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Abstract

This thesis characterizes the effects on shrinkage in microinjection moulding. The
literature review considers four branches of investigation (material properties,
processing parameters, mould design and specimen design). Two research gaps rise
from the analysis of the literature review: the absence of a standardized methodology
for measuring shrinkage of moulded parts at the micro-scale, and the absence of
optimization stage that implements multiple quality criteria. Adequate research routes
are set in order to address these gaps.

The conventional standard for determining shrinkage at the macro scale is adapted to
the micro-scale and this bridges the first gap. The micro-mould replicates the same
design of the standard, and a preliminary stage solves some mouldability problems: the
implemented mould extended the mouldability range of processing parameters for
improving the reliability of results. After the micro-mould validation, the study of
shrinkage at the micro-scale considers the influence of five processing parameters: the
mould and melt temperature, the holding time and pressure, then the injection pressure.
The design of experiment approach identifies the critical parameters that affect
moulding, post-moulding and total shrinkage in parallel to and normal to the flow
direction within an interval of confidence of 95% for POM and 90% for 316L
feedstock. Statistical tools analyse the results, and the trends of critical factors found
confirmation in the literature. This methodology at the micro-scale can fill the first gap
because it is on purpose designed for the micro-scale. Moreover, the binder of feedstock
is a mixture of POM based polymers, and the use of a common platform permits to

compare directly the two materials and highlight the influence of powder loading.

The optimization stage adopts desirability functions for achieving optimized values that
simultaneously fulfil two requests: minimize shrinkage and maximize moulded part
mass. The analysis of the literature review shows that few papers adopt multiple quality
criteria approach as methodology for optimizing the results, and none consider jointly
part mass and shrinkage. The optimized processing parameters allow moulding
“optimized specimens”, and results demonstrate that their total shrinkage and part mass

achieve the requests. Even if the use of desirability functions produce results that



represents a compromise between the requests, the results show that overall shrinkage
decreases and part mass increases. This approach demonstrates its reliability and bridges

the second gap.

The last part of the thesis investigates the 316L feedstock behaviour for filling micro-
features parallel to and normal to the flow oriented. The moulded features are
investigated for studying the replication quality and the effect of the orientation of
channels with dimension close to the feedstock lower mouldability value. These
informations are available in the literature only for polymers, and the contribution of
this part of thesis is to fill this gap by analysing a feedstock. The statistical approach
permits to identify the critical factors that affect the feature replication quality. Optical
investigations allow to identify the 316L feedstock lower mouldability value and to

observe the influence of the orientation of features with dimensions near the lower limit.
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Chapter 1. Introduction to micro-injection moulding

This chapter introduces the application field of the present thesis: the microinjection
moulding (u-1M). The comparison between p-IM and conventional injection moulding
(CIM) explain the greater number of processing parameters necessary at the micro-scale

manufacturing. The structure of this thesis is reported at the end of the chapter.

1.1 General considerations of micro injection moulding

The area of application of this project was the microinjection moulding technique (u-
IM), where micro indicates that one or more dimensions of moulded parts are sub-
millimetre in size [1]. Moulding of micro components from thermoplastic polymers has
become a routinely used industrial production process. The development of micro
moulding started more than 30 years ago. A lot of experience has been gathered in that
time, and today micro moulding machines are commercially available.

Therefore, use of micro moulding in industry and the number of scientific institutes
working in this field are expected to increase in the forthcoming years because the
interest in micro system technology is growing as the miniaturization trend and micro
devices applications.

Sparrow [2] predicted that micro devices would have a far-reaching influence within the
next few years. Other analysts report the forecasting that the micro technology will be
one of the main technologies of the 21* century [3]. Examples of application fields are
aviation (micro air vehicles), biotechnology (reactor-separators), chemical process
industry (substrate characterisation), and information technology (communication
devices).

Three industrial sectors (see Figure 1-1) are strongly interested for every little

improvement in microinjection moulding:



Medical. e.g. metallic micro-needles. Micro-needles can bypass the stratum corneum
and macromolecular drugs can naturally diffuse into body using blood vessels. Drugs
may be delivered via micro-hollow technology [4].

Bio-chemical. e.g. micro bioreactors for high-throughput screening system [5].

Energy. e.g. microcombustors with potential application in aerospace, electricity

generation and heating [6].

The miniaturization was preferred in these fields because offers a better control, more

precise measurements and more flexibility than the conventional scale.

Figure 1-1. Examples of applications of p-IM (clockwise): micro needles, micro gears,

micro pumps.

1.2 Conventional injection moulding steps
The injection moulding process is a sequential operation that results in the
transformation of plastic pellets into a moulded part. The material melted was injected

under high pressure into the mould cavity for producing moulded parts [7].

Figure 1-2 depicts the main units of a typical injection-moulding machine: the clamping
unit, the plasticizing unit and the drive unit. The clamping unit holds the mould: it is

responsible to close, clamp and open the mould.
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Figure 1-2. Injection moulding components [7].

The injection unit melts the plastic and injects it into the mould. The drive unit provides

power to the plasticizing unit and clamping unit.

1.2.1 The injection moulding cycle
There are three main stages in the injection moulding cycle; stage 1, injection; stage 2,
holding pressure and plasticizing; stage 3, ejection of the moulded part. When stage 3

was completed, the mould closes and the moulding cycle starts over again [7].

Stage 1. Injection of the plastic melts into the mould

The mould is closed and the nozzle of the extruder is pushed against the mould sprue.

The screw, not rotating at this stage, injects the melted plastic into the mould.

Stage 2. Holding pressure and plastication

With the mould completely filled, the screw remains stationary for some time to hold
the plastic in the mould under pressure (holding time). During the holding time,
additional melt was injected into the mould to compensate the contraction due to
cooling (shrinkage). Later, the gate (the narrow entrance into the cavity mould) freezes.
At this point, the mould is isolated from the injection unit. As the melt cools and
solidifies, the pressure should be high enough to avoid sink-marks, but low enough to
allow easy removal of the parts.

During the plastication stage, a rotating screw pushes the material forward from the feed
hopper through the barrel and towards the nozzle. When the gate freezes, the screw

rotation is started (recovery). The rotation of the screw causes the plastic to be conveyed

3



forward. As the plastic moves forward, heat from the electric heater along the barrel
starts to melt the plastic. At the discharge end of the screw, the plastic is completely
melted. The melt that accumulates at the front of the screw pushes the screw backward.
Thus, the screw rotates and moves backward at the same time.

The rotation of the screw stops when sufficient melt is accumulated in front of the
screw. During screw recovery, the plastic in the mould is cooled, but typically, the
cooling is not finished by the end of screw recovery. As a result, the screw will remain
stationary for some period until cooling is completed (soak time). During this time,

additional plastic will melt in the extruder from conductive heating.

Stage 3. Ejection

When the material in the mould has cooled sufficiently to retain its shape, the mould
opens and the moulded part is ejected from the mould, then the mould closes and the

cycle starts over again.

Figure 1-3 reports the different stages. The top bar shows the movement of the extruder
screw, the middle bar shows the action going on inside the mould and the last bar
indicates at what times the mould is open and closed. The major part of the injection
moulding cycle is the cooling time required for the plastic in the mould to reduce to a

temperature, which the part can be removed without significant distortion.

time

Screw pushed forward | Hold time Serew recovery Dwell time

Mold filling Part cooling Part ejected

Mold closed Mold open

Figure 1-3. Injection moulding cycle time [7].

1.3 The micro-injection moulding machine

The main difference between the micro moulding machine and the CIM machines is
that a small injection plunger of a few millimetres in diameter is used for melt injection

and for control metering accuracy: the melt plastication and melt injection are separated
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(Figure 1-4). Conventional moulding (CIM) machines have the screw-barrel system
functions for both pellet plastication and melt injection. Moreover, in u-1M, there are
some extra parameters related to the control of plunger movement and melt storage
settings. This makes process setup and optimization more difficult to perform compared
with the CIM process [8].

Melt Tank Motor _
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Dosing sleeve with pressure piston Extrusion screw

Nozzle

¢ Shut-off’
Sprue valve

§ ,a o
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Figure 1-4. Design differences between CIM (A) and u-1M (B) processing.

The p-IM requests particular setting values also for the different material behaviour
respect the conventional scale. Chapter 2 will report these aspects but for justifying this
sentence, it is possible to report briefly the scale effect on material properties. Many
publications indicate that the material (both pure polymer than feedstock) flows in the
micro-scale in different way with respect to the macro-scale [9-11]. Mainly, the
consequences related to the scale are:
e A micro-scale effect. When the external characteristic length (e.g. film thickness,
channel depth) becomes comparable with the internal characteristic length (e.g.

molecular dimension, polymer gyration radius) it is necessary to take into account



the long-range intermolecular forces and molecular packing effects. Experimental
observation has shows that the molecules adjacent to the mould surface are pinned
or oriented in the flow direction. A simplified scheme of a polymer is to thinks the
chains connected by springs. When the channel’s dimension become smaller, the
number of springs across the gap decrease and the material appears to be more rigid
[10].

e A collective molecular motion is a consequence of the micro-scale: all the molecular
chains are involved in the motion. As result, a number of molecules greater than
macro-scale are involved in injection stage [9].

e Layers of molecules. The feedstock inside the cavity mould forms a bonded layer
with the wall. The velocity of the material, in these areas, it is zero. In this situation,

only a bulk flow exists and the viscosity becomes “apparent” [9].

Experimental observations of liquids such as water, silicon oil, alcohol and polymer
solutions in micro-channels with characteristic dimensions of tens of micrometers have
shown that the viscosity close channel wall was 50-80% higher than the bulk viscosity
of the fluid [11].

These rheological differences, caused by the miniaturization, make the processing
parameters values higher than CIM. In addition, by considering that the sample weights

are only a few grams, it is clear that a high metering accuracy is requested.

Further, the thermal properties in p-IM (especially in micro powder injection moulding,
u-PIM) are differents from those in CIM. The thermal conductivity and heat capacity of
powders are generally much higher than those of the binder components. Consequently,
during solidification, the feedstock cools quickly. As a result, the control of injection
temperature and mould wall temperature is much more important during u-PIM process
than CIM [12].

1.4 The micro powder injection moulding processing

The difference between u-PIM (micro-powder injection moulding) and p-IM is the
different material injected, not the moulding process itself. The injection of pure
polymer is referred as p-IM and the moulded part is ready to be used. The injection of

polymer mixed with powders (ceramic or metal) is known as p-PIM, and the moulded



part need to be debinded (for removing the polymer) then sintered (for reaching the full
powder density).

The p-PIM processing typically consists of four steps illustrated in Figure 1-5:

e Initially, metal or ceramic powders are mixed with suitable organic binders to
form the “feedstock”. The binder forms a flow-vehicle between the metal
powder particles, to get moulded parts of the desired shape. Binders are
usually composed by a mix of polymers to support and maintain the shape of
the components during processing;

e Additives, such as waxes and polymers with low molecular weight, are added
in order to decrease the viscosity of the mixture and to provide a good binder
powder interface;

e During moulding, the feedstock flow and fills a mould under heat and pressure

to form a green part with the desired shape;

e The moulded part then undergoes a debinding step where the polymer is
extracted (brown part), the next sintering stage permits to get full or almost
full density [13].
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Figure 1-5. Steps of u-PIM technique: 1) feedstock preparation; 2) injection moulding;
3) debinding; 4) sintering [13].

Even if debinded and sintered stages were not performed in this thesis, a brief

description of these steps was reported below.

Debinding step

After the injection moulding step the specimen’s composition is a mix of binder and
metal powder, usually called “green part”. During the debinding step, the major part of
the binder is removed from the green parts, leaving a structure of metal powder (brown
part). The most commonly used debinding procedures include thermal, solvent and
catalytic [14].

The thermal debinding utilise a mechanism of thermal degradation: by
successive dissociations, the polymer produces light molecules that can evaporate from
the surface of moulded parts. The atmosphere under which thermal debinding is
performed can affect the rate of binder removal, the density of final debinded part and
carbon or oxygen content. Generally speaking, thermal debinding is not an efficient

process, because a too high binder removal rate can generate cracks or shape
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deformations caused by the excessive vapor pressure. For reducing these risks, low
heating rates are used by increasing the time of this stage. On other side, the simplicity
of this technique and the absence on chemical binder removal makes this approach still
adopted. The main advantage of this technique is the possibility to switch from

debinding to sintering only by increasing the temperature.

The solvent debinding is performed by diving the moulded part in a solvent (gas
or liquid). The temperature during this debinding technique is typically around 50 and
60°C. The solvent (acetone, ethanol, heptanes or hexane) remove at least one binder
component and produces open pores on the surface of moulded part. The reliability of
solvent debinding is related to the geometry of moulded part (surface to volume ratio)
because the solvent has to penetrate the part. Nowadays, the trend is to use water-
soluble binders because of the simplicity to handle water based instead of organic based
solvents. After debinding, parts are dried. Another type of solvent debinding is obtained
by using supercritical fluid (CO;), but the long processing time and high costs, makes

this option not widely used.

Catalytic debinding is used for binders that decompose in smaller molecules in
the presence of catalyst when exposed at adequate temperature. The feedstock used in
the present thesis was a 316L metal powder mixed with polyoxymethylene polymer
(POM): this binder could be removed by a catalytic procedure. The green part has to be
placed in a gas furnace with a nitrogen atmosphere and few percent of gaseous nitric
acid. Due to the catalyst, the reaction occurs at 110-140°C whereas it could only take
place at temperatures of 200°C and over. In this acidic atmosphere the polyacetal was
converted into its gaseous monomer, formaldehyde (see Figure 1-6). The debinding
reaction takes place on the surface pores because the acid nitric gas cannot penetrate the
binder. The binder removal progresses from the outside to the core at a velocity of 1-2
mm/h [15].



O

N, + HNO,
ca. 120 °C
o O O ©o O o© o
\WAVAVAVAVAVRRY
w+ CH, CH, CH, CH, CH, CH, 2
Formaldehyde(g)

Figure 1-6. Schematic representation of the catalytic debinding step for POM.

After completion of polyacetal removal, there is a little amount (around 10%) of
residual acid resistant binder component. This residual organic fraction will be removed
during the sintering step [16].

Sintering step

After the debinding step, the remainder binder has to be removed by thermal
degradation and the metal powder can be sintered to high densities of 95% and over.
This thermal residual process can carried out either under vacuum or in a protective
atmosphere, using a combination of nitrogen and hydrogen gases. Sintering
temperatures are below the melting temperature of the metal or ceramic powder (70-
90% of melting temperature). In this way the temperature in high enough for starting the
crystallization process, but low enough for holding the particles unmelted. In this
condition, the particles can crystallise into each other causing them to fuse together
[14]. For 316L feedstock, the sintering temperature is around 1200-1300°C [15]. In this
step, shrinkage can be as high as 20 percent.

1.5 The thesis structure

Figure 1-7 reports the thesis structure.

10



The chapter 2 reports the literature review, and its analysis contributed to identify a
research gaps in u-IM field. The methodology set for filling these gaps was described in
chapter 3: this section reports the materials, the mould manufacturing, the metrology
protocol and the statistical model adopted. Chapter 4 described the steps that were
adopted for reaching the final micro-mould configuration and for solving some
moulding problems. These procedures permitted to deal with real life approach and with
the common problem solving used in injection moulding: the improved mould permitted
to identify increased processing parameter ranges that explored all the material
mouldability range. Chapter 5 and chapter 7 reports the numerical results related to the
materials investigated (POM and 316L feedstock respectively). Following the statistical
approach adopted for managing the results, a statistically based optimisation was
applied to the experimental data. The analysis, adopted desirability functions for
fulfilling multiple quality criteria requests. The results were reported in chapter 6 for
POM and in chapter 8 for 316L feedstock. Chapter 9 investigate the 316L feedstock

behaviour for filling micro-textures.

Each chapter concerning the experimental results (chapters from 5 to 9) was structured
by reporting an introduction to the argument, the results and the discussion. An overall
discussion and the conclusions were reported in chapter 10 and 11 respectively. Chapter

12 reports the future work.

Appendices A treated about trials for realizing micro-channel with width lower than 60

um. Appendices B reports the micro-mould designs.
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Chapter 2 . Literature review

This thesis adopted a systematically approach for determining the factors and for
reducing the effects that shrinkage could generate. In this chapter was reported a
literature review about shrinkage causes, and backgrounds about shrinkage
measurement techniques and statistical approaches. The analysis of literature review
identified the factors that affected shrinkage at macro and micro-scale and evidenced the
absence of a standard suitable for the micro-scale. This fact, by considering the different
material behaviour with respect to the conventional scale, was considered a gap. A
further gap was identified in the absence of optimization stage that adopted
simultaneously part mass and shrinkage results.

The end of this chapter lists the aim and the objectives of the thesis.

2.1 Structure of moulding shrinkage literature review

The literature review was focused about the processing parameters that affect shrinkage
of moulded parts (both in macro than micro-scale) and considered only papers that
experimentally validated the results. The definition normally accepted for moulding
shrinkage was reported by Fischer in his “Handbook of moulded part shrinkage and
warpage” [17]: “mould shrinkage (or in-mould shrinkage or moulded part shrinkage)
usually refers to the difference between the linear dimension of the mould at room
temperature and that of the moulded part at room temperature within forty-eight hours

following ejection”.

A start point on how to structure the literature review was the scheme reported by Stan
et al. [18]: the authors organized different sources for depicting a diagram that
considered factors that affect shrinkage and warpage (specimen and mould design,
operator, environment, material properties, processing parameters, injection moulding
machine and measurement). Experimental evidences [19] have shown that shrinkage
and warpage were affected by different factors, even if warpage (defined as differential

shrinkage) was generated by shrinkages. As consequence, a more focused structure

13



respect to the scheme reported by [18] was adopted and some sources of influence were
considered negligible. In detail, the operator because a preliminary familiarization
stages can identify the correct parameter range that will be statistically arranged; the
factors due to the moulding machine because Battenfeld Microsystem 50 is a dedicated
micro-injection machine and its great precision reduced the errors from inaccurate
processing parameters control; the measurements because a dedicated metrology
protocol was adopted; the environment because - despite was not possible to monitoring
the room humidity - the Battenfeld permits to control the polymer temperature stored in

a sealed hopper (set at 70°C) and this assure constant polymer conditions.

The result of these considerations was reported in Figure 2-1. The literature review was
organized by considering branches connected to material properties (as crystallinity,
morphology and PVT properties) and technical aspects. As technical aspects, were
considered factors strictly connected to moulding process: processing parameters,
mould design and specimen design. At the end of each branch, main conclusions were

summarized and papers grouped in tables.

Material Specimen
Properties Design

Crystallinity Symmetry

Morphology Ribs design

Wall dimens.
e

Shrinkage

v

Scale effects

Optimization
—¥ Flow design
—_—

Process. Param Runner
Processing Mould
Parameters Design

Figure 2-1. Factors considered in the literature review.

The diagram reported in Figure 2-1 starts with the indication of a scale effect because
experimental evidences demonstrated that shrinkage was affected by the scale: for this

reason, the scale effects were considered in the literature review.
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2.2 Search methodology

The state of the art about shrinkage in injection moulding was approached by
implementing SCOPUS, a bibliographic scientific database. A first research flow started
by using the keywords “molding” AND “shrinkage”, by limiting results to the last 10
years (2004-2013) in material science and engineering fields. Figure 2-2 reports the
research flow adopted. The filter “composite” requested a dedicated screening because
of the huge scientific works presented under this term.

4134 *Molding AND shrinkage

3707/ *Material Science AND Engineering

2539 *Limited to 2004-13

1150 “AND NOT composites

1068 “AND NOT neural network

1021 “AND NOT clays

g7g | *AND NOT casting

496 *AND NOT thermal

4g7 *AND NOT cement

444 *AND NOT lithography

434 *AND NOT liquid crystal

428 *AND NOT thermoset
«AND NOT CAD

402
378 *AND NOT CAE
371 *AND NOT wafer

357 *AND NOT image
og2 *AND NOT sintering
ogo *AND NOT debinding
243 *AND NOT strength

» Screening

Figure 2-2. SCOPUS results using “molding” AND “shrinkage” keywords.
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Figure 2-3 reports the screening results. The analysed papers resulting from the first

research flow were 50 papers with studies in the macro-scale and 24 papers with studies

in the micro-scale.

'Screening
243

fs

74

169

L On topic | [ Off topic

I_I_I

Macro ( Micro
50 24

Figure 2-3. Papers considered from the screening “molding AND shrinkage”.

The second literature research flow was performed considering the keyword “injection

molding”. The results were limited to the last 10 years (2004-2013) in material science

and engineering fields. From the amount of these papers (10419) were selected the
works that investigated 316L feedstock (302) and POM (137). Figure 2-4 reports the

SCOPUS results.

27515

*Injection molding ]

| «Limited to 2004-13
r11514

»Material Science AND

10419 | Engineering

«316L

= AN

«AND NOT Yttrium

N /W

«AND NOT Zirconium
«AND NOT finite element
147 «AND NOT rheological
33| *AND NOT sintering

29| *AND NOT debinding
*316L SCREENING

2

‘137 *POM ]

105/ « AND NOT modelling

@ «AND NOT rheological

79 | *AND NOT acid

\48/ «AND NOT composites

36 °“ANDNOT simulations

*POM SCREENING

Figure 2-4. SCOPUS results using 316L feedstock and POM keywords.
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Following the approach adopted previously, the papers were divided in “on topic” and

“off topic”. Figure 2-5 reports the results according to this division.

~ = ~

316L Screening POM Screening
29 36
I I
| . ~ | N PR 1
ON TOPIC5 OFF TOPIC ON TOPIC 9 OFF TOPIC
24 27
v A\ "y

Figure 2-5. Screening results for 316L feedstock and POM keywords.

The final papers selected by adopting the paths reported in Figure 2-3 and Figure 2-5
cannot be considered as the full state of the art, because SCOPUS, even if a scientific
database, cannot cover the entire knowledge in this field. For this reason, it was
necessary to integrate the selected papers by considering also others sources available in
the Web (Google Scholar, Web of Science, free online papers). The overall results were
considered state of the art of shrinkage, and discussed in the present thesis for

approaching shrinkage consequences.

Despite of the great importance of ceramic injection moulding, only few related papers
appeared in the literature. This was because the greater part of papers that investigated
shrinkage of ceramic parts, were focused about shrinkage resulted by debinding and

sintering step and about rheology behaviour, instead of moulding shrinkage.

2.3 Exclusion statement

The research flow adopted filters that worked in the following way:

“composites” filter removed all the argument related to thermosetting resins and fibre
reinforcements, “neural network” removed papers about modeling or predictions
without experimental validations, “clays” removed papers about organoclays, “casting”
removed papers that studied different technique respect injection moulding, “thermal”
removed papers about thermal properties, “cement” removed papers that investigated
different materials from thermoplastic polymers, “lithography” removed papers that
argued about techniques different from injection molding, “liquid crystal” removed

papers about birefringence properties or displays, “thermoset” removed papers about
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thermoset materials, “CAD” and “CAE” removed papers about simulations without
experimental validation, “wafer” removed papers about silica, “image” removed papers
about non-destructive techniques, ‘“sintering” and “debinding” removed papers
concerned stages different from moulding, “strength” removed studies that investigated

the mechanical properties of moulded materials.

In the research “injection molding” for 316L feedstock the filters worked in the
following way:

“Yttrium” and “Zirconium” removed papers about materials different from
thermoplastic, “finite element” removed papers about theoretical studies without
experimental validation, “rheological” removed papers about pure viscosity
characterization without connection with processing parameters, “sintering” and

“debinding” removed papers about stages not considered in the present thesis.

In the research “injection molding” for POM, the filters worked in the following way:

“modeling” removed papers without experimental validations, “rheological” removed
papers about viscosity studies, “acid” removed papers about organic or poly-lactic
acids, “composites” removed papers about layered material and thermosetting resins,

“simulations” removed papers about theoretical material behaviour.

2.4 Moulding shrinkage literature review

As reported in Figure 2-1, the literature investigated four branches at the macro and
micro-scale: the material properties, the processing parameters, the mould and the

specimen design influence.

2.4.1 Material property influences

Under the term “material properties” were considered aspects such as PVT behaviour,
internal structure/morphology and material crystallinity. According to the literature

reviewed, these properties affect moulding shrinkage and have to be considered.

2.4.1.1 Material properties at the macro-scale
PVT trend

The intrinsic cause for shrinkage of injection-moulded parts is the thermodynamic

behaviour of the material, as reported in Figure 2-6. The PVT trend determined the
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compressibility and thermal expansion of plastics as confirmed by studies [20; 21]. In
detail, a different PVT behaviour between amorphous and crystalline materials was
observed. In a melt condition, both classes have shown a linear dependency of the
specific volume from the temperature. On the contrary, for the solid phase considerable
differences were observed. Because of crystallization in semi-crystalline materials, the
specific volume decreased exponentially (shrinkage was caused by these dimensional
variations) with decreasing temperature, while amorphous materials still presented a
linear dependency in the solid phase. This difference caused the greater shrinkage of
crystalline thermoplastics respect the amorphous polymer. The curves labelled with the
number from zero to 200 represents different polymer packing pressures [MPa]: the

higher was the pressure, the lower was shrinkage.
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Figure 2-6. PVT diagram for an amorphous (A) and a crystalline (B) thermoplastic

material [17] [Reprinted with permission from Elsevier editor].

Morphology contribution

Morphological aspects as the different density of the crystalline phase before and after
the freezing [22] and the flow effect in terms of molecular orientation [23], can affect
shrinkage. Investigations about molecular orientation shown that during the injection
stage, the mould filling process can confer to polymer chains a predominant flow
orientation because of the flow-induced crystallization. Moreover, in a mass of injected
polymer melt, the molecular chains were naturally oriented along the flow direction.
This ordered conformational state exhibits a higher (with respect to the randomly
oriented configuration) free energy that drive the crystallization process [24].
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Other authors confirmed the morphology contributions. During the injection stage the
formation of frozen-layers in the melted polymer in contact with the mould surface were
observed. The layers have shown an oriented molecule chain [25] and induced residual
internal stresses that affect shrinkage [26]. The layered structure was located on the
external area of moulded part, and the core-to-skin volume ratio has to be considered as
factor that strongly affects shrinkage [27].

Crystallinity contribution

The dimensional stability of moulded parts was connected to crystallinity and
experimental results evidenced that moulded part can potentially continue to shrink also
days after the moulding stage [28]. Indeed, physically, the crystallization continues
below the melting point and above the glass-transition temperature (Tg), and the more
the material crystallize the more it shrinks. As demonstrated by [29] shrinkage starts
inside the mould as soon as the polymer layer solidifies. It was also demonstrated that
the crystallinity influenced the no-flow (sharp increase in viscosity value) and
solidification conditions, the formation of frozen layer, the internal stresses and the in-

mould shrinkage.

Summary

Material influences can affect shrinkage at the macro-scale. In details, the different PVT
behaviour between amorphous and crystalline material polymers [20; 21] determines
dimensional variations of moulded parts. Moreover, shrinkage can be determined also
by different densities of crystalline phases [22], frozen-layers with flow-oriented
molecules [23; 25] and residual internal stressed located in the layers [26]. The core-to-

skin ratio affects shrinkage as well [27].

Drove by crystallinity, material can continue to shrink also day after be moulded [28].
Material starts to shrink inside the mould as the polymer touch the mould cavity wall
[29].

Table 2-1 reports the papers about material properties that investigated shrinkage at the

macro-scale.
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REF MAT PHENOM

PVT [20; 21]  Amorf. — Cryst.

[22] PP copolymer  Freezing

[23] PE Molecular orientation
Morphology [25] PE Oriented layers

[26] PP Residual stresses

[27] PP Core-to-skin ratio
Crystallinity [28; 29] iPP Crystallinity

Table 2-1. Material properties influence at the macro-scale. MAT reports information

about material and PHENOM is the phenomenon that caused shrinkage.
2.4.1.2 Material properties at the micro-scale
PVT trend

It is important to understand if the scale can affect material behaviour. An answer was
provided by [11]: authors stated the different behaviour that polymeric material assumes
when flows in micro channels respects macro geometry situation. The difference
depends on size-dependent viscosity and wall slip phenomenon (as consequence of the
great wall shear stress when filling micro-to-sub micro channels [11]). Results shown
that in micro-scale, polymer flows differently respect macro-scale for the presence of
intermolecular forces that occur due to the scale. Due to these influences, it result the
necessity to improve the pressure of 20-30% in micro-scale respect the standard filling

conditions.

However, despite this different behaviour, the PVT trend of material still follow the
same conventional behaviour observed at the macro-scale: as the packing pressure
increased, the shrinkage of semi-crystalline materials decreased with an exponential
shape [30]. The author suggested that the shape of curves was determined by binder and

his dominantly behaviour.

Polymer morphology contribution

Experimental results shown that semi-crystalline polymer shrinks more than amorphous
polymers [31] and morphology was influenced by homogeneous dispersion of powder
mixed with polymer [32]. The percentage of powder affected shrinkage, because the

dimensional variations decreased by increasing the powder loading [33].
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A relationship between binder microstructure and shrinkage was identified by [34],
because a coarse flake binder structure leads to high shrinks during the transition from
melt to solid state. The use of microcrystalline wax can confer a finer binder grain and a
more isotropic (no preferred orientations) feedstock micro structure. These

modifications resulted in a lower final shrinkage respect to coarse binder structure.

The relationship between polymer morphology and shrinkage involve different aspects
of moulding processing not always simply to identify. Particle size, powder loading, but
especially shear rate and polymer temperature can affect morphology and determine the
feedstock viscosity [35] and the viscosity was directly related to shrinkage of moulded
part as demonstrated by [36].

A study concerned the morphology differences between macro and micro-scale was
carried out by [37]. By considering the crystallinity effects in the flow-direction of both
macro and micro-parts of specimens moulded from isotactic polypropylene (iPP),
evidences shown that the through-thickness morphology of micro-parts exhibited a
similar ‘‘skin—core”’ type of structure to the macro-parts. However, in the micro-parts a
large fraction of shear layer was present (highly oriented), whereas the macro-parts
presented a large fraction of core layer (randomly oriented). The shear layer of micro-
parts had a highly oriented ‘shish-kebab’ structure (Figure 2-7), with a pronounced
orientation of iPP chains within lamellae. The authors calculated that the percentage
thickness of the oriented region of the micro-parts (which included both the skin layer
than the shear layer) was much greater than in the macro-parts (90% versus 15%). The
complex combination of internal stress and cooling rate affect the crystallization
kinetics (flow inducted phenomenon), and the shear layer results with higher degree of
crystallinity respect the polymer core. As overall effect, also the degree of crystallinity
was affected by scale-effects: in micro-scale, the degree of crystallinity was higher with
respect to the macro-scale. These different degrees of orientation and crystallinity
observed at the macro and micro-scale indicates that shrinkage data obtained at the
macro-scale was unlikely to be directly extrapolatable to the micro-scale. Furthermore,
they indicate the necessity of directionally dependent measures of shrinkage for micro-
scale components, as the orientation is likely to produce anisotropy in the shrinkage

behaviour.
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The shish-kebab structure at the micro-scale was observed also by [38]. The
crystallization was influenced by shear stress history, and the core area of moulded parts
presented a spherulitic structure, with an increased density from the wall to the centre of

moulded part.

Figure 2-7. Shish-kebab structure [Reprinted with permission of author] [39].

Crystallinity contribution

Studies demonstrated that the scale influenced the crystallinity (in terms of crystal size,
degree, ratios) and this affects shrinkage also. As stated by [40] during the analysis of
semi-crystalline polymer (HDPE), crystallinity was influenced by processing
parameters and by the scale: an increased crystal dimension and crystallinity degree was
observed at the micro-scale with respect to macro-scale.

Again, processing parameters influenced micro morphology and crystallinity as
demonstrated by [41]. Final results evidenced that processing parameters affected the
thickness and the molecular orientation in the skin layer: these factors contributed also
to improve the mechanical properties in micro more than in macro-parts, since the skin

layer represented a larger fraction of the overall thickness.

Summary

By summarizing the information about material influence at the micro-scale, it was
possible to say that, concerning PVT trend, also at the micro-scale amorphous and

crystalline materials continue to exhibit different behaviour [30].
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Considering morphology, conclusions confirm that at the micro-scale semi-crystalline
materials shrinks more than amorphous [31] and differences can be determined by
powder loading [33] and degree of powder dispersion [32]. The grain structure was
determined by the binder but can be tuned (from coarse to fine) by mixing suitable
waxes: these adds influenced final shrinkage [34]. Dimensional variations were
connected to viscosity [36] and affected by processing parameters [35] that can
determine final crystallinity [40].

However, at the micro-scale, a higher percentage of oriented layers were observed with
respect to macro-scale [41], and this higher fraction at the micro with respect to the
macro-scale promotes higher shrinkage [37].

Table 2-2 reports the works concerning the material properties that affect shrinkage at

the micro-scale.

REF MAT PHENOM.
PVT [30] Amorf. — Cryst.

[11] PS Different flow behaviour

ZnO+PP .

[31; 33] HDPE.PS.ABS Shrinkage

[32] Al,Os+PP Powder dispersion
Morphology [34] HDPE+MW Binder structure

[35] 316L feedst. Viscosity

[36] 316L feedst. Viscosity vs. shrinkage

[37] iPP Scale influence

[38] PE Shish-kebab
Crystallinity [40] HDPE Scale influence

[41] HDPE, POM, PC  Layers molecular oriented

Table 2-2. Material properties that affect shrinkage at the micro-scale. PHENOM
concerned the physical phenomenon associated to shrinkage, and MAT the polymer

investigated.

2.4.2 Processing parameter influences

The greatest number of works about shrinkage were focused on the study of processing
parameter influence mainly for two reasons: firstly, for being effective the
determination of material property aspects that affect shrinkage have to be followed by
many trials for modifying these aspects (e.g. to change the crystallinity degree, to tailor

the correct feedstock/polymer to be injected), and this takes time by requesting specific
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competences; secondly, by using the statistical approaches nowadays available it is
possible to identify the critical processing parameters with an high degree of precision
and reduce shrinkage by optimizing the factors. Indeed, to deal with injection moulding
(but more generally with every engineering process) requests to manage with a great
number of parameters, and only by adopting a methodic approach to shrinkage
phenomenon was possible to determine what factors can be considered critical. The use
of statistical approaches (design of experiment or Taguchi methods, just to mention the
most common) is an effectual way to operate, and every parameter identified as critical,

often, was the result of statistical treatments of data.

Many authors, also considering the great range of feedstock/polymer suitable for every

application, preferred the second approach.

2.4.2.1 Processing parameters at the macro-scale

When injected material fills completely the mould, the screw remains stationary for
some time to keep the plastic in the mould under pressure (holding time). During the
holding stage, an additional material is injected into the cavity mould for compensating
the shrinkage caused by cooling effects [7]: this sentence condenses the concept that the
most part of injection moulding parameters can potentially produce effects in terms of
shrinkage. Holding parameters, amount of materials, injection, cooling stage,
temperatures: all these factors were investigated for identifying their influence on

shrinkage.

The parameters that critically affect shrinkage were organized by naming the factors,

then by reporting the research results.

Cooling time

Cooling time is the elapsed time required the melt to reach its Vicat softening
temperature [42]. It is also commonly defined as the time from the end of packing stage

toward ejection.

This parameter affected shrinkage according to [43] and was considered the second
critical parameter after the holding pressure by [44]. By using a hybrid optimization
method that combined Taguchi methods, grey relational analysis and PCA, [45]

investigated shrinkage of moulded gear: results shown that this factor was the third
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critical parameter after melt temperature and packing pressure. As stated by [46] and
[47], an increase of cooling time decreases shrinkage. This trend it was likely due to an
higher probability of molecules to attain a more favorable configuration during
increased time of cooling. The criticity of cooling time in terms of shrinkage was
confirmed also by considering techniques lightly different from injection moulding as
MUCELL (microcellular injection moulding) [48].

Packing (or holding) time

Packing time was defined as the time necessary for filling the mould cavity as full as
possible without causing undue stress on the molds or causing flash on the finished
parts [42]. The packing time is strictly connected to the gate freeze time, because after
gate freezing an additional time does not produce further effects. Besides it is important
to set a suitable packing time during injection moulding stages, because if the packing
pressure is released before complete gate freezing (e.g. too short packing time), melt
could flow back from the cavity mould (backflow) by determining lacks of material in

final specimen [29].

Different approaches (numerical simulation [49], Taguchi methods [50-52] coupled
with hybrid optimization [45], DoE [48; 53; 54]) and consequent experimental
validations, identified the packing time as a critical factor. According to [55] this factor
resulted critical for amorphous (ABS) but not for semi-crystalline polymer (PP). By
analysing polymer wax, [56] confirmed the critical influence in terms of shrinkage.
Also by considering ceramic based feedstock (tungsten mixed with polymer wax [57]),
this parameter confirmed to critically affect shrinkage. About trend, to increase this
parameter leads to decrease shrinkage (parallel to the flow direction [47]). Authors [58]

confirmed that to increase this parameter leads to decrease shrinkage.

By using strain gauges, [29] measured the transient shrinkage history of an iPP
rectangular slab as a function of the holding pressure, and confirmed that shrinkage
decreased by increasing the packing time.

Packing (or holding) pressure

Once the majority of the plastic (95%) has been injected using injection pressure, the

injection machine shift to apply the packing (or holding) pressure. This pressure (lower
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than injection pressure) permitted the final filling of the mold by packing the molecules
together. Holding pressure was applied until the gate freezes: once that happened, the
pressure has no more effect on the molecules on the other side of the gate. If holding
pressure was decreased before the gate freezes, the inversion of pressure gradients
causes a dramatic decrease of pressure evolution inside the cavity mould [29] and the
material in the cavity can be sucked back out of the cavity (“backflow” phenomenon).

A not properly set packing pressure value can cause shrinkage according to [59].

Studies that adopted Taguchi approaches [19; 45; 50; 60; 61] or different methods [44;
48; 53; 54; 62-65] identified this parameter as strongly critical. Shrinkage starts as soon
as melted polymer fills the cavity mould, and was critically affected by holding pressure
[29; 66].

By analysing semi-crystalline material (PP) [55; 67-70], PP filled with CaCO3 [71],
ceramic feedstock as Zr [72] (in combined effect with mould temperature) or W [57],
authors found that packing pressure was the most influential factor (above different

parameters considered).

Evidences shown that packing pressure can produce directional responses in terms of
shrinkage: by improving holding pressure, transversal shrinkage of ceramic moulded
parts was decreased [73]. Regardless the flow direction, similar results was reported by
the authors [58; 74; 75], that confirmed how high holding pressure leads to lower
shrinkage. Considering a square specimen geometry of an amorphous polymer (ABS),
this parameter affected shrinkage both in longitudinal (first in ranking order) that
transversal (second in ranking order) direction [76]. As general trend seems that to
increase this parameter, promote the decrease of shrinkage [77-79] and a re-orientation

of melt molecules [67].

A contrary result was presented by [80]. The authors focused their researches on the
reduction of injection moulding cycle time by using cooling water containing activated
carbon pellets. Under this particular condition, it was demonstrated that cycle time and

shrinkage can be efficiently reduced by a low packing pressure.

This parameter can be considered an important factor that affects shrinkage because of

many conclusions and studies. Is not negligible the property to influence directional
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shrinkage response even by rearranging molecular chains. Generally, to improve this
parameter leads to decrease shrinkage, except the particular conditions tested by [80].

Melt temperature

Melt temperature was defined as the temperature at which the polymer changes from

solid to liquid state, that is became fluid and can be injected in the mould.

Many authors [61; 69; 81-83] adopted Taguchi methods for determining the influence
of this parameter: results demonstrated that melt temperature critically affect shrinkage.

Moreover melt temperature affect both longitudinal than transversal shrinkage [76].

Same conclusions were assessed even by considering different materials as semi-
crystalline (HDPE [49; 84], PS [69; 85], PP [44; 47; 55; 68]), polymer wax [56],
amorphous (ABS [55], PVC [51], PC/ABS [75]) or ceramic based feedstock (W [57],
SizNy [86]).

An interesting effect of melt temperature was reported by [85] that described the
relationship between melt temperature and melt flow within the cavity cross through the
gate. Outcomes shown that this parameter influenced the amount of material inside the
cavity mould as well, and consequently shrinkage because under a more pronounced
amount of melt flow, the area near the gate can receive much material for compensating
part shrinkage. However, [85] did not identify a clear trend in terms of shrinkage
effects.

Mould temperature

Mould temperature was defined as the temperature of mould surface in contact with

melt.

Authors [61; 83] investigated this parameter by using Taguchi methods: results have
shown that mould temperature can be considered a critical factor. Same result was
confirmed by adopting different statistical approaches as the grey-fuzzy logic analysis
[62]. Often works that identified mould temperature as critical parameter, coupled this

result with melt temperature: in these cases authors talk generally of “temperatures”.
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This parameter was identified as critical by considering amorphous (PS and PC [64],
PMMA [60]) semi-crystalline polymers (PP [64], Nylon 46 [50], HDPE [84]), or

ceramic feedstock (Zr [72], coupled with holding pressure).

The confirmation of the importance of this factor was reported by [76], which proved
that mould temperature affected shrinkage both in transversal than longitudinal
direction. About the trend, according to [58; 77; 87] high mould temperature increases
shrinkage, even if other authors identified an opposite trend [61; 64; 84]: both were
confirmed by [75] (study about PC/ABS cellular cover) that identified a decrease of
shrinkage between 60-70°C, and an increase between 70-80°C.

Injection pressure

Injection pressure was defined as the pressure on the face of the injection screw when

melt material was injected into the mould [42].

By adopting a new methodology based on RPSGAe (Reduced Pareto Set Genetic
Algorithm with Elitism technique), [78] shown that shrinkage decreased when injection
pressure increased. Similar conclusions were stated by [46], that investigated a semi-
crystalline polymer (HDPE) mixed with ceramic powder (CaCQ3), by [57] (W material)
and by [87] with different materials. This parameter has shown a directional influence in
terms of shrinkage, because affected transversal shrinkage in reinforced PET specimens
[88], and longitudinal shrinkage in co-PP [47].

However, all the authors identified the same trend, which is to increase the injection

pressure leads to decrease shrinkage.

Injection speed (or velocity)

The injection speed was defined as the speed which the polymer was injected into the

cavity mould, determined by the screw movement on forward during melt injection.

The influence of this parameter was evaluated in papers that considered shrinkage
longitudinal to, and transversal to, the flow direction: this parameter was the fourth
factor affected shrinkage in transversal direction, and the second factor that critically
affected longitudinal shrinkage [76]. Authors [47; 58; 74] shown that high values of this
parameter leads to high shrinkage in parallel to but not in normal to the flow direction.
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A reduction of transversal shrinkage by increasing the velocity speed was confirmed by
[73] during the analysis of ceramic feedstock.

Further considerations

In the papers that considered the influence of processing parameters in terms of
moulding shrinkage at the macro-scale, it was possible to collect also general
indications about different aspects: e.g. compression factors [85; 89; 90], appropriate
mould design [91-94] and suitable processing conditions [61; 93; 95; 96] can reduce and

compensate shrinkage.

Some papers identified differences between parallel to and normal to the flow
shrinkage. According to [97], the packing pressure, the injection velocity and melt and
mould temperature affect shrinkage parallel to the flow; whilst melt and mould
temperature, packing pressure and injection velocity affect shrinkage normal to the
flow. According to [47] (by analysing co-PP and co-PP mixed respectively with CaCOs,
SiO, and PSBR), the processing parameters affected shrinkage in the length but not in
the width and thick. According to [88], transversal shrinkage was affected by injection
pressure. According to [98] shrinkage along length was affected by mould temperature,
injection pressure, screw rotation speed, mould temperature-injection pressure
interaction and mould temperature-screw rotation speed interaction; while along the
width direction shrinkage was affected by mould temperature, injection pressure, screw
rotation speed, mould temperature-screw rotation interaction. The authors [99]
considered PP specimens, and longitudinal shrinkage was between 2 and 4 times more
(on the average) that shrinkage in transversal direction. The authors [76] stated that
transversal shrinkage was critically affected by melt temperature, packing pressure,
mould temperature and injection velocity; longitudinal shrinkage was affected by

packing pressure, injection velocity, melt temperature and mould temperature.

Concerning the trends, high injection velocity leads high shrinkage in parallel to but not
in normal to the flow direction [74]; to increase holding pressure leads to decrease
shrinkage [64; 73; 74; 78; 79]; an increase of pressure during the holding phase induce a
molecular re-orientation in the melt [67]; high packing pressure and mould temperature
leads to reduce shrinkage [60]. General trend seems to indicate that high processing

parameter values, except for the injection velocity, causes shrinkage decrease.
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At last, also the moulding technique affects the shrinkage. Considering the micro-
cellular injection moulding process (Mucell), this technique reduce shrinkage with
respect to conventional injection moulding [100; 101], and the supercritical fluid
content adopted during injection stage was identified as critical factor [53]. In Mucell

processing, holding time, holding pressure and mould temperature affect shrinkage [48].

Table 2-3 reports the papers about processing parameter that affects shrinkage at the
macro-scale. The paper marked with the asterisk referred to works that reported the
interval of confidence of the statistical analysis (95%).

The arrows indicate whether a factor increasing causes an increase (1) or a decrease (|)
in shrinkage.
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PAR REF MAT APPROACH GEOMETRY Shrink. resp.
[43] POM Plate with holes
[44] PP Taguchi Convex shell
Cooling [45]* PP Hybrid method Gear
t [46] CaCOs;+HDPE Square plate !
[48] PP DoE Box
[47] co-PP ASTM D955 !
[57] W+PW Stand. tensile, cylinder !
[56] PS+PW Gas turbine blade
[49] HDPE Taguchi Shell geometry
[52]* PC/ABS Taguchi Thin shell part
[45]* PP Hybrid method Gear
[55]* ABS Taguchi Rectangular specimen
Packing [29] PP Strain gages Rectangular geometry
(holding) [51]* PVC Taguchi Conical specimen
t [50] Nylon 4,6 Taguchi Gear !
[54] PP DoE Box
[58] !
[47]  co-PP ASTM D955 !
[53]* PP DoE Box
[48] PP DoE Box
[72]  Zr +vinyl acet. ANOVA Parallelepiped shape !
[57] W+PW Stand. tensile, cylinder !
[58] !
[75]* PC/ABS Taguchi Cellular cover !
[19] PP Taguchi Box !
[45]* PP Hybrid method Gear
[61] PC/ABS Taguchi Thin wall
[60] PMMA Taguchi Rectangular cavity !
[44] PP Taguchi Convex shell
[65] Nylon, TVP DoE Rectangular plate !
[64] PC,PS, PP Tubular fittings !
[54] PP DoE Box
[48] PP DoE Box
[53]* PP DoE Box
Packing [63] PP Taguchi Rectangular geom.
(holding) [62] PC/ABS Grey-fuzzy logic Thin-shell
[66] PS, HDPE, PVC On-line technique Tensile bar
P [70] 95%PP+5%clay Taguchi
[69]* PP, PS Taguchi Rectangular specimen
[55]* PP Taguchi Rectangular specimen
[68] PP Model. and exp. valid. Rectangular bars !
[67] PP Rectangular plates !
[71]* PP+CaCO; Taguchi Square specimen
[80] TP polyolefin
[73] LDPE + Al,O; T shape specimen L (n)
* Plate with constant
[ra1* PP DoE and variable thick l
[76]* ABS ANOVA Square geometry 1) | ()
[79] PP Plate and tubular !
[78] PS RPSGAe Rectangular geometry !
[77] !
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[50] Nylon 4,6 Taguchi Gear !
[29] iPP Strain gages Rectangular geometry
[57] W+PW Stand. tensile, cylinder !
[56] PS+PW
[58] )
[75]* PC/ABS Taguchi Cellular cover !
[84] HDPE Art. neural network  Cable clamps 1
[86] SisN,+ PP Box-Behnken Micro channels 1
[61] PC/ABS Taguchi Thin wall !
[51]* PVC Taguchi Conical specimen
[83] 316L Taguchi
Melt T [82] PP Taguchi Circular shape specimen
[81] PP Taguchi Box !
[69]* PS Taguchi Rectangular specimen
[76]* ABS ANOVA Square geometry T (n)
[49] HDPE Taguchi Shell geometry
[85] PS Taguchi Rectangular specimen !
[55]* ABS, PP Taguchi Rectangular specimen
[47] co-PP ASTM D955 !
[44] PP Taguchi Convex shell
[68] PP Model. and exp. valid. Rectangular bar !
[61] PC/ABS Taguchi Thin wall !
[72]  Zr +vinyl acet. ANOVA Parallelepiped shape 1
[58] )
[64] PC,PS, PP Tubular fittings !
PMMA, Nylon
[87] 6/6, Acetal, PP, 0
LDPE
Mould T [83] 316L Taguchi
[84] HDPE Art. neural network  Cable clamps l
[62] PC/ABS Grey-fuzzy logic Thin-shell
[76]* ABS ANOVA Square geometry
[75]* PC/IABS Taguchi Cellular cover
[77] )
[60] PMMA Taguchi Rectangular cavity !
[50] Nylon 4,6 Taguchi Gear !
[57] W+PW Stand. tensile, cylinder !
[78] PS RPSGAe Rectangular geometry !
PMMA, Nylon
Iniection [87] 6/6, Acetal, PP, !
J LDPE
P [47] co-PP ASTM D955 !
[88] PET Box and plate L ()
shapes
[46] CaCO;+HDPE Square plate !
[73] LDPE + Al,O; T shape specimen L (n)
[76]* ABS ANOVA Square geometry 1 (p)
Injection Plate with constant
sjpeed [ra]= PP DoE and variable thickness 1 (p)
[58] 1
[47] co-PP ASTM D955 !

Table 2-3. Processing parameters influence on shrinkage at the macro-scale.
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2.4.2.2 Processing parameters at the micro-scale

Compared to the macro-scale, in the micro-scale authors investigated also the
replication quality. This aspect was connected to shrinkage and often the two concepts
overlap, because a lack of precision in replication quality was determined by final
dimensional variations due to un-controlled or under-estimated material shrinkage.
These conclusions were confirmed by [102], which focused their researches on the
replication quality of micro-channels moulded by p-IM: final results shown that
shrinkage phenomenon was the main reason for lack of replication quality. Moreover, as
resulted by [103], the replication quality was mathematically defined with similar
formula adopted for shrinkage measurement, but with opposite interpretation because an
high replication quality is advisable.

The definitions of processing parameters were reported only if not already reported in

the previous section.

Injection Pressure

Specimens moulded with high values of temperatures and pressures exhibited low
crystallinity and better feature replications [104].

By adopting Taguchi methods, [105] investigated the influence of processing
parameters in POM micro-rods moulded part: injection pressure was identified as
shrinkage critical factor.

The critical influence of this parameter was confirmed also by [106]. The authors
considered ceramic based feedstock (SiO,, TiO, and ZnO powders mixed with PP
binder in different percentages of 10-20-30 vol. %). Results identified the injection

pressure as factor that, by increasing the powder loading, can decrease shrinkage.

Mould temperature

This parameter was considered critical according to [107-109] studies. The authors [31]
investigated amorphous (GPS and ABS) and a semi-crystalline polymer (HDPE), by
studying shrinkage both longitudinal to than transversal to the flow direction. The
mould temperature is a critical parameter both for GPS than ABS, and affect shrinkage

along the flow direction (the first in ranking order for both the polymers) and
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transversal to the flow direction (ranked as the second and the first parameter
respectively). Shrinkage of semi-crystalline polymer was affected by mould temperature
both in longitudinal to (the third in ranking order) than transversal to (the second in

ranking order) the flow direction.

By considering semi-crystalline (POM [105; 110; 111], HDPE and PP [104], HCPP
and PC [112; 113], PP and PA [110] or PA mixed with 316L [114]) amorphous
polymers (PMMA [104; 112; 115], PS [104; 112], COC [116], ABS [117]) or ceramic
feedstock (Zr [118]), results identified the mould temperature as a critical parameter
affecting shrinkage at the micro-scale. Also, authors [111; 119; 120] determined that by
increasing this parameter, leads to increase the replication quality. Same trend was
determined by [121] even considering a different material (316L feedstock).

An indirect confirmation of critical influence of mould temperature in terms of
shrinkage, was reported by [106]. An analysis of ceramic based feedstocks (SiO,, TiO;
and ZnO in different percentages of 10-20-30 vol.%), confirmed that an increasing of
mould temperature permitted to increase the powder percentage to be injected, and the

increased powder loading permitted to decrease shrinkage as demonstrated by [13; 122].

A result in contrast about the trends indicated above, was reported by [123] that
evidences how high mould temperature enhanced shrinkage and sink mark of micro-

moulded sheet cavities.

Melt temperature

In the study conducted by [31], the authors investigated the influence of five parameters
in terms of shrinkage both longitudinal to than transversal to the flow direction, by
moulding amorphous (GPS and ABS) and semi-crystalline polymers (HDPE). The melt
temperature resulted a critical parameter for GPS but not for ABS. Melt temperature
affect GPS shrinkage along the flow direction (the second in ranking order) and
transversal to the flow direction (ranked as the first factor). Shrinkage of HDPE was
affected by melt temperature both in longitudinal to (the fourth in ranking order) than

transversal to (the third in ranking order) the flow direction.
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Other authors gave only general indications. In details, this parameter affected
shrinkage in semi-crystalline (POM [119], HDPE [104], HCPP [113], PC [112; 113],
PP [104]) amorphous (PMMA [104; 109; 112], PS [104; 112]) or cyclic olefin
polymers [116].

About the trend, [121] determined that high melt temperature enhanced complete filling
of 316L feedstock micro-features. Even if these authors did not investigate shrinkage,
the measurements of micro-array shown that final dimensions replicated the cavity
mould design: it is likely that melt temperature critically affect shrinkage too, and high
values permits to reduce dimensional variations. Also [115] concluded that the
replication of PMMA micro-channels array increased with high melt temperature

values.

Holding time

The holding time critically affected shrinkage according to [109]. A combined effect of
holding time and mould temperature was identified as critical by [119].

In the study conducted by [31], the authors investigated the influence of five parameters
in terms of shrinkage both longitudinal to than transversal to the flow direction, by
moulding amorphous (GPS and ABS) and semi-crystalline polymers (HDPE). Holding
time affect GPS shrinkage transversal to the flow direction, then ABS and HDPE
shrinkage both transversal to than longitudinal to the flow direction.

Packing (or holding) pressure

It is likely that this parameter contribute to reduce shrinkage because determine the
overpressure inside the cavity mould at the end of injection stage. In u-1M, the packing
pressure can help the filling of micro-cavities in the mould insert to be filled with the
polymer more than by applying a higher injection pressure. The holding pressure was
considered critical parameter that affects shrinkage by [109; 124].

About the material, this parameter affected shrinkage of semi-crystalline (POM [8;
119], PE[31], HCPP [113], PC [112; 113], PP [104]) amorphous (PMMA [112; 115] or
PS [112]) and 316L feedstock [121].

36



About trend, to increase this factor leads to decrease shrinkage (both in parallel to than
normal to the flow direction), as confirmed by [117] by considering ABS square

moulded parts.

Filling time

Injection moulded aspheric lenses were investigated by [109]. The author investigated
six parameters, and filling time is the fourth critical factors affecting shrinkage.

Cooling time
The cooling time is a critical factor that affects shrinkage according to [109].

Barrel temperature

According to indications reported in [125], the melt temperature was controlled by the
barrel temperatures, screw speed, injection speed and back pressure. Because of the
jackets around the barrel can regulate the point at which the material will start to

plasticize, authors considered the barrel temperature as factor to be investigated.
This parameter can affect the replication quality as confirmed by [111].

Injection velocity (or speed)

According to the conclusions of authors [111; 115], the injection speed affect shrinkage,
and by considering semi-crystalline (PC [112]), amorphous material (PS and PMMA
[112], ABS [117]), or ceramic based feedstock (Zr [118]) results confirmed this result.
The authors [118] stated that to increase this parameter reduce shrinkage of moulded

parts.

Metering size

The amount of material injected in the mould (expressed in mm®) was defined as
metering size. The author [8] studied this parameter and its effects during the mould of
micro gears realised with a semi-crystalline polymer (POM). The statistical treatments

of results shown that metering size critically affect shrinkage.

Filling flow (or filling flow rate)

The flow rate was defined as the volume of polymer that fills the cavity per second
(expressed in cm® s™). Authors [126] demonstrated that the filling of the molten
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polymer was enhanced by applying a high flow rate, and this parameter was essential to
achieve the good replication quality. Considered the connection between replication

quality and shrinkage, filling flow affects shrinkage as well.

Further considerations

Also in the papers that considered the influence of processing parameters in terms of
shrinkage at the micro-scale, it was possible to get general indications about other

aspects.

An improvement in terms of replication quality (connected to shrinkage) can be
obtained by improving mould temperature according to different studies [113; 120;
121], by improving melt temperature and cavity pressure [113], or by an increasing of

mould temperature, melt temperature, injection velocity and packing pressure [112].

As general trend, injection pressure decreased when temperature parameters (melt and
mould) increased. According to [123] the increased mould temperature enhanced
shrinkage, while the increased pressures parameters reduced shrinkage.

Table 2-4 summarize the papers about processing parameters that affect shrinkage and
replication quality at the micro-scale. The paper marked with the asterisk referred to
works that reported the interval of confidence of the statistical analysis (95%). The
arrows indicate whether a factor increasing causes an increase (1) or a decrease () in

shrinkage or replication quality.
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Shrink. (S) /

PAR REF MAT METHODOLOGY GEOMETRY replic. quality
(RQ)
HDPE, PP (Crys) Dimens. analysis, .
[104] PMMA, PS (Am) rough., feature replic., ?:;fl:cr)es and  nano Scrys > Sam S|
Injection X-ray
P [105] POM Taguchi Micro-rods
[106] ;Inooz N -FI,-'POZ and Square specimen S
[31] ngEP(SC(ZSnz) Taguchi Rectangular bar Scrys > Sam g I
Dimens.  analysis, .
HDPE, PP (Crys.) Micro and  nano
[104] PMMA, PS (Am.) :ggﬁz X-ray feature features Scys > Sam RQ 1
[109] PMMA Taguchi Optical lenses
[105] POM Taguchi Micro-rods
[117] ABS Response Surface Square specimen S|
POM+10-20%
[108] GRF DoE
PP (Crys.) RQ 1
[111] POM((Cry;.) Dimens. analysis Micro-features RQ 1 (pin geom.)
ABS (Am.
Mould T [121] 3_16L+L_DPE Dimens. analysis Micro pins array RQ 1
[106] ;II’]OOZ +TF:SZ and Square specimen S
[123] PP Sheet cavity St
[115] PMMA Dimens. analysis Micro-channels RQ 1
[120] Elai/lEAPF?S(a):rS])) Dimens. analysis Micro-features Scrys > Sam  RQ 1
[110] PP, PA, POM Taguchi Micro-gear
[119]* POM DoE Square plate S|
[114] 316L+PA Micro pillars array
[116]* COC ANOVA Diffraction gratings RQ 1
[118] ZrO, Cylinder
[107] PP Taguchi MAYV wing structure
[113] HCPP,PC Dimens. analysis Micro-structures RQ 1
[112] PS,PMMA, PC Dimens. analysis Micro-channels RQ 1
PE (Crys.) S1
[31] ABS (Am.) Taguchi Rectangular bar Scrys>Sam S
PS (Am.) S|
Dimens.  analysis, .
[104] EI\TI?/IEAPFF:S(((:E;E)) roughne_ss, feature ?gfjl(t:l;(r)es and nano Scrys > Sam RQ 1
replications, X-ray
Melt T [109] PMMA Taguchi Optical lenses
[121] 316L+LDPE Dimens. analysis Micro pins array RQ 1
[115] PMMA Dimens. analysis Micro-channels RQ 1
[113] HCPP,PC Dimens. analysis Micro-structures RQ 1
[119]* POM DoE Square plate S|
[116]* COC ANOVA Diffraction gratings RQ 1
[112] PS,PMMA, PC  Dimens. analysis Micro-channels RQ 1
PE (Crys.) S1
Packing [31] ABS (Am.) Taguchi Rectangular bar Scrys > Sam S|
(holding) PS (Am.) S |(n)
t [119]* POM DoE Square plate Sl
[109] PMMA Taguchi Optical lenses
[109] PMMA Taguchi Optical lenses
[117] ABS Response Surface Square specimen S|
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Dimens.  analysis .
HDPE, PP (Crys.) ' Micro and  nano
[104] PMMA, PS (Am) roughness, feature features Scrys > Sam RQ 1T
replications, X-ray
Packing [113] HCPP,PC Dimens. analysis Micro-structures RQ 1
(holding) [124] POM, LCP DoE Dog bone specimen
P [119]* POM DoE Square plate Sl
[8] POM DoE Micro-gears
[121] 316L+LDPE Dimens. analysis Micro pins array
[112] E(S: PMMA, Dimens. analysis Micro-channels RQ 1
[115] PMMA Dimens. analysis Micro-channels RQ 1
PE (Crys.) S1
[31] ABS (Am.) Taguchi Rectangular bar Scrys>Sam S|
PS (Am.) S | (n)
Fillingt [109] PMMA Taguchi Optical lenses
Cootllng [109] PMMA Taguchi Optical lenses
PP, POM (Crys.) . . .
Barrel T [111] ABS (Am.) Dimens. analysis Micro-features RQ 1
PP, POM (Crys.) . . .
[111] ABS (Am.) Dimens. analysis Micro-features RQ 1
Injection [115] PMMA Dimens. analysis Micro-channels RQ 1
speed [117] ABS Response Surface Square specimen
[118] zr Cylinder l
[112] PS, PMMA, PC Dimens. analysis Micro-channels RQ 1
Me;gr;ng [8] POM DoE Micro-gears
Flr!;‘r;g [126] Cyclic olefin Taguchi Micro-features RQ 1

Table 2-4. Processing parameters that influence shrinkage and replication quality at the

micro-scale.

2.4.3 Design

influences

Mould and specimen design aspects can affect shrinkage as well. As resulted by papers
reviewed, at the macro-scale both aspects were considered, whilst at the micro-scale

authors investigated mainly the specimen optimization.

2.4.3.1 Design solutions at the macro-scale

Specimen design

According to authors [58; 77] the thin-walled parts shrinks less that thicker part.
Particular geometries, as ribs, were investigated by [91] for designing an optical CD
pickup: a correct rib design, a suitable thickness and a correct gate position permitted to
reduce shrinkage. Besides, to increase rib thickness leads to decrease the warpage as
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well. Similar conclusions resulted also from [18] that stated how the specimen wall
thickness, its border radius and ribs geometries affect shrinkage.

Even if sintering was not considered in the present thesis it is interesting to report that,
according to [127] results, geometrical parameters affect the shrinkage also during this

stage, i.e. thickness shrinkage decreases as the aspect ratio of width/thickness increase.

A general confirmation of the connection between geometry of moulded parts and
dimensional stability (shrinkage and warpage) resulted from [128] even if the authors

did not provide further details.

By considering the specimen shape, authors [129] manufactured a four-cavity injection
mould with convex, concave, square and fan-shaped parts. Final results shown that the
convex and concave parts shrank towards its geometry centre; shrinkage of outer
diameter of fan-shaped part it was bigger that inner diameter and the angle of the fan-

shaped parts become bigger than its original value.

Mould design

According to [130] high runner length produced higher shrinkage. The authors
investigated rectangular PP bars, and experimental results evidenced that the heat losses

occurred in longer runner affect shrinkage.

Concerning the mould elements, [94] identified the running size as critical parameter.
Moreover, [93] stated that an improved gate design reduced shrinkage. Similar
conclusions was reported by [92] about position gate. According to [18], mould
characteristics (i.e. best gate position, runner diameter, smoothest flow path) have to be

optimized for reducing shrinkage.

A not well designed mould can lead to asymmetrical mould temperature conditions
caused by unbalanced heat transfer between the two mould sides: these conditions
enhanced shrinkage and warpage [131]. For minimizing these effects, the authors built a
numerical analysis model of discontinuous-thickness-variation (DTV). Theoretical
results were validated experimentally and demonstrated that both shrinkage than
warpage increased by varying the ratio depth/thickness in mould cavity. The difference

of mould temperature between the mould core and cavity side contributed to warpage
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and shrinkage. Also the cooling channel shape affects the thermal efficiency of the

mould, and consequently shrinkage as well [132].

Another factor that can affect shrinkage is the mould material [133]. By using a metal
(Al) or an epoxy moulds, the mould temperature profile varied: as resulted, shrinkage

varied because of the different heat mould distribution.

Summary

Summarizing, the papers that investigated the effect of design at the macro-scale have
shown that wall thickness [77], wall aspect ratio [127], ribs or border radius [18] affect
shrinkage. It was verified a connection between specimen geometry and shrinkage [128;
129]. Regarding the mould design, gate position and runner diameter [18], and the
balanced heat distribution inside the mould [131] affect shrinkage as well. Table 2-5

depicts the results.

2.4.3.2 Design solutions at the micro-scale

Specimen design

Specimen design can affect shrinkage at the micro-scale. The presence of holes
decreased the packing pressure effect in the zone behind the hole, and as consequence
shrinkage in these areas increased [38]. The base of rib geometries showed an increased

shrinkage respect the upper part because this area was the last to solidify [134].

Ribs with different geometries (triangular, trapezoidal and rectangular section) and
layout angle respect to the flow direction (0°, 45°, 90°) were considered for determining
their influence in terms of shrinkage and warpage by [135]. Conclusions demonstrated
that triangular and rectangular rib-cross section (45°, 90°) reduced dimensional
variation of amorphous (PC/ABS) and semi-crystalline (PA66) polymers; while
trapezoidal rib-cross section geometry (45°, 90°) was the most suitable geometry for

minimizing dimensional variations in POM polymer.

It was observed that larger shrinkage occurred in the thin and narrow part of the
specimen because of frozen layer, while on the contrary the thick specimen part shown

smaller shrinkage because of the more easy molten filling [32].
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Table 2-5 summarize the design factors that affect shrinkage. The paper marked with

the asterisk referred to works that reported the interval of confidence of the statistical

analysis (95%). The arrows indicate whether a factor increasing causes an increase (1)

or a decrease (]) in shrinkage.

Factor effect in

SCALE REF MAT METHOD FACTOR .
shrinkage
[32] AlLO; Dimens. analysis  Thickness
[38] PE Dimens. analysis Holes M(behind the holes)
Micro  Specimen [134] POM Dimens. analysis  Ribs 1(rib base)
PC/ABS . .
* )
[135] POM, PAG6 Taguchi Ribs
[94]* PC/ABS Taguchi Runner size 1
3D Thick. Contr. .
[93] ABS Meth. Gate design
[92] PS Gate design
Mould [132] ABS, PP Cooling runner
[18] Gate, runner,
wall thick.
[131] ABS Disc. Thick. Var. Heat distribution
[133] Mould mat. Mould temp.
Macro affect shrink. profile
[91] C-Mould; exp.val Wall thick, ribs
[77] Thickness 1
[58] 1
[127] 316L Aspect ratio !
Specimen [128] PC,HDPE  Dimens. analysis Box
Geometry
[129] PP Dimens. analysis Concav_lty,
convexity
[18] Ribs

Table 2-5. Design influence.

2.5 Literature review outcomes

The literature reviewed permitted to identify the critical factors that influence shrinkage

and their response followed by a factor increasing. Table 2-6 summarise the results.
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Branches Factors Scale

Phenomenon or parameters observed

.. Macro Crystallinity.
Crystallinity ) ) ] ]

@ Micro  Scale influence, oriented molecular layers, shish kebab.
b= Freezing, molecular orientation, oriented layers,
) Macro 8 . .
2 residual stresses, core-to-skin ratio.
o Morphology Shrink q di . bind fruct
S Micro onrinkage, —powder dispersion, binder structure,
3 Viscosity.
[ i -
& Macro Differences between amorphous and semi-crystal
S PVT polymers.

Micro Different flow behaviour, Differences between

amorphous and semi-crystal polymers.

Cooling time, packing pressure, packing time, melt
o> Macro temperature, mould temperature, injection pressure,
= . injection speed.

@ Processing Injection ressure, mould  temperature melt
S parameters ! P T emp T
2 . temperature, packing time, packing pressure, filling
a Micro .. . LS . .

time, cooling time, injection speed, metering size, barrel

temperature.

Macro Runner size, gate design, cooling runner, wall thickness,
=4 Mould heat distribution, mould temperature profile
B Micro -
&) . Macro  Wall thickness, ribs, A/R, geometry, concav-convex.
Specimen . . .
Micro  Holes, ribs, thickness.

Table 2-6. Critical factors that affect moulding shrinkage.

Table 2-7 grouped the factors that affected shrinkage within the interval of confidence

95%).
(
Branches Sub- Scale Critical factors within the interval of confidence
branches
=) Cooling time, packing pressure, packing time, melt
£ . Macro L
7] Processing temperature, mould temperature, injection speed.
§ parameters Micro Mould temperature, melt temperature, packing time,
o packing pressure.
5 Mould Macro Runner size.
(7]
a Specimen  Micro  Ribs.

Table 2-7. Factors that shown critical influence within the interval of confidence of

95%.

2.5.1 Material properties

As resulted from Table 2-7, no

material aspects critically affect shrinkage within an

interval of confidence. Despite of this, evidences have shown that material properties

can drive shrinkage behaviour. The apparent contradiction it is likely to derive from the
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chemical point of view adopted in these studies. Indeed the works that analyzed the
material influence were conducted by considering polymer chains, morphology
structure, crystallinity or rheology and this leads to identify trends rather than factor
values because based on aspects not simply controllable: as result, the researches that
considered these aspects have connected qualitatively the factors with shrinkage but did
not quantify their influence. This did not mean that the results reported in Table 2-6
were wrong but only that was not possible to quantify the statistical influence of those

factors on shrinkage.

Crystallinity
It was demonstrated that the crystallinity influenced the formation of frozen layer, the

internal stresses and the in-mould shrinkage. By comparing the structure at micro and
macro-scale, differences in terms of dimensions of polymer crystal and crystallinity

degree (both increased in micro-scale) were observed.

Morphology
It was demonstrated that the scale did not affect the structure of moulded parts but the

ratio between the oriented external layers (skin) and the randomly oriented molecules
(core): at the micro-scale, a higher presence of oriented layers respect macro-scale was
observed. The oriented layers have shown a flow-induced crystallization with a highly
oriented ‘shish-kebab’ structure, and this leads to different shrinkage by comparing

macro or micro-scale.

PVT

The PVT graph identified the origin of shrinkage as caused by thermodynamic
behaviours. Semi-crystalline polymers differ from amorphous: because of
crystallization of solid phase, the specific volume of semi-crystalline materials
decreases exponentially (shrinkage was caused by these dimensional variations) with
decreasing temperature while amorphous materials present a linear dependency in the
solid phase. This difference was the reason for the greater shrinkage of crystalline
thermoplastics respect the amorphous polymer. However, the same trend was observed

both in macro than micro-scale.
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2.5.2 Processing parameters

The processing parameters that affect shrinkage were summarized in Table 2-8.

RQ

Processing parameters

Macro

Cooling time
Packing pressure
Packing time

Melt temperature
Mould temperature
Injection pressure
Injection speed

Micro

Injection pressure
Mould temperature
Melt temperature
Packing time
Packing pressure
Filling time
Cooling time
Injection speed
Metering size
Barrel temperature

— — — —
L 2 222 —«—«—|n

= — —

— 1 —>

Table 2-8. Shrinkage response (S) and replication quality (RQ) trend followed by a

factor increasing; — represent a trend not reported.

Despite of the greater part of works adopted a statistical methodology, not all the papers

reported the interval of confidence value. Table 2-9 reports the critical factors by

considering an interval of confidence of 95%. The arrows represent the greater part of

trend reported in papers, and indicate whether a factor increasing causes an increase (1)

or decrease (|) in shrinkage or replication quality. The double arrows (1]) indicate the

balanced presence of both responses and the impossibility to identify a clear trend.

In p-IM, the presence of extra parameters (e.g. plunger control and melt barrel storage

settings) makes the process and the optimization more difficult to optimize respect

CIM: this explain the higher number of critical factors as resulted in Table 2-8.

S RQ
Cooling time )
& Packing pressure !
[ (@] R A
% 5 Packing time |
§ § Melt temperature !
8 Mould temperature 11
2 Injection speed 1l
2 Mould temperature 11 7
§ £ Melt temperature ! 1
& S Packing time 1 !
Packing pressure ! 1
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Table 2-9. Critical processing parameters within the interval of confidence of 95%; —

represent a trend not reported.

The situation of processing parameters differs from that resulted for the material
property. This was likely due to the engineering point of view adopted during the study
of processing parameter influence. Indeed, in contrast to the chemical, the engineering
approach conducted studies based on statistical models, by setting the factors and by
recording the relative outcomes. Under these conditions, every result was identified
within a defined interval of certainty and it was possible to determine and quantify each

parameter influence.
Macro

At the macro-scale, general trend indicate that shrinkage decreases by increasing the
critical factors. Temperature and packing (holding) related parameters shown to be topic
parameters that determined shrinkage. Cooling time and injection speed was held other

critical parameters.

Micro

The results reported in Table 2-9 shown a greater presence of double arrows (1)) in
micro with respect to macro-scale. This is likely due to the statistical noise at the micro-
scale that makes difficult to identify a clear trend of critical factors that affect shrinkage
[136]. For simplifying the study of factor effects in such scale, authors also considered
the replication quality (inversely related to shrinkage): results shown that the replication

quality is increased by increasing the factor settings.

Also at the micro-scale, temperature and packing related parameters demonstrated to be
critical factors that affect the final shrinkage.

2.5.3 Design

Results seem to indicate that authors adopted a different design approach for reducing
shrinkage: at the micro-scale, solutions were rather focused on specimen optimization,

whilst at the macro-scale also mould design optimization was considered.

Macro
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Within the interval of confidence, as resulted from Table 2-7, the runner diameter
critically affects shrinkage respectively at the macro-scale. This factor affected the heat

exchange inside the cavity mould.

Micro

Within the interval of confidence, the shape of ribs (triangular, rectangular and semi
circular) critically affect shrinkage at the micro-scale. The ribs considered in the paper,
presents the same area and length: under this condition, the shape affects shrinkage.

2.6 Other theoretical background

Other aspects were considered for approaching efficiently shrinkage phenomenon. In
detail, it was necessary to have an outlook about techniques for measuring shrinkage,
standards and books that treated about shrinkage, previous works about standardized

approaches and statistical models usually adopted.

2.6.1 Background of techniques for measuring micro shrinkage

In the literature were reported different methods for measuring shrinkage at the micro-
scale: optical, laser beam based by interferometry, volumetric, mechanical or
rheometrical. Not all these methods presented a good accuracy, and often the decision

about the use of one rather than another was connected to the available equipment.

Table 2-10 reports the main methods for measuring dimensions in micro-scale or micro-

parts and — if indicated in the paper — the accuracy.

Method Equipment Accuracy
Colour digital camera [137] 30-40 pixel/cm
Low power beam (A=632nm) [138] +1lum
Triangulation by laser (A=650nm) [139] NR

. Microscopy [140] NR

Optical  AFm [141] NR
Moiré interferometry [142] NR
SEM [143] NR
Laser Confocal meter [144] NR
Linear expansion [145] NR

Mechanical Piezoelectric material [146] NR
Linear expansion [147] NR
Rheometry, TMA (film), Pycnometry [148]  0.003% (Pycn)

Others Mercury dilatometer [149] NR
TMA (cylinder specimen) [150] NR
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Table 2-10. Methods for determining dimensions at the micro-scale.

As reported in Table 2-10, few papers indicate the accuracy. In any case, some
considerations can be made. Even if not reported, mechanical techniques seem to have
the poorest accuracy because they often consist simply in a linear measurement with a
calliper. Only in the case of piezoelectric use, the accuracy is high, but the authors [146]
used this method for a polymer film measurement. The accuracy of optical methods it
depends on the wavelength used, and regarding the other methods, only data about
pycnometry was reported. For this thesis, was adopted an optical method: details were

reported in the methodology chapter.

Table 2-11 reports the standards and books consulted for the present thesis that argued

about shrinkage measurement procedures.

Standards and books consulted
(focused on mechanical tests)
ASTM D955-89 [151]

ISO 294-4 [152]

1SO 294-3 [153]

Saechtling H. [154]

Davis J.R. [155]

UNIPLAST Society [156]

Table 2-11. Standards and books consulted.

2.6.1.1 Standardized methodologies adopted for determining moulding
shrinkage in previous works

To date, only one author has adopted an international standard to the micro-scale [31].
This was a continuation of work at the macro-scale [157]. For the micro-scale study, the
authors determined the amount of shrinkage parallel to and normal to the flow direction
in three commercial polymers: acrylonitrile butadiene styrene (ABS), polystyrene (PS)
and high-density polyethylene (HDPE) [31]. The mould and the specimen followed the
standard macro-scale reference ASTM D955-89 [151], which is a rectangular bar of
length to width ratio of 10:1. Despite the standard recommend to use a square geometry
for measuring shrinkage normal to the flow direction, authors adopted the rectangular
geometry. This specimen was reduced in scale by a factor of approximately 25, for final

dimensions of 5 mm x 0.5 mm x 0.125 mm.
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2.6.2 Background of statistical methods: DoE or Taguchi?
The present thesis adopted a statistical method for managing the experimental results
derived for shrinkage determination. Nowadays, there are two approaches normally

used for dealing with these problems: the DoE approach and the Taguchi methods.

Both methods were based on the classical fractional designs developed by Sir Ronald A.
Fisher in the 1920°s [158] but at the same time they cannot be considered equivalent.
This paragraph analysed the relative strengths and weaknesses of each approach, by
giving the reason of the final method adopted. Generally speaking, both the techniques
can be thought as tools for optimising some process which has controllable inputs
(processing parameters) and measurable outputs (generally quality or productivity

oriented). Typical aims might be to maximise or minimise some output.

The use of statistical methods it is necessary for the correct study of factors that affect
the output. The study could be performed using two different strategies. A first strategy
[159] could adopt the COST (Change One Setting at a Time) approach by changing one
factor at time and study the output effect. Unfortunately this does not usually works
because this approach is not able to identify the interactions between factors. A more
suitable strategy consists to adopt the CEO (Change Everything at Once) approach and
both DoE than Taguchi uses this last method.

2.6.2.1 Design of Experiments: how does it works

DoE theory starts with the assumption that all inputs might be interact with all other
inputs [160]. There are no previous hypotheses or knowledge about factor
independences. This powerful statement costs in terms of a great number of
experimental runs. Indeed, if the processing is characterised by three factors, each with
two possible levels, it is necessary to perform eight tests (2°). By considering the actual
complex manufacturing process, and the number of factors, it is simple to see how the

number of tests can quickly become huge.

This is not completely true, because not all DoE approaches looks at all possible
interactions: if all the possible interactions were considered, they was called "full
factorial” DoE. By considering a fraction (“fractional factorial” DoE) it is possible to
eliminate some interactions and to decrease the amount of total runs, but the model is

still based on the idea of full modeling. The decreasing of number tests is paid with
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lower precision (by assuming that the results are still correct in a reasonable interval of
confidence) and aliasing effect. There is a big literature that explains DoE and aliasing
effect. For the purpose of present thesis, was used the statistical handbook website
[161]. The aliasing (or confounding) effect means that for some combinations is not
possible to estimate correctly the effects. Also, they cannot be estimated separately from
one another and are likely to be confused [162]. This phenomenon occurs when the
fractional factorial design was adopted, because not all the runs were investigated and
the amounts of data were not sufficient to determine the correct cause-effect for each

result.

Aliasing is a critical aspect for Taguchi designs too, and it is very difficult to find any
published information on the alias structures for this method [163]. These designs are
often very low in resolution and therefore give very misleading results on specific

effects.

The DoE was originally applied for agricultural applications and was designed under
the strong condition that the results have to be get it right the first time. This leads to
another characteristic of the DoE approach: not only are all interactions studied, but

they are all studied at the same time in one big round of tests.

These considerations were used for assessing the strengths and the weaknesses of the
DoE approach. The strength is that it is possible to investigate all possible interactions
between inputs at the same time without any previous knowledge of how the process
works, and this is very useful when it is necessary to predict results without previous
information. The weakness is that there is no way to use of any a priori process
knowledge that we might happen to have and there is no way to make the experiment

more efficient by thinking about how the inputs really do interact.

2.6.2.2 Example of DoE application

In the paper of Zhao J. et al [8], the authors applied the DoE for studying the effect of
processing parameters in u-IM. The aim of this work was to investigate the processing
parameter influence in terms of quality part (part mass and metering accuracy). In their
study, the authors investigated five processing parameters with two levels (injection

speed, melt temperature, mould temperature, metering size and hold pressure time). The

51



half two-level fractional factorial design was used for studying the process. The authors
recognized that the fractional model cannot completely explore the wide region of
processing combination, but the identified trend can indicate the direction for further

experimentation.

As results, the statistical treatment identified a strong interaction between the metering
size and the holding pressure; the optimized processing parameters were experimentally

validated.

2.6.2.3 Taguchi methods: how does it works

If DoE came directly from the world of statistics and agricultural science, Taguchi
methods [160] came from the world of design engineering. Taguchi methods start with
the assumption that the processing under examination is an engineering system or some
manufacturing process. As consequence the relationships between the processing factors
are, or was, known. This is a completely different situation respect the “blind
knowledge” of DoE. The additional knowledge was used for making the experiment

more efficient and more focused into interactions that were known.

Experiments based on Taguchi methods, are focused on process robustness [164]. An
important distinction in Taguchi methods was that the factors were divided in “under
control” and “out of control”, or in Taguchi terms in “control factors” and “noise
factors” respectively. Often, if not early studied, a preliminary stage try to identify
control factors and noise factors. It is usual to identify as noise factors external factors

as humidity, operator influence, vibrations.

On the contrary of full factorial DoE approach, the Taguchi will test a very small subset
of all possible combinations. The choices of the used combinations have to be studied
and adopted, and also for the Taguchi there is a huge literature for giving indications in

that direction. A simple layout of Taguchi was reported in Table 2-12.
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Taguchi  No. No. No. Equivalent
arrays factors levels runs runsin DoE
L4 3 2 4 8
L8 7 2 8 128
L12 11 2 12 2048
L16 15 2 15 32768
L27 13 3 27 1594323

Table 2-12. Taguchi experimental layouts.

In Table 2-12, the L4 array, for example, is an experimental layout designed for three
control factors, each at two levels. A full factorial DoE of all combinations of these
factors would require eight tests (2°). The Taguchi L4 layout indicates that using a

subset of four of these eight tests, the main effects can be determined.

Another major difference between DoE and Taguchi is the use of the noise factors. In a
traditional DoE, each combination of inputs is tested once. In a Taguchi test, each
combination which is tested several times even if each of these replications is different
because a different levels of noise factors were used. This permits to determine not only
which combinations of inputs give the requested level of output, but which gives the
most repeatable ones. Taguchi calls this quality robustness, or insensitivity to noise.

On the contrary from DoE (full factorial version), Taguchi recommends a final
confirming experiment because a small fraction of all possible input combinations was
investigated. Indeed, the statistical result could identify an un-tested combination of
input decisions as "optimal”, and for this reason it is always necessary to confirm the
results from Taguchi. Table 2-13 summarizes the differences between DoE and

Taguchi.
DoE Taguchi
- Gather scientific knowledge about Obtain reproducible results and

Objectives . .

factor and their interactions. robust products.

DoE assumes no understanding of Taguchi assumes we have a certain
Process the  fundamental = mechanisms understanding of the process and
knowledge governing the process we are the interactions that are likely to

Combinations

investigating.

DoE tests all combinations of
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of inputs
tested

Noise factors

Understanding
of variability

Confirming
experiment

input levels, or some symmetrical
subset (fractional design).

DoE traditionally ignores noise
factors, although they could be
added to the experimental plan.

DoE ignores variability in the
process; it assumes a deterministic
nature to the system, and finds
combinations of input variables
that maximize or minimize output,
as the case may be.

DoE requires no
experiment (only for the full
factorial model). In effect, the
confirming experiment was taken
care of in the original experimental
plan.

confirming

all possible combinations, but in a
manner that allows us to calculate
the affects of all inputs on the
output.

Taguchi makes use of Noise
Factors to test robustness of the
system and find optimal inputs.

Taguchi assumes a stochastic
nature to the system; it looks at
both the levels of output and the
variability of the output; it lets us
select levels of input variables to
maximize or minimize output or to
minimize variability of output (i.e.,
maximize robustness).

Taguchi recommends a confirming
experiment just to make sure,
since the winning set of inputs was
probably not part of the original
experimental plan.

Table 2-13. Differences between DoE and Taguchi.

2.6.2.4 Example of Taguchi application

Bong-Kee Lee et al. [126] used the Taguchi Lys. In their study, the authors optimized 3

processing parameters (packing pressure, filling flow rate and mould temperature) of 3

levels. The aim of the Taguchi approach was to make a product or process less variable

when confronted with variations over which little or no control (environment humidity,

random events) was possible. The result of a manufacturing process was considered

much more robust how much more it was able to maintain high level of quality by

varying of these uncontrolled events (noise). The authors applied this model for

studying the level of replication of flow-through micro filters. The signal to noise ratio

(S/N) was calculated (it is not explained in which way) from the average of the filled

volume fraction (FVF) of the mould cavities. As result, this paper indicated the most

sensitive processing parameters that affect the replication quality.
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2.6.2.5 Statistical model adopted in the present thesis

The present thesis set a standardized methodology for studying moulding shrinkage at
the micro-scale. Despite of the influence of processing parameters that affect shrinkage
were often investigated, no standardized procedure was proposed. As consequence, is

unknown if previous results could be confirmed under the new situation.

The manufacturing process permits to control the feedstock humidity, and remove the
operator influence. The processing starts after the temperatures were balanced, and the
moulded part was measured after uninterrupted number of cycles. Under these
hypotheses, at this stage, it was possible to consider the noises as not influent.

It is likely that combined effects can affect the final results but on other side, there is the
request to minimise the runs (often the resources in the industrial word are limited). The

fractional factorial approach seems to be a suitable statistical model to be adopted.

Summarizing, it is possible to adopt the same point of view used by [8] for explaining
the reason to adopt DoE instead of Taguchi methods. It is clear that a fractional model
can give limited results, but considering the absence of standard at the micro-scale and
the consequent lack of knowledge about previous interaction in terms of shrinkage
under a standardized methodology, the identified trend can indicate the direction for

further works.

2.7 Summary

The shrinkage literature review reported in this chapter evidenced that temperature
related parameters, packing parameters, injection speed and cooling time affect
shrinkage at the macro-scale, whilst temperature and packing related factors effect
shrinkage at the micro-scale. Considering design aspects, running size at macro and ribs
design at micro-scale influence critically shrinkage. Within the interval of confidence,
no material properties influenced shrinkage, but it is likely that this was the

consequence of the chemical point of view adopted by authors.

The considerations about theoretical backgrounds contributed to identify an optical
methodology as the more suitable for measuring shrinkage at the micro-scale.
Comparison between statistical approaches leads to consider the design of experiment

approach the more suitable to be adopted in the present thesis.
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2.8 Thesis aim

For operating effectively with p-IM technique, is necessary to investigate all aspects
that may cause errors in the final product. Shrinkage affects every injection-moulded
part, regardless to the scale, and has to be minimized for realizing outcomes that respect
the specimen design. This request is more urgent at the micro-scale, by considering the
high precision requested by miniaturized parts compared to conventional moulded
specimens. For example in optical applications (diffraction gratings [116], optical lens
[165]), a discrepancy of few microns it might produce a moulded part not suitable for
the application. Moreover, shrinkage can generate voids, sink marks and warpage [166;
167]. Therefore, to operate in micro-scale is ineffectiveness without precision and
respect of design, and to investigate about causes of micro-shrinkage is important for
reaching the precision that micro-scale request. For this reason, the aim of this thesis is
to investigate the effects of shrinkage in microinjection moulding. Under this aim, two
research gaps were identified.

The first came directly from the literature review analysis. Despite the importance of
shrinkage control and reduction, the literature reviewed has shown the absence of a
standardized and accepted reference adopted for measuring the shrinkage of moulded
parts in micro-scale because every authors considered own specimen design. In the only
previous work that adopted a standard for determining shrinkage at the micro-scale, the
authors [31] implemented a rectangular geometry for investigating shrinkage. However,
the adopted standard recommended a square specimen when shrinkage normal to the
flow is to be measured. Moreover, the literature demonstrated that the material
behaviour was affected by the scale and is not possible to extend the macro results in
the micro applications. All these considerations lead to the necessity to set a
methodology for measuring shrinkage of moulded parts at the micro-scale. It was
chosen to investigate the injection stage because, as stated by [168], this stage is the
most important because many potential defects (weld line, binder separation, jetting

flow, short shot) occur during injection.

The second gap was identified by considering the methodologies of the optimization
process adopted from authors and reported in papers: it was observed that optimizations

were not performed by using multiple quality approach but only by implementing single
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target at time (e.g. respect of measures, parameter reduction). This was considered as an
aspect that can be improved, because is possible to conduct optimizations by using

multiple requests, as will be shown in chapters 6 and 8.
Summarizing, the objectives of the present thesis are:

I. Set a standardised methodology suitable for the micro-scale (gap);

ii. Statistically detect the critical processing parameters with the proposed
methodology;

iii. Characterize shrinkage in micro-injection moulding with the proposed
methodology;

Iv. Identify and validate with a multiple quality criteria approach the combination of
optimised processing parameters that permits to minimise moulding shrinkage

and maximize part mass (gap).

On the surface of the micro-mould will be manufactured micro-features. The analysis of

the micro-channels will permit:

v. To define the low mouldability of the feedstock and to determine the influence

of orientation;

vi. To identify critical factors that affect feedstock feature reproduction along the z-

axis.
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Chapter 3 . Methodology

The previous chapter evidenced the absence of standardized procedure for measuring
shrinkage at the micro-scale. By starting from the more similar standard available for
measuring shrinkage (1ISO 294-3) a procedure suitable for the scale was proposed: the
methodology implemented the entire standard except the dimensions adapted to the
scale. Shrinkage measurements implemented, unchanged, all of 1SO 294-4. By
following the standards, a micro-mould was manufactured and the steps reported in this
chapter. The materials adopted were two commercial polymers normally used in p-1M
and p-PIM. The metrology was performed by using an optical method. This technique,
if on the one hand can efficiently conduct measurements at the micro-scale, on the other
side requests high precision for identifying the real specimen profile: examples of
artefact situations were reported. The statistical methodology was discussed from the
familiarization step to the final optimisation stage with the multiple quality criteria
approach. The Pareto chart, the main effects and the interaction plot were used for
studying the critical factors that affect shrinkage. All the statistical approach was

performed using the program Minitab 16 [162].

3.1 The materials

Two materials normally used in p-IM and p-PIM were investigated: the pure polymer
Polyoxymethylene BASF Ultraform® W2320 003 [15] and the feedstock Catamold®
316LS BASF [15]. These materials were depicted in Figure 3-1.

These commercial materials were chosen because this thesis was focused on parameters
optimization rather than to tailor a suitable feedstock. Others authors [13; 169-171]
preferred to investigate shrinkage by mixing selected binders and powders for
controlling and estimating the influence of size particle, percentage, kind of polymer.
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Figure 3-1. 316L feedstock (A) and POM (B) pellets.

3.1.1 The polyoxymethylene (POM)

The pure polymer moulded was the POM (melting point 166°C, tensile strength at room
temperature 65MPa, linear thermal expansion coef. 0.6E-4 mm mm™ C™). This semi-
crystalline polymer was chosen because it was expected to display different behaviour
in parallel to respect normal to the flow direction: the behaviour it was less likely to see
in amorphous material [172; 173]. The different behaviour displayed between
transversal and longitudinal direction was confirmed by numerical data reported on
MatWeb site [174]: the material shown different shrinkage considering two
perpendicular directions, with longitudinal to the flow higher that transversal to the flow
shrinkage. To display different values should permits to evaluate simply the moulding

shrinkage and the optimisation effects.

As demonstrated in the literature review, material crystallinity can determine shrinkage,
and POM presents an anisotropic lattice structure [175]: the crystal constants are a =
477 A, b=765A, c=3.56A (Figure 3-2).

a#zbzc¢

Figure 3-2. POM lattice.
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The POM crystals can arrange in a helicoidal structure as reported in Figure 3-3 [176;
177], and to form a shish-kebab structures. The authors [178], reports other indications
about POM dimensions: with X-ray techniques, the authors identified the POM as a
lamellar structure, formed by chain folded crystals with a spacing of =~ 18nm. Nano
fibres of POM realized with spinning techniques have shown a diameter of =~ 1um
[179].

X-ray Diffraction

77.5A 40 units 17.39 A

—— .C.ﬂom Oﬂ:mm

Figure 3-3. POM helicoidal chain [176] and X-ray structure [177].

3.1.2 The 316L feedstock

The 316L feedstock (sintered part characteristics: density >7.9g/cm?; yield strength
>180 MPa; ultimate tensile strength > 510 MPa; elongation > 50 %; hardness 120
HV10) consists in ready-to-mould granules for the production of sintered components in
an austenitic stainless steel type 316L realized by microinjection moulding machines for
thermoplastic polymers. The metal is in powder form with a Dsp=4-5 um. The
parameter Ds is the Mass Median particle Diameter (MMD): physically it means that
for the mass median, one-half of mass of all particles is contributed by particles with a
size smaller than the mass median size, and one-half by particles larger than the mass

median size [180].
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Figure 3-4. The feedstock after injection moulding (A) and the same image (modified

with free software ImageJ) with the binder coloured in white (B).

The moulded feedstock (Figure 3-4) is formed for the 40% by the volume by a mixture
of polymers (binder). For confidential reasons, was not possible to obtain information
about the exact binder composition, except that is a mixture of POM based polymers.

Figure 3-5 reports the metal powder composition acquired with the EDAX SEM

analysis.
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Figure 3-5. Chemical composition of the powder steel.

This feedstock was chosen because the presence of POM as binder makes possible to

study the influence of powder loading (316L metal powder) by direct comparison.

3.2 Mould design

The mould was manufactured by implementing the same design reported in ISO 294-3
[153] except the dimensions adapted to the micro-scale. This design was normally used
for measuring shrinkage in conventional injection moulding. The original mould
dimensions reported in [153] were approximately 180mm x 72mm, and the square
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specimen dimensions were 60+62mm x 60+62mm x 2.0+2.1mm. They were reduced by
a factor of six for being suitable for the micro-scale. Figure 3-6 depicts a no-shrinkage

specimen; the volume of the part is around 156 mm?®.

Figure 3-6. The specimen design.

The micro-mould maintained the same triangular gate runner of the standard. The gate
has shown a width bigger compared to the specimen for generating a uniform velocity
in the melt front that should fill the cavity without turbulences in the injected material.
The request of a uniform melt front for filling the cavity mould is an important
condition especially by injecting a feedstock, because Karatas et al. [181] demonstrated
that a not uniform melt flow could generate a not homogeneous powder distribution
with particles accumulation. Similar triangular gate was used by Yao et al. [11] for
modelling the polymer filling process in micro channels and by Régnier et al. [140] for
determining the orthotropic (different properties along different orthogonal directions)
shrinkage in conventional moulding. Different gate can create not uniform melt front, as
demonstrated by Su et al. [182]: the elliptical melt front generated by the edge gate does
not permits the uniform molecular orientation because the front velocity was not

constant. Figure 3-7 reports the micro-mould design.
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Figure 3-7. Different parts of mould: the runner (A), the rectangular gate (B), the

square specimen (C). The black point represents the mould sprue.

More details of micro-mould design were reported in Appendix B. Eight 1 mm thick
ejector pins symmetrical positioned were used in the micro-mould design to reduce the

likelihood of bending due to the thin specimen on ejection.

Micro-features manufacturing

Micro-features oriented on parallel to and normal to the flow direction were
manufactured by micro-milling technique: Figure 3-8 reports their design. These micro-
channels were studied for investigating the feedstock replication quality along the z-axis
(perpendicular to the flow direction). The analysis of the littlest channel (60 um) should

determine the connection between feature orientation and low mouldability limit.

Tests were performed for manufacturing micro-channels with lateral dimension lower
than 60 um using the PCM technique: the results of these tests were reported in

Appendix A.
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Figure 3-8. Texture dimensions in millimeters.

The position of micro-features was reported in Figure 3-9, the results in chapter 9 and

their design in Appendix B.

Figure 3-9. The specimen with the micro-features.

The features exhibits differents aspect ratio (A/R=height/lateral dimension) as depicted
in Figure 3-10: 0.5, 0.75, 1, 1.5, and 3 (referred respectively to channels with breadth of
600um, 400um, 300um, 200um and 100um). The smallest channel (60 um) has an
A/R=1.
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0.75 1.5

Figure 3-10. Aspect ratio of micro features.

3.2.1 Mould manufacturing

The mould manufacturing was realized by using the KERN Evo for ultra precision
machining (Figure 3-11). The design of the 5-axis system permitted the high accuracy
of this kind of precision machine: this positioning system ensured a workpiece precision

of one micron, with a surface quality of 0.1 um. The tool HLS 2003-020 was used for
manufacturing the mould, with a diameter of 300 um, effective length of 2 mm and a

flute length of 0.4 mm.

About the micro-features, the channels with breadth from 100 to 600 pum were
manufactured with a micro drill of 100 um of diameter while the channel with breadth

of 60 um was realized with a ball nose tool with 60 um of diameter.

The rotational speed was approximately 30,000 rpm and the feed rate was of 45 mm

min™. An oil/air coolant was used.
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Figure 3-11. KERN Evo micro precision machine.

After micromachining, the final dimensions of the single square cavity were length=
9.987+0.001 mm, breadth= 9.980+0.001 mm, height=0.349+0.001 mm. These values

were used as reference for calculating shrinkage.

At the end of mould manufacturing, the micro-mould was tested with 316L feedstock
for controlling the absence of errors realized during the design step. The validation steps

were reported in chapter 4.

3.3 Micro moulding injection machine

A Battenfeld Microsystem® 50 (Figure 3-12) all-electric moulding machine was used in
the present study.
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Figure 3-12. The Battenfeld Microsystem 50 micro moulding machine.
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As stated in the introduction, the u-1M technique requests particular injection machine
that presents different injection design respect the conventional equipment. The
Battenfeld 50 injection system is composed of a screw plastication barrel, a plunger
injection system and a control of melt dosage barrel as shown in Figure 3-13.

Optical
sensor

Screw extruder

Plunger

Figure 3-13. Injection unit of Battenfeld Microsystem 50 [183].

By using the screw plastication extruder, a small diameter plunger/needle can be used
for melt injection to achieve precise measurable strokes to control melt accuracy. The
plasticizing screw of the moulding machine has a diameter of 14 mm, and a 5 mm
diameter dose barrel is employed for storage of polymer melt. The 5 mm diameter
plunger allows shot weights ranging from 25 milligrams to 1 gram. The machine
maximum clamping force, injection speed, and theoretical injection volume are 50 kN,
760 mm/s, and 1.1 cm?®, respectively. During the moulding process, plastic pellets are
plasticized by the fixed extruder screw and fed into the metering chamber. In the
metering chamber, an optical sensor monitored the amount of melt in the chamber
against the pre-set volume. After the set volume has been achieved, the plunger in the
dosage barrel delivers the shot volume to the injection barrel. The injection plunger then
pushes the melt into the mould. Once the plunger injection movement was completed, a
holding pressure was applied to the melt with a slight forward movement (maximum 1
mm) of the injection plunger.
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3.4 Specimen measurements technique

For measuring shrinkage, it was used optical measurement equipment: the TESA Visio
300. The precision of the TESA instrument is £1um. Figure 3-14 depicts the operating

principles.

To host computer
CCD colour camera

Beam separator

Coaxial light
Laser pointer

f

Ringlight

Zoom

Part to be measured

.
illurnination

Figure 3-14. Operating principle of TESA Visio 300 [184].

The technology of this equipment consists in an optical system integrated by a camera
with zoom lenses. The analysis of the image it was possible by using lights with three
different orientations:

« Diascopic illumination located under the glass plate; make it possible to evidence the
sample’s profile;

* Ringlight for a detailed visualisation of the upper surface of the sample;

» Coaxial light to view inside a blind hole or a cavity if the sample has one.

As starting a plane, a line and a point on the specimen have to be identified. These

elements were used as reference during all the measurement stage.
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For measuring the specimens, the protocol illustrated in Figure 3-15 was adopted. The
measurements were conducted using always the same square specimen of two (c)
reported in Figure 3-7. As the corner close to the gate was always present, this was
chosen as the zero point. The specimen it was moved 5 mm to point 1. A line position
was measured. The specimen was moved in flow direction until the opposite edge was
reached. A second line position was measured (2). The specimen was moved back by 5
mm and then moved cross direction until the edge was found. A line position was
measured (4). Specimen was moved in the opposite direction to the other edge. A final
line position was measured (5). The same equipment and procedure was used to

measure the mould cavity.
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Figure 3-15. Measurement protocol adopted.

The distances can be measured between two points or two lines: it was preferred this
last option because more reliable and precise. In optimal condition, i.e. a well-defined
border without flashes, the TESA system set up around 100 point/mm for creating the
line. The distance between the two lines was the result of the average distance.

Often, the operating conditions were far from the optimal conditions for the presence of
flashes or incomplete filling, and that makes difficult to identify the border profile. In
these cases, the numbers of points effectively used for draw the line were less than 100

for millimetres, and often the points were spread in an area rather than aligned. By
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varying the light or the magnitude solved these problems. Common situations were

summarised below.

[eare ]

SPECIMEN

Figure 3-16. Example of line definition.

Figure 3-16 depicts a common situation during TESA operation: areas of different
colours disturbed the correct line identification. The optical system identified the
problem as red points not considered during the measuring step. For reducing these
areas it was increased the ringlight brightness. An example of well-defined border was

depicted in Figure 3-17.

SPECIMEN

Figure 3-17. Well-defined border.

Sometimes, the detection of the border was not so easy: the situations reported in Figure

3-18 were solved by changing the light condition and magnification value.
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SPECIMEN

| SPECIMEN |
Figure 3-18. Spread out spots.

The flashes on the external borders can be confused with the real profile, as in Figure
3-19. The operator experience and the knowledge of the specimen profile helps to
identify the line proposed from the TESA acquisition system as not correct. The
situations reported in Figure 3-19 can be solved by changing the area of measurement
(if the new was still located in the middle area of the specimen), or by improving the

magnification for reducing the contrast of specimen flashes/end.

‘ -

Figure 3-19. Wrong profile individuation.
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In the presence of little flashes, as reported in the Figure 3-20, the TESA software

suggests an auto correction.

SPECIMEN

Figure 3-20. Result of auto correction.

The line identified in Figure 3-20 was rejected, because the solution suggested by TESA
system (the green points) not corresponding to real profile as reported in Figure 3-21

(accepted) and the rejected area (red points) was relevant respect the proposed line.

SPECIMEN [

Figure 3-21. Profile correction accepted.

Concerning the study of micro-textures reported in Chapter 9, the TESA Visio 300 was
equipped with the littlest touch probe available (ball nose diameter of 1 mm), and this
determined that the only channel measurable was the feature with breadth of 600 um.
The height of u-feature was determined by adopting the protocol depicted in Figure
3-22: the specimen surface was used as reference plane (Ref), and then the feature

height was measured on the middle (2) and on the ends (1-3).
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MMicro-feature

Specimen

Figure 3-22. Measurement protocol adopted (probe tip not in scale).

3.5 DoE: model choice

The efficiency and the productivity are topic objectives in productive field. As
consequence, every problem solving approach need to be quickly and precise. In
injection moulding industry, even the development time have to be shortness. For
obtaining the maximum quality of a new product, is not a good idea change only one
variable at a time (paragraph 2.6.2) for the high number of tests that his approach
request and for the impossibility to detect combined effects. The statistical approach
allows determining the critical processing parameters with a low number of tests. The
term critical mean a parameter that strongly affects the result of the processing analysed
within an interval of confidence. In industrial fields, this approach was named “Design
of Experiment” (DoE). DoE consists in a controlled variation of the input parameters in
order to study the output corresponding variation. For each run, were measured the
output results. The aim of these operations was to optimize, to characterise or to
improve the quality of the output product [185]. DoE was traditionally divided in 3

different steps:

e Step 1: Screening. Screening was used at the beginning of the experimental
procedure to explore the factors and identify their range.

e Step 2: Optimization. The objective was to predict the response values for all
possible combinations of factors and to identify an optimal experimental point that
fulfils specific requests.

e Step 3: Robustness testing. The third objective was the robustness testing. Small
fluctuations in the factor levels (noise) permits to study the sensitivity of the

responses.
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The injection moulding processing was considered low noise affected, because the
external conditions (e.g. humidity, vibrations) were believed constant during the
moulding stage. These conditions determined the choice to conduct experiments without
replications (defined as repetitions of the entire experiment or a portion of it, under
more than one condition [164]) for identifying factors only connected to processing
parameters: as consequence no data about fluctuations were available, and step 3

(robustness) was not performed.

The half fractional factorial design was implemented in the present thesis. The term
“fractional” indicate that was used a statistically significant percentage of all the
possible tests. This statistical approach, which start from the full experimental test
number (5 processing factors with 2 possible levels that makes 32 total runs), adopted
16 experimental tests (half fractional design) with a final resolution of V. Whit this
resolution the statistical treatment will not exhibit alias between the main effects, two or
three factors interactions, but two-factor interactions are confounded with three-factor
interactions [161; 164]. The matrix of the statistical model by considering 5 two-level

factors was reported in Table 3-1.

A B C D E
+ - + - 4+
+ - - 4+ 4+
+ 4+ - - 4+
+ p— — p— j—
+ 4+ + - -
— p— + p— j—
+ - + o+ -
- 4+ + - 4+
-+ - 4+ 4+
- - + o+ 4+
T S S
+ o+ o+ o+ o+
— _l_ — —_ —_
e
- - - - 4+

Table 3-1. Matrix of fractional factorial design. The sign + indicates the high value of

processing parameter and — indicates the low value.
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3.5.1 Step 1: Screening

Resulting from the literature reviewed, the p-IM presents different parameters that
critically affect moulding shrinkage. Table 3-2 reports five critical factors that were
chosen for shrinkage investigation. As resulted from literature reviewed, these
parameters were not independent each other’s: it was expected that the parameters
influence would be highlighted during the statistical study. Preliminary experimental
tests were conducted for determining the initial value parameters, and a short guideline
during the familiarization stage was reported in Table 3-2. After different test cycles,

the initial values were identified and reported in Table 3-3.

Factors Guideline of range selection
A lower hold time allowed material to expand out of cavity
Holding time mould, a higher time was considered non-productive because the

feedstock solidified in a shorter time.

Have to keep the feedstock pressed inside the cavity mould at the
Holding pressure end of the injection cycle. The value was lower than injection
pressure.

As first references were used the values reported in 316L

Injection pressure oo stock and POM datasheet.

A too lower value made difficult the injection step (shear too
Mould temperature  high), a too higher value made the time processing long for
waiting for the feedstock solidification.

The degradation temperature of our binder was 200°C. It was
Melt temperature chosen a temperature lower that this upper limit, but not too low
for avoiding too high viscosity.

Table 3-2. Guidelines of parameter values selection.

The processing parameters values reported in Table 3-3, referred to the values identified
after the improvement of mould configuration (blind holes with ejection pins). The steps
occurred for reaching the acceptable mould configurations were reported in chapter 4.
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POM 316L feedstock
Initial Value Value | Initial Value Value
Values + - Values + -

Injection press [bar] 850 900 800 900 930 870
Holding press [bar] 500 550 450 250 300 200
Melt temp [°C] 195 200 190 194 198 190
Mould temp [°C] 100 115 85 135 140 130
Holding time [s] 3 4 2 3 4 2

Factors

Table 3-3. The values investigated values for POM and 316L feedstock.

Each of the processing parameter values listed in Table 3-3 were the result of a
preliminary screening (familiarization stage) performed for identifying the high and low
values. The initial values for each parameter were selected, such that the higher (+)
value was obtained by increasing from an initial setting until the presence of flash start
to be notable. The lower value () was obtained by decreasing the parameter value until
notable defects started to appear (for example, incomplete filling or low edge
definition). Table 3-4 reports the processing parameters held constant during the

moulding.

POM 316L feed.

Cooling time [s] 17 15
Metering volume [mm?®] 210 185
Injection speed [mm s] 250 300

Table 3-4. Processing parameters kept constant.

The difference in terms of metering volume (total amount of material injected) between
POM and 316L feedstock, is likely to be the consequence of their different viscosities.
Indeed, as demonstrated by [167], polymer viscosity — by making the cavity filling more

or less easier — can affect the metering size.

Different factors respect those reported in Table 3-2 were adopted for investigating the
replication quality of feedstock-moulded parts (Chapter 9). More in detail, the injection
pressure was substituted by the injection speed. The new factor was chosen according to

works reported in the literature review, because the injection speed affected the
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replication quality in microinjection moulding as well. The injection speed was
considered also by Vasco et al. [134] (that investigated the POM mouldability of ribs
with different aspect ratio), by Zhang et al. [186] and by Park et al. [187] (that
investigated PET moulded parts with high aspect ratio). Besides, hesitation effect is the
consequence of a flow sequence fast-slow-fast [188], and this could suggest a
relationship with the speed.

The statistical model implemented in this chapter was the half-fractional factorial matrix
reported in Table 3-1. The processing parameter values, identified after a familiarization

stage, were reported in Table 3-5. Table 3-4 reports the parameters kept constant.

Processing Parameters Initial Values  Value+  Value -
Injection speed [mm s™] 200 250 150
Holding pressure [bar] 300 400 200
Melt temperature [°C] 195 198 192
Mould temperature [°C] 135 140 130
Holding time [s] 3.5 5 2

Table 3-5. Processing parameters adopted for investigating the 316L feedstock micro-
features.

3.5.2 Step 2: Optimization

The screening stage has identified the range of factors. After specimen manufacture and
sample measurements for evaluating shrinkage, the next step was the optimization. The
aim was the prediction of the response values for all possible factors combinations
within the experimental region (and within the confidence interval) for identifying the
experimental values that permits to achieve the requests. By treating several responses
at the same time, it is usually difficult to identify a single experimental point at which
the goals for all responses were fulfilled, and therefore the result often reflects a
compromise between partially conflicting goals.

The experimental results were examined in terms on factor effects. With the term
“effect” was meant the change in response when the process parameters changed from
the low (-) to the high (+) value (Table 3-3). In the two-level factorial design, the
average main effect can be calculated as the average response at the high value level

minus the average response at the low value level [8]. A positive consequence of the
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experimental observations conducted in a paired comparisons, was the possibility to
study the interaction between the process parameters: this result was impossible to
obtain by changing one factor at a time as already mentioned. If an interaction exists
between two processing parameters A and B, the effect of “high A” and “low B” will
give a different result from the combination “low A” and “high B”. As conclusion, the
behaviour of the parameter A was considered as not linear, and it depends on the level

of parameter B, and vice versa.

3.5.2.1 Statistical tools

The statistical study was performed by using the statistical program Minitab 16 [162].
The identification of critical parameters and their effects was performed using statistical
tools normally adopted in DoE [162; 164]: the Pareto chart, the main effect plot, the

interaction plot. Desirability functions were implemented during the optimization stage.

3.5.2.2 Pareto chart

The Pareto chart is a bar chart that graphically ranks the criticity of factors from largest
to smallest. This representation helps to determine the magnitude and the importance of
the processing parameters and to prioritise the problems. The chart displays the absolute
value of the effects and draws a reference line (red line) on the chart. The value of the

reference line was calculated as reported in Equation 1.
Equation 1 ME =t * PSE

ME is the margin of error (alias reference line), and t is the (1 — a/ 2) quantile of a t-
distribution with degrees of freedom equal to the (humber of effects/3). For 5 factors
and for a=0.05, t=2.571; for =0.10, t=2.015.

Minitab adopted Lenth's pseudo standard error (PSE) for evaluating ME. The PSE was
based on the concept of sparse effects, which assumes the variation in the smallest
effects was due to random error. Lenth’s method [189] computes the PSE in the

following steps:

1. Calculates the absolute value of the effects
2. Calculates S, which is 1.5 * median of the effects in step 1

3. Calculates the median of the effects that are less than 2.5 = S
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4. Calculates PSE, which is 1.5 * the median calculated in step 3

Alpha (o) is the maximum acceptable level of risk expressed as a probability ranging
between zero and one. Usually, the smaller the o value, the less the probability to
incorrectly reject the null hypothesis (the null hypothesis is usually a hypothesis of "no
difference™). For each processing parameter analysed in terms of shrinkage effects there
are two hypotheses: the alternative hypothesis H; (the factor is statistically influent for
shrinkage) and the null hypothesis Hy (the factor is not statistically influent). The
processing parameter was evaluated according to the Lenth’s method. If this method
produces a value lower or equal to alpha value, then the factor analysed was statistically
significant and the null hypothesis was rejected. On the contrary, if the Lenth’s method
produces a value higher than alpha value was not possible to claim the statistical
significance of the factor and the null hypothesis has to be accepted. An example of

Pareto Chart was depicted in Figure 3-23.
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Figure 3-23. Example of Pareto chart [162].

According to example reported in Figure 3-23, two significant effects cross the
reference line (o): one single effect (A) and one combined effect (AB). The largest

effect was the combined (AB) because it extends the farthest.
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3.5.2.3 Main effects plot

The main effect graph helps to visualize the effect of the factors on the response and to
compare the relative strength of the effects. Minitab 16 plots the response for each
factor by connecting the points for each factor. The average of all the data was
represented as an horizontal line (reference). If the line represented on the main effect
graph was horizontal (parallel to the reference line), there was no main effect present
and the response does not change depending on the factor level. If the line was not
horizontal, there may be a main effect present and the response mean change depending
on the factor level. The greater the slope of the line, the stronger the effect. An example
of main effect graph was reported in Figure 3-24.
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Figure 3-24. Example of main effect plot [162].

The main effects plot reported in Figure 3-24 give us the following information:
formula 2 produced stronger effect than formula 1; high injection pressure produced
stronger effect than low injection pressure; high injection temperature produced stronger
effect than low injection temperature, then low cooling temperature produced stronger
effect than high cooling temperature. The average of all the data (also named overall
mean) is about 29.6 and was plotted across each panel: this was the horizontal line

reported in Figure 3-24.
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3.5.2.4 Interaction plot

The main effects plot can give information only about the magnitude and slope of a
single processing parameter. Sometimes the critical factor can be determined by a
combination of two single factors. In that chase, when the effect of a one factor depends
on the level of the other factor, instead of the main effects plot was necessary to
consider the interaction plot.

An example of this type of statistical plot was reported in Figure 3-25. The example
represents two different supplements (1 and 2) with four different percentages of whey
(0%, 10%, 20% and 30%). Parallel lines indicate no interaction. The greater the
difference in slope between the lines, the higher the degree of interaction. However, the
interaction plot does not tell if the interaction is statistically significant, because this
information was furnished only by the Pareto chart. The plot reported in Figure 3-25
indicates an antagonistic interaction (the lines cross each other) between the supplement
and the whey content. The supplement with the highest quality level depends on the
whey content: supplement 1 was better when the whey content was 0 and 10%, while

supplement 2 was better when the whey content was 20 and 30%.
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Figure 3-25. Example of interaction plot [162].

3.5.2.5 Desirability functions
The optimization stage operates using desirability functions. Desirability functions were

used to predict a combination of processing parameters that fulfilled the requests
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(maximisation, minimisation or target). Each response y; was individually converted
into a desirability function d; that translates each effect between 0 (the effect of our
process were out of target and unacceptable) and 1 (the effects were relevant to our
target value or range). The individuals d; were combined in the overall desirability, D,
where D= (dyxdyxdy) ¥™ and m was the number of responses: also D has a range
between 0 and 1, and have to be maximized; the values 0 and 1 has the same meaning of
those reported for di. The mathematical functions were set for our requests: it depends
on if the aim was to maximise (di), minimise (d;) or obtain the target value (ds) of
analysed results (shrinkage, as example). The individual functions for meeting these
requirements were represented in Equation 2, Equation 3, and Equation 4 respectively
[161].

0 y<L
INT
Equation 2 di= (5) L<y<T
1 y>T
y<T
Equation 3 dp= (%) T<y<U
0 y>U
(0 y<L
L ri
(=) L=y=T
Equation 4 ds= <
_1\I'2
(=) T<y<U
\ 0 y > U

U and L are the upper and lower limits, y is the response, T is the target and r-values are
the function weight (linear or non-linear), which in this case are all set to be equal to
one. The function weight will determine the shape of the desirability functions: for
weight equal to one the shape will be a line, for different values the curve will show a
concavity or convexity. Desirability functions cannot indicates optimized parameters

values outside the lower and high factors level.
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3.6 Shrinkage measurement

Whilst 1SO 294-3 [153] was implemented for designing the mould, 1SO 294-4 [152]
was implemented for measuring moulded specimens. This standard is currently adopted
for converting dimensional variations of moulded parts in shrinkage values in material
datasheets (Novodur®, Makrolon®, APEC® from Bayer, Hostaform® from Ticona,
Campus® from Grilon BS just to name a few example), in technical publications [154-
156], is used as a reference in handbook about shrinkage in microscale [17; 154] and
adopted by internationals societies [155; 156]. Table 3-6 reports the mathematical

formulas adopted.

le—1y _ bc-b

Moulding Shrinkage | Smp = 100 <= ; Sy = 100 ==

Post-moulding S, —100 12z . g — 100 Przbz
Shrinkage °P hh Fn by

le—lp _ bc—-b
Total Shrinkage Stp =100 == ; St = 100 ==

[

Table 3-6. Mathematical formulas for measuring shrinkage. Subscripts p and n are
respectively parallel and normal measurement to flow direction; c is related to mould

cavity centre; 1 and 2 referred to 1 hour and 24 hour measurements [152].

Shrinkage it was expressed as percentage number related to the cavity mould dimension

depicted in Figure 3-26.

Figure 3-26. Cavity mould directions.

The parameters reported in Table 3-6 were defined as follows:

Sm (moulding shrinkage) is the difference in dimensions between a dry test specimen

after 1 hour and the mould cavity in which it was moulded;
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Sp (post-moulding shrinkage) is the difference in dimensions of moulded test specimen
after 1 hour and 24 hours;
St (total shrinkage) is the difference in dimensions between a test specimen after 24

hours and the mould cavity in which it was moulded.

Using the optical equipment and the metrology protocol adopted, the formulas reported
in Table 3-6 were implemented for determining shrinkage.

3.7 Summary

This chapter drawn the path of methodologies implemented in this thesis. The adoption
of ISO 294-3 adapted to the scale was proposed as methodology for dealing with the
absence of standardized methodology for measuring shrinkage at the micro-scale. A
micro-mould was manufactured by using micro-milling technique, optical equipment
was used for measuring specimen dimensions according to 1SO 294-4 procedures, DoE
approach was chosen for statistical treatment of data and two polymers normally used in

u-1M was examined.
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Chapter 4 . Mould validation

The micro mould manufactured by adapting at the micro-scale the design of standard,
has to be tested before to proceed to validate the methodology proposed for measuring

shrinkage in such scale.

It was necessary to perform this kind of validation for two reasons. Firstly, is usual for a
mould to present issues after the mould manufacturing stage and the solution of these
aspects occur only by testing the mould: this approach represents a usual problem
solving approach in injection moulding, and it could be interesting to apply the same
procedure at the micro-scale. Moreover, the mould implementation is considered an
important part of this thesis because further knowledge could be achieved during this
stage. Secondly, the validation stage can be the occasion for testing and for practicing
with DoE, by observing how any choice performed by the operator can affect statistical
parameter as the desirability functions. In other words, it is likely that the decision to
conduct shrinkage characterization under not perfect moulding conditions affects the
response of statistic parameters. Similarly, the solution of moulding problems should be
reflected in a variation of statistical parameter values. The literature review does not
report information about the connection between moulding problems and response in
terms of statistical parameters, probably because before to use the statistical approaches
the mould has to work continuously without problems. In such case, the specimens were

statistically investigated just to see this relationship.

The chapter described all the steps, from the first familiarization stage and statistical
results to the solution adopted for solving mouldability problems and subsequent
validation. At the end of these stages, the micro-mould implemented was used for

shrinkage investigation.

The validation stage used the 316L feedstock, because considered a material more
difficult to be injected with respect to the pure polymer (i.e. feedstock exhibit higher
viscosity compared to pure polymer). During this stage, the troubleshooting of

mouldability issues leads to identify a range of processing parameters that explore a
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broad spectrum of material behaviour and an optical evaluation will compare the

specimen before and after the moulding implementation.

4.1 Mould validation

After manufacturing, the mould was tested for controlling the absence of errors (e.g.
poor mould design, wrong pins length) made during the design step.

As first result, the mould did not present serious issues as wrong length of pins or
problems during clamping. The only difficulty encountered was the attachment of the
specimen to the wrong mould half upon opening the mould, as it was attached to the
fixed mould half rather than the mobile mould half. This aspect was considered not
negligible because for removing the specimen it was necessary to interrupt the cycle of
injection, with unlikely effects on the mould temperature. As first solution, the mould
design was implemented with the manufacture of two blind holes on the mobile side, as
showed in Figure 4-1.

Figure 4-1. The blind holes manufactured into the mould runner.

The profile of the blind holes was reported in Figure 4-2. The conical shape permitted a
little volumetric expansion of the material, sufficient to remove the specimen from the

fixed mould half.
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Figure 4-2. Section of blind holes profile.

Figure 4-3 depicts the 316L feedstock specimen moulded with the blind holes.

Figure 4-3. 316L feedstock moulded specimen with blind holes in the runner.

The specimens moulded using the micro-mould modified with the blind hole was

investigated using DoE approach for studying shrinkage.

4.2 Specimen shrinkage results
Table 4-1 reports the five processing parameters chosen as factors to be investigated in
the present thesis. Preliminary test runs identified the initial values and their range:

these values were arranged using the fractional factorial matrix reported in Table 3-1.

87



316L feeds. (Blind holes)

Processing Parameters Initial - Value  Value
Values + -
Injection press [bar] 900 930 870
Holding press [bar] 400 450 350
Melt temp [°C] 195 198 192
Mould temp [°C] 110 115 105
Holding time [s] 2 3 1

Table 4-1. 316L feedstock processing parameter values.

Table 4-2 reports the combination of processing parameters and shrinkage values. The

specimens’ dimensions were measured according to the procedure reported in paragraph

3.4 Specimen measurements technique, and the conversion from measure to shrinkage

followed the method described in paragraph 3.6 Shrinkage measurement.

Hold Hold Inj. Mould Melt

Run time Press. Press. Temp. Temp.
[s] [bar] [bar] [°C] [°C]
1 3 450 930 115 198
2 1 450 930 115 192
3 3 350 930 105 198
4 1 350 870 115 192
5 3 350 870 105 192
6 1 450 930 105 198
7 1 350 870 105 198
8 1 350 930 115 198
9 3 350 870 115 198
10 1 450 870 105 192
. 11 1 450 870 115 198
12 3 350 930 115 192
13 3 450 870 105 198
14 3 450 870 115 192
15 1 350 930 105 192
16 3 450 930 105 192

316L feedstock shrinkage results [%] (mould with blind holes)

Run SMp SMn SPp SPn STp STn
1 2.962+0.004 3.735+0.022 -2.238+0.004 -3.461+0.009 0.790+0.004 0.403%0.003
2 2.795+0.009 2.338+0.013 -1.425+0.017 -2.025+0.018 1.409+0.001 0.360%0.001
3 2.441+0.010 1.687+0.010 -0.826+0.018 -0.951+0.017 1.635+0.010 0.752+0.008
4 3.289+0.015 2.781+0.011 -2.072+0.022 -2.432+0.015 1.286+0.005 0.416%0.003
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5  3.125+0.007 3.776+0.022 -1.939+0.011 -3.349+0.032 1.246+0.003 0.553+0.006
6  2.228+0.005 1.342+0.008 -0.998+0.008 -0.871+0.012 1.252+0.003 0.483+0.002
7 2.806+0.019 1.985+0.012 -1.884+0.028 -1.616+0.017 0.975+0.003 0.401+0.005
8  3.382+0.005 3.035+0.004 -1.831+0.008 -1.703+0.008 1.613+0.003 1.383+0.006
9  2.695+0.020 2.346+0.006 -1.371+0.029 -1.888+0.008 1.360+0.003 0.502+0.001
10 1.231+0.003 0.530+0.004 -0.060+0.005 -0.006+0.008 1.172+0.003 0.524+0.006
11  2.678+0.005 2.267+0.001 -1.781+0.007 -1.969+0.002 0.944+0.001 0.342+0.001
12 2.802+0.011 1.644+0.012 -1.734+0.015 -1.196+0.017 1.116+0.001 0.468+0.001
13 1.098+0.007 0.422+0.001 0.043+0.010  0.011+0.003  1.140+0.001 0.433+0.002
14 1.284+0.002 0.302+0.001 -1.167+0.003 0.046+0.002  1.119+0.001 0.348+0.001
15 1.412+0.003 0.374+0.001 -0.196+0.005 0.016+0.002  1.219+0.003 0.390+0.002
16  1.384+0.005 0.378+0.001 -0.050+0.008 0.118+0.002  1.335+0.004 0.495+0.001

Table 4-2. Results of 316L feedstock shrinkage measurements (mould with blind holes)

expressed as mean value * standard deviation.

Each shrinkage value resulted from the measurement of five specimens theoretically
moulded for a number of uninterrupted cycles after each new set of process parameters.
The term “theoretically” was used because at this stage, even with the manufacture of
blind holes in the runner, was not possible to operate in cycling mode: the mould
continued to present mouldability problems that makes the injection processing not
continuous. The combinations of processing parameter that gave issues were identified
in Table 4-2 with grey and black cells: the grey cells identified a discontinuous cycling
that requested occasional operator’s assistance, the black cells identified a processing
that requested continues operator’s assistance. It was possible to identify the
combination high melt-high mould temperature as the combination that gave more

serious mouldability problems (black cells).

4.2.1 Post moulding shrinkage trend

Even under mouldability problems, results of specimens reported in Table 4-2 were
analyzed. The first analysis of data has shown unexpected feedstock behaviour.
Moulding and total shrinkage trend confirmed the general material progression: the
specimen dimensions were smaller than cavity mould [17; 31]. The post-moulding
shrinkage shown some negatives values, where minus sign represented a specimen
expansion respect the dimensions 1 hour after moulded. It could be useful a simple
representation of this trend, as depicted in Figure 4-4 that represented the dimension
(not shrinkage) of a specimen (the 12™) that shown a partially measure recover after 1,

24 and 36 hours in parallel to and normal to the flow direction.
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Figure 4-4. Dimensions of specimen 12 compared to the cavity mould.

The specimen tends to the cavity mould dimensions (length=9.987+0.001 mm,
breadth=9.980+0.001 mm) but shrinkage prevents the complete recovery. Investigations
that are more accurate were realized by using strain gages on a second specimen

(randomly chosen as the 12"). The strain gages were oriented parallel to and normal to
the flow direction (Figure 4-5).

Figure 4-5. Strain gage in parallel to the (front) and normal to (rear) the flow direction
(represented by the arrow).

Figure 4-6 depicts the trends of strain in parallel to the flow (A) and normal to the flow
(B) direction monitored for 72 hours: both shown similar drift.
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Figure 4-6. Strain trend during 72 hours (x-axes) in parallel to (A) and normal to (B)

the flow direction for 316L feedstock specimen.

The strain gage results confirmed the trend reported in Figure 4-4. The y-axis of Figure
4-6 represents the strain gage clock instead of shrinkage because the aim of the graph it

was only to depict a trend.

By considering a pure polymer, this post-moulding trend did not find explanation in the
literature because evidences [28] reports that after moulding, polymers (especially semi-
crystalline materials) can continue to shrink (not to expand as evidenced in Figure 4-4)
at room temperature. Shrinkage can occur even in the cold because the opportunity for
crystallization exists in a temperature window below the melting point of the polymer
and above the glass-transition temperature (Tg). Processes like injection molding
involve rapid cooling of the polymer as it was injected in the mould. This rapid
reduction in temperature is needed to solidify the material so that the part can assume its
intended shape. However, as long as the polymer remains at a temperature above its
glass transition there will be sufficient mobility at a molecular level to allow the crystal
structure to develop, and only once the temperature drops below this point no more
crystals can form. The Ty of acetal (the POM used as binder in 316L feedstock) is
around -80°C, room temperature is 100° C above the T4 of acetal: so as the moulded
parts can shrink also after moulding because they had enough freedom at a molecular
level to continue crystallizing. However, by considering a feedstock material (polyester
based concrete), [190] confirmed shrinkage trend similar to Figure 4-6. Besides high

amount of additives inside the concrete can decrease shrinkage.
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The 316L feedstock post moulding shrinkage behaviour is based on a mechanism that
should be further investigated. It is likely that the high powder percentage (60 vol. %)
could play a role, but for detecting this aspect is necessary to perform a tomography
test. As first hypothesis, the mechanical stress conferred to metal powder, highly

compressed during the moulding stage, could be supposed to play a role.

4.3 Results of critical factors study

Despite the combination of processing parameters reported in Table 4-3 did not produce
a continuous processing cycle, a statistical study of results was performed for
investigating the effects of discontinuous moulding cycle on statistical outcomes and for
testing the DoE. The alpha factor (o) was set equal to 0.05: this means that the chance

to find an effect that does not really exist was the 5%.

The processing factors were labelled as follow: holding time (A), holding pressure (B),
injection pressure (C), mould temperature (D) and melt temperature (E). Combinations

of two of these factors were indicated with the proper letters.

4.3.1 Moulding shrinkage (Swm)

Moulding shrinkage in parallel to the flow direction

Figure 4-7 depicts the Pareto chart of critical parameters that affect moulding shrinkage
in parallel to the flow direction. The statistical analysis did not identify any critical
factor.
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Figure 4-7. Pareto chart of processing parameters effects for moulding shrinkage in

parallel to the flow direction.

Moulding shrinkage in normal to the flow direction

Figure 4-8 depicts the Pareto chart of critical parameters that affect moulding shrinkage

in normal to the flow direction. The statistical results did not identify any critical factor.
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Figure 4-8. Pareto chart of processing parameters effects for moulding shrinkage in

normal to the flow direction.

4.3.2 Post moulding shrinkage (Sp)
24 hours after the injection moulding stage, the post moulding shrinkage was measured.
The specimens used in this step and the storage methods (at room temperature) were the

same of the previous test.

Post moulding shrinkage in parallel to the flow direction
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Figure 4-9. Pareto chart of processing parameters effects for post-moulding shrinkage

in parallel to the flow direction.

The Pareto chart depicted in Figure 4-9 reports the effect of processing parameter after
24 hours in parallel to the flow direction. The mould temperature (D) was identified as

critical parameter and affected the post-moulding shrinkage within the interval of

confidence considered.

Figure 4-10 reports the main effect plot of the critical factor identified by Pareto chart.

Results have shown that by increasing the mould temperature, the mean value of post-

moulding shrinkage decreases.
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Figure 4-10. Main effect plot of mould temperature vs. post-moulding shrinkage in

parallel to the flow direction.

Post moulding shrinkage in normal to the flow direction

Pareto Chart of the Effects
{response is 24h normal dir, dpha = 0.05)
1.248
- . | Facor Mame
= 1 5 oo
= I [ 1. press
&C 4 o Mouid temp
o E Mk Temp

Term

0.0 0.2 0.4 0.6 0.8 1.0 1.2 i4

Lenth's PSE = 0485625

Figure 4-11. Pareto chart of processing parameters effects for post-moulding shrinkage

in normal to the flow direction.

Figure 4-11 represents the Pareto chart of post-moulding shrinkage in normal to the

flow direction. The mould temperature was identified as critical factor.
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Figure 4-12 reports the main effect plot of mould temperature: by increasing this
parameter, the mean value of post-moulding shrinkage decreases.

Main Effects Plot of post-moulding in normal dir
Data Means
-0.50 4
-0.754
-1.00
c
g -1.251
=
-1.50
-1.75 4
-2.00 , ,
105 115
Mould temp

Figure 4-12. Main effect plot of mould temperature vs. post-moulding shrinkage in

normal to the flow direction.

4.3.3 Total shrinkage (S+)
Total shrinkage was expressed as the percentage difference between specimen
dimension 24 hours after moulding and the cavity mould dimension. As predicted by

the literature, the final dimensions resulted smaller than cavity mould.

Total shrinkage in parallel to the flow direction
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Figure 4-13. Pareto chart of total shrinkage in parallel to the flow direction.

Figure 4-13 represents the effect of process parameters in terms of total shrinkage: no

critical parameters were identified.

Total shrinkage in normal to the flow direction
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Figure 4-14. Pareto chart of total shrinkage in normal to the flow direction.

According to Figure 4-14 results, no critical parameters affect total shrinkage in normal

to the flow direction.

97



4.4 Parameter optimization

The statistical analysis of critical factors identified the mould temperature as critical
parameter that affect post-moulding shrinkage both parallel to than normal to the flow
direction. No others critical factors were identified as parameters that affect shrinkage.

The optimization stage was performed, and parameters that minimize shrinkage were

identified. This phase adopted desirability functions (D), ranged between 0 and 1.
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Figure 4-15. Optimized parameter values; mould with blind holes.

The optimization stages were performed using all the total shrinkage values reported on
Table 4-2: for both (parallel and normal) the optimization was performed by using the
minimization mode, with target value equal to 0.35% and maximum (upper) value equal
to 1.5% (Figure 4-16). The value of 0.35% was chosen because some total shrinkage in
normal to the flow direction present values close to this limit, even if the values of total
shrinkage in parallel direction are clearly higher. These conditions are quite severe, and
the low desirability value evidenced the difficulty to achieve these targets. On the
contrary, the maximum value of 1.5% should be more easily to achieve by considering

that the greater part of total shrinkage presents values lower than this limit.

98



Response Goal Lower Target Upper Weight Importance
C14 TOT Shink flow| Minimize ﬂ 0.35 1.5 1 10
€15 TOT Shrink nor| Minimize | 0.35 1.5 1 10

Desirability functions for different goals - how Weights affect their shapes

Minimize the Response Hit & target value Maximize the Response
YWeaight Weaight Weight
1 0.1 o1 0.1 1 0.1
N | LﬂF\L V7]
0 10 0 10 10 1o
Target Upper Lowver Target Upper Lowwer Target

Figure 4-16. Response optimizer setting; mould with blind holes.

The first row of Figure 4-15 reports the shape of the composite desirability function:
this parameter combines the individual desirabilities into an average for highlight the
relative importance of the responses. The second row is related to the Sy, (total
shrinkage in parallel to the flow direction). The last row represents the Sy, (total
shrinkage in normal to the flow direction). Considering that the aim was to minimize
shrinkage, the statistical optimization was set in “minimized mode”. At the end of
optimization stage, optimum processing parameters were those that could reduce the
shrinkage with likelihood equal to desirability value: these values were reported in the
bracket square on top of Figure 4-15. Concerning the optimized temperature values,
they were identified in a mould temperature equal to 115°C and melt temperature equal
to 198°C. By comparing these temperature values with those reported in Table 4-2, it is
possible to observe that the combination high mould-high melt temperatures makes the
moulding stage difficult to be realized in continuous cycling (black and grey cells). For
this reason the results have to be re-considered. Moreover, overall desirability value was

0.78, while the aim is to operate under overall value equal to 1.

A second optimization stage was performed using the same numerical data reported in
Table 4-2 but without considering the rows with the black cells (related to the worse

mouldability conditions, with continue operator’s assistance) on the left side: the aim of
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this stage was simply to detect how the desirability value changes by removing some
runs. By removing the black cell results, the optimization stage analysed only the
combinations of processing parameters that were able to make the mouldability
processing continuous (even if the grey cells gave some mouldability problems as well).
Optimization stage adopted the same response optimizer setting reported in Figure 4-16.

Figure 4-17 reports the optimized processing parameters under these conditions.
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Figure 4-17. Optimized processing parameters calculated without black cells data.

The results of the optimized parameters under these conditions were reported on top of
Figure 4-17. The overall desirability value dropped from 0.78 (with all the experimental
results considered) to 0.74 (with the rows with black cells not considered): conclusion

was that to remove two processing combinations, has produced a worse optimization.

A specimen was moulded with the optimized parameters reported on top of Figure 4-17:
the total shrinkage was reduced respect to Table 4-2 results. Table 4-3 reports the

numerical data.

Sup [%6]  Swn [%] Sep [%] Sen [%] Spl%l  Sul%]
0.771+0.007 0.835+0.022 -0.087+0.014 -0.287+0.012 0.698+0.014 0.549+0.009

Table 4-3. Shrinkage values for 316L feedstock (mould with blind holes).
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However, it was possible to obtain a lower difference between shrinkage in parallel to,
and normal to, the flow direction: shrinkage seems to be more symmetric in both

directions respect to Table 4-2 results.

For improving the overall desirability and consider all the processing parameter
combinations, the best solution was to realize a further mould improvement by inserting
two ejection pins in the blind holes. This configuration permitted to increase the mould
temperature and solved the ejection problems, even if it was necessary to perform a new
familiarization stage with new shrinkage measurements and new optimization stage.
The results chapter describe the steps next to the pin insertions. Indeed, this last
modification demonstrated to be suitable for improving the mouldability ranges and for

solving the ejection problems and it was considered as final mould configuration.

4.5 Optical investigations
The effect of pin insertion inside the blind holes can be highlighted by considering the

optical investigation of moulded parts before and after the mould improvement. An
optical analysis of moulded specimens reported in Table 4-2 was conducted by

considering the gate and border area depicted in Figure 4-18.

A

GATE
ARFA
BORDER
ARFA

\vall | \

Figure 4-18. Areas observed with the optical microscope.

4.5.1 Specimen moulded with micro-mould with blind holes

Figure 4-19 reports the optical investigation results and consequent comment of the part

represented (mould with blind holes).
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Figure 4-19. Optical analysis of gate and edge areas.
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The analysis of flow lines could be used to diagnose filling dynamics, as suggested by
Bociaga et al. [191]. The specimens 2, 3, 5, 8, 13, 15, 16 in the gate area shown record
grooves (or ripples) phenomenon caused, usually, by low processing parameters values
(temperature parameters and injection speed) or high melt cooling rate. Experimental
studies were realized for determining the effect of “flow lines”, and results have shown
that the lines were the outcome of repeated melt advance and cooling: Figure 4-20

depicts this mechanism.

a) Normal fountain flow

S ———
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<  Flow front Thick frozen layer
W Py
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Figure 4-20. Generation of flow lines [192].

The melt freezes on a cavity wall, but the interior part of the melt stream moves
forward. Due to the fountain flow, the melt is pushed towards the cavity wall. If the
frozen layer is too thick (because of low mould temperature and flow velocity), the flow
front has too much time to solidify and is deformed. As the result, the ripple on the wall

was created [192].

Specimen 5 shown flow junction lines in the border area. Usually junction lines occur

when the melt meet some obstacle along the flow path [191].

1. Melt fronts 2. Weld line 3. Meld line 4. Cavity is filled
approach forms forms
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Figure 4-21. Weld lines created from an obstacle [191].
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The picture of specimen 5 border area depicts weld lines created by the meeting of two
melt fronts that flow from the opposite directions (situation 2 of Figure 4-21).

It is likely that the steel powder forms local agglomerations inside the melt flow, as
investigated by Karatas et al. [181], and this could constitute an obstacle. The
mechanism for the creation of powder aggregates inside the feedstock flow was well
represented by Thornagel [193] (Figure 4-22).

Flow direction

Shear rate gradients - Particle rotation ‘ Phase separation

Figure 4-22. Flow pattern of PIM feedstock across the channel [193].

The flow profile, has shown a local shear stress gradients that cause powder-binder
separation: this gradient forces the powder particles to leave areas of high gradients for
filling the areas of low gradient and produce the powder concentration, as depicted in
Figure 4-23.

particle
concentration

high

shear rate

high

Figure 4-23. Modelling of powder-binder separation [193].
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The powder concentration becomes a lump that can create two feedstock fronts and to

reproduce the situation reported in Figure 4-21.

By using the free software ImageJ [194], it was possible to estimate the angle formed by

the two flow fronts, as depicted in Figure 4-24.

Figure 4-24. Angle value formed by the junction of two melts fronts in specimen 5.

The specimen numbers 2, 3, 4, 7, 9, 10, 12, 13, 14, 15 and 16 on the border area
presented delaminations (separation of layers in the moulded part that can be peeled off)
[195]. They results from insufficient layer bonding due to low homogeneities in the

melt flow and high shear stresses.

Different specimens shown flow patters (1, 4, 9, 10, 12 and 14) in the area behind the

border, likely due to not optimized cooling and holding parameters [191].

The better surface definition was about specimens 1, 6, 8 and 11; but the specimens 1, 8
and 11 were moulded with the processing combinations that gave problems and were

not suitable for a cycled injection processing.

The process parameters for manufacturing the specimen 6 have the closer values of ours
optimized parameters, except the injection pressure value: 930 bars instead of 870 bars.

This specimen shows well-defined edges and no flow sign on the surface.

The optical analysis of specimen moulded with optimized values was reported in Figure
4-25, shown a well edge definition and the absence of the jetting flows: his was

evidence that the optimized parameters improved also the quality surface.
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Figure 4-25. Optical view of the gate (A) and border (B) of specimen moulded with
optimized parameters (mould with blind holes).

4.5.2 Specimens moulded with mould with pins inside blind holes

The statistical study of the specimens moulded with the improved mould was analysed
in the thesis. In the present paragraph, optical analysis was realized for discussing the
effect of increased temperature range and for showing that all the mouldability range of
316L feedstock was explored. The pictures reported in Figure 4-26 represents the border
area of the specimen moulded with the micro-mould improved by insertion of pins
inside the blind holes, by using the combination of processing parameters reported in
Table 3-3 (316L feedstock values). Figure 4-26 depicts only the border area because the
gate area was fully filled for all specimens without visible flow patterns.

Border area of 316L feedstock

(1) Completely filled, flashes (2) Completely filled, flashes
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ally filled ~ (4) Completely filled, flashes

(5) Partially filled | (6) Partially filled, flow junction

(7) Partially filled (8) Completely filled
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(9) Completely filled, flashes

" (11) Completely filled, flashes

"~ (12) Partially filled

(10) Partially filled

(12) Completely filled

(14) Completely filled

111




~(15) Partially filled (16) Partially filled

Figure 4-26. Optical analysis of specimens moulded with pins inside blind holes. Scale

of specimens 10, 13, 15 and 16 it is 4 mm,; the scale for others pictures it is 2 mm.

A great difference with respect to the specimens moulded with mould in configuration
“blind holes” (depicted in Figure 4-19) was the extreme variability in terms of specimen
quality. The insertion of pins inside the blind holes permitted to increase the
temperature range and to explore all the mouldability range of 316L feedstock: in this
way, results of optimization stage will be more reliable. Indeed Figure 4-26 shown a
high specimen variability (from partially to fully filled, with or without flashes), and a
strong processing parameter influence (on the contrary of specimens moulded in
configuration “blind holes” that maintained their shape although flow patters).
Moreover, the most important thing, all specimens were moulded in cycling mode

without operator’s assistance.

4.6 Summary

During the mould validation, some problems of mouldability were evidenced. However,
shrinkage data were statistically treated for investigating the effects of discontinuous
moulding cycle on statistical outcomes. An improvement of mould configuration was
proposed by manufacturing two ejection pins in the runner: the insertion of pins solved
the mouldability problems and permitted a continue injection cycling. The optical
analysis of specimens moulded with the two different mould configurations shown that
the increased temperature values permitted to explore all the mouldability feedstock

range: this will assure a greater reliability of optimized values.
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Chapter 5 . Results: standardized methodology for
measuring shrinkage in p-1M. POM case study.

The validated mould can be now used for moulding specimens and measuring their
shrinkage. The POM was used as injected polymer at this stage: the familiarization
identified the range of processing parameters, and DoE treatment analyzed the
experimental results: critical factors were determined. The conversion of dimensional
variations in shrinkage values was performed by using the 1ISO 294-4. The critical
parameters were discussed and compared with the small amount of prior data available

in the literature.

5.1 Research contribution

In the only previous work that adopted a standard for micro shrinkage measurements, a
rectangular mould was used for measuring shrinkage both parallel to and cross-flow
[31]. However, the ASTM D955-89 standard recommends a square specimen when
cross-flow shrinkage is to be measured. Therefore, the approach taken here will to
implement all of ISO 294-3 square mould design except the dimensions. Such a design
would also comply with the square mould design from ASTM D955-89.

The triangular gate designed in 1SO 294-3, should create a uniform melt flow without
turbulence to allow a wide polymer front for filling the cavity mould, and does not
exhibit melt fracture. This contrasts with prior work in which an edge gate was used
[31].

5.2 Designing a micro-scale shrinkage test

Table 5-1 reports the processing parameters analysed for POM, and Table 5-2 their
combination values affectively tested using the half-fractional factorial model. The
processing parameters were the results of familiarization stage conducted with the

implemented mould (ejection pins inside the blind holes).
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Process Parameters  Initial VValues Value+  Value -

Injection press [bar] 850 900 800
Holding press [bar] 500 550 450
Melt temp [°C] 195 200 190
Mould temp [°C] 100 115 85
Holding time [s] 3 4 2

Table 5-1. POM processing parameter values.

Combination of processing parameters | Half Fractional Factorial matrix
investigated
a0 S oS MK g ols 1, vl
] [oa] [ba] [C] [C] time press press temp temp
1 2 450 900 8 190 | + - + -
2 4 450 900 85 200 | + - - +
3 4 550 800 8 200 | + + - - +
4 4 550 900 85 190 | + - - - -
5 2 550 800 115 190 | + + + - -
6 2 550 900 8 200 - - + - -
7 2 550 800 8 190 | + - + + -
8 4 450 900 115 190 - + - +
9 2 450 800 85 200 - + - + +
10 4 450 800 85 190 - - + + +
11 2 450 900 115 200 + - + -
12 4 550 800 115 190 + + + +
13 2 550 900 115 190 - + - - -
14 4 450 800 115 200 - + + + -
15 4 550 900 115 200 - - - - +
16 2 550 800 115 200 - + - + -

Table 5-2. Matrix of half-fractional factorial design and processing values investigated.

5.3 POM shrinkage measurements

Table 5-3 shows the effect of each process parameter combination in terms of moulding
(Sm), post moulding (Sp) and total (St) shrinkage. Shrinkage values are given in
percentages and are quoted for the parallel to (p) and normal to (n) the flow direction for

times of 1 and 24 hours post moulding.
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Run  Swp[%]  Swn[%]  Sep[%] Sen [%] Stp[%] St [%]
1 6.910+0.014 2.731+0.022 0.793+0.022 0.068+0.031 7.649+0.008 2.797+0.007
2 6.566£0.002 3.335:0.008 0.104£0.004 -0.440:0.012 6.664+0.001 2.909:0.001
3 5.067+0.005 3.227+0.008 0.043:0.008 -0.349+0.011 5.108+0.004 2.890+0.001
4 5977+0.008 2.862+0.003 0.122+0.015 -0.061+0.004 6.092+0.009 2.802+0.002
5 3.809:0.002 3.178+0.001 0.081:0.004 0.040+0.001 3.887+0.002 3.217+0.001
6  4.676:0.010 2.932+0.004 0.310£0.016 -0.010+0.006 4.972+0.009 2.923:0.001
7 6.783:0.010 2.825:0.001 -0.009+0.015 -0.005:0.002 6.775:0.007 2.820+0.001
8 3.722+0.001 3.228+0.002 0.007+0.002 0.026+0.002 3.728+0.001 3.253+0.001
9 6.989:0.004 2.838+0.001 -0.022+0.007 0.566+0.009 6.968+0.004 3.388:0.009
10 7.948+0.010 2.824+0.001 0.007+0.017 -0.489+0.008 7.954+0.010 2.350%0.008
11 3.6600.001 3.177+0.001 0.010+0.001 -0.0830.002 3.670£0.001 3.096+0.001
12 3.6000.001 3.170+0.001 0.086+0.001 -0.016+0.001 3.683:0.001 3.155+0.001
13 3.6400.001 3.199+0.001 -0.011+0.001 -0.0230.001 3.629+0.001 3.177+0.001
14 3.6160.001 3.268+0.001 0.024+0.001 0.0300.002 3.640£0.001 3.297+0.002
15 3.4370.001 3.134+0.001 -0.065:0.002 0.4690.003 3.373£0.001 3.603:0.004
16 3.662:0.002 3.116+0.001 -0.029+0.004 -0.089+0.001 3.633£0.002 3.030+0.001

Table 5-3. POM shrinkage results expressed as mean value * standard deviation.

For making Table 5-3 more clear, the numerical results were reported as graph of POM

shrinkage parallel to (Figure 5-1) and normal to (Figure 5-2) the flow direction. Each

graph reports only the moulding (Sm) and the total (St) shrinkage, not the post-

moulding (Sp) shrinkage: this because Sy and St are calculated with respect to the

mould dimensions, while Sp is the shrinkage between 1 and 24 hours. Besides, the

standard deviations were not reported by considering their low values.

115



[%]
8.0
7.5
7.0
6.5
6.0
5.5
5.0
4.5
4.0
3.0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

POM shrinkage parallel to the flow direction
B SMp [%] OSTp [%)]

Figure 5-1. POM shrinkage parallel to the flow direction.
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Figure 5-2. POM shrinkage normal to the flow direction.

5.3.1 POM moulding shrinkage in parallel to the flow direction

The Pareto chart depicted in Figure 5-3 represents the critical factor that affect
moulding shrinkage in parallel to the flow direction. It shows the magnitude and the
effect of single or combined process parameters, along with a reference line indicating
statistical significance. For this work an alpha value of 0.05 was adopted i.e. the
confidence limit was 95%. The processing parameters were labelled as A (hold time), B

(hold pressure), C (injection pressure), D (mould temperature) and E (melt temperature).
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The combined influences of two of these parameters were described using two of the

above letters.

Pareto analysis of moulding shrinkage in parallel to the flow direction has shown that
the mould temperature is the only critically significant parameter (under the confidence

interval considered).

Pareto Chart of the Effects
(response is SMp %, Alpha = 0.05)
0.825
04 : | Factor Name
A Hold t
B B Hold press
BD C Inj press
E~+ D Mold Temp
DE E Melt Temp
C -
£ CD
= AC
ﬁ BE -
AB -
CE
AD -
AE A
A -
BC -
T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Effect
Lenth's PSE = 0.321038

Figure 5-3. Pareto chart of POM mould shrinkage in parallel to the flow direction.

Figure 5-4 reports the main effect plot for the factor identified by Pareto chart as critical
(the mould temperature) for moulding shrinkage in parallel to the flow direction. Each
main effect chart analyse the single processing parameters, the slope of the line
representing the magnitude and direction of the effect on the response. Vertical axes
represent the means of the response variable for each factor level. An increasing of

mould temperature leads to decrease mould shrinkage Sp.
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Figure 5-4. Main effects of POM mould shrinkage in parallel to the flow direction.

5.3.2 POM moulding shrinkage in normal to the flow direction
Figure 5-5 represents the Pareto chart of mould shrinkage in normal to the flow
direction. As for the mould shrinkage in parallel to the flow direction, the mould

temperature was the only statistically significant factor.

Pareto Chart of the Effects
(response is SMn %, Alpha = 0.05)
0.1828
D * | Factor Name
A Hold t
DE 1 | B Hold press
A A | C Inj press
E+ | D Mold Temp
AD - | E Melt Temp
AE |
£ BCH
= AB_
g BD -
BE
C -
CDA
B_
CE -
AC
0.00 0.05 0.10 0.15 0.20 0.25
Effect
Lenth's PSE = 0.0711187

Figure 5-5. Pareto chart of POM mould shrinkage in normal to the flow direction.

Figure 5-6 reports the main effect for the critical factor identified from Pareto chart. The
slope is the opposite respect the mould shrinkage in parallel to the flow direction case:

higher mould temperature value leads to increase shrinkage.
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Main Effects Plot for SMn %
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Figure 5-6. Main effects of POM mould shrinkage in normal to the flow direction.

5.3.3 POM post moulding shrinkage in parallel to the flow direction

The Pareto chart in Figure 5-7 shows post mould shrinkage parallel to the flow

direction: no statistically significant effects were detected.

Pareto Chart of the Effects
(response is SPp %, Alpha = 0.05)

0.3383

actor Name

b | Hold t

E
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B Hold press
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D Mold Temp
E Melt Temp
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AB
BC 4
B_
AE+
CE+

BD 4

DE

000 005 010 015 020 025 030 035
Effect

Lenth's PSE = 0.131587

Figure 5-7. Pareto chart of POM post mould shrinkage in parallel to the flow direction.
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5.3.4 POM post moulding shrinkage in normal to the flow direction
Figure 5-8 reports the Pareto chart of post moulding shrinkage in cross direction. The
combined effect of hold time and mould temperature has a statistically significant effect

on shrinkage.

Pareto Chart of the Effects
(response is SPn %, Alpha = 0.05)
0.2258
AD - * Factor Name
A Hold t
A | B Hold press
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BC 4 | E Melt Temp
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g P
= BE -
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cD ]
DE
E -
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B
C -
000  0.05 010 0.5 0.20 025  0.30
Effect
Lenth's PSE = 0.087825

Figure 5-8. Pareto chart of POM post mould shrinkage in normal to the flow direction.

Figure 5-9 shows the corresponding interaction plot. The boxes show the change of post
moulding shrinkage in normal to the flow direction (Spy) respect this interaction. The
top right box plots the mean shrinkage as a function of mould temperature; the bottom

left box plots the mean shrinkage as a function of hold time.

Considering mould temperature (top right), post moulding shrinkage in normal to the
flow direction Sp, moving from the low (85°C) to the high (115°C) temperature increase
when hold time is high (4 s) and decrease when it is low (2 s). Considering hold time
(bottom left) moving from the low (2 s) to the high (4 s) time, Sp, increase when mould
temperature is high (115°C) and decrease when it is low (85°C).
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Interaction Plot for SPn %
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Figure 5-9. Interaction plot between holding time and mould temperature for post

moulding shrinkage in normal to the flow direction.

5.3.5 POM total shrinkage in parallel to the flow direction

Figure 5-10 reports the Pareto chart in flow direction of total shrinkage. Three factors
had statistically significant effects on shrinkage: the mould temperature, hold pressure
and melt temperature. In addition, two combinations of factors had statistically
significants: hold pressure with mould temperature and mould temperature with melt

temperature.

Pareto Chart of the Effects
(response is STp %, Alpha = 0.05)
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Figure 5-10. Pareto chart of total shrinkage in parallel to the flow direction.
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Figure 5-11, shows the corresponding main effects plot, and the slope of mould
temperature, holding pressure and melt temperature. The analysis of the direction

permits to say that an increasing of all these factors leads to a decreasing of shrinkage.

Main Effects Plot for STp %
Data Means
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Figure 5-11. Main effect of total shrinkage in parallel to the flow direction.

The plot of Figure 5-12 represents the interaction between holding pressure and mould
temperature. The boxes show the change of total shrinkage, in parallel to the flow
direction Srp, with both mould temperature and hold pressure. The top right box plots
the mean shrinkage as a function of mould temperature; the bottom left box plots

shrinkage as a function of hold pressure.

Considering mould temperature (top right), the decrease of total shrinkage in parallel to
the flow direction St, moving from the low (85°C) to the high (115°C) temperature is
larger when hold pressure is low (450 bar) than when it is high (550 bar). Considering
hold pressure (bottom left), the decrease of Sy, moving from the low (450 bar) to the
high (550 bar) pressure is larger when mould temperature is low (85°C) than when it is
high (115°C).
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Interaction Plot for STp %
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Figure 5-12. Interaction plot between holding pressure and mould temperature for total

shrinkage in parallel to the flow direction.

Figure 5-13 represents the interaction between melt and mould temperatures. The boxes
show the change of total shrinkage, in parallel to the flow direction St,, with both
mould temperature and melt temperature. The top right box plots shrinkage as a
function of melt temperature, the bottom left box plots shrinkage as a function of mould

temperature.

Considering mould temperature (top right box), the decrease of total shrinkage in
parallel to the flow direction S, as we move from the low (85°C) to the high (115°C)
temperature is larger when melt temperature is low (190°C) than when it is high
(200°C). Considering melt temperature (bottom left box), the decrease of Sy, moving
from the low (190°C) to the high (200°C) temperature is larger when mould temperature
is low (85°C) than when is high (115°C).
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Interaction Plot for STp %
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Figure 5-13. Interaction plot between melt and mould temperature, for total shrinkage

in parallel to the flow direction.

5.3.6 POM total shrinkage in normal to the flow direction
In contrast to the total shrinkage on parallel to the flow direction, the total shrinkage in
normal to the flow direction did not show any statistically significant effects, as

reported in Figure 5-14.

Pareto Chart of the Effects
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Figure 5-14. Pareto chart of total shrinkage in normal to the flow direction.
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5.3.7 Optical investigation of POM specimens

Figure 5-15 reports the border area of the moulded specimens. The circle and the line
reproduced the position of the ejection pin and the border of the sample moulded with
the optimized parameters (Figure 6-5). By comparing these markers with the specimen
profiles, it was possible to estimate the effect of processing parameter combinations in
terms of filling percentage. Moulded parts were optically investigated for being sure
that the combination of processing parameters investigated a mouldability range wide
enough for identifying the optimized factor values that minimize shrinkage (as will be

demonstrated in chapter 6).

SE &

Specimen 1

=) &

9/ 4/

Specimen 2
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Specimen 13

Specimen 14
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Figure 5-15. Optical investigation of POM samples. The circle and the line replicated

the ejection pin and the border position of optimized specimen.

Results of optical analysis shown that shape of moulded parts varied from specimens
partially to fully filled: a mouldability range sufficient for approaching to shrinkage

optimization was investigated.
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5.4 Discussion

Table 5-4 grouped the factors that have a statistically significant effect on shrinkage for
POM.

POM shrinkage results
Mould temperature !

Mp

- Mould temperature 1

on Holding time & mould temperature -

Mould temperature

Holding pressure

Mould temperature & holding pressure
Melt temperature

Melt temperature & mould temperature

Tp

o —

Table 5-4. DoE results of the effect of processing factors for POM polymer. The arrows
indicate whether a factor increasing causes an increase (1) or decrease (|) in shrinkage.

(-) indicates no clear trend.

The results reported in Table 5-4 shown that data obtained from the micro-mould can
detect statistically significant factors by discriminating between the parallel to, and
normal to, the flow shrinkage.

It is notable from Table 5-4 the strong influence of temperature parameters on
shrinkage. POM is a crystalline polymer, and the temperature parameters (mould and
melt temperature) are known to drive the crystal growth (rate of crystallization) by

controlling the transition from melt to solid state [196].

The same statistical significant influence of temperature parameters (melt and mould)
was seen in the only prior work in this area, which indicated that higher temperature
parameters enhanced shrinkage both parallel and normal to the flow [31]. However, the
authors did not state whether they were reporting Sy or St values, so their work cannot
be directly compared with the trends shown in Table 5-4.

The method strength was to adapt a macro standard at the micro-scale. The
experimental results shown that the critical parameters detected in such a scale were the
same factors that affect shrinkage in micro-scale. Except for factors that affected post-

moulding shrinkage along normal to the flow direction, each trend of critical parameters
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was identified. A general increasing of factor values leads to shrinkage decreasing;
mould temperature shown opposite behaviour for moulding shrinkage along normal

direction.

5.5 Summary

The methodology proposed it was suitable for detecting micro shrinkage because the
method appears capable to discriminate between cross and parallel shrinkage on the
micro-scale: the data presented in Table 5-4 indicates that it can because it shows

different trend in flow and cross shrinkages.

Moreover, a comparison of the results obtained with prior data was made. At the micro-
scale, this method has advanced over prior work because improved the mould design:
the mould used in [31] was inadequate to examine shrinkage normal to flow direction.
After comparison of the statistical results reported in the present paper with flow [31],
the agreement with prior data was good, but a finer-level of statistically significant
results was obtained as the methodology produced data on effects both parallel and
normal to the flow for mould shrinkage, post-mould shrinkage and total shrinkage.

The methodology successfully proposed was published.
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Chapter 6 . Results: statistical based optimization

using multiple quality criteria. POM case study.

This chapter investigated the feasibility to adopt multiple quality criteria for optimizing
POM shrinkage. By considering the optimization stages from the literature review, the
absence of this approach was noticed. Few papers adopted this approach and
simultaneous requests of part mass maximization and shrinkage minimization was never

observed. Aim of this chapter was to bridge this gap.

Desirability functions were implemented for achieving the requests. Results were

validated and confirmed the fulfillment of the objectives.

6.1 Optimising multiple quality criteria using desirability
functions

Injection moulding literature indicates the important role of part mass in shrinkage,
where shrinkage is reduced when part mass is maximized (without overfilling behaviour
such as flash) [17]. However, it is difficult to use part mass as a factor in an experiment,
as it is not a variable that can be easily controlled independently (unlike, for example,
mould temperature). It may also be affected by the same factors that influence

shrinkage.

In a previous study conducted by Zhao et al., metering size was used as a factor (and
part mass as a response) [8]. However, two issues act to reduce the usefulness of
metering size as a factor. Firstly, its accuracy. The metering size accuracy of a dedicated
micro-moulder (Battenfeld 50) - as used here - has been estimated elsewhere in the
literature at 20 mm® [8]. Secondly, the variation of metering size volume with polymer

temperature [30].

Also Ong et al. [197] analysed micro parts using DoE methodology. Result evidenced
the mould temperature as the most significant factor affecting the part mass. A general
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trend has shown that maximum cavity filling resulted from an increasing of mould

temperature, injection rate and injection pressure.

In order to use part mass data to attempt to optimise shrinkage, an optimization based
on multiple quality criteria method was proposed, i.e. it attempts to optimise for both
the minimum total shrinkage and the maximum part mass, because of the known effect
of one factor on the other. To the author’s knowledge, no works that requested
simultaneously part mass maximization and shrinkage minimization are known and the
present method could bridge this gap. Shrinkage was measured according to the

proposed procedure reported in the previous chapter [119].

About the use of desirability functions, similar procedure was used also by Attia et al.
[198]: contribution respect [198] was the standardised mould used and the different

material injected (a semi-crystalline instead of amorphous polymer).

An optimisation of total shrinkage would be particularly hard to achieve for polymers
that show anisotropic shrinkage behaviour, as the POM adopted in the present thesis
[197].

6.2 Results

6.2.1 POM shrinkage results
The methodology proposed in Chapter 5 provided the total shrinkage values (St), on

flow (p) and cross (n) direction. Table 6-1 reports the lowest (Low) and the average
(Av) values of POM total shrinkage as obtained from previous measurements. The
average reported on Table 6-1 was calculated by considering all the data reported in the
column of total shrinkage.

STp Low [%] STp Av [%] STn Low [%] STn Av [%]
3.63+0.01 5.09+1.66 2.35+0.01 3.03+0.26

Table 6-1. POM lowest and average total shrinkage values according to Table 5-3

results.

The chapter 5 already reported and commented the critical factors that affect total

shrinkage. They were mould temperature, hold pressure and melt temperature; in
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addition, two combinations of factors had statistically significants: hold pressure with

mould temperature and mould temperature with melt temperature.

6.2.2 POM part mass results

Using the same statistical tools previously adopted, part mass was analysed. Figure 6-1
and Figure 6-2 represents the Pareto chart and the main effects for POM part mass. The
Pareto chart in Figure 6-1 shows that in terms of part mass, the statistically significant

processing parameters were the mould temperature, the hold pressure and the melt

temperature.
Pareto Chart of the Effects
(response is Mass [mg] Alpha = 0.05)
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Figure 6-1. Pareto chart of POM part mass.

The main effect plot, shown in Figure 6-2, reports how changing each process
parameter between the low and high values affect the actual magnitude of the specimen
mass. The slopes of the three significant parameters identified from the Pareto chart are
all positive in the main effect plot, which means that part mass was directly related to
each of the three parameters.
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Figure 6-2. Main effect plot of POM part mass.

6.3 Optimisation step

The overall analysis of critical factors were summarised in Table 6-2.

Parallel to the flow Normal to the flow
Mould temp
Hold press
St Mould temp and hold press None
Melt temp
Mould temp and melt temp

W Mould temp, hold press, melt temp

Table 6-2. Critical processing parameters.

Table 6-3 reports the values of part mass (W) and total shrinkages (St). All the data
reported in Table 6-3 are the average of measurements conducted using five moulded
specimens, chosen after a number of uninterrupted cycles of injection machine after
each new set of process parameters. This was done to reach stable operation conditions
such that random errors are minimised and, hence, optimisation results are more
reliable. The part mass values shown in Table 6-3 include both the specimen and the
attached gate masses. This has been done because to cut the gate from the specimen
could cause profile damage that affect shrinkage measurements. The gate mass was

estimated to contribute to about 1% of total part mass (0.51+£0.03 mg gate mass).
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Run

W [mg]

Stp [%]

Sta[%]

© 0O N o oA W DN PP

e e < =
g b~ W N kP O

16

46.73+0.39
46.98+0.23
47.64+0.33
47.50+0.52
48.19+0.44
47.60+0.38
46.93+0.31
48.23+0.12
46.57+0.18
46.09+0.44
49.32+0.13
48.99+0.03
49.15+0.08
48.73+0.19
49.42+0.06
49.73+0.12

7.649+0.008
6.664+0.001

5.108+0.004
6.092+0.009
3.887+0.002
4.972+0.009
6.775+0.007
3.728+0.001
6.968+0.004
7.954+0.010
3.670+0.001
3.683+0.001
3.629+0.001
3.640+0.001
3.373+0.001
3.633+0.002

2.797+0.007
2.909+0.001

2.890+0.001
2.802+0.002
3.217+0.001
2.923+0.001
2.820+0.001
3.253+0.001
3.388+0.009
2.350+0.008
3.096+0.001
3.155+0.001
3.177+0.001
3.297+0.002
3.603+0.004
3.030+0.001

Table 6-3. Part mass (W) and total shrinkage (St) on flow (p) and cross (n) direction.

As explained in the paragraph 3.5.2.5 Desirability functions, the optimization according
to multiple quality criteria will be performed using the Equation 2 for maximising the
part mass and the Equation 3 for minimising shrinkage. The values used as upper and
lower limit during the optimization stage were selected according to the results reported
in Table 6-3: for the part mass a target value of 49.5 mg (lower limit 48 mg) was set,
and for shrinkages (both parallel to, and normal to, the flow direction) the target value
was 3.5% (upper limit 4%). Part mass target value was 49.5 mg because closer to the
higher part mass value (specimen of 16" run). Shrinkage target was the medium-low
value between the specimens with low St. Figure 6-3 reports the screenshot of Minitab
16 used in this stage and the set values. As stated the requests during the optimization

stage were to minimise the shrinkage and maximise the part mass.

The results of the optimization stage can be considered achievable the more the

individual desirability function d; and overall desirability D values resulted close to 1.
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Figure 6-3. POM optimization stage.

Figure 6-4 depicts the outcome of Minitab during this stage. The letter d is the single
desirability function, while D is the overall desirability function; letter y is the

individual response, the optimized parameters were reported in bracket.

New Hold t Hold pre Inj pres Mold Tem Melt Tem
"ggh [?1'8] [538'81 [388'8] [Hg'g] [588'81
ur . . . . .
1.0000 | ow 2.0 450.0 800.0 85.0 190.0
Composite — / /
Desirability
1.0000
Weight m T T~ T T T —_— I
Maximum /
y = 49.6450
d = 1.0000
STp %
Minimum
y = 3.4935
d=1.0000 [— | —
STn % — |l_—
Minimum 7 [ % —
y = 3.3796
d = 1.0000

Figure 6-4. POM’s optimized parameters.

Table 6-4 reports the final optimised results.
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Holdt HoldP Inj.P Mould Melt 0 .
[s] [bar]  [bar] TI[°C] TI[°C] S [%] St [%] W [mg]

4 550 800 115 200 3.352+0.001 3.298+0.004 49.42+0.08

Table 6-4. Optimized parameters with total shrinkage and part mass results.

Figure 6-5 depicts the border of optimized parameter. The circle and the line referred to
ejection pin and specimen border and were used in Figure 5-15 for comparing the effect

of the different processing parameter combinations in terms of filling percentage.

D 3

Figure 6-5. Optical investigation of optimized POM specimen.

Results can be compared with those reported in Table 6-1. Table 6-5 summarise the
optimised values in terms of percentage with respect to the average part mass and total

shrinkage and respect the best results before the optimization.

POM Stpopt [%]  Stnopt [%] W opt[Mg]

(3.35) (3.30) (49.42)

STp Av [%] (509) '34%

Stn av [%] (3.03) +9.2%

W av [mg] (47.98) +3%

Stp Low [%6] (15" run)  (3.37) -0.1%

Stn Low [%] (10" run)  (2.35) +40%

W pigh [mg] (16" run)  (49.73) -0.1%

Table 6-5. POM optimization stage effect.

During the manufacturing stage, the filling percentage of specimen varied: some
combinations resulted in fully filled samples, whilst other processing combinations

resulted in partially filled specimens. Figure 6-6 reports the mass distribution of the
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specimens relative to different process parameters. The x-axis shows the weight of the
specimens moulded with the runs from 1 to 16 as reported in Table 6-3. The run number
17 referred about the specimen moulded with the optimised processing parameters of
Table 6-4. The y-axis shows the resulting specimen mass expressed in milligrams. In
Figure 6-6, the white bars indicate mass values for specimens moulded with processing
parameter combinations that include low mould temperature (85°C), while the grey bars
refer to mass values resulting from processing parameter combinations involving high
mould temperature (115°C).

POM part mass
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49.00 1819 -
_ a750] 48.23
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Figure 6-6. POM part mass distribution.

6.4 Discussion

The critical factors that affect the total shrinkage and the part mass were summarized in
Table 6-2. The analysis of shrinkage critical factors reported in Table 6-2 shown that the
temperatures (mould and melt), the hold pressure and their combination resulted critical
factors for the total shrinkage in parallel to the flow direction. In addition, the same
processing parameters resulted critical for the part mass. About the part mass, our
conclusions agrees with Ong et al. [197] that identified the mould temperature as a
critical factor for the cavity filling. In terms of metering accuracy, Zhao [8] conclusions
shown that also the holding pressure has critical influence. Thesis results confirmed
both authors and evidenced the importance of the temperature parameters as

consequence of the POM crystallinity that tends to form an anisotropic structure [175].
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The crystallinity was considered a parameter strongly affected by temperature.
Considering that the transition from fuse to solid take place in cavity mould, this explain

the importance of mould temperature as well.

Table 6-4 reports the optimised parameters values referred to total shrinkage and part
mass values. As reported in paragraph 3.5.2.5 Desirability functions, optimization stage
cannot indicate optimized parameters outside the lower and high levels of the factors
(Table 5-1). A comparison of optimised values with the range reported in Table 5-1
shown the absence of values between the + and — intervals. This could be explained
considering the optimisation stage setting and the compromise related to multiple

quality criteria requests.

The optimisation stage was performed with the individual desirability function d; and
the overall desirability D equal to 1. Table 6-5 reports the lower and the average
shrinkage values. The reported shrinkages on flow direction (Stp) is higher than that on
cross direction (St,): this was caused by POM anisotropic structure and by the normal
injection effect that stretch the polymer chains long the injection direction more than
cross directions. As consequence of this stretching, at the end of manufacturing process
the polymer tends to recover the original dimensions on flow more than on cross
direction. The anisotropic behaviour of POM was confirmed by the indication reported
on MatWeb site [174] for pure POM polymer. Also Velarde et al. [199] highlighted the
same trend for HDPE: their cross shrinkage differs from the flow shrinkage and the
general behaviour is anisotropic. To set the same shrinkage values for both the
directions (3.5% as reported in Figure 6-3) for reducing this anisotropy was a strong
condition. The cross shrinkage has to be increased from an average value of 3.02% to
3.5%, while the decrease on flow direction is from an average value of 5.09% to 3.5%.
Also the limit set for the part mass is quite strong: was set a target value equal to 49.5
mg and only one specimen presents a part mass higher (49.73 mg, 16" run of Table
6-3). To work in such limit conditions caused to have no final optimised parameters

between the + and — interval.

Moreover, the statistical results by applying multiple quality criteria (to minimize
shrinkage whilst maximize part mass) shown the same trend. According to main effect

plots both shrinkage minimizations than part mass maximization were achieved by
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maximizing processing parameter values: this explain why optimized parameters

(except injection pressure) referred to the maximum values.

About the range values explored, during the familiarisation stage the specimen
appearance ranged from completely to partially filled, hence the experimentation

window can be considered suitable for the purposes of the present study.

The effect of the optimisation using multiple quality criteria was estimated by
considering the Table 6-5. A comparison between the numerical results after the
optimisation with those before the optimisation (both average and low values), shown
that shrinkage in parallel to the flow direction was reduced (-34% with respect to the
average value, -0.1% with respect to the best shrinkage value). Shrinkage reduction in
parallel to the flow direction seems to be balanced by a slight increase in shrinkage in
normal to the flow direction (+9.2% with respect to the average value, +40% with
respect to the best shrinkage value). The optimised part mass shown a +3% change with
respect to the average part mass and -0.1% change with respect the best (highest) part
mass value. Such a reduction in part mass with respect the best target value does not

produce negative effects in terms of incomplete filling or low edge definition.

Figure 6-6 confirmed the critical influence of mould temperature (critical factor for
shrinkage and part mass): the relatively short white bars indicate mass values for
specimens moulded with process-parameter combinations that include low mould
temperature (85°C). The relatively long grey bars refer to mass values resulting from
process-parameter combinations involving high mould temperature (115°C). The 17th
bar was the weight of the optimised specimen. The optimization stage were performed
simultaneously by minimising the shrinkage and maximising the part mass. Both these
criteria are not in contrast each other, because to maximise the part mass permits to
reduce the shrinkage [17], even if the final results have to balance the two requests.
Despite of this, the specimen moulded with the optimised parameter (the 17th column
depicted in Figure 6-6) didn’t show higher weight but lower shrinkage in both direction,
because the optimisation using multiple quality criteria made a compromise between the

set requests of minimise the shrinkage and maximise the weight.
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6.5 Summary

The adoption of multiple quality criteria during the optimization stage permitted to
minimize total shrinkage whilst part mass was maximized. The optimal condition that
permitted to fulfill both the requests was determined by using the desirability function.
The temperatures (mould and melt) and the hold pressure were identified as critical
factors for shrinkage and part mass. Results have shown that multiple quality
optimization approach can be efficiently adopted because both requests were fulfilled.
The methodology presented in this chapter was published.
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Chapter 7 . Results: evaluation of 316L feedstock

moulding shrinkage

Experimental evidences have shown that feedstock performance was controlled by the
“backbone” polymer [200]. It might be concluded that, if the shrinkage behaviour of the
pure polymer was known, then the feedstock based on that polymer could exhibit
shrinkage behaviour predictable from the polymer itself. Purpose of this chapter was to
investigate this trend for a u-PIM moulded part. This analysis was performed by
processing the feedstock and by comparing the results with pure polymer for seeing

whether the shrinkage behaviour was the same or not.

The pure polymer results (POM) were reported in the chapter 5, and were not replicated
here. The first part of this chapter was focused on the study of 316L feedstock
shrinkage, following the same scheme adopted for POM in chapter 5. The influence of
powder loading and the comparisons between 316L feedstock and POM were reported

in the discussion at the end of this chapter.

7.1 Methodology

The investigation of 316L feedstock shrinkage was conducted by using the same micro-
mould adopted for the POM shrinkage study. The familiarization stage identified the
range of processing parameter values (Table 7-1), and the half-fractional factorial
matrix (Table 3-1) was implemented from DoE. Similarly to chapter 5, the range of
processing parameters was selected, such that the higher (+) value was obtained by
increasing from an initial setting until the presence of flash start was notable and the
lower value (-) was obtained by decreasing the parameter value until notable defects

started to appear (for example, incomplete filling or low edge definition).
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Processing Parameters Initial Values  Value +  Value —
Injection pressure [bar] 900 930 870
Holding pressure [bar] 250 300 200
Melt temperature [°C] 194 198 190
Mould temperature [°C] 135 140 130
Holding time [s] 3 4 2

Table 7-1. 316L feedstock processing parameter values.

Table 7-2 reports the processing parameter combinations and the statistical matrix

investigated for 316L feedstock shrinkage study.

Processing parameters randomly ordered

Half-Fractional Factorial matrix

RUN Holdt HoldP Inj.P Mould Melt I—_|o|d Hold Inj. Mould Melt

[s] [bar] [bar] TI[°C] TI[°C]| time press press temp temp
1 4 300 930 140 198 + - + - +
2 2 300 930 140 190 + - - + +
3 4 200 930 130 198 + + - - +
4 2 300 870 140 190 + - - - -
5 4 200 870 130 190 + + + - -
6 2 300 930 130 198 - - + - -
7 2 200 870 130 198 + - + + -
8 2 200 930 140 198 - + + - +
9 4 200 870 140 198 - + - + +
10 2 300 870 130 190 - - + + +
11 2 300 870 140 198 + + - + -
12 4 200 930 140 190 + + + + +
13 4 300 870 130 198 - + - - -
14 4 300 870 140 190 - + + + -
15 2 200 930 130 190 - - - - +
16 4 300 930 130 190 - + - + -

Table 7-2. Matrix of half-fractional factorial model and 316L feedstock processing

combination investigated.

7.2 316L feedstock shrinkage measurements

Every runs were performed for an uninterrupted number of cycles, and then five

specimens were measured. Table 7-3 reports the 316L feedstock shrinkage values.

Run Smp [%] Swn [%0] Sep [%0] Sen [%] Stp [%] Sta [%]
1 0.651+0.002 0.447+0.003 -0.136+0.005 0.119+0.005 0.515+0.004 0.566+0.003
2 0.806+£0.002 0.621+0.002 -0.095+0.005 -0.237+£0.004 0.712+0.005 0.385+0.003
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0.834+0.007
0.758+0.005
0.843+0.002
0.726+0.002
0.686+0.003
0.842+0.001
0.656+0.001
0.771+0.001
0.879+0.003
1.052+0.003
0.599+0.002
0.961+0.003
0.800+0.004
1.289+0.004

0.699+0.006
0.603+0.002
0.586+0.001
0.684+0.003
0.374+0.002
0.497+0.002
0.524+0.001
0.560+0.003
0.583+0.002
0.383+0.004
0.690+0.001
0.542+0.001
0.344+0.001
0.493+0.003

0.789+0.019
-0.128+0.008
-0.252+0.004
0.126+0.004
0.010+0.006
-0.128+0.001
0.084+0.003
0.192+0.003
-0.097+0.005
-0.028+0.005
0.535+0.007
-0.084+0.008
0.031+0.006
-0.100+0.007

0.325+0.020
-0.083+0.004
-0.484+0.004
-0.328+0.004
0.573+0.006
0.192+0.002
-0.053+0.004
0.144+0.005
-0.007+0.003
0.362+0.005
0.037+0.004
0.006+0.003
0.331+0.006
-0.088+0.005

1.616+0.018
0.631+0.004
0.598+0.003
0.851+0.003
0.696+0.003
0.715+0.001
0.740+0.002
0.961+0.003
0.783+0.002
1.024+0.001
1.130+0.006
0.877+0.007
0.830+0.002
1.191+0.005

1.022+0.017
0.521+0.003
0.104+0.003
0.358+0.002
0.945+0.005
0.688+0.001
0.471+0.003
0.702+0.003
0.575+0.002
0.743+0.002
0.727+0.003
0.548+0.003
0.674+0.006
0.406+0.002

Table 7-3. 316L feedstock shrinkage results expressed as mean value + standard

deviation.

For making Table 7-3 more clear, the numerical results were reported as graph of 316L

feedstock shrinkage parallel to (Figure 7-1) and normal to (Figure 7-2) the flow

direction. Each graph reports only the moulding (Sm) and the total (St) shrinkage, not

the post-moulding (Sp) shrinkage: this because Sy and St are calculated with respect to

the mould dimensions, while Sp is the shrinkage between 1 and 24 hours. Besides, the

standard deviations were not reported by considering their low values.
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Figure 7-1. 316L feedstock shrinkage parallel to the flow direction.
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Figure 7-2. 316L feedstock shrinkage normal to the flow direction.

7.2.1 316L feedstock moulding shrinkage in parallel to the flow

direction

The statistical study of 316L feedstock shrinkage was conducted by using a different
alpha value (0.1 instead of 0.05) respect POM studies. The reason of this different value

was reported in the discussion.

The Pareto chart depicted in Figure 7-3 represents the moulding shrinkage in parallel to
the flow direction (Swmp). As reported in Figure 7-3, each processing parameter was
represented by a letter. If the significant effect is associated with a combination of more
than one parameter, relevant letters are groups together. The processing parameters
were labelled as A (hold time), B (hold pressure), C (injection pressure), D (mould
temperature) and E (melt temperature). Pareto’s results shown that there was not critical
factors that affect the moulding shrinkage in parallel to the flow direction within the

90% confidence level.
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Pareto Chart of the Effects
(response is SMp [%], Alpha = 0.10)
0.2029
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Figure 7-3. Pareto Chart of 316L feedstock moulding shrinkage in parallel to the flow
direction.

7.2.2 316L feedstock moulding shrinkage in normal to the flow
direction

Figure 7-4 represents the Pareto chart of moulding shrinkage in normal to the flow
direction: no statistically significant factors were detected within the 90% confidence

level.

Pareto Chart of the Effects
(response is SMn [%], Alpha = 0.10)
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Figure 7-4. Pareto Chart of 316L feedstock moulding shrinkage in normal to the flow

direction.

7.2.3 316L feedstock post moulding shrinkage in parallel to the flow

direction
Figure 7-5 depicts the Pareto chart for post-moulding shrinkage in parallel to the flow

direction: the mould temperature was identified as a critical parameter.

Pareto Chart of the Effects
(response is SPp [%], Alpha = 0.10)
0.2327
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Effect
Lenth's PSE = 0.1155

Figure 7-5. Pareto Chart of 316L feedstock post mould shrinkage in parallel to the flow
direction.

Figure 7-6 reports the main effect plot: the slope of the critical factor shows that the Sp

decreases when the mould temperature increases.
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Main Effects Plot for SPp [%]
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Figure 7-6. Main effect of 316L feedstock post moulding shrinkage in parallel to the

flow direction.

7.2.4 316L feedstock post moulding shrinkage in normal to the flow
direction

Figure 7-7 reports the Pareto chart of post moulding shrinkage in normal to the flow

direction: no critical factors were detected within the 90% of confidence level.

Pareto Chart of the Effects
(response is SPn [%], Alpha = 0.10)
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Figure 7-7. Pareto chart of 316L feedstock post moulding shrinkage in normal to the

flow direction.
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7.2.5 316L feedstock total shrinkage in parallel to the flow direction

Figure 7-8 reports the Pareto chart for the total shrinkage in parallel to the flow

direction: no critical processing factors were detected within the 90% confidence level.

Pareto Chart of the Effects
(response is STp [%], Alpha = 0.10)
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Figure 7-8. Pareto chart of 316L feedstock total shrinkage in parallel to the flow

direction.

7.2.6 316L feedstock total shrinkage in normal to the flow direction

The total shrinkage in normal to the flow direction was critically affected by the
combination of holding pressure and injection pressure, as reported in Figure 7-9.

Pareto Chart of the Effects
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Figure 7-9. Pareto chart of 316L feedstock total shrinkage in normal to the flow

direction.

Figure 7-10 represents the interaction between injection pressure and holding pressure
(labelled as BC in Figure 7-9). The boxes show the changing of total shrinkage, in
normal to the flow direction St,. The top right box plots shrinkage as a function of
injection pressure, the bottom left box plots shrinkage as a function of hold pressure.

Considering injection pressure (top right) moving from the low pressure (870 bar) to the
high pressure (930 bar), shrinkage improves with the low hold pressure value (200 bar)
and decreases with the high hold pressure value (300 bar). Considering hold pressure
(bottom left) moving from the low pressure (200 bar) to the high pressure (300 bar),
shrinkage improves with the low injection pressure value (870 bar) and decreases with

the high injection pressure value (930 bar).
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Figure 7-10. Interaction plot of 316L feedstock for total shrinkage in normal to the flow

direction.

7.3 Discussion
This discussion is divided into three parts: (a) factors affecting 316L feedstock
shrinkage; (b) a comparison between 316L feedstock and pure polymer behavior; (c)

potential mechanisms behind critical factors.
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7.3.1 316L feedstock shrinkage
Table 7-4 reports the critical factors that affect 316L feedstock moulding shrinkage.

316L feedstock
Spp Mould temperature |

!

Holding and injection

S
™ pressure

Table 7-4. 316L feedstock shrinkage critical factors. The arrow indicates that a factor

increasing causes a decrease () in shrinkage.

The statistical study identified the mould temperature a critical parameter for post-
moulding shrinkage in parallel to the flow direction. The combination of hold pressure
and injection pressure was identified as interaction that affected total shrinkage in
normal to the flow direction. The trends reported in Table 7-4, showed that an increase
in the values of critical factors leads to decrease shrinkage of moulded part.

Same trends and critical factors were identified by Fu et al. [114], which recommends
high factor settings for improving the cavity filling. About the parameters, mould
temperature was considered critical by Tay et al. [121]; injection pressure and mould
temperature were identified as critical by Huang et al. [106]. Unfortunately, these

papers did not report the interval of confidence.

7.3.2 Comparison between 316L feedstock and pure polymer moulding

shrinkage

Table 7-5 compares average of 316L feedstock shrinkage value as resulted from Table
7-3 and POM shrinkage average values as resulted from Table 5-3. POM shrinkage is
about five times more in parallel to the flow and six times more in normal to the flow
with respect to 316L feedstock shrinkage. There is little prior work in the literature to
compare this result against, though high powder loading has been shown to lead to
lower shrinkage at the micro-scale [106] (though without any estimate of statistical
significance). The results reported in Table 7-5 confirm this conclusion: POM shrinkage
is about five times more in parallel to the flow and six times more in normal to the flow
with respect to 316L feedstock.
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Stpav [%0] Stnav [%0]
POM 5.089+1.658 3.026+0.266
316L feed. 0.867+0.274 0.590+0.227

Table 7-5. Total shrinkage (St) average values between POM and 316L feedstock in
parallel to (p) and normal to (n) the flow direction.

For the polymer, the total shrinkage parallel is 68% greater than normal to the flow; for
the feedstock, it is 47%. A spherical powder shape is thought to influence shrinkage as
it makes the feedstock more isotropic (no preferred molecular orientations) with respect

to crystalline POM [201]. This may be the underlying mechanism here.

7.3.3 Mechanism behind the critical factors
Table 7-6 summarize the 316L feedstock and POM critical factors.

316L feedstock POM

Mould T ! Swmp
Mould T 1 Swin

Spp Mould T !
Holdt-mould T — Sen
Mould T !
Hold P !
Mould T-holdP | Stp
Melt T !
Mould T-melt T |

Stn Hold P - Injection P |

Table 7-6. DoE results of 316L feedstock and POM critical factors. The arrows indicate
whether a factor increasing causes an increase (1) or a decrease () in shrinkage, (-)

indicates no clear trend.

As resulted in Table 7-6, 316L feedstock presents a lower number of critical factors

with respect to POM, and this is likely due to a overlap of two aspects.

The first aspect is connected to the high powder loading: high power loading
leads to low shrinkage, hence low “signal” value.

As a second effect, the noise due to the scale and uncontrollable process
conditions (e.g. the external environment temperature) makes difficult to estimate the

critical factors because of the low feedstock shrinkage (signal values) [136]. Indeed,
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noise can be considered constant during the tests, but S/N ratio is lower compared to
binder and this affect significance by adding uncertainty to the results: as outcome,
influential parameters did not exceed the confidence threshold [202]. This did not mean
that no parameters were significant, but it means that confidence was lowered due to
uncertainty. Considering the specific 316L feedstock results, this requested to increase
the alpha value from 0.05 to 0.1 (consequently, the confidence threshold decreased from
95 to 90%). A higher alpha value means to be more likely to reject a true null
hypothesis, but it means also be more likely to detect real critical factors affecting the

shrinkage.

The differences in terms of critical factors were discussed below.

The mould temperature is present as critical factor both for 316L feedstock (Spp) than
for POM polymer (Smp, Smn, Stp) in Table 7-6. The critical influence of this parameter
has been previously shown in several studies, for pure polymers [111; 117] and for
feedstocks [106; 121]. The trend of this factor is also confirmed by the literature: an

increase of mould temperature leads to shrinkage decrease.

The holding pressure factor is present both in 316L feedstock (S, with injection
pressure) and in POM (Sp,, with mould temperature). The presence of this parameter
was confirmed by works that investigated pure polymers (POM [8; 119]) and feedstock
[121] as well. Similarly to the trend reported in the present chapter, literature results
evidenced that high holding values leads to reduce shrinkage.

In Table 7-6, the injection pressure is present only for 316L feedstock (Stn, with holding
pressure). This result contrasts with the literature, because works have shown that
injection pressure affected polymers [104; 105] and feedstock [106] shrinkage as well.
However, the presence of injection pressure as a critical parameter for 316L feedstock
and not for POM, it might be connected to the feedstock powder loading. Works has
shown that to increase powder-loading leads to increase feedstock viscosity [203], and
the viscosity affects injection pressure [204]. The relationship between viscosity and
injection pressure is not simply predictable due to pseudo-plastic feedstock behaviour

and temperature influences [170].

The 316L feedstock did not show as critical parameters neither holding time nor melt

temperature (both present in POM). The absence of holding time for feedstock was
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confirmed by the literature, because the holding time emerged to be critical only for
pure polymers [31; 109] and no works reported the critical influence of this parameter
for feedstock. The absence of melt temperature is not simply explainable, because is an
important parameter both for feedstock [121] than for pure polymers [31]. However the
presence of melt temperature as critical parameter for feedstock was observed only in
one works above nine (Table 2-4), and a combined effect with melt temperature is a

second ranking effect for feedstock Sp, (Figure 7-5).

Summarizing the results reported above, it is possible to say that the presences of mould
temperature and hold pressure for both and the hold time only for polymer were
confirmed by the literature results. On the contrary to literature indications, results has
shown that injection pressure is not critical for POM and melt temperature is not critical
for feedstock. Regarding injection pressure, it is likely that the powder loading caused
the criticity of this parameter in feedstock and not in polymer. Regarding melt
temperature, further studies have to be performed even if in the literature only one work

above nine identified this parameter as critical for feedstock.

These considerations were grouped in Table 7-7. The critical factors were compared

with trends available in the literature.

316L feedstock POM Literature
Mould temperature Yes Yes Both
Hold pressure Yes Yes Both
Injection pressure Yes No Both
Hold time No Yes  Only pure polymers
Melt temperature No Yes Both

b

Table 7-7. Comparison between pure polymer and feedstock critical factors. “Yes’
indicate the presence; “No” the absence of critical factor. The third column reports

whether factor affects are reported in the literature.

7.4 Summary

The influences of five processing parameters (injection and hold pressure, holding time,
melt and mould temperature) in terms of shrinkage for 316L moulding feedstock were
investigated.

The statistical treatment identified the critical factors that affected feedstock shrinkage:

the mould temperature for post-moulding shrinkage in parallel to the flow direction, and
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the combination hold pressure-injection pressure for total shrinkage in normal to the
flow direction.

The results were discussed by considering different aspects: factors affecting 316L
feedstock shrinkage, a comparison between 316L feedstock and pure polymer shrinkage
values and a discussion by comparing each critical factor in pure polymer and
feedstock.

By considering feedstock and pure polymer, the comparison between shrinkage values
in the parallel to and normal to the flow direction presented similar percentage results
and trends, even if feedstock shrinkage values were lower with respect to pure polymer
as consequence of powder loading. The comparison of critical factors in some case
presented different situations with respect to the literature review, i.e. the absence of

melt temperature between the feedstock critical factors

156



Chapter 8 . Results: statistical based optimization
using multiple quality criteria. 316L feedstock case

study.

In the present chapter, the optimization by using multiple quality criteria, already
described in chapter 6 and by [205], was applied on 316L feedstock. Similarly to the
procedure applied to POM, the optimization required shrinkage minimization and part
mass maximization simultaneously. By using different material (316L feedstock instead
of POM), it is likely to produce different results. Considered the results already
acquired, shrinkage numerical results were just summarized whilst the 316L feedstock

part mass study was fully described.

8.1 Results

As explained in paragraph 7.3.3, the statistical study about 316L feedstock adopted an o
value equal to 0.10. This statistically means that the possibility of finding an effect that

does not really exist was 10%. Same a value was used for part mass characterization.

Table 8-1 reports total shrinkages values of 316L feedstock (St) in parallel to (p) and
normal to (n) the flow direction (as resulted from Table 7-3) and the part mass (W)
values. Part mass included both the specimen than the attached gate weight, because to
divide the gate from the specimen caused profile damage that affected shrinkage
measurements. Gate mass was estimated to contribute to about 1.5% of total part mass

(3.10£0.03 mg gate mass).

g B~ W DN

214.99+0.47
215.37+0.91
199.82+4.35
212.24+0.84
191.56+3.19

0.515+0.004
0.712+0.005
1.616+0.018
0.631+0.004
0.598+0.003
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6 203.50+2.62 0.851+0.003 0.358+0.002
7 201.75+4.10 0.696+0.003 0.945+0.005
8 212.91+0.58 0.715+0.001 0.688+0.001
9 213.92+0.54 0.740+0.002 0.471+0.003
10 184.81+3.73 0.961+0.003 0.702+0.003
11  214.34+0.60 0.783+0.002 0.575+0.002
12 211.03+0.43 1.024+0.001 0.743+0.002
13 194.83+1.36 1.130+0.006 0.727+0.003
14 212.06+0.44 0.877+0.007 0.548+0.003
15 186.51+6.31 0.830+0.002 0.674+0.006
16 182.51+1.96 1.191+0.005 0.406+0.002

Table 8-1. 316L feedstock specimen mass results (W) with total shrinkage (St) parallel
to (p) and normal to (n), the flow direction.

8.1.1 316L feedstock shrinkage results

Table 8-2 reports the 316L feedstock lowest (Low) and the average (Av) values for total
shrinkage (St), on parallel to (p), and normal to (n), the flow direction. The average
reported on Table 8-2 was calculated by considering all the data reported in the column

of total shrinkage.

STp Low [%] STp Av [%] STn Low [%] STn Av [%]
0.515+0.004 0.867+0.274 0.104+0.003 0.590+0.227

Table 8-2. 316L feedstock lowest and average St values.

According to statistical results reported in chapter 7, 316L feedstock total shrinkage
normal to the flow direction was critically affected by the interaction between holding
pressure and injection pressure (Figure 7-9). The total shrinkage in parallel to the flow

direction did not present critical factors (Figure 7-8).

8.1.2 316L feedstock part mass results

Using the same statistical tools used for total shrinkage, the critical factors that affect
316L feedstock part mass were analysed. The processing parameters were labelled as A
(hold time), B (hold pressure), C (injection pressure), D (mould temperature) and E
(melt temperature).
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Figure 8-1 represents the Pareto chart of the 316L feedstock part mass. Two single
factors had statistically significant effects on part mass: the mould temperature D and
the melt temperature E. In addition, one combination of factor had statistically

significance: mould temperature with melt temperature DE.

Pareto Chart of the Effects
(response is mass [mg], Alpha = 0.10)
3.12
D4 : | Factor Name
A Hold time
E | B Hold press
DE | C Inj. press
BD D Mould temp
BC E Melt temp
AB+
£ CE 1
™ A -
'2 AC 4
B
AE 4
BE -
AD
CDA
C -
T T T T
0 5 10 15 20
Effect
Lenth's PSE = 1.54687

Figure 8-1. Pareto chart of 316L feedstock part mass.

Figure 8-2 represents the main effects chart of the 316L feedstock part mass critical
factors. The main effects plot reports how changing each process parameter between the
low and high values affects the actual magnitude of specimen mass. The slopes of the
two significant parameters (mould temperature and melt temperature) identified from
the Pareto chart, are all positive in the main effects chart, which means that an increase

in specimen mass is directly related to each of the two parameters.
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Main Effects Plot for Wt [mg]
Data Means

Mould temp Melt temp

215 1

2104

205 - /
200 /

195 4

Mean

130 140 190 198

Figure 8-2. Main effect plot of critical 316L feedstock part mass factors.

Figure 8-3 represent the interaction between melt and mould temperatures (labelled as
DE in Figure 8-1). The boxes show the change of 316L feedstock part mass, W, with
both mould temperature and melt temperature. The top right box plots the means of part
mass as a function of melt temperature, the bottom left box plots the means of part mass

as a function of mould temperature.

Interaction Plot for Wt [mg]
Data Means
190 Melt Temp. 198
—————— -
140°C L 210
&
200
x“pog ’
190
210 - Mould
temp
" —e— 130
§ 200 —B— 140
= Melt
temp
190 —e— 190
—B— 198
130 Mould Temp. 140

Figure 8-3. Interaction plot of 316L feedstock part mass between melt and mould

temperature.
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Considering melt temperature (top right box), the increase of part mass as we move
from the low (190°C) to the high (198°C) temperature is larger when mould temperature
is low (130°C) than when it is high (140°C), even if the value of part mass means with
mould temperature equal to 140°C is greater with respect to 130°C and produce an
increase too. Considering mould temperature (bottom left box), the increase of part
mass moving from the low (130°C) to the high (140°C) temperature is larger when melt
temperature is low (190°C) than when is high (198°C), even if the value of part mass
means with melt temperature equal to 198°C is greater with respect to 190°C and

produce an increase too.

8.2 Optimization step

Similarly to the procedure adopted in chapter 6 for POM, desirability functions were
implemented for minimizing shrinkage and maximizing part mass. The individual
functions for matching with these requirements were represented in Equation 2 and

Equation 3 respectively.

Shrinkage minimisation and part mass maximisation requires upper and lower limits
selected using the results reported in Table 8-1. As depicted in Figure 8-4 for
optimization stage, shrinkage target St was set to 0.5% and the upper limit was set to
1.4%; mass target value was set to 217 mg and the low limit was set to 210 mg.

i{esponse Optimizer - Se

Response Goal Lower Target Upper Weight Importance
C14 STp[%] Minimize v | 0.5 1.4
C15 STn[%] Mnimize v/ 0.5 1.4
C16 Wt[mg] Maximize | 217

Desirabiity functions for different goals - how Weights affect their shapes
Mnimize the Response Hit 3 target value Maximize the Response

Weight Weight
0.1 I o1 0.1

IR TN

Upper Lower  Targel Upper
_re |

Figure 8-4. 316L feedstock response optimizer values.
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Figure 8-5 reports the results of the optimization stage. Desirability value was equal to

1, and the optimized processing parameters combination reported in bracket.

Optimal Hold tim Hold pre Inj. pre Mould te Melt tem
D M 20 30001 93001 14001 [105.0]
ur . . . . .
1.0000 |ow 2.0 200.0 870.0 130.0 190.0
Composite / ~
Desirability
1.0000
STp [%]
Minimum
y = 0.3512
d=10000 || _—
STn [%]
Minimum
y = 0.2040
d = 1.0000 T~ \
Maximum
y = 219.8162
d = 1.0000

Figure 8-5. 316L feedstock optimization stage.

Table 8-3 summarises the critical factors observed for shrinkage and part mass.

316L feedstock critical factors

Parallel to the flow Normal to the flow
St None Hold press-Injection press |
W Mould temp, melt temp, their combination 1

Table 8-3. 316L feedstock critical processing parameters. The arrows indicate whether

a factor increasing causes an increase (1) or a decrease (|) in shrinkage or part mass.

The optimisation stage depicted in Figure 8-5 identified the optimum combination of
parameters that minimized shrinkage and maximized 316L feedstock part mass. Table
8-4 reports 316L feedstock shrinkage and part mass values of specimens moulded with

optimized parameters.

Hold HoldP Inj.P Mould MeltT
t[s] [bar] [bar] T [°C] [°C]

2 300 930 140 198  0.590+0.004 0.283+0.002 211.79+0.65

Sp [%] St [%] W [mg]

Table 8-4. 316L feedstock optimized parameters with total shrinkage and part mass

results.
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The results reported in Table 8-4 can be compared with those reported in Table 8-2.
Table 8-5 summarise the comparison.

316L feedstock Stpopt [%]  Stnopt[%] W opt[Mg]
(0.59) (0.28) (211.79)

Stp av [%] (0.87) -30%
St av [%0] (0.59) -53%
Wav [mg] (203.26) +4%
Stp Low [%] (1% run)  (0.52) +13%
Stn Low [%] (5" run)  (0.10) +280%
Whigh [mg] (2™ run)  (215.37) 2%

Table 8-5. Analysis of 316L feedstock optimization stage effect.

In Table 8-5, the actual average, low and optimised values of shrinkage and weight are
given in parentheses, the optimised in the first row of data and the average and lower in
the first column of data. The body of the table compares the optimised with the non-
optimised values as a percentage change. The first set of three rows compares against
average values from prior experiment. The second set of three rows compare against the
best values (lowest shrinkage or highest mass) from prior experiment. A negative value

in the table indicates a reduction in shrinkage or part mass.

Figure 8-6 reports the specimens mass as resulted from Table 8-1. Specimen number 17
was moulded using the combination of optimised processing parameters of Table 8-4.

The part mass was expressed in milligrams.

Catamold 316LS part mass
220.00
215.37
414.99 213.92 31434
= 212.24 21231 _ F1103 212.06 211.79
I <] : = o
210.00 H [ —| — —
199.87 203.50 201.75

—
oo
E 20000 - - — — |1oz83 -
= : 186.51
=
o 184.81 I
@ 190.00 H | | - =
= 182.71

180.00 +{ | — — -

1?0.00 T T T T T T T T T T T T T 1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Specimens
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Figure 8-6. 316L feedstock part mass distribution.

The white bars represented in Figure 8-6 referred to specimens moulded with high
mould temperature (140°C), while the grey bars referred to specimens moulded with
low mould temperature (130°C). The 17" specimen was moulded with high mould

temperature. Error bars are the standard deviation of five specimens examined.

8.3 Discussion

The numerical results reported in Table 8-1 confirmed the general shrinkage trend about
a more balanced and overall lower shrinkage in amorphous polymers respect and semi-
crystalline polymers (described in paragraph 7.4.2).

The critical factors that affect 316L feedstock total shrinkage and part mass were
summarized in Table 8-3. The combination holding pressure-injection pressure was
identified as critical factor for total shrinkage normal to the flow direction. The analysis
of combined effect has shown as general trend that shrinkage was reduced with a
combination high-high of values of injection pressure and hold pressure (Figure 7-10).
Pomerleau et al. [74] confirmed this trend also: generally, an increase of holding
pressure can reduce shrinkage in parallel to and normal to the flow direction. No critical

parameters were found for total shrinkage in parallel to the flow direction.

A similar trend resulted by considering part mass results (Figure 8-2 and Figure 8-3),
where the mould temperature, the melt temperature and their combination were
identified as critical factors that affect part mass: by increasing these critical factors,
leads to increase part mass. These experimental results were confirmed by the literature,
that stated the influence of melt and mould temperature in terms of amount of material

inside the cavity mould [85].

Table 8-4 indicates the 316L feedstock optimized parameter values that reduced
shrinkage and maximized part mass. As noticed in chapter 6 about POM, also for 316L
feedstock the optimized parameters were the maximum values investigated (except the
holding time) reported in Table 7-1 without intermediate values, despite of the factors
range investigated the entire mouldability region as depicted in Figure 4-26. This
behaviour it is likely due to the similar trend of shrinkage and part mass. Indeed, the

fulfillment of both requests (shrinkage minimization and part mass maximization) was
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achieved by maximizing the processing parameters and this explain why the greater part
of optimized parameters (except holding time) resulted to the maximum values.

Table 8-5 reports the effect of optimisation using multiple quality criteria. Comparing
the numerical results after the optimisation with those before the optimisation (both
average and low values), it was possible to evaluate that shrinkage in parallel to the flow
direction was reduced respect the average (-30%) but lightly improved respect to the
lowest value (+13%, first specimen). The optimized shrinkage in normal to the flow
direction was reduced respect to the average value (-53%) but not respect to the lowest
value (+280%, fifth specimen). The optimised part mass has shown a +4% change with
respect to the average part mass and a -2% change with respect to the highest part mass
value. The optimised values were the result of a compromise between shrinkage
minimisation and part mass maximisation and Table 8-5 represent a good example.
Considering the average values (total shrinkage and part mass), the optimized results
shows the fulfillment to shrinkage minimization and part mass maximisation. Otherwise
considering the lowest results, seems that the optimized parameters produced a
worsening of final product both for shrinkage than for part mass, but it is necessary to
consider all the results related to that combination of processing parameters and
compare these results with optimized values. Hence the best Sy, result of the 1% run
(0.52%) have to be considered also with its Sy, (0.57%), as well as the St, best result

for the 5" run (0.10%) have to be considered also with its part mass value (191.6 mg).

The 316L feedstock part mass analysis depicted in Figure 8-6 confirmed the critical
influence of mould temperature: the relatively short white bars indicate mass values for
specimens moulded low mould temperature (130°C). The longer grey bars refer to
specimens moulded with high mould temperature (140°C). The 17" bar referred to part
mass of the specimen moulded with optimised values. Although the 17" specimen did
not show the highest value of mass, it exhibited a shrinkage that is more balanced in
parallel to, and normal to, the flow direction (0.59% and 0.28% respectively) compared

to shrinkages reported in Table 8-1.
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8.4 Summary

Multiple quality criteria optimization was applied to 316L feedstock. Results confirmed,
similarly to POM case study, that this methodology could efficiently reduce shrinkage

and increase part mass simultaneously.

The comparison performed between results before and after optimization, confirmed
that outcomes of statistical-based optimization represents a compromise between

potentially contradicting process conditions.
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Chapter 9 . Results: feedstock feature reproduction at

the micro-scale.

This chapter investigated the behaviour of 316L feedstock for filling micro-features
with different aspect ratio. The features consisted in micro-channels parallel to, and
normal to, the flow direction. Statistical approach was adopted for determining the
processing parameters that affect the feature reproduction of the micro-channel with a
breadth of 600 um in a perpendicular direction (z-axis) with respect to the flow
direction (x-axis): these data were calculated by converting the height of the channel on
feature reproduction value. Optical analysis of the 60um feature was used for

determining the connection between channel orientation and low mouldability limit.

9.1 Purpose of chapter

Objectives of the present chapter were to study the influence of feedstock processing
parameters for filling a micro-feature in a direction perpendicular (z-axis) with respect
to the injection flow (x-axis), and to collect information about the effect of texture
orientation for filling channels with dimension close to the lower mouldability limit of
the material injected. As noted below, both aspects were investigated in the literature for
pure polymers but not for feedstock, and the results reported in this chapter may bridge

this gap.
9.2 Theoretical aspects

Filling dynamic behaviour

No data are available in the literature about works that investigated the influence of
processing parameters — in feedstock moulded parts — for the filling of micro-channels

in a perpendicular direction (along the z-axis) with respect to the melt flow direction.

At date, Zhang et al. [186] published the only similar work present in the literature. The
authors adopted a channel configurations similar to the design reported in Figure 9-1,

and investigated five processing parameters (injection speed, hold pressure and time,
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barrel and mould temperature) by implementing an half factorial matrix. With respect to
the present chapter, Zhang et al. [186] considered a pure polymer (HDPE) instead of
feedstock. The results have shown that replication quality increase by increasing the

critical parameters holding pressure and mould temperature.

Parallel %

=

Figure 9-1. Micro-texture position.

Low mouldability limits and feature orientation

No data are available in the literature about the connection between feature orientations
and lowest mouldability limit. On other words, there are no data for determining if the
reproduction of the littlest micro-channel (with dimension equal to the low mouldability
limit of feedstock) is affected by the channel orientation. By manufacturing a micro-
channel of 60 um and by orienting the channel parallel to and normal to the flow
direction, it could be possible to determine this connection. Tests for manufacturing a

channel with dimension lower that 60 um were reported in the appendix A.

The dimension of 60 um was chosen because according to Gonzales et al. [206], it is
usual to assume that the smallest feature of a moulded part can be ten times larger than
the mean particle diameter of powder. By considering that the mass median particle
diameter (MMD) of 316L feedstock powder is Dsp=4-5 um, it is likely that the low
mouldability limit is around 50um. By considering the 316L feedstock, the assumption
reported above was confirmed by Fu et al.[207], which successfully moulded micro-

pillars with a diameter of 60pum.
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Zhang et al. [186] demonstrated the influence of feature orientation (with geometry
similar to Figure 9-1) in terms of feature reproduction: by moulding a pure polymer
(HDPE), Zhang observed that parallel to the flow feature presented sharp edges and
better-replicated profile with respect to normal oriented features. Yang et al. [208]
reported similar conclusions by studying HDPE moulded parts: results have shown that
normal to the flow features were partially filled with respect to parallel to the flow.

Hesitation effects

The micro-feature geometries adopted in this chapter could generate hesitation effects
(Figure 9-2).

z-axis , Hesitation
2

Flow

direction

Figure 9-2. Hesitation-effect in high aspect ratio micro-cavities [209].

Indeed, this effect is common when an injection-moulded part contains different
thicknesses [209] and as consequence, the flow moves preferentially into thick area
[210]. The hesitation effect occur with A/R usually larger that 2. During injection
process, when the flow front reaches the first thin wall section, if the pressure is
insufficient for filling the thin section the melt continue along the flow direction. Melt
that just entered the thin section, cools until the rest of cavity mould is filled. When the
main cavity is completely filled, the injection pressure is fully available but the melt in
the thin section has frozen and the section cannot be filled further. This phenomenon

has to be considered because results can be affected by hesitation effect.

9.3 Results

Table 3-5 reports the processing parameters and their values investigated in this chapter.
Table 9-1 reports the experimental data concern the feature with a breadth of 600 um,
measured both in parallel to than normal to the flow direction. In details are reported the

combinations of processing parameters tested, the height of the feature expressed in um
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and the feature reproduction (FR) expressed as percentage with respect to the cavity
micro-feature height. The absence of data (=) in Table 9-1 means that no features were
reproduced. It was possible to measure only the 600 um wide feature because the
measurements were performed with a touch probe with a ball nose of 1 mm of diameter:
the smaller channels (below a wide of 400 um) requests different measurement

technique (e.g. confocal microscopy).

Equation 5 [103] was used for determining the feature reproduction and concerns the
height of the texture of 600 um wide. The terms cq is the cavity micro-feature height
used as reference (300 £ 1 um), whilst f4 is the average height of the feature filled by
316L feedstock.

Cd

Equation 5 FR = (1 - (Cd‘fd)> «100

During each moulding run (16 runs, Table 9-1), five sample were selected after an
uninterrupted number of cycles. The height of each 600 um feature (in parallel to and
normal to the flow direction) was measured in three points (see Figure 3-22), for 480

measurements in total.

Melt Mould Hold Hold Inj. Paral  Norm FR FR
Run temp temp press time  speed height height Paral Norm
[°Cl [Cl [bar] [s] [mms™] [um] [um] [%] [%]

1 198 130 200 2 150 - - - -

2 192 130 200 5 150 - - - -

3 192 140 200 2 150 212 192 70.7 639
4 192 140 400 5 150 165 275 55.2 915
5 198 140 200 2 250 - - - -

6 198 130 200 5 250 163 143 545 475
7 198 140 400 2 150 240 160 80.0 534
8 192 130 400 5 250 241 237 80.5 789
9 192 140 400 2 250 204 252 68.0 841
10 198 140 200 5 150 145 - 48.2 -
11 198 130 400 5 150 - - - -
12 192 130 200 2 250 282 220 939 733
13 198 140 400 5 250 - - - -
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14 198 130 400 2 250 - - - -
15 192 130 400 2 150 - - - -
16 192 140 200 5 250 - - - -

Table 9-1. Processing combination values, height and feature reproduction (FR) of p-

textures parallel to, and normal to, the flow direction.

9.4.1 Statistical results of micro-texture measurements

The statistical analysis investigated the feature reproduction RF. The studies were
performed by using Minitab 16; Pareto chart, main effects and the interaction plots
analyzed the results. Similarly to the previous 316L feedstock study (chapter 7), the

alpha value adopted was 0.1.

The study of FR allowed determining the critical factors that affect the filling dynamic
along the z-axis. The processing parameters were labelled as A (melt temperature), B
(mould temperature), C (hold pressure), D (hold time) and E (injection speed). The
combined influence of two of these parameters was described using two of the above

letters.

The Pareto Chart depicted in Figure 9-3 represents the critical factors that affect FR for
the u-feature parallel to the flow direction: the interaction between injection speed and

mould temperature is a critical factor.

Pareto Chart of the Effects
(response is RF parallel [%], Alpha = 0.10)
30.68
BE - * | Factor Name
A Melt temp [°C]

A - | B Mould temp [°C]
BD | C Hold press [bar]
BC [ D Hold time [s]
AE E Inj speed [mm s-1]

D4
CD+

= AD-

DE |

C -
CE A

8
AC
AB -

T T T T T
0 10 20 30 40 50
Effect
Lenth's PSE = 15.225

Figure 9-3. Pareto chart of FR 316L feedstock (parallel direction).
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Figure 9-4 depicts the corresponding interaction plot between mould temperature and
injection speed, labelled as BE in Figure 9-3. The top right box plots FR as a function of
injection speed, the bottom left box plots FR as a function of mould temperature. By
considering injection speed (top right) moving from the low (150 mm s™) to the high
(250 mm s%) speed value, FR increase when mould temperature is low (130°C) and
decrease when it is high (140°C). Considering the mould temperature (bottom left)
moving from the low (130 °C) to the high (140°C) temperature, FR increase when
injection speed is low (150 mm s™?) and decrease when it is high (250 mm s?). As
overall trend, FR was not easily predictable because of the antagonistic interaction,
characterized by a cross combination of the factors (low-high or high-low).

Interaction Plot for RF parallel [%]
Data Means

150 1nj. speed 250

P& Mould

temp
I 45 [°c]
—e— 130
30 | —m— 140

F 15

60 Inj speed

[mm s-1]
—— 150
— 250

45

30 1

15 A

130 Mouldtemp 140

Figure 9-4. Interaction plot of FR 316L feedstock (parallel direction).

The Pareto Chart depicted in Figure 9-5 represent the critical factors that affect the FR
of the p-feature normal to the flow direction: the interaction between injection speed

and mould temperature, and the melt temperature.
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Pareto Chart of the Effects
(response is RF normal [%], Alpha = 0.10)
35.21
BE 4 : | Factor Name
A Melt temp [°C]

A | B Mould temp [°C]
BC C Hold press [bar]
BD - [ D Hold time [s]

cH | E Inj speed [mm s-1]
CDA |
AC

= AE-

AB+

E -

D -
AD -
CE+
DE

T T T T
0 10 20 30 40
Effect
Lenth's PSE = 17.475

Figure 9-5. Pareto chart of RF 316L feedstock (normal direction).

Figure 9-6 and Figure 9-7 respectively depict the main effect plot of the melt
temperature (labelled as A in Figure 9-5) and the interaction plot of the combined effect
between injection speed and mould temperature (labelled as BE in Figure 9-5).

According to Figure 9-6, RF decrease by increasing the melt temperature.

Main Effects Plot for RF normal [%]
Data Means
50
40
c
3 304
=
20
10- , :
192 198
Melt temp [°C]

Figure 9-6. Main effect plot of FR 316L feedstock (normal direction).

In Figure 9-7, the top right box plots FR as a function of injection speed, the bottom left
box plots FR as a function of mould temperature. These critical factors presented the
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same interaction reported in Figure 9-4, and leads to the same results: FR trend was not

easily predictable because of the cross combination of the factors.

Interaction Plot for RF normal [%]
Data Means

150 Inj. speed 250

60 Mould

temp
45 [°c]
—e— 130
F30 [—m— 140

F15

60

Inj speed

[mm s-1]

454 —— 150
—— 250

30

15 4

130 Mouldtemp 149

Figure 9-7. Interaction plot of FR 316L feedstock (normal direction).

9.4.2 Optical results

Figure 9-8 reports the optical analysis of the p-features normal and parallel oriented.

Each specimen was moulded with the processing combination reported in Table 9-1.

u-features normal to the flow u-features parallel to the flow
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Run 2

Run 3

Run 4

Run5
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Run 6

Run 8

Run 9
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Run 10

Run 11

Run 12

Run 13
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Run 14

Run 15

Run 16
Figure 9-8. Optical analysis of p-features parallel to (right) and normal (left) to the flow

direction.

As resulted from Table 9-1, many processing combinations did not produce textures.
However, Figure 9-8 confirm that the combination of processing parameters fully
investigated the feedstock mouldability range because specimen shape varied from well

moulded with flash (e.g. specimen 9) to partially unfilled (e.g. specimen 15).
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9.4 Discussion

9.4.1 Discussion of statistical analysis

The combination between mould temperature and injection speed, resulted critical for
RF. It is likely that the feature reproduction results are not affected by hesitation effects,
because this effect occur in u-features with A/R > 2 [209], and the 600 um feature
present an A/R = 0.5. Table 9-2 summarize the critical factors that affect FR of

feedstock.

316L feedstock filling along z-axis
FR Parallel Mould temperature-inj. speed -

Mould temperature-inj. speed -

FR Normal
Melt temperature !

Table 9-2. Critical factors that affect the FR of the 600 um feature breadth, along z-
axis. The arrow () indicates the FR response after a factor increase, (-) indicates no

clear trend.

The analysis of results reported in Table 9-2 evidences some analogies with Zhang et al.
[186]. Zhang identified mould temperature and holding pressure as critical parameters
for HDPE channel height, regardless the channel orientations. The 316L feedstock
results evidenced the critical effect of the interaction between mould temperature and
injection speed; features normal to the flow oriented was affected also by melt
temperature. Even if for different materials, the studies seems to confirm that a
temperature (mould temperature in both) and a pressure related parameters (hold
pressure for [186] and injection speed in the present thesis) affects the feature
reproduction. The importance of injection speed during the filling of micro-channels

was demonstrated in a previous work of Zhang [211].

About the trends, the results of 316L feedstock is opposite with respect to HDPE
investigated by Zhang et al. According to [186], an increasing of critical parameter
leads to increase channel height, whilst according to results presented in the present
thesis and reported in Table 9-2 feature reproduction of channel normal oriented was
increase by decreasing the melt temperature. It was not possible to identify a clear trend

for the interaction between mould temperature and injection speed.
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9.4.2 Discussion about low mouldability limit and feature orientation

The optical results of the 60um breadth feature were summarized in Table 9-3.

60 um
Specimen  Paral  Normal
1 - -
2 - -
3 - -
4 Yes -
5 - -
6 Yes -
7 Yes -
8 Yes -
9 Yes -
10 Yes -
11 P -
12 Yes -
13 P -
14 -
15 P -
16 P -

Table 9-3. Optical investigation results for the feature of 60 um. Yes indicate feature

fully and P partially replicated.

Results of Table 9-3 evidenced the presence of a low mouldability limit equal to 60 pum,
and the influence of features orientation. Indeed, only the micro-features parallel to the

flow oriented were reproduced, whilst no normal oriented features are present.

The low mouldability value (60 um) confirmed the assumption of Gonzales et al. [206],
Fu et al.[207] and Zauner [212]: the smallest feature of a moulded part can be ten times
larger than the mean particle diameter of powder, and 316L feedstock can reproduce
features of 60 um. Besides, similarly to Zhang et al. [186] and Yang et al. [208] results,

features parallel to the flow presented better FR with respect to normal to the flow.

The absence of normal oriented features it is likely to be caused by an air entrapment
phenomenon: most of the air inside the parallel oriented features can escape from the
cavity during the filling process, opposite to the case of normal oriented features.

This phenomenon was observed also by Zhang et al. [186], which made further

considerations about the gap & between the melt flow profile and the cavity edge. By
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adapting the model reported by [186] (laminar flow fully developed inside the cavity
thickness, 350 um, and a semi-circle melt front), it is possible to estimate 8. Figure 9-9
represent the advancing melt flow and the 60 um feature profile.

By adopting the Equation 6, it is possible to estimate the gap: by assuming R=175 um
and w=60 um, 5 resulted equal to 10 pum.

Equation 6 § =R— VRZ —w?

It is likely that this value did not permit the complete air discharge from the feature, and
the consequent lack of filling of features normal to the flow find an explanation in this

phenomenon.

Flow direction

&

t ng

<+ Mould
W

Figure 9-9. Scheme of advancing melting front. R is the radius of melt front; o is the

gap, h is the cavity deep and w the cavity width (both 60um).

9.5 Summary

Micro-channels parallel to and normal to the flow direction, were manufactured for
investigating the influence of processing parameters for filling features along the
perpendicular direction (z-axis) with respect to the injection flow direction (x-axis).
Moreover, micro-channels with a breadth of 60 um (parallel to and normal to the flow
direction) were optically investigated for determining if the orientation may affect the

filling of channel with dimensions close to the lower mouldability limit.

Five factors were investigated: the injection speed, the holding pressure, the melt
temperature, the mould temperature and the holding time. About the critical parameters
that affect the filling along the z-axis, the interaction between mould temperature and

injection speed affect the filling of parallel oriented features; whilst the interaction
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between mould temperature and injection speed, and the single factor melt temperature,

affect the filling of normal oriented features.

About the low mouldability limit, the value was identified around 60 pum: this result
agreed with the general assumption to consider the average dimensions of smallest
moulded feature around ten times larger than the MMD. Besides, it was observed that
no features normal oriented were replicated; hence, the feature orientation can affect the
filling of micro-channels. The absence of moulded channels oriented normal to the flow

could be a consequence of entrapped air.
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Chapter 10 . Discussion

The experimental results of single chapters were discussed previously. In this chapter,
by starting from the thesis aim, the discussion was performed by analysing each single

objective.

10.1 Thesis aim

The great numbers of aspects that may affect shrinkage are detectable by the literature
review reported in chapter 2. Shrinkage can heavily affect the outcomes of moulded
part, and scale effects did not permit to extrapolate directly the micro-scale results from
macro-scale. By considering the importance that micro-moulding is assuming in these
years and the number of defects that shrinkage can generate, the aim of the present

thesis was to characterize the effects of shrinkage in micro-injection moulding.

10.2 Thesis objectives

Under the thesis aim, different objectives were identified. The objectives arise from the

analysis of literature review gaps. More in details, the objectives were:

i. Set a standardised methodology suitable for the micro-scale (identified as

research gap);

ii. Statistically detect the critical processing parameters with the proposed

methodology;

iii. Characterize shrinkage in micro-injection moulding with the proposed

methodology;

iv. ldentify and validate with a multiple quality criteria approach the combination of

optimised processing parameters (identified as research gap);
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v. To define the low mouldability limit of the feedstock and to determine the

influence of feature orientation;

vi. To analyse the feedstock feature reproduction along the z-axis.

10.3 Discussion

The objectives listed in paragraph 10.2 were discussed in detail in the next paragraphs.

10.3.1 Standard methodology approach

The analysis of the literature review reported in chapter 2, permitted to identify a
research gap in the absence of standardized methodology suitable to characterize
moulding shrinkage at the micro-scale for injected moulded parts. Indeed, the material
behaviour was affected by the scale and is not possible to extend the results obtained at
the macro-scale in micro-scale. By starting from the more similar standard available for
measuring shrinkage (1SO 294-3) a procedure suitable for the scale was proposed: the
methodology implemented the entire standard except the dimensions adapted to the
scale. The mould design was reduced of a factor of six: the micro-mould was
manufactured and validated, and then specimens moulded. This methodology, as
reported in the paragraph 10.2.2 and 10.2.3, established to be suitable for the micro-

scale.

Moreover, the analysis of literature review has shown that shrinkage was affected not
only by the scale but also by the geometry (paragraph 2.4.3.2 Design solutions at the
micro-scale). Each author that investigated shrinkage has adopted the geometry
considered most appropriate, but in such way, it was determined shrinkage connected to
the particular geometry more than material behaviour. As result, shrinkage data
available in the literature has to be considered within the geometry adopted. From this
point of view, the standardized methodology proposed in this thesis can produce results
“geometry free”: this aspect demonstrated to be very useful in chapter 7, during the

comparison between 316L feedstock and POM shrinkage.

10.3.2 Statistical detection of critical factors
Five processing parameters, chosen between the factors considered as critical by the

literature review, were investigated. By exploring the mouldability region of tested
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materials (POM and 316L feedstock), each parameter was identified with a range. By
adopting a statistical approach (DoE), 16 combinations of processing values were

arranged by an half fractional factorial matrix and results statistically processed.

The results were studied by using the Pareto chart, the main effects graph and the
interaction plot. The Pareto chart is a bar chart that graphically ranks the criticity of
factors from largest to smallest. By using this statistical tool the criticity of the factor (or
combination of factors when the effect of a one factor depends on the level of the other
factor) within the interval of confidence was determined. The main effects graph helps
to visualize the effects of the critical factors identified by Pareto chart and to compare
the relative strength of the effects. By considering the slope of the factor, it is possible
to quantify the effect (the greater the slope of the line, the stronger the effect) and to
draw a trend. When Pareto chart identify a combination of factors instead of a single
factor as critical, the analysis was performed by using the interaction plot. The
interaction plot draw a line for each factor: if the lines are parallel, then no interaction
exists. Otherwise the greater the difference in slope between the lines, the higher the

degree of interaction.

By processing the results with the statistical tools described above, it was possible to
identify the critical parameters that affect shrinkage at the micro-scale.

The critical factors resulted from the statistical detection were confirmed by the
literature results, by validating that the methodology adopted permitted to distinguish

between parallel and normal shrinkage.

10.3.3 Shrinkage characterization
For determining POM and 316L feedstock shrinkage, was implemented all of ISO 294-
4. This standard converts specimen measure in moulding (Swm), post-moulding (Sp) and

total shrinkage (St) parallel to (p), and normal to (n), the flow direction.

After the statistical treatment of experimental data, were identified the following factors

as critical (within the interval of confidence):

e POM, interval of confidence 95%: mould temperature for Sy, and Swn; the
combined effect between holding time and mould temperature for Sp,; mould

temperature, holding pressure, the combined effect between mould temperature
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and holding pressure, melt temperature and the combined effect between melt
temperature and mould temperature for Stp.

e 316L feedstock, interval of confidence 90%: mould temperature for Sp, and the

combined effect between holding pressure and injection pressure for St,.

About the trends - except for POM Sy, (that exhibited an increased response) and for
POM Sp, (undetermined trend) - shrinkages can be decreased by increasing the value of
critical factor. The latter general trends were confirmed by Ong et al. [197] (that
recommended high processing parameter values for reducing shrinkage) and by the
literature review analysis: this evidenced that the approach followed in the present thesis
is valid. However, the exceptions can be explained. Indeed, according to Table 2-9
results, the trend of mould temperature in the literature is not clearly identified and both
the responses are present: by increasing this factor, shrinkage can increase or decrease.
The trend of the critical combination that affect POM Sp, cannot be clearly determined
because of the antagonistic interaction between holding time and mould temperature:
shrinkage can be decreased either by increasing holding time and decreasing mould
temperature, than by decreasing holding time and increasing mould temperature. It is
likely that the aliasing effects generated this situation, because the resolution of
statistical model adopted (V) can confound the two terms interactions with the three
terms interactions: for removing this aliasing, a full factorial model has to be adopted.

10.3.4 Multiple quality criteria optimization

Chapter 6 for POM and chapter 8 for 316L feedstock reports the optimization stage
according to multiple quality criteria approach. The optimization implemented
desirability functions that predict the factor combinations that fulfil the requests of
shrinkage minimization and part mass maximization. This approach was considered to
bridge another research gap because no works available in the literature considered
these two aspects together. Moreover, few papers considered part mass as outcome
because this factor is not a variable that can be easily controlled.

The optimized processing parameter values were experimentally validated and results

have shown that:
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e POM: shrinkage parallel to the flow decreased of 34% and shrinkage normal to
the flow increased of 9.2% with respect to the shrinkage average values before

the optimization; part mass increased of 3%.

e 316L feedstock: shrinkage parallel to the flow decreased of 30% and shrinkage
normal to the flow decreased of 53% with respect to the shrinkage average

values before the optimization; part mass increased of 4%.

The optimization results demonstrated that multiple quality criteria approach could
efficiently fulfil both the requests. The lightly increment of POM normal to the flow
shrinkage after optimization may be explained by considering that desirability functions
represents a compromise between potentially-contradicting process conditions and

effectiveness of results has to be always globally considered.

A consideration regarding the optimized parameter settings has to be made. As resulted
from Table 6-4 for POM and Table 8-4 for 316L shrinkage, the optimized values
resulted maximized, except injection pressure for POM, and holding time for 316L
feedstock (both with their lower value). This result can be clarified by considering the
trend of part mass and shrinkage critical factors: indeed, for both aspects, the
accomplishment of requests (part mass maximization than shrinkage minimization) can

be achieved only by maximizing the values of critical factors.

10.3.5 Feedstock low mouldability limit and orientation influence

The analysis of the feedstock low mouldability limit was achieved by optical analysis of
the 60um micro-feature manufactured in parallel to and normal to the flow direction.
Results have shown that the feature parallel to the flow was reproduced 11 times above
16, whilst the feature normal to the flow was never filled. These outcomes permitted to
establish the low mouldability limit value for the 316L feedstock (60 um) and to prove
the influence of texture orientation: both aspects were investigated in the literature and
explained for pure polymers but not for feedstock, and the results reported in this
chapter bridged this gap. The absence of features normal oriented could be due to the
entrapped air that prevented the cavity filling of 60 um feature with this particular

orientation.
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10.3.6 Feedstock feature reproduction along z-axis

Similarly to the low mouldability limit, data about the feature reproduction along a
direction perpendicular (z-axis) to the flow direction (x-axis) was available only for
pure polymer but not for feedstock: results reported in chapter 9 bridged this gap. The
micro-mould was modified by manufacturing micro features with direction parallel to
and normal to the flow. The height of the feature with a breadth of 600um was
converted in feature reproduction value (FR). The FR was statistically treated for
determining the critical factors that influence the filling along the z-axis. Results has
shown that, within the interval of confidence on 90%, the parallel oriented feature was
critically affected by the combination between mould temperature and injection speed,
whilst the normal oriented feature was critically affected by the combination between

mould temperature and injection speed, and by the single factor melt temperature.

The only similar work present in the literature has investigated the filling behaviour of
HDPE along the z-axis, and identified the mould temperature and the injection pressure
as critical parameters. Compared to the prior work, results seem to confirm that a
temperature (mould temperature) and a pressure related parameters (injection speed)
affects replication quality. Differences may be caused by the different material

investigated (a feedstock instead of pure polymer).
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Chapter 11 . Conclusions

The conclusions were organized by using a scheme similar to the previous chapter.

Besides, for each objective, it was highlighted the contribution to knowledge.

Even if not reported between the thesis objective, also the literature review on shrinkage

can be considered a contribution, because not present elsewhere.

11.1 Standard methodology

The literature review stated that is not possible to extend shrinkage data from the macro
to the micro-scale because the material behaviour is different between these two scales.
Besides, the analysis of previous works shows that a tailored procedure was not jet
suggested. For dealing with these problems, a micro-mould was manufactured by
adapting the standard available at the macro-scale and a procedure for determining
shrinkages in such scale was set. The specimen measurements were converted in

shrinkage by following a standard and by adopting a protocol.

This approach demonstrated its correctness, because the results and their trend found
confirmation in the literature: at the micro scale, temperature and pressure related
parameters are the factors that greater affect shrinkage and their increase lead to reduce

the dimensional variations of moulded parts.

As conclusion, it is possible to say that the proposed methodology successfully
extended at the micro-scale the standard normally used for measuring shrinkage in
conventional scale. This methodology allowed detecting with a standard the influence
of processing parameters otherwise not directly deducible from conventional scale
(evidences have shown the peculiar behaviour of material in such scale). The results
have shown their reliability because confirmed the literature trend: generally, shrinkage
was reduced by increasing the processing parameter values. Compared to the only prior
work that adapted a conventional standard at the micro-scale (rectangular geometry), the
proposed methodology (square geometry) provided more reliable results because
designed for detecting normal to the flow shrinkage, and this can be considered an

improvement of knowledge.
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Moreover, the use of a standard permits to get over the limitations ordered by the
geometry; indeed, the analysis of literature review has shown that shrinkage was
affected not only by the scale but also this aspect. Each author that investigated
shrinkage has adopted the geometry considered most appropriate, but in such way it was
determined shrinkage connected to the particular geometry more than material
behaviour. As result, shrinkages data available in the literature have to be considered
within the geometry adopted. From this point of view, the standardized methodology
proposed in this thesis can produce results “geometry free”: this aspect demonstrated to
be very useful during the comparison between 316L feedstock and POM shrinkage, but
generally speaking can furnish objective information.

11.2 Statistical approach

Two possible statistical approaches were considered for dealing with shrinkage
characterization: the DoE and the Taguchi methods. At the end of the analysis, the DoE
demonstrated to be the most suitable technique for this research because of the initial
“blind condition” and the impossibility to use the knowledge gained in previous works.
According to the literature review, five processing parameters were considered as
critical for micro-shrinkage: injection pressure, holding pressure, melt temperature,
mould temperature and holding time. The five parameters were arranged according to
the half-fractional factorial design; the injection speed replaces the injection pressure for

studying the feedstock replication quality in Chapter 9.

The statistical methodology has drawn a path (screening, optimization, results) that
allow identifying the critical parameters within an interval of confidence (95% for
POM, 90% for 316L feedstock) that provide dependability to the results.

11.3 Shrinkage characterization

Once the standard methodology was set and the statistical approach has been decided,
the characterization of shrinkage at the micro-scale can be pursued. The standard 1SO
294-4 provide the guide for converting specimen dimensions in moulding, post
moulding and total shrinkage parallel to, and normal to, the flow direction. The critical

factors for POM and 316L feedstock, were summarized on Table 11-1.
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316L feedstock POM

Mould T Swmp
Mould T Swin
Spp Mould T

Holdt-mould T Sen
Mould T

Hold P

Mould T - hold P Stp
Melt T

Mould T —melt T
S, Hold P- Injection P

Table 11-1. 316L feedstock and POM critical factors

Results show that temperature related parameters strongly affects pure polymer, whilst
pressure related parameters seems to influence the feedstock. Concerning the percentage
values, pure polymer total shrinkage is about five times more in parallel to the flow
(5.089+1.658) and six times more in normal to the flow (3.026+0.266) with respect to
feedstock (0.867+0.274 and 0.590+0.227 respectively). Moreover, the polymer total
shrinkage in parallel to the flow direction is 68% greater than normal direction; for the
feedstock, it is 47%. At last, the spherical steel powder is thought to influence shrinkage

as it makes the feedstock more isotropic with respect to crystalline pure polymer.

Conclusion about the results highlight how is not negligible the possibility to
discriminate, throughout the adoption of a standard, different type of shrinkages along
different directions. This aspect can enrich the literature because fewer works
discriminated between shrinkage directions, and no one reported the difference in terms
of shrinkage after 1 hour (moulding shrinkage) and 24 hours (post-moulding and total
shrinkage). Is desirable that the standardized approach at the micro-scale will be widely
applied because it has been shown to provide detailed information on the shrinkage

behavior, and this can improve the knowledge of this phenomenon at the micro-scale.

These results could be used for considering the outcomes from a pure speculative point
of view: the reason of different number of critical parameters could be the consequence
of thermal effects. This thesis has shown that 316L feedstock is affected by fewer
temperature related factors with respect to POM. According to previous works, thermal
conductivity of feedstock is 3.35 Wm™°C™ [213], whilst for POM is 0.36 Wm™°C*
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[214; 215]. The consequence of the increased feedstock thermal conductivity is high
heat dissipation during the injection moulding processing [213]. Because of the
increased thermal conductivity, the feedstock moulded part cools quickly [12; 216] with
respect to POM. According to this behaviour, it is reasonable to assume that the
increased feedstock thermal conductivity could determine the lower influence of
temperature parameters compared to the pure binder results. A more focused research
should be performed on such direction, but the standardized methodology presented in

this thesis suggested a trend that deserves further checks.

11.4 Multiple quality criteria optimization

The optimization of processing parameters follows the identification of critical factors.
According to the literature review results, the optimization stage is a usual and widely
adopted procedure for obtaining outcomes that fulfil with some specific request.
Considering the standard methodology adopted (DoE), the use of desirability functions
has demonstrated in other researches to suggest correct predictions of optimized

parameters. However, optimization stages usually considered one request at time.

The novelties presented in the present thesis was the simultaneous request of two
conditions (few time adopted), and the adoption of a parameter never used as outcome
before. About the two conditions, it was requested both shrinkage minimization than
part mass maximization. Moreover, the part mass is a difficult factor to consider in an
experiment because not easily controllable (as processing parameters) and because can
be affected by the same factors that influence shrinkage. Under these conditions,
desirability functions were used as parameters for monitoring the fulfillment of
optimization: to operate under desirability value equal to one means that the requests

can be achieved.

The next validation step implemented the optimized values for moulding a specimen,
and comparisons between average values before the optimization and specimen
moulded with optimized parameters, confirmed that shrinkage was reduced and part

mass was increased.

Table 11-2 reports the optimized parameters results.
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Stp opt [%] Stn opt [%] W [mg]
POM 3.352+0.001 3.298+0.004 49.42+0.08
316L feedstock 0.590+0.004 0.283+0.002 211.79%0.65

Table 11-2. Optimized parameters results.

Conclusions of multiple quality criteria optimization shows that desirability functions
can be used for determining optimized parameters among different requests, and part
mass can be proficiently adopted as experiment factor. Contribution to knowledge was
to enhance the cases that this statistical function could analyse. This proposes that the
next step could be to consider more than two requests to be optimized and see if the
desirability functions can fulfil the new conditions: if not, it could be necessary to
identify the function limits and offer a solution. This approach is more statistical

oriented, but can be performed by using the micro-mould proposed in this thesis.

11.5 Low mouldability and feature orientation of feedstock.

The study of the orientation influence during replication of channels with dimensions
close to the lower feedstock mouldability limit was performed by manufacturing micro-
features parallel and normal oriented with respect to the melt flow. This aspect has been
considered worthy of being studied because the only prior work investigated a pure
polymer. Literature conclusions agreed that the smallest feature to be replicated could

be ten times larger than the mean particle diameter of powder.

The results permitted to identify feedstock lower mouldability limit (60 um) and
evidenced that features normal to the flow oriented was never replicated (on the
contrary, the features parallel to the flow were replicated 11 times above 16). This last
result confirms the easier replicability of the features parallel to the flow oriented with
respect the normal to the flow oriented already observed with pure polymers. It is likely
that normal to the flow features were not replicated for an air entrapment phenomenon

along this direction.

This section can be considered an improvement of knowledge from different point of
view. Concerning the feedstock, two outcomes not previously achieved were
established: the low mouldability value and the influence of features orientation in
terms of replication. Besides, the influence of orientation for feedstock-moulded parts

has to be carefully considered during design of micro-parts. As confirmed also by the
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literature review, specimen design is an important aspect and the air entrapment can

cause unexpected problems if not take into account.

The phenomenon of trapped air could be further investigated with the mould with
micro-features designed in this thesis. Indeed, it could be possible to consider
alternative techniques for dealing with the problems caused by the air inside the normal
to the flow oriented features. The authors [207] removed the problem by vacuuming the
mould, and similar solution could be reproduced in this case. According to the results

reported by [207], this solution permits to increase the feature reproduction.

11.6 Feedstock feature reproduction

The micro-features were used for determining the factors that critically affect the
feedstock feature reproduction: this aspect was considered worthy of being studied
because the only prior work investigated a pure polymer. The height of the texture was
compared with respect to the cavity mould deep, and data about the feature reproduction
of micro-features parallel to and normal to the flow direction was obtained. The results
were statistically studied, and it was possible to determine the critical factors that affect
the filling dynamic along a perpendicular direction (z-axis) with respect to the flow
direction (x-axis). In detail, the combined effect between mould temperature and
injection speed was considered critical for the reproduction of features in parallel to the
flow direction; whilst the combined effect between mould temperature and injection
speed and the single factor melt temperature were considered critical for the replication
of features normal to the flow oriented. Even if the only prior work investigated a pure

polymer, the influence of temperature and pressure related parameters were confirmed.

This study contributed to improve the knowledge of critical parameters that affect the

feedstock filling mechanisms along a direction (z-axis), an aspect few time considered.

Respecting the importance of temperature parameters (according to the results of
chapter 9) for filling the micro-features along the z-axis, the micro-mould adopted in
this thesis could be implemented by modifying the mould as a variotherm type,
similarly to [207]. The variotherm approach permits to incorporate into a mould a rapid
heating/cooling system, a vacuum unit, hot sprue and cavity pressure transducer [217]

and to avoid the freezing of polymer melt when the flow is in contact with relatively
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cold cavity wall: during the injection stage, the mould temperature is increased for
achieving the complete cavity filling, then the mould temperature is reduced for a easy
ejection. This approach demonstrated to increase the feature reproduction (especially for
features with high aspect ratio), to remove the problem of air entrapment and to reduce

the cycling time.
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Chapter 12 . Future work

The different aspects raised during this thesis may be further studied.

The reason of the specimens’ expansion for post-moulding shrinkage (values
with sign minus in Table 5-3 and Table 7-3) is actually not well established.
This behaviour could be due to an over pressure of material (especially for
metal powder in 316L feedstock) during the injection stage followed by a sort of
relaxation after moulding. A more focused analysis of this phenomenon could
be performed by positioning strain gages inside the mould (similarly to other
works that investigated injection pressure inside the cavity mould during the
injection) for connecting injection and holding pressure to material (polymer or
feedstock) packing arrangement inside the specimen.

The relationship between powder density and processing parameters is not
properly known. The moulded parts could be analyzed with a NDT technique
(X-ray tomography) for mapping the powder distribution and connect this
aspect to processing parameters, then the procedure adopted in the present thesis
could be used for optimizing the powder distribution. This aspect deserves to be
optimized because it is known that a uniform powder distribution produce lower
likelihood of cracking during debinding and sintering steps. The mapping of
powder distribution could contribute to explain the specimens expansion
observed during the post-moulding shrinkage as well.

The fewer number of temperature related parameters for 316L feedstock
compared to POM did not find explanation in the literature. It has known that
the increased 316L feedstock thermal conductivity decreased the cooling time,
but if this can affect also the critical parameters connected to the temperature
and their number is actually unknown. The absence of experimental results and
theoretical models that investigated this trend merit to be further studied by

adding rheological and thermal characterizations to shrinkage investigation.

There are no data about feedstock shrinkage at the micro-scale along the z-axis

(perpendicularly to the flow direction). This problem could be approached by
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designing a micro-mould with different aspect ratio features. However, on the
contrary with respect to the design adopted in chapter 9, it is necessary that the
features have to be filled by a uniform melt front along the z-axis because —
similarly to the conditions assured by the standard design adopted in the present
thesis — shrinkage standard requests these conditions. By filling this gap it could
be possible to complete the knowledge of material behaviour in all the three
directions (x, y and z-axes), and results used for making the modelling approach

more reliable.

The modelling aspect represents another field that has to be further investigated.
As stated recently by [218], still there is a gap between simulation and
experimental tests as result of simplifications and error of approximations. The
first modelling programs (in the Eighties) [219] approached the problem by
adapting macro results to micro scale. Nowadays this approach was improved
by considering more complex aspects connected to the particular conditions of
the micro scale as the different polymer behaviour with respect to the macro-
scale, the slip wall phenomenon caused by the higher shear rate at the micro-
scale, the risk of powder segregation in case of feedstock injected and the
different thermal behaviour between feedstock and polymer [220]. For dealing
with these aspects, modern modelling software (i.e. Sigmasoft 3D) considered
also rheological data set for the scale (capillary rheometer). A more focused
knowledge of micro-scale data should be used for creating dedicated software
for u-IM and p-PIM modelling and the approach proposed in this thesis for

determining shrinkage at the micro-scale can work in such sense.

A great number of researches investigated the modelling, and an exhaustive
discussion about these studies is beyond the aims of this thesis. However for
further details, works that investigated the modelling at the micro scale were
published by [221] (the authors highlighted differences between experiments
and numerical investigations likely due to the incorrect assumption of a model
based on Newtonian fluid behaviour, not suitable for the scale) and by [222].

Concerning the conventional scale, it is possible to consider [223] (the authors

suggested to adopt artificial intelligence system as neural network for enhancing
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the modelling approach) and [224-228]. At last, an interesting approach for
dealing with the problem of modelling was reported by [229] that adopted
COMSOL 4.0 for the micro-scale flow simulation and MOLDFLOW MPI 6.2
for the macro-scale case. The authors proposed a multi-scale method: in a first
step conventional methods were applied to the macro-scale flow then, in a
second step, the result of the macro-scale flow was implemented by taking as an
inlet the slip and surface tensions boundary conditions. This approach
demonstrated its validity and could represent a valid solution for reducing the

gap between simulation and experimental results.

The standardized methodology was investigated by using DoE but not Taguchi
methods. The robustness of the methodology proposed in the present thesis is
actually unknown, and Taguchi could give relevant information in such

direction.
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Appendix A — PCM technique

In this appendix were reported the tests performed for trying to realize a micro-feature
with breadth lower that 60um. The only technique present in Cranfield was the
photochemical machining (PCM). A brief technique description was reported. Two
metallic materials were chosen (steel and aluminium): the resulted micro-channel

dimensions were measured by optical confocal microscopy.

A.1 PCM technique

The PCM is the process of fabricating sheet metal components using a combination of
photo-resists and etchants to corrosively machine a selected area. A photo-resist is a
light-sensitive material, usually mounted on a polymer film. It is used to form a

patterned coating on the substrate.

The metal sheet is thoroughly cleaned and the resist coated onto the sheet by various
methods including lamination, dipping or spinning. A phototool (a black and transparent
image) is located in contact with the resist-coated metal sheet and a vacuum is draw to
assure maximum contact between the two. The application of UV light through the
transparent regions of the phototool causes the resist to become insoluble in a developer
in the subsequent developing stage (if it a negative working resist) or soluble (if it is a
positive working resist). A developing stage then takes place (by spraying or
immersion) and the soluble areas are removed to leave a “stencil” on the sheet metal
surface. In the case of a negative working resist (as used in this work), the regions
protected from UV under the black areas of the phototool remain chemically unchanged
and develop out to leave regions of bare metal. The “transparent” areas undergo
polymerization and these remain to protect the surface, see Figure A-0-1.

Then the metal is ready to be etched in an etching machine (or by immersion etching).
During etching, the etchant is able to attack unprotected metal zones in an advanced
corrosion process. The etchant is typically an aqueous solution of acid, frequently ferric

chloride that is heated and directed under pressure to both sides of the plate. After
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neutralizing and rinsing, the remaining resist is removed and the sheet of parts is

cleaned and dried.

ér

Metal with exposzed and developed photoresist,

Partially etched rmetal,

Figure A-0-1. Only the un-protected areas will be etched.

A.2 Channel manufacturing and results

Tests were performed for studying the feasibility to realise channels smaller than 60 um
by using two different metals both used as mould materials: aluminium and steel. A
picture of the manufactured channels using an aluminium disc was reported in Figure

A-0-2: only this metal was depicted because the steel disc was identical.

Figure A-0-2. The patterns manufactured by PCM using an aluminium disc. The

numbers represents the line dimensions in microns.

Figure A-0-3 and Figure A-0-4 depicts the results of channel profile respectively for the

steel and aluminium.
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Figure A-0-3. Steel channel profile.
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Figure A-0-4. Aluminium channel profile.
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The profiles were measured by using a confocal microscope. Despite of the minimum
channels seems to have dimensions around 50 um (Figure A-0-2), optical measurement
shown the contrary. The channel height shown values suitable for the purposes to
realize channels with dimensions smaller than 60 um, but the width was too big. Table
A-0-1 reports the average dimensions of these channels. As it is possible to see, neither

steel nor aluminium permitted to realize a channel with width lower than 60 um.

Steel | Aluminium
Height channel [um] 13 67
Distance channel [um] | 115 165

Table A-0-1. Average of the channel dimensions.

Moreover, PCM technique was not a precise technique in terms of dimensional control:
a greater precision can be realized with different materials as silica that shows an highly

directional structure.
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Appendix B. Mould design

This appendix reports the micro-mould and pin designs.

B.1 Mould design

This section reports the details of mould design. Figure B-0-1 and Figure B-0-2 reported
the mould design, Figure B-0-3 depicted the pin positioning, Figure B-0-4concern the
mould dimensions, Figure B-0-5 the mould back side, Figure B-0-6 is about a mould
section and evidenced the ejection pins inside the blind holes, Figure B-0-7 and Figure
B-0-8 are about the micro-feature design. All the dimensions were expressed in

millimetres; the tolerance was £ 1um.

Figure B-0-1. Micro-mould.
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Figure B-0-3. Micro-mould pin positioning.
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Figure B-0-4. Micro-mould dimensions.
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Figure B-0-5. Micro mould backside, with ejection pins holes.

Figure B-0-6. Mould section. In evidence, the blind holes modified.
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Figure B-0-7. Micro-features section.
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0.6 0.1
| '_”.:n.ne 25

0.1,

Figure B-0-8. Micro-features details.

B.2 Ejection pins
Figure B-0-9 depicts the back mould plate. This plate is located behind the micro

mould, and can contain the 14 pins used for ejecting the specimen in the micro-mould:
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- 2 pins with a diameter of 2 mm located in the runner (Figure B-0-10, Figure B-0-11,
Figure B-0-12, Figure B-0-13, Figure B-0-14);

- 4 pins with a diameter of 1.5 mm located in the triangular gate (Figure B-0-15,
Figure B-0-16, Figure B-0-17, Figure B-0-18, Figure B-0-19);

- 8 pins with a diameter of 1mm located in the square mould cavity (Figure B-0-20,
Figure B-0-21, Figure B-0-22, Figure B-0-23, Figure B-0-24).

All the dimensions were expressed in millimetres; the tolerance was + 1um.
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Figure B-0-9. Back mould plate design.

227




|
I
I
. 10.1

Mould back plate i
I
L
I

| To)

4 o

D.2 o

Figure B-0-10. Design pinhead ¢ 2.

Figure B-0-11. Isometric view of head pin ¢2.
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Figure B-0-12. Design pin ¢ 2 mould side.

Figure B-0-13. Isometric view pin ¢$2 mould side.
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Figure B-0-14. Pin ¢2.
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Figure B-0-15. Design head pin ¢ 1.5.
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Figure B-0-16. Isometric view head pin ¢1.5.
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Figure B-0-17. Design pin ¢ 1.5 mould side.
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Figure B-0-18. Isometric view pin ¢1.5 mould side.
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Figure B-0-19. Pin ¢ 1.5
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Mould back side

0.1

Figure B-0-20. Design head pin ¢ 1.

Figure B-0-21. Isometric view head pin ¢1.
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Figure B-0-22. Design pin ¢ 1 mould side.

Figure B-0-23. Isometric view pin ¢$1 mould side.
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Figure B-0-24. Pin ¢ 1
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