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Abstract

Microinjection moulding is a key enabling technology for replicating miniaturized
components and parts with functional features at the micrometer and even sub-
micrometer length scale. The micro moulding tools used in the process chain are
critical for delivering high quality parts for the duration of the product life cycle, and
recently tool coatings such as Diamond-like carbon (DLC) have been used to extend
their use and enhance the performance. The micro injection moulding process has
high injection speeds with cyclic heat transfer characteristics, and little is understood
on how the localised heat transfer at the surface will influence the DLC surface
coating delamination and cracking. In this research a microinjection moulding
process using three different polymers, Polypropylene (PP), Acrylonitrile butadiene
styrene (ABS) and Polyether ether ketone (PEEK) is studied. Finite element analysis
(FEA) simulation is utilised to identify the process temperature factors that lead to
tool thermal expansion and dimensional changes that directly impact the life cycle of
the coating. The theoretical and FEA results show that the mould material and the
two coatings experience a significantly different thermal expansion from each other.
It has also been shown that at the micro scale heat loss at the tool surface is
dominant, and the variation in heat has a significant influence on the different
thermal expansion rates. In particular the DLC coated micro rib features are
particularly susceptible to high variations in heat transfer. The research identifies

areas of the tool surface that experience sudden heat variation across the part



surface, and concludes that through process optimisation it is possible to reduce the

potential for DLC coating delamination and cracking during service.
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Micro injection moulding, DLC, FEM, Polymer processing,Thermal stability, Micro

fabrication

1. Introduction

The emerging capabilities within the micro manufacturing replication process of
micro injection moulding (u-IM) have enabled the mass production of lighter, thinner
and smaller devices for demand led applications within the sectors of healthcare,
automotive, communication and consumer electronics [1]. As a result, the technology
faces new challenges with regards to the process optimisation, high productivity,
advanced mould cavity engineering and precise process control [2, 3]. To meet
demand, injection mould machinery manufacturers have developed discrete
machines specifically for micro component replication that have added functionality
and simplified integration of ancillary processes such as product handling, inspection

and packaging [4].

The process of u-IM has the benefit of replicating a large variety of structured
surfaces incorporating functional features within the micro and nano metre range [3].
However, the manufacture of the moulding tools that incorporate micro and nano
features and enhance the replication fidelity (RF) at all scales remains a key
enabling component of the process chain [3]. Micro moulding tools are manufactured
through the innovative combination of complementary micro/nano machining and
structuring technologies such as micro electrical discharge machining (UEDM), laser
ablation, micro milling and focused ion beam machining [5, 6, 7, 8, 9]. The demand
for micro/nano length scale integration features within injection moulding tools results
in cavities being produced with technologies that combine so called top-down
structuring with bottom-up technologies. The bottom-up technologies allow polymer
based self-assembly technologies to deposit on the cavity surface. The deposition of
features onto the cavity surface can be used for component surface functionalization

or for processing enhancement.



The development of the underpinning micro tooling and subsequent u-IM polymer
replication has been implemented for applications within microfluidic, ‘Lab-on-a-Chip’
(LoC), inkjet printers, water purification systems, opto-fluidic microscopes,
microelectronic cooling, micro chemical reactors and micro fuel cells systems [10].
The p-IM processes is highly suited for high volume manufacture of these devices
which are inexpensive and light weight, and can be considered as disposable
alternatives to ceramic platforms. To meet the growing demands within this area
requires the key elements of tooling and process to adopt new technologies for
higher reliability, higher accuracy and longer life with low maintenance costs. These
requirements can be achieved, for example, by modifying the surface of machine
elements by adding protective coatings on metal substrates. Thin films are also
known as coatings, are layers of material(s) used to protect a part from premature

wear resulting from the interaction of the processing environment.

In this paper, the deposition of an amorphous hydrogenated carbon (aC:H) coating
on mould surfaces is modelled to determine the effect that cyclic heating and cooling
have on the resulting thermal expansion of tooling coating. The paper is organised
as follows. The next section reviews surface treatment technologies utilised in tool-
making and the functionalities that can be introduced by their application. The
subsequent section introduces the theory of thermal expansion. Then, the
experimental set-up used to investigate the effects of the p-IM process on coated
mould tools is described. Finally, the experimental results of the simulations are

presented and the capabilities of surface treatment of y-IM tools is analysed.

2. Tooling surface technologies

Traditionally, improving the wear resistance of moulding surfaces was achieved
through the application of advanced steels, ranging from ingot cast martensitic matrix
steels to advanced powder metallurgy tool steels with a high content of hard carbide
particles  [11]. However, more  recently coating technologies  for
structured/engineering surfaces have been applied to increase wear resistance and
also to functionalise surfaces [12,13-15]. Different manufacturing technologies can
be applied to structures and engineering surfaces and they include a broad range of

processes. These include sand blasting, innovative grinding systems, focus ion



beam, nano-imprint lithography, chemical texturing and laser machining
[13,14,16,17].

2.1 Coated surfaces

Diamond like carbon (DLC) coatings belonged to the amorphous hydrogenated
carbon (aC:H) group and are used for the coating of plastic injection moulding inserts
[3]. DLC coatings improve the replication performance of the micro and nano
structured masters [12]. This is achieved through a combination of superior
tribological and mechanical properties such as low friction, low wear and high

hardness when compared to traditional tool materials [18,19,20].

The low friction coefficient that results in low wear surface characteristic can be
explained with the high ratio between the hardness and Young's modulus and the
low ratio between the surface energy and hardness [21]. Typically, the surface
treatment of inserts using pulsed laser deposition (PLD) of DLC coatings yields
surface hardness of up to 70 GPa with friction coefficients in the range of 0.05-0.2,
an order of magnitude lower than that of ceramic coatings [22]. Further investigations
of DLC coatings where special attention was paid to the inhibiting role of gas—
surface interactions, showed that duty cycles with control variables of time and
speed resulted in super low friction coefficients of 0.003—0.008 [23]. In the research
conducted by Saha et al. the effect of surface properties of micro structured masters
on the hot embossing process was investigated by using nitrogen (N) and nickel (Ni)
doped diamond like carbon (N:DLC:Ni) coated and uncoated silicon (Si) micro
moulds. The results demonstrated that even with high friction and adhesion
characteristics of this replication process the N:DLC:Ni coated Si masters
successfully increased the mould lifetime by 3-18 times when compared against

uncoated moulds [24].

Bremond et al. studied the tribological behaviour of DLC-coated 100C6 when
subjected to a temperature increase from a room temperature to 400 °C. The DLC
coatings belonged to the amorphous hydrogenated carbon coatings' group. The
results have shown that when used at temperatures higher than 200 °C the coating
damage increases significantly due to stiffness reduction of the 100C6-steel
substrate [25].



Sasaki et al. investigated the ejection force (Fe) with a consideration of the tool
surface roughness and the tool surface coatings [26]. The experimental results
demonstrated that when moulding PP and PET a reduced F. and product
deformation were achieved when the surface roughness of the inserts was in the
range of Ra 0.212 to 0.026 The PMMA samples required a lower Fe when surface
roughness was Ra 0.092. Also, the results showed that any F. reductions were
dependent both on the optimised surface roughness and the polymer material used
in the moulding trials. In addition, it was concluded that the PVD WC/C carbon

coating was the most effective in reducing Fe [26].

In micro injection moulding, large surface area to volume ratios are typical and result
in high adhesion forces between mouldings and the tool surfaces [24]. However, it
was reported that by treating the mould surfaces with DLC coatings when moulding
PC and ABS polymers a F. reduction of 40% and 16%, respectively, was achieved in
comparison with untreated surfaces [12]. The benefits from using DLC coatings in

micro replication processes are proven [24].

2.2  The effects of polymer materials on coating delamination

The ability to predict the interfacial delamination of coatings has a major technical
significance with regards to lifetime assessment of products under service
conditions. In a study by Di Leo et al. the delamination properties of thermal barrier
coatings (TBC) was simulated to determine the relevant material parameters
appearing in a traction-separation-type law. The methodology developed in the
research is used to determine the material parameters for TBC systems [27]. Kang
et al., investigated the delamination of DLC films on titanium alloys. The research
concluded that by depositing a TICN interlayer between the Ti-6Al-4V ELI alloy and
the DLC film an improvement in hardness, elastic modulus and interfacial bonding
can be achieved. In addition the resulting coefficient to friction was 0.03 (°C™) [28].
Escudeiro et al., studied the wear properties of UHMWPE and PEEK when in contact
DLC and Zr-DLC coatings. In the study each material was subjected for 2 million
cycles (Mc). The research concluded that Zr-DLC delaminates after 1.2 Mc. The
delamination was caused by synergetic stress-induced corrosion which introduces

interface fatigue [29].



In a study by Zhang et al., the application of DLC on enhancing the life cycle of
artificial joint was investigated when using different substrate materials. In particular,
stainless steel, CoCrMo alloy and titanium alloy substrates were used. In the
research it was found that the failure mode of DLC coatings on 316 stainless steel
and CoCrMo alloy through friction testing was coating delamination. Finally, the
report also concluded that DLC coating on Ti6Al4V has superior wear resistance in
addition to better stability in immersion and electrochemical tests [30].

3. Thermal expansion

In addition to mechanical interactions such as injection pressure, shear stress,
clamping force and friction between the resulting mould surface and polymer melt,
the filling (heating) and cooling stages of the process result in cyclical temperature
gradients. Delamination of coatings can occur during the transient change of
temperature and the thermal expansion variation between the tool and the coating
substrate.

3.1 Linear thermal expansion

The change in length that takes place when a solid body is subjected to a change in
temperatures depends on the original length of the body and the temperature
change over which it is heated or cooled. The relationship between these factors is

known as the average coefficient of linear thermal expansion (ocg) defined by (Eq. 1)

the as:

ty__  Lp—-L4
L2 Lg(ty—ty)

(1)

where (t;) and (ty) are the initial and final temperatures, (L) and (L,) are the initial

and final lengths, respectively, and (Lg) is the length at a reference temperature.

The instantaneous coefficient of linear expansion at any temperature, (t), can be

defined by the equation (Eg. 2) as:
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where (&) is the instantaneous coefficient of linear expansion at temperature (t).

Therefore, the fractional change in length (4L) of a solid subjected to linear thermal
expansion is given by (Eq. 3) as:

% = aAT 3)

0

where («) is the coefficient of thermal expansion, (L) is the initial length and (AT) is

the change of temperature to which the material is subjected.

3.2  Superficial thermal expansion

As section 3.1 has proven due the thermal expansion of the tooling during
processing the resulting tooling dimensions will be subjected to superficial thermal
expansion. Through utilising the terms of (Eqg. 3) the calculation can be expanded to
incorporate the new superficial change in length (L). By defining a new
representation of new superficial length (L) using the terms of equation (Eq. 3). Since

L = Ly + AL, the final length (L) can be defined by a new equation (Eg. 4) as:

A rectangular micro rib feature with an area (Ap) that can be obtained by the product
of its height (Hp) and its width (Wy). The effect of the temperature in both (Hp) and

(Wo) result in new area defined by the following equation:

A= Ay[1+ 2aAT + (aAT)?] (5)

Since the value of (@) is typically small and for small temperature change (a4T) is
significantly less than 1. Therefore, the term (a4T)? in the previous equation is
negligible compared to the (2a4T) term. Hence, the following equation defines the

new area of an object subjected to thermal expansion, which is given by:

A= Ay(1+ 2aAT) (6)



As film-substrate structures can be used over a wide variety of applications it is
important to investigate their behaviour not just within a mechanical regime but also
the effect of the coating when subjected to transient change in temperature and
varying thermal expansion between the tooling material and the coating. During the
process of p-IM high variations in temperature hysteresis profiles are withessed
through cyclic heating and cooling stages and localised shear heating. In addition,
the processing temperature of the polymer melt also modifies the thermal footprint of
the process. Also due to the inherent volumetric change during the processing of
polymers through p-IM interactions occur between processing variables such as
injection pressure, shear stress, clamping force and friction between the resulting
mould surface and polymer melt. Therefore, this study presents a novel approach at
investigating the effect that the thermal and processing variables have on the
resulting delamination of a DLC coating. In particular, the investigation analyses the
difference in thermal expansion between the polymer melt, Starvax ESR stainless
steel substrate and coating film has on the delamination process.

4, Experimental set-up

4.1 Part design

The part design used in this study is a 15 x 20 x 1 mm micro-fluidics platform (Fig.1).
The system design includes features commonly found in micro-fluidics components
such as reservoirs, channels and waste compartments. The pin dimensions are
500um in diameter and 600um in height, and the cross section of the main channels
is 200 x100 ym. The mould material used is Starvax ESR stainless steel, Table 1

shows the material properties.



Table 1. Physical properties of Starvax ESR stainless steel
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Figure 1

(a) (b)

Figure 1. lllustration (a) microfluidic part and (b) micro-mould.

4.2 DLC Coating specification

A double layer coating technigque was used to improve the coating adhesion between
the thin films deposition and the substrate (Fig 2). Initially, the substrate was coated
with an intermediate layer of silicon carbide (Si-C:H) to a thickness of 0.5um.
Following this a 2um DLC thin film was deposited onto the first layer at a low
frequency of 320 W, at 645 V, under a working pressure of 4Pa and with 20% of H
in (CeH12 + Hy) gas mixture using a PACVD machine.

Testing of the coatings were performed with the values displayed in Table 2.
Hardness and Young’'s modulus were obtained by a nano-indenter CSEM nano-
hardness tester using a Berkovitch diamond tip. The Oliver and Pharr method was
used to calculate the values and correspond to an average of 30 indentations with
penetration depths <10% of the thickness of the sample. Friction measurements
were preformed using a ball-on-disc tribometre. An 8-mm AI203 ball was used as
the mating material and a 5-N load was applied on the system (Hertz pressure=950
MPa). The sliding speed was kept at 0.17 m/s for a fixed number of 100,000 cycles.
Tests were performed in normal atmosphere and no lubricant was used.



Figure 2
Silicon carbide

«— Stavax substrate

Figure 2. Coating deposition configuration



Table 2. Mechanical properties of DLC coating.

Micro-hardness (GPa) 22+2
Coefficient of Friction (°C™) 0.05
Young Modulus (GPa) 160 + 10
Wear Rate (mm* N m?) 5x107"




4.3 p-IM simulation

For this research finite element analysis (FEA) using Autodesk Simulation Moldflow
Insight/Synergy 2014, was used to study the temperature effects on the mould
surface due to melt flow behaviour of three polymers materials: PP, ABS and PEEK.
This FEA software is a graphical user interface which permits the simulation and
subsequent post-processing analysis of polymer processing data. Initially, a CAD
model was imported and meshed to provide accurate simulation conditions (Fig.3).
Each polymer was then simulated under the high speed manufacturing processing
conditions displayed in Table 3. During the simulations the highest and lowest
recommended Melt temp (T,) were used, the Mould temperature (Ty,) is based on
the recommended temperature for each polymer were used. Originally a fixed V;
based on a filling of 0.25s giving an injection, packing and cooling time of 8 seconds
and an overall cycle time of 13 seconds. The research will later show that the V; had

to be modified in order to optimise the filling effects on temperature.

4.4 Bulk temperature at end of fill

To analyse the melt flow behaviour a dual domain based on Hele Shaw was utilised
within the FEA software. To investigate the melt flow behaviour the influence of the
polymer bulk temperature was chosen as opposed to the simple average
temperature. As the temperature of the polymer melt changes as a function of time,
location and part thickness, the bulk temperature simulation is used to indicate the
weighted average temperature across the part thickness. In addition, by applying the
bulk temperature simulation it is possible to identify the energy being transported

through a particular location within the part.

4.5 Part and Cavity surface Temperature Results

This result is interested in identifying the temperature at the mould surface, it shows
the temperature of the plastic and DLC interface. Generally this would be used for
identifying areas of temperature and cooling imbalance for the prevention of part
warpage. In this research the Part and Cavity surface Temperature Results will be
compared to bulk temperature results. The polymer and DLC temperatures can be
different from the bulk temperature due to the heat transfer coefficient. This



difference will be critical for determining the thermal expansion at the surface of the
mould and will also look at the influence of the extremes of the process and the

frozen layer of the polymer at the tool surface.

4.6 Frozen layer fraction at end of fill

The frozen layer result represents the thickness fraction of frozen layer at the end of
filing. Polymers are considered frozen when their temperature falls below the
transition temperature (Tyans). The heat transfer from the part to the mould surface is
very short as the mould cools the surface of the part. Once filling stops the heat loss
through the part thickness is completely dominant in that area, and cooling of the
part at the surface acts as an insulator reducing any further heat transfer from the
polymer to the mould. This research will simulate the frozen layer fraction at end of

filling stage.



Figure 3

Figure 3. FEA Mesh of the microfluidic part.



Table 3. Simulation processing data

Characteristics PP ABS PEEK
Material Properties
Type Crystalline Amorphous Crystalline
Polypropylene PPC Magnum Victrex PEEK
Trade name
4660 8434 150CA30
Total .
Manufacturer _ Styron EUR Victrex USA
Petrochemicals
Mould Temperature (°C) 30 50 190
240 - 270
Melt Temperature Range o
“C) 190 - 270 (Optimised to 375 - 400
260)
Transition Temperature
. 120 90 308
°C)
Ejection temperature (°C) 80 85 296
Viscosity (Pa s) 0.32 0.28 0.51




5.0 Results & Discussion

5.1 Linear thermal expansion during processing
Inputting the upper limit of the temperature ranges detailed in Table 3. The fractional
change in length (4L) can be calculated using equation (Eq. 3) for the micro mould

configuration in Figure 2. The results are displayed graphically in Figure 4.

Figure 4
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Figure 4. Linear Thermal Expansion for DLC coating, Si-C:H intermediate layer and
Starvax ESR steel substrate.

From the results displayed in Figure 4 one can conclude that Stavax ESR substrate,
the Si-C:H intermediate layer and the DLC coating witness differing dimensional

changes during thermal cycles. Moreover, Figure 4 shows that there are not only



different fractional changes in length for the materials but also they are growing at
different rates. These results are undoubtedly caused by the effect of different
thermal expansion coefficients of the corresponding tooling coating components.
Therefore, this phenomenon can cause microstructural problems that could lead to
the mismatch between the tool substrate and the coatings. This could result in the
formation of residual stresses in the coating that may cause micro-cracking,
adhesion loss, detachment or delamination of the coating. Figure 4 also displays the
suggested T, ranges for three different polymer materials, PP, ABS and PEEK. The
result in Table 4 shows that if one chooses to inject PEEK into the micro-mould the
expansion is between 3.11 - 3.37 um and within the same temperature and it can be
seen that DLC will have a AL of 0.62 — 0.68 um. The difference between the changes
in length for the substrate compared to the DLC coating is around 2.5 pm in this
case. It is also shown in Table 4 that even within a given process window there is a
difference in the change in length. PP has the widest process window, and within this
range the steel and DLC will experience a change in AL of 0.76 ym and 0.14 ym
respectively. The thermal expansion variations for the three materials could lead to

failure in service and further validation is necessary.

Table 4. Tool and surface treatment change in AL from ambient

Material PP (190-270°C) | ABS (240-270°C) | PEEK (375 - 400°C)
Change in AL [um] from ambient temperature
Steel 1.4-22 1.95-2.22 3.11- 3.37
Si-C:H 0.53-0.78 0.68-0.78 1.09-1.18
DLC 0.30-0.44 0.39-0.44 0.62 —0.68
Change in AL [um] with in the recommended T, ranges
Steel 0.76 0.27 0.26
Si-C:H 0.25 0.1 0.09
DLC 0.14 0.05 0.05

5.2  Superficial thermal expansion during processing

For superficial thermal expansion practical purposes, the coating of the micro-object
will be assumed to be a single 2.5 ym layer of DLC coating and the Figures shown in
Table 5.




Table 5. Thermal expansion results

Thermal expansion

Linear | Superficial

Room temperature Ty = 20°C.

asubs = 11 x 10°°C™* for Temperatures from 20°C to 200°C
and asups = 11.4 x 10°°C™? for Temperatures greater than 200°C

apLc = 2.3 x 10°%Cc?

Lo = 780um for both DLC coating and DLC coating thickness = 2.5um.
substrate, see Figure 5 (b).
asicH = 2.3x10°%°C? W,y = 780um and Ho = 97um for DLC

coating, see Figure 5 (b).

W = 775um and Hp = 92um for the
Substrate.




Figure 5 shows two illustrations of a micro-tool and the selection of a rectangular
micro-object inside it, which will be subjected to the thermal expansion analysis in
this study.

Figure 5

Figure 5. (a) SEM image of the micro-mould at 20kV and 15x magnification and (b)

micro-channel dimensions at 20kV and at 45x magnification.

The result in Figure 6 shows the effects of temperature on the different components
of the micro-mould. It is shown that the tool and coating will follow different
superficial growth gradients. The Figure 6 shows a slope of 1.64 um? for the mould
material which is greater than a slope of 0.35 um? for the DLC coating. The
phenomenon of dissimilar expansion due to temperature cycles could lead to
bending and/or compression effects on the coating layer caused by growth of the
substrate that may result in chipping, bonding and damage of the coating. On the
other hand, it might also be expected that changes in temperature do not importantly
affect the coating surface of a tool. This can be possible due to excellent adhesion
strength of the DLC to the substrate. Also, hard coatings, such as DLC thin films may

absorb deformations caused by temperature changes due to elastic properties.



Figure 6
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Figure 6. Superficial thermal expansion of DLC coating and Starvax ESR steel

substrate.



5.3 Finite element analysis

In addition to investigating the resulting thermal expansion of tooling coatings this
study expands the analysis to consider the influence of the polymer melt
temperature. In particular, Autodesk Simulation Moldflow Insight/Synergy 2014 was
employed to run a finite element analysis of the resulting flow behaviour of PP. ABS
and PEEK melts.

5.3.1 Bulk temperature FEA analysis

Process setting influence on bulk temperature

Bulk temperature is defined as the average temperature across the thickness of a
part and is a very important parameter during injection moulding processes. It shows
the energy that is transported through a particular location and accurately reflects the
average temperature of a moving fluid. It is a relevant study area for this research as
it identifies temperature changes with time and location, but also with thickness thus
making it of major relevance particularly when using coated tooling. The simulation
results show that the maximum bulk temperature for PP was 271.3 °C, for ABS at
262.3 °C and for PEEK at 406.4°C. These values were in all cases, higher than the
melting temperatures specified at the beginning of the simulations, i.e. 270 °C for
PP, 260 °C for ABS and 400 °C for PEEK. This is due to the high V; (0.25 s) at the
filling stage increasing the shear rate causing a reduction in the viscosity. The
simulation considers the maximum and minimum temperatures for high Ty and low
Ty, settings for each of the materials. The results in Figure 7 show that there is a wide
temperature distribution. In particular the highest difference is 82 °C (70 %
difference) for PP, 61.5 °C (76 % difference) for ABS and 138.6 °C (66 % difference)
for PEEK. The results confirm a temperature difference within the part, however it is
unclear from this result how much of this variation is experienced at the mould

surface.



Figure 7
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Figure 7. Bulk temperature results for PP, ABS and PEEK

Bulk temperature distribution across the part result

To establish the variation in the bulk temperature, the distribution at the end of filling
across the part is shown in Figure 8. In the ABS example shown, the red colour
indicates the highest bulk temperature at the end and green and yellow indicate the
lowest temperature. Ideally a uniform bulk temperature distribution during filling is
desirable for mould and part design. It is clearly seen in Figure 8 that there is a
different distribution of temperature on the part. The main temperature variations can
be located at the polymer entry point and central flow region of polymer (Fig 8b).
These hot spots are due to excessive viscous heating during the filling stage. The
ABS results are typical and they demonstrate the different temperature ranges
across the part (85 - 243 °C for the low T, and 91 - 262 °C for the high Tp). The
distributions identify regions of localised change in the bulk temperature resulting in
the potential for localised areas of thermal expansion of the mould material. As



shown in the thermal expansion distributions across the microfluidic channels (X1-X1
in Figure 9 and the gate entry point (X2-X2) in Figure 10, these localised areas are
identified as critical for the study of DLC damage and delamination.

Figure 8

Scake @0 )

(a) ABS High setting with a 91 - 262 °C distribution
X1

(b) Distribution across the entry point and microfluidic channels

Figure 8. Bulk temperature distribution at the end of the fill for ABS.



Figure 9
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Figure 9. Thermal expansion distribution across the microfluidic channels(X1-X1)
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5.3.2 Part and Cavity surface Temperature Results

It has been shown that there is a wide variation of bulk temperature experienced by
the part during processing. This variation is due to the process settings used (Table
3) and also due to the geometry of the part. The research is interested in the
influence on temperature fluctuation experienced by the DLC surface treatment.
Therefore, to differentiate between the bulk temperature of the part and the
temperature experienced at the mould, further surface temperature results are

analysed.

The simulation considers low and high T, settings and Table 6 confirms a
temperature variation between the settings (PP has the highest part and cavity
surface temperature variation with a difference of 27.1% and 25.3% respectively).
Importantly the simulation identifies that the surface temperature differences
between the part and cavity are very small (<5%). But it also shows that these

temperatures are below the original Ty, setting by between 59-67% for all three



materials. This result would suggest that the surface temperatures are much lower
than those shown in the bulk temperature results (Fig 7) and that the thermal

expansion ranges that the DLC experiences will not be as extreme.

The assumption with the surface simulation results is that at the macro scale there is
a large layer of frozen polymer at the mould part interface that is preventing bulk
heat transfer of the part to the mould surface. This assumption can be based on
moulds being cooled via water channels and slow injection speeds allowing for the
frozen layer to develop. Neither of which cannot be said for pu-IM. Micro parts have a
higher surface to volume ratio than meso parts and rapid heat loss is experienced
through heat transfer into the mould surface. Figure 11 shows a post filling heat
distribution, the results for both the part and mould show a central area of increased
heat, this is to be expected. The result also correctly shows that the high surface to
volume ratio area on the micro channels are cooled on the parts and that the micro

channel that produce the ribs on the tool have an increased temperature.

We must assume that the frozen layer at the surface is not developed sufficiently to
act as an insulator and that the bulk temperature variations (Figure 7 and 8) are
accurately experienced at the DLC surface. To confirm this, the frozen layer is
studied and a further simulation with settings that would promote a layer are

performed.



Table 6. Summary of cavity temperature results at high V; and a 13 second cycle

time
Temperature PP [Ty] Diff] ABS [Ty] Diff PEEK [Ty] Diff
results [°C] 190 270 % 240 270 % 375 400 %
Part surface 67.2 87.7 87.7 90.2 153.2 162.4 13.0
max (<64% (<67% (<63% (<66% (<59% (<59%
Tp) Tp) 27.1 Th) Tp) 8.2 Tp) Tp)
Part surface 63.9 82.8 82.8 86.0 141.2 149.5
min
Cavity surface 64.1 83.0 83.0 86.1 141.8 150.2 9.6
max
Cavity surface 62.0 79.9 25.3 79.9 82.9 2 135.7 143.6
min
Average . 60.8 78.3 223 78.3 81.2 35 132.2 139.9 55
mould exterior
Heat removal 0.0054 0.0080 0.0080 0.0084 0.0161 0.0172
through the
outer 325 4.7 6.3
boundaries
[kW]




Figure 11

(a) PP Part temp distribution

(b) Mould temperature distribution

Figure 11. Part and Mould surface temperature distribution after filling.




5.3.3 Frozen layer fraction at end of fill result

During the filling stage of the moulding process the temperature of the polymer in
contact with the mould decreases. When the polymer melt temperature falls below
Twans @ frozen layer forms where a higher value indicates a thicker frozen layer. In
this research the frozen layer analysis is a measure of heat transferred by the
conduction of the polymer melt (Tp). The degree of frozen layer formation will directly
influence the temperature transfer between the polymer melt and moulding surface.
The insulation properties due to frozen layer formation will influence the rate of
expansion and contraction of the mould surface coatings. Importantly the rate at
which heat moves from the part to the DLC surface is affected by the material
thermal conductivity properties. PEEK has a higher thermal conductivity (0.542
(W/(m-K)) @ 308°C) than PP (0.1762 (W/(m-K)) @ 230°C) and ABS (0.152
(W/(m-K)) @ 240°C), meaning that the frozen layer thickness of PEEK act as less of
an insulator than PP and ABS.

The simulated surface temperature results in identified temperatures below the bulk
temperature. To demonstrate the presence of a frozen layer in p-IM further
simulations are performed with V; as a control factor. The results shown in Table 7
are important in identifying that at the high V; associated in p-IM there is a low to no
presence of a frozen layer. By increasing the injection time to 2 seconds a frozen
layer is seen to increase for all materials. To highlight the importance of optimizing
the process window using V; to control the frozen layer, the simulation results
showed that it was not possible to fill the PEEK part using a 2 second injection time.

Only by reducing the time was it possible to fill the part.

Ideally the frozen layer should be constant thickness for ideal filling. A varying frozen
thickness variation across the part is observed. The heat transfer relationship with
the frozen layer influence is confirmed with a time to reach ejection temperature
result. Figure 12 shows that the high surface to volume ratio micro features have
reached a cooling temperature (Tans) before the main body of the part. This result
confirms heat transfer to the mould surface and it further identifies interface regions

of material expansion and contraction.



Table 7. Frozen layer fraction using V; control

Frozen layer PP ABS PEEK
fraction 0.25 Vi 2 Vi 0.25V; 2 Vi 0.25V; 2 Vi
maximum 0.26 1.0 0.0 1.0 1.0 1.0
minimum 0.0 0.0 0.0 0.0 0.0 0.036
average 0.09 0.62 0.0 0.0071 | 0.31 0.79




Figure 12

Figure 12. Ejection temperature result for main body and micro scale features



6. Conclusions

The potential of DLC coatings for improving the manufacturability of parts using p-IM
process has previously been demonstrated. The investment into surface treatment
technologies particularly relatively new ones requires a consideration of the life span
of the treatment and failures in service. The investigated surface treatment considers
a steel mould with two CVD based depositions. Each of the three materials has a
different thermal expansion, and this difference is a potential failure mechanism
leading to cracking of the coating and delamination from the mould. The research
looks at the simulation of high speed p-IM process used to produce a micro part in
three different polymer materials. The simulation model is used to identify the
process temperature factors that lead to tool thermal expansion and dimensional

changes that impact the life of the coating.

e The three polymers have different processing range of Tg and T, values, and
the research looked at the theoretical influence of these values on the linear
and superficial thermal expansion. The results show that the mould material
and the two coatings experience a significantly different thermal expansion
from each other. Within the processing range of each polymer material an
expansion of up to 3.4 um can be expected for the steel and up to 1 um for
the surface treatments. The differences can result in the generation of very
high stresses in the coating that may lead to delamination, cracking and
coating failure. It should also be noted that the same mould can be used for a
variety of materials, and in the case of the three selected there is clearly a
wide variation. Adhesion of thin films on a substrate requires that the tooling
material needs to be more thermally aligned with the thermal properties of
coatings. This is not always possible so optimisation of the moulding process

can be used to reduce the expansion.

e FEA analysis of the p-IM process is critical for design optimisation. The bulk
temperature at the end of the filling stage result is used to calculate the
theoretical heat transfer related expansion. In particular the bulk temperature

is used to identify the minimum and maximum temperature experienced by



the parts and is also used to identify regions within the part where thermally
induced expansion is critical. It is shown that the filling region of the part is

particularly sensitive to bulk temperature changes.

The mould material is coated by 0.5 pm thick of silicon carbide to enhance the
adherence of a second layer of DLC coating of 2um thickness. To establish if
the observed high bulk temperature is actually experienced at the surface of
the mould the FEA model is used to investigate the frozen layer fraction at the
mould and melt interface. The frozen layer thickness is a fraction of the part
thickness. A higher value represents a thicker frozen layer and a polymer is
considered to be frozen when the temperature falls below the transition
temperature (Tyans). At the meso scale one can expect a fully formed frozen
layer and this layer will result in a reduction of bulk temperature transfer to the
DLC surface. However, the process being modelled is high speed p-IM where
a higher part surface to volume ratio and the extremely high injection speeds
(0.25 s) will prevent the formation of the frozen layer. The part and mould
surface results showed a reduction in temperature, but to evaluate if the bulk
temperature variations are experienced at the DLC surface further simulations
that modified the frozen layer using V; control are performed. The results
show that at high speed filling a layer is not fully formed thus proving that the
DLC does experience a high expansion. The frozen layer results are also
compared the high time to reach ejection temperature results. The observed
high time to reach Tyans cOnfirms that heat transfer is experienced through the

tool surface.

To emphasise the sensitivity of heat loss through the tool surface and
viscosity at the micro scale, it could be seen that by increasing the frozen
layer by reducing V; it was no longer possible to fill the PEEK parts and a
short shot result was observed. Viscosity exponentially increases with
decreasing temperature and thus fluidity and the inability to fill. This result
confirms that the high settings required to fill the micro part result in a

temperature transfer at the melt interface.



e It has been shown that at the micro scale heat loss at the tool surface is
dominant and the variation in heat has a significant influence on the different
thermal expansion rates. In particular the size effect of DLC coated micro rib
features are particularly susceptible to high variations in heat transfer and are

thus areas of interest for observing coating delamination and cracking.

e Micro part and mould design should consider process and part optimisation in
terms of reducing the amount of heat experienced at the tool surface and
reducing sudden heat variation across the part surface. This must be
balanced with optimisation of the filling and the part frozen layer. A special
consideration of maintaining a constant part thickness for balancing the heat

loss, and reducing thermal expansion at the mould surface.
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Highlights

A novel FEA approach to studying the DLC surface treatment of replication tools is
studied.

FEA simulation modelling is utilised to identify the process temperature factors that
lead to tool thermal expansion.

Dimensional changes that directly impact the life cycle of the coating are
investigated.

Bulk temperature distributions are used to calculate the theoretical heat transfer
influence on expansion.

Process optimisation can be used to reduce thermal expansion, thus reducing DLC
coating delamination and cracking.

The micro injection moulding FEA shows unique frozen layer fraction results that

identify rapid heat transfer to the DLC surfaces.



