatable, with composite parts of similar quality

being produced with each cycle. However, issues arose due to a combination of the method

in which pressure was applied as well as tool “edge effects”. During the application of the

stone slabs on top of the entire assembly, if they were not placed carefully, the composite

parts would “slide” off the tools due to the “free-floating” effect between the tool surface

and the composite part resin during initial assembly (Figure 4.22). Furthermore, this same

effect led to minor shifting of the plies during compaction which resulted in part dimensions

greater than 25.4 mm x 25.4 mm. This “free-floating” effect was mitigated through slight

pre-compaction of the plies prior to the application of the weight, ensuring initial consolida-

tion of the plies and removal of any excess resin between the composite part and the tool.

However, this additional resin bleed during part compaction was undesirable as after cure,

the additional resin along the sides of the tool could potentially lead to additional resistance

during demoulding. Though this could potentially be mitigated through decreased resin use,

however this runs the risk of under-wetting the dry plies which could, furthermore, poten-

tially decrease wetting of the tool surface [147] which was critical in this work to characterize

tool durability. Therefore, in future work this will be addressed through redesign of the tools

such that dams/barriers can be incorporated along the perimeter (Appendix A.1).

78



CHAPTER 4. RESULTS & DISCUSSION

Figure 4.22: “Free-floating” edge effect during ply compaction leading to misaligned plies.

Demould Testing

Results of demould testing indicate that the durability of hybrid manufactured tools tested

was limited by the inherent strength of the tool material (Table 4.8). AL (S1) and GF-Epoxy

(S1) tools were relatively easy to demould after all cycles performed, showing no signs of

increased resistance to demoulding except for after the 3rd infusion, in which the perceived

difficulty had increased for the latter. GF-Epoxy (C-P) tools were difficult to demould for

all tests. However there appeared to be no appreciable signs of failure until after the 3rd

infusion, after which 1 of 3 tools experienced composite part failure (Figure 4.23a). Tools that

experienced PF appeared to be significantly influenced by the edge effect discussed previously,

demonstrating the importance of eliminating this in future work through improved specimen

design. For almost all hybrid manufactured tools the primary failure mode appeared to be

tool failure (Figure 4.23bc), which suggested it was the limiting factor in tool durability. This

was potentially exacerbated by the “edge effects” previously discussed. Taking a closer look

at this failure mode, all hybrid tools appeared to experience tool failure due to interlayer bond

failure in the X/Y direction (i.e. between printed beads). This highlights the importance

of optimizing print settings to ensure a robust, repeatable, 3D print with strong interlayer

bonding in both the X, Y, and Z directions [89].
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Table 4.8: Results of demould testing. E: Easy to demold. M: MEdium effort to demold. H:
Hard to demold. TF: Tool failure. PF: Part failure. Further details regarding each identifier
can be found in Table 3.7.

Figure 4.23: (a) GF-Epoxy (C-P) composite part failure after 3rd infusion. Tool failure of
(b) CF-ABS (S2) and (c) CF-ABS (C-P).
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Analysis of Small-Scale Composite Processing Tests

The relative performance of each tool can be viewed through the changes in surface roughness,

where it is seen that higher surface roughness did not always imply poor performance with

respect to durability (Figure 4.17). Given the fact that all tool types had different “as-

fabricated” surface roughness, to better make a comparison all Sa data was normalized

according to the following equation:

Sa(Normalized) =
Sa(i)

Sa(initial)
− 1 , i = cycle (4.1)

Sa(Normalized): Normalized surface roughness [unitless]

Sa(i): Surface roughness for cycle i [µm]

Sa(initial): Initial surface roughness [µm]

This allowed all tools to start at the same initial value (i.e. 0 at 0 cycles), with subsequent

values representing the change in surface roughness of the given tool relative to its initial

“as-fabricated” surface roughness. Both hybrid tools experienced the first significant change

in surface roughness, where the predominant reason for this change appeared to be coat-

ing removal. CF-ABS (S2) however had the additional impact of fibre imprinting, which

is expected to be due to the inherent mechanical properties of Sealant 2 not offering any

significant hardness to the overall tool. Conversely, the Ceramic-Polymer coating demon-

strated comparatively higher hardness. It is expected that the former issue (i.e. composite

part-coating adhesion) could be improved through two distinct pathways: improved coating

adhesion to the tool and/or reduced composite part-coating adhesion by using a mould re-

lease agent [24, 61]. Both would prolong the life of the coatings used. However the latter

issue of fibre imprinting must be addressed by the inherent mechanical properties of the

base tool substrate and/or coating [16, 17]. As a result of the wear incurred by these tools

(and the corresponding increase in Sa), both tool types most likely provided poor surfaces

for subsequent cycles, leading to increased tool/coating bonding to the composite part and

their subsequent early failure.

The remaining tools (i.e. AL (S1), GF-Epoxy (S1), and GF-Epoxy (C-P)) showed mini-

mal change in surface roughness, with only one of the GF-Epoxy (C-P) tools experiencing

composite part failure. This failure was most likely due to the edge effects previously de-

scribed, as visual observation of the available tool surface revealed no distinct difference to

the tools that had passed, which was confirmed through laser profilometry. It was interesting

to note that even though GF-Epoxy (C-P) tools had the highest initial surface roughness
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of all fabricated tools, and was difficult to demould after every infusion, it still maintained

its initial surface roughness and showed no appreciable signs of coating degradation. This

could potentially be explained by the egg carton topography of the tool surface contributing

to decreased adhesion [86, 146], the effort required to demould composite parts largely dom-

inated by the aforementioned edge effects. The performance of AL (S1) and GF-Epoxy (S1)

tools from their initial “as-fabricated” state is potentially the result of the coating Sealant

1, as despite being vastly different materials, both showed no signs of wear, and remained

easy to demould. This would potentially confirm the manufacturer’s advertisement of a

high-modulus, durable coating with high adhesion to the base tool substrate, which would

indirectly resist adhesion with the composite part during processing (i.e. the tool-coating

bond is stronger than the coating-composite part bond) [17].

4.3 Predicting Hybrid Tool Durability: A Summary

For the production of tooling used in composite processing, it is clear that many different

properties must be considered and characterized to fully understand and predict its perfor-

mance and durability. Furthermore, the use of hybrid manufacturing adds an additional

dimension in that special attention must be given to the thermal properties of the ther-

moplastic (or composite thermoplastic) material used during the additive manufacturing

stage. As the process is thermoplastic extrusion, performing some type of thermomechanical

characterization is essential in understanding the tool material. With an increasing list of

properties to characterize for hybrid-manufactured tools, it becomes increasingly apparent

that large-scale test methods are infeasible; material and labour costs rising to unsustainable

levels.

The work performed in this thesis ultimately gives insight into a small-scale approach to

characterize the production and use of large-scale hybrid-manufactured tools by character-

izing their properties and performance on 2 key fronts: thermal properties and durability.

For the latter of these two, durability was further subdivided into quick, inexpensive pre-

screening tests that preluded more labour-intensive small-scale composite processing. It was

interesting to note that though the former gave important information on tool durability in

its “as-fabricated” state, this did not necessarily give insight into its durability over time

with repeated tool use, highlighting the necessity to perform subsequent small-scale compos-

ite process testing. The results of the durability test plan can then be further incorporated

with thermomechanical characterization results, which serve as additional screening criteria

defined by the required thermal properties of the tool application.
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The combination of these results ultimately leads to a small-scale quantitative, rigorous

framework in which to compare a large quantity of tool-coating combinations, the opti-

mal tool for the required application quickly ascertained by applying weighted decisions for

each criterion (ex. Tg, Vacuum Integrity, Chemical Resistance, Hardness) to create a key

performance index. The collected results, furthermore, serve as a database that can be re-

ferred to when developing novel tool-coating combinations to predict their feasibility at the

large-scale.
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Conclusions

With hybrid manufacturing, it is clear that there is an inherent need for low-cost predictive

methods to determine the performance of both the additive and subtractive processes and

properties of the final tool. Otherwise, due to the plethora of settings for each respective pro-

cess, significant time is spent iterating to determine the most optimal combination of settings

through both. As such, the proposed quantitative, small-scale test method gave a structured

approach to determining key process parameters and resultant tool properties through ther-

mal characterization and durability tests that began with a series of pre-screening tests and

culminated in a small-scale composite process. The major conclusions for each method were

as follows:

Thermal characterization gave fundamental information on the thermal properties of the

tool material that ultimately governed its performance both in processing during the

additive manufacturing process and final intended tool application. Thermogravimetric

analysis gave the maximum processing temperature for the material before its degra-

dation onset, but furthermore showed that this value could change depending on the

atmosphere used. On the other side of the processing spectrum, differential scanning

calorimetry characterized the glass transition temperatures of the thermoplastic ma-

terials used for hybrid tooling, which not only gave insight into the maximum service

temperature for the tool but allowed for the development of an extrusion temperature

processing window when used in conjunction with TGA results. Lastly, thermomechan-

ical analysis was crucial in characterizing the linear coefficients of thermal expansion of

the hybrid tools, which was seen to be significantly influenced by the additive process.
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Pre-screening tests gave important information regarding hybrid tool performance in its

“as-fabricated” state, in which the three avenues of testing characterized unique ele-

ments of chemical resistance, vacuum integrity, and mechanical resistance. Tensiometry

was employed to characterize chemical resistance, in which it was shown that contact

angle hysteresis could potentially capture the “non-stick” properties of the tool surface

which could potential be correlated to the ease of demoulding composite parts during

composite processing. Vacuum integrity was assessed through a 5-minute “drop-test”

using a custom vacuum fixture, in which it was shown that the ability of a tool to

hold vacuum was largely influenced by stringent adherence to directions outlined in

the manufacturing protocol. Micro-indentation/hardness testing gave important infor-

mation on tool ability to resist fiber imprinting and/or accidental scratches. The final

analysis of pre-screening test results offered a structured approach to selecting the best

performing tool from an initially large group of potential tool/coating combinations.

Small-scale composite processing tests were crucial in characterizing tool degradation

over time with each part produced, but furthermore proved invaluable in validating the

results of the pre-screening tests. Laser profilometry accurately captured degradation

of tool surface with repeated use through changes in surface roughness. The wet-layup

vacuum bag process successfully exposed the tool surface to physical/chemical wear

present in actual composite process. Demolud testing after each composite part fabri-

cation was straightforward due to the relatively simple 2-stage assessment criteria and

showed that hybrid tool performance was predominately dictated by the mechanical

strength of the inter-bead bonding.
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Future Work

Though the initial results of this work gave important information regarding tool-coating

performance at the small-scale, a few aspects of each test method need to be further improved

to validate their use in predicting large-scale performance:

Thermal characterization allowed for the determination of processing and performance

limits were ascertained for the hybrid tool materials, however additional thermal char-

acterization techniques could be employed to not only better understand individual

properties of the hybrid tool materials but furthermore narrow the extrusion temper-

ature processing window. The processing temperature window determined for each

hybrid manufacturing material was relatively large for each material tested, which

could potentially be addressed by the use of thermo-rheological characterization to

impose greater restrictions on the allowable temperature range.

Pre-screening tests gave important information regarding manufactured tool performance

on three key fronts of chemical resistance, vacuum integrity, and mechanical resis-

tance through tensiometry, vacuum “drop” test, and micro-indentation/hardness re-

spectively, however improvements could be made in both specimen design, fabrication,

and/or experimental setup. In tensiometry, it is important to ensure that the sur-

face/coating of the tool is homogeneous to maximize the “non-stick” property of the

tools. Vacuum integrity results showed poor performance of traditional tools that

have already been demonstrated in industry, therefore modification of the tool surface

and/or experimental setup is potentially needed to ensure that any vacuum pressure

drop is exclusively due to tool permeability. Micro-indentation/Hardness testing results

indicated that size and type of indenter could potentially lead to significant variation

in hardness value, potentially masking the true hardness of the tool/coating. As such,

future work should select an indenter of sufficient size to capture a more homogeneous
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picture of tool hardness. In the analysis of pre-screening test results, the ranking cri-

teria used to develop the key performance index should potentially be revisited and

redeveloped to better consider the performance of each tool across all pre-screening

tests.

Small-scale composite processing tests gave critical information on tool durability over

time with repeated use, however the results of the current procedure employed shows

clear avenues of improvement to yield more impactful results. Laser profilometry results

revealed the potential for small scan areas to not capture full extent of tool wear was

identified, which could be addressed in future work through an increased scan area per

tool, or potentially the adoption of an alternate technology that is able to scan the

entire tool surface. In the pseudo-WLVB process, the method of introducing vacuum

pressure was cumbersome and tools tested had simple topography (i.e. flat plates).

Given that this was largely due to the small tool size used (25.4 mm x 25.4 mm), a

larger tool geometry could be used in future testing such that an actual vacuum source

could be employed. Characterization through demould testing was entirely qualitative

where quantitative methods would be more preferable. In future work, incorporation of

a quantitative technique to characterize the demould force would greatly compliment

the small-scale test method.

Improvement in the aforementioned areas would further improve the accuracy and validity

of the quantitative, small-scale test suite, solidifying its utility in the characterization of the

hybrid-manufacturing process and hybrid-manufactured tools. Furthermore, future work in

this area can add to the test suite by incorporating additional characterization tools from

the plethora that already exist, using them to address and quantitatively predict other

fundamental properties of large-scale tooling at the small-scale.
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Appendix

A.1 Custom Demould Testing Setup

In the preliminary design and planning for the demold testing, a custom demold test setup

was devised which would quantitatively characterize the force required to demold the fab-

ricated composite part from the tool (Figure 6.1). This setup consisted of a load frame

adaptor adhesively bonded to the top of the composite part, which was then loaded into a

mechanical testing frame and pulled in tension recording the applied load until the composite

part was demolded or failure occurred. A “threshold value” of 222 kN (approximately 50 lbf)

was defined as “reasonable” maximum force a technician could apply during demolding, any

force value above this constituting failure of the tool. Initial testing of the design however

revealed that the predominate failure mode appeared to be cohesive in the adhesive between

the adaptor and composite part (Figure 6.2), occurring during the first iteration of demold

testing (i.e. after the first iteration of composite processing). Though initially thought to be

a result of poor adaptor bonding, the measured forces at failure well exceeded 600 N, which

was well above the defined threshold value. As such, it was expected that this was most

likely due to the “edge effects” previously discussed, therefore future work looks to address

this issue by eliminating it in an updated tool design and test setup (Figure 6.3).
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Figure 6.1: Initial design of the custom demold test.

Figure 6.2: Cohesive failure of the adhesive used to bond the adaptor to the composite part.
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Figure 6.3: Updated design of the custom demold test.

A.2 Custom Procedure for GF-PC Tool Tensiometry

During the tensiometry tests for GF-PC tools, there appeared to be some degree of attraction

between the reverse osmosis water droplet and the tool surface (or repulsion between the

droplet and the needle) that would cause the droplet to interfere with contact angle measure-

ment. To prevent this issue, for all subsequent droplets the needle was positioned directly

above the specimen surface prior to droplet formation (Figure 6.4a). This had limited suc-

cess however, as instead of remaining directly below the needle with the needle centre in the

droplet, the droplet with instead jump to the side of the needle (Figure 6.4bc). When the

needle position was attempted to be re-centered, in some cases the droplet would appear to

be repelled by the needle being pushed along the surface of the specimen. To circumnavigate

the aforementioned issue, the needle was laterally removed from the droplet, raised above

the droplet’s edge, repositioned over the centre, and vertically lowered back into the droplet.

Despite these modifications to the procedure, for many subsequent tests the droplet would

again jump/grow to the side of the needle.as soon as they drop the increased in size.

107



REFERENCES

Figure 6.4: Shifting droplet phenomenon during droplet formation on GF-PC tools. (a)
Initial position of needle prior to droplet formation. (b) Initial droplet formation. (c) Final
droplet position after initial droplet formation.
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