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1. INTRODUCTION

In recent years, the miniaturisation and manufaaguof micro-components have gained
increasing attention in both industry and acadefii&]. The microinjection moulding
process is rapidly becoming one of the most pramgigabrication technologies for the mass
production of thermoplastic polymer micro-parts 7[5- Most of the applications are
concentrated in the fields of micro-optics, michaidics and medical instruments. Hot
embossing is also a manufacturing method usedhéofabrication of polymer-based micro-
components. It provides several advantages, suclovasost moulds, high replication
accuracy for micro-feature generation and ease pafration [8, 9]. For these reasons,
manufacturing by hot-embossing [10, 11] rather thgection moulding is advantageous. It
also introduces less residual stress into the palymecause the polymer chains must stretch
and flow only a very short distance from the sudistinto the patterned microstructure during
hot-embossing. Additionally, the temperature vasiatrange for the polymer is smaller than
that required in injection moulding, which leads reductions in both the shrinkage that
occurs during cooling and the frictional forcesttlaat on the micro-features during de-
moulding [12-16].

Conventionally, the mould tooling is made of eitlsteel or aluminium and can be
manufactured by Computer Numerical Control maclgn{€NC) and Electric discharge
machining (EDM); after it is manufactured, the nbaan be used to produce polymer micro-
parts via either hot embossing or injection mowjd[t7, 18]. The surface quality of the
mould is highly dependent on the cutting conditiomsed during machining, which
significantly influence the resulting surface ronghs [19, 20]. For example, in micro-fluidic
systems, these techniques generate tools with ladugace roughness and micro-channels
that generate a reduction in the overall efficieatffuidic flow. In this study, to establish the
basis of micro-pattern manufacturing of the meatatdiol using the hot embossing process, an
alternative method was applied to form micro-chdsme the metallic moulds with a low
surface roughness. The micro-fluidic chip developerk is used as an example to discuss the
use of various mould insert materials by hot emingss

Various investigations have been conducted conagtthie influence of both the physical
and processing parameters, such as the partigdeasid solid loading of the powder in the
mixture, the effect of sintering temperature on tmatrol and dimensional changes, the
density, mechanical properties and roughness ssfat¢ the components, have received
increasing attention in recent years [21]. Germiaale[22] investigated the effect of solid
loading on the dimensional change that occurs dusiolvent debinding of the injection
moulded components. Liu et al. [23] investigatesl eéffects of solid loading and extrusion on
mixing and feedstock homogeneity for the injectionoulding of micro-structured
components. The results demonstrated that 316hlasai steel feedstock with a suitable solid
loading (equal to 58 vol. %) can be successfullgdutor the forming of micro-structured
parts with proper shape retention. The micro-stmact parts exhibit the necessary strength
for demoulding with no observable debinding defeatsl a final sintered microstructure
characterised by shape retention.

Recently, Tay et al. [24] have succeeded in theufeaturing of micro-gears using the
micro-powder injection moulding process with 316taisless steel powder possessing



particle sizes of 2.4um and a multi-component wax-based binder systene dimalysis
revealed different grain structures at the toetB5(um) and hub of the micro-geas§ um).
Significant grain growth was also observed at theth. Meng et al. [25] conducted an
experimental analysis on the replication of a mitwalic system by micro-powder injection
moulding using 316L stainless steel. Additionalligey also investigated the dimensional
change and surface roughness of the micro-mixeey Tdbtained proper replication with
appropriate shape retention lacking in visible difdy use of a powder injection moulding
process with a 316L stainless steel feedstock.difmensional shrinkage of the micro-mixer
occurred mainly in the sintering step, whilst th@ehsional change was not noticeable in the
debinding step. The surface topography of theailimould insert was properly replicated in
the stainless steel micro-mixer. Fu et al. [26]eshgated the manufacturing of a 316L
stainless steel cylindrical micro-structure arraging a silicon mould insert with the hot
embossing process. Their results demonstratedfdeiseof various embossing parameters on
the filling of micro-cavities in the silicon moulthsert and the de-moulding of micro-
structures. This study was only focused on theigafpbn of a micro-structured array with an
aspect ratio of 2. It was limited to the use of B%&inless steel with unknown solid loading
and binder percentages in its feedstock. Most@itbrk up to date on hot embossing focused
on to use this process as a flexible, low-cost oafabrication method for polymer
microstructures over large surface areas. To datevork was focused on the use of the hot
embossing process adapted to metal powders fomdmaufacturing of a micro-fluidic die
mould with low surface roughness. An integrateddgpototyping chain was established for
rapid manufacturing of the micro-structured master metallic powders made from
elastomeric moulds by use of the hot embossinggsocThis rapid manufacturing chain,
offers a rapid and flexible manufacturing route fabrication of prototype micro devices
from polymer solutions. This study uses the litlagdry technology to fabricate the silicon
mould insert with nanoscale details and surfacegglmoass at a lower cost. Due to the
mechanical strength limitation, silicon material usually not suitable to use as mould
material. In this study, the silicon master wasduser casting of silicone to fabricate
elastomeric micro-fluidic mould. The choice to wsdlexible mould was related to the de-
moulding facilities for the micro-structures ande timcrease of lifetime of the mould when
used in the hot embossing process.

This paper describes the elaboration and charaatem of different feedstocks for use in
metallic hot embossing and the manufacture of nastractures with low surface roughness.
In the experimental tests presented here, onlyehmerature and pressure were considered
while analysing the manner in which the metallie diaster can be archived with the highest
replication accuracy. These experiments allow usnderstand and qualify the influence of
hot embossing processing conditions on the geocaéteimbossed accuracy of the replicas
and the mechanical properties of the final comptsafier solid state sintering. The sintering
stage was carried out in vacuum using the metatlicro-structured samples obtained at
different solid loadings. Therefore, the presentlnalso analysed the shrinkages, densities,
Vickers hardness values and roughness variatiotiseomicro-fluidic specimens using three
shades.

2. EXPERIMENTAL MATERIALS AND METHODS

2.1.MATERIALS

Fine powders of 316L stainless steel were useceteldp the mixtures dedicated to the
hot embossing process. The powder particulatestsdherical shape and an average particle
size of 5 um - 80%. This shape is generally mopr@piate for obtaining a feedstock with
low viscosity. The powders had a density equal.®g/cm® and were provided by Sandvik
Osprey Company. Figure 1 gives a photograph of3tt@l stainless steel powder particle
distribution.



The micron-size pre-alloyed powder (Fe-Ni 8 %) wamposed of PA-FNO8 and cobalt
tungsten carbide with 19.9 % WC (Co-WC). The ME1J@ivders were characterised to
have an average particle size of 5 pm. The powdene provided by Eurotungstene
Company (Eramet) with densities equal to 7.93 and 9.74 §,craspectively. The powder
morphology is given in Fig. 2. Before mixing, thewxers were dried in a vacuum oven at a
temperature of 120 °C for 5 h to remove any mogéstur

Feedstocks of Co-WC, Fe-Ni 8% and 316L stainlessldbased on 40 to 75 % solid
loadings (by volume) were prepared using a twirssamixer. The binder system used in this
study consisted of paraffin wax, polypropylene astearic acid. The composition of the
binder corresponded to the ratio of PP:PW:SA gi@anrelative fractions 40:55:5. The
characteristics of the different binder systems thiedraw powders are related in Tables 1 and
2.
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Figure 1. The patrticle size distribution for the 316L stagdesteel powder £g= 3.4um).

Table 1.Characteristics of the three different powders.
Powder size and density

Powder Particle shape dio (HM) dso (HM) deo (um)  [Density (g/cnd) | Tap density (g/cn)
Inox 316L Spherical 1.80 3.40 6.0 7.90 4.60
Fe-Ni 8 % Irregular 2.40 4.40 8.0 7.93 2.90
Co-WC Irregular 2.90 6.10 11.9 9.74 217

Table 2 Characteristicsof the different binder components

Binders Density [g.cmi] | Melting temperature [°C]
Stearic acid (SA) 0.890 70

Paraffin wax (PW) 0.910 60
Polypropylene (PP) 0.900 125
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Figure 2. SEM micrographs of the different feedstocks, ingigda) the 316L stainless steel
% and (c) Co-WC.
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2.2. PROCESSING STEPS

The main steps of the hot embossing process inthaléithographie, Galvanoformung,
Abformung (UV-LIGA) process for the SU-8/Si mouldbfication (the master mould with a
thick negative photoresist (SU-8) deposited ondasijcone wafer (Si)), elastomeric inverse
mould manufacturing using a casting process, thveldpment of metal powder feedstocks
for filling the mould, the hot embossing process] éhe debinding and sintering stages. The
processing stages have been developed for usesimaghd manufacturing of high-quality
metallic replicas onto the elastomeric moulds]lastrated in Fig. 3.
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Figure 3. A schematic manufacturing diagram of the powdermpaments developed by rapid prototyping.

2.2.1. MIXING TESTS

Experiments related to the mixing of binders aretiftocks were carried out using a twin-
screw Brabend&Plastograph EC mixer with a pair of rotor bladelse Tnaximum capacity
of the mixing chamber was 55 &nThe twin-screw mixer was connected with apprdpria
software to measure the mixing torque; the sameegsing conditions were used for each
mixture, including a mixing temperature of 160 ‘@ mixing time equal to 30 min and a
mixing rotation speed of 30 rpm. The mixtures wenepared individually with different solid
loadings from 40 % up to 75 % with an incrementalease of 5 % for each level.

The powders were loaded when the temperature laduliséd at the required mixing
temperature to facilitate homogeneous mixing ofgbesder and binder components. During
a mixing test, the mixture homogeneity can be eateldl through the mixing torque curves.
Uniform mixing is achieved when the torque reachestable, steady state value. Figure 4
shows Scanning Electron Microscope images (SEMhefdifferent feedstock powders after
the mixing stage. Finally, the feedstocks were glated into small pellets for rheology
characterisation and were used in the hot embogsimgess for the development of micro-
fluidic replicas.



Figure 4. SEM micrographs of the feedstock after mixingJuding (a) Fe-Ni 8 % (the solid loading equal
to 64 %), b) Co-WC (the solid loading equal to 44&nd (c) 316L (the solid loading equal to 60 %).

2.2.2. ELASTOMERIC MICRO-STRUCTURED MOULD

SU-8 negative photoresist was spin coated ont@anctilicon wafer and exposed by the
UV LIGA method to obtain the micro-fluidic systems a micro-mould for casting, which is
abbreviated as the SU-8/Si master. Figure 5 preskatSU-8/Si mould insert with the micro-
fluidic structure. The dimensions of a typical neifluidic cavity are shown in Fig 6b.The
elastomeric die cavity moulds were obtained byicgssilicone rubber over the SU-8/Si
master, enabling the development of micro-strustugth very well defined and smooth
sidewalls. The silicone rubber (Sylgard 184) usedha material for the elastomeric moulds
was provided by Dow Corning IficThe silicone base and catalyst were thoroughkethia
ratio of 1:10. The mixture was degassed for appnately 5 min in a primary vacuum to
avoid the trapping of air in the silicone. Nextgethkilicone mixture was poured over the
SUB8/Si and cured at 70°C for 4 h; after curing, shieone was easily pealed from the SU-
8/Si master. The elastomeric mould was obtaineth wite face that contained all of the
details of the original master. The manufacturingcpss details for the fabrication of the SU-
8/ Si and PDMS moulds is also described in [27-B@lJs. 5a, 5b and 6a display micrographs
of the SU-8/Si master and the negative replicazoAdingly, the micro-fluidic system was
produced with a model that considers subsequemtkstge during the sintering stage (Fig 6a
and b).
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Figure 5. SEM micrographs of the SU-8/Si master mould shoW&)a reservoir and (b) a channel.
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Figure 6.a) Geometry of the patterns of the elastomericdigty mould and b) a description of the mould
dimensions and micro-fluidic geometries (unit: mm).

Scanning mechanical microscopy (SMM) was used ttaioba digital fingerprint
corresponding to a portion of the elastomeric dety mould manufactured by casting. The
fingerprint allows for a description of manufachgi quality and the quantification of
geometry as well as the surface, as a part ofntinesic characteristics of the elastomeric die
cavity mould. Both details of interest in the eteseric die cavity mould developed by
casting were obtained with SMM corresponding toghapes illustrated in Figure 7.

Zone 1

Figure 7. 3D topographic imprints of the elastomeric die tawmould realised by casting.
2.2.3.HOT EMBOSSING PROCESS

The elastomeric die cavity mould was used forhtbeembossing process to manufacture
micro-components using feedstocks based on polyfeop, paraffin wax and stearic acid.
This process involved heating a feedstock to ifseaing temperature (i.e., just above the



melting temperature for a semi-crystalline thernagpt polymer) and then pressing it into an
elastomeric mould with applied pressure. Next,fdezistock was cooled down, and the part
was demoulded at room temperature. After the cgatage, the metallic replicas were easily
peeled from the elastomeric die cavity mould. Thastemeric die cavity mould was
repeatedly used with little degradation. The embodgests were gradually established and
carried out in two different cases. In the firsseathe tools were heated at a temperature
equal to 170 °C with a heating rate of 5 °C/s; addally, the dwell time was 10 min, and the
forming force was varied from 200 to 400 N. In 8exond case, the tools were heated from
room temperature to a temperature in the intemeathf130 to 190 °C; the heating rate was 5
°Cls, while the forming force was slowly increased load of 400 N. The temperatures were
between the highest melting temperature (T; p==125°C) and the lowest degradation
temperature 4 (T4.sa=200°C) of the binder system. In both cases, thal fjualities of the
metallic replicas were measured with SMM to deteenithe dimensions and surface
roughness.

2.2.4.DEBINDING AND SINTERING STAGES

The process was comprised of two sequential stagefjding thermal debinding
followed by solid state sintering. In the thermabohding stage, the residual binders were
converted into gas and eliminated. Then, the posvdere sintered, resulting in strengthened
green parts capable of yielding products withodeds. First, the debinding was performed
at 500 °C in a thermal oven. The defect-free endgmbgmrts were placed on an@4 plate.
The debinding temperature used was based on thecl@# identified for the binder system.
Because the SA and PW finish begin to degrade @bamately 330 °C, the first debinding
temperature used was 350 °C. The temperature wagttadually increased to 500 °C, which
corresponded to the TGA curve that leads to a fsegmit loss of polypropylene weight and
the removal of all residual binder. The debindingswperformed in the temperature range
between 350 and 500 °C.

In this study, the second stage of the solid ssatéering process was conducted in
vacuum with graphite heating element furnace affga maximum temperature of 1900°C.
The samples were maintained at this temperaturel for and then the temperature was
increased between 900 — 1050 °C, 1000 — 1285 °@) &Ad 1360 °C a rate of 5 °C/min, 10
°C/min or 15 °C/min for Co-WC, Fe-Ni and 316L, respively. Table 3 summarises the
processes associated with the debinding and sigtstages. Additionally, the same primary
vacuum was used during the sintering test.

Table 3. A description of the debinding and sintering treamts used for the different elaborated
feedstocks.

Steps Procedure

Heating up to 350°C
(heating rate 10°C/min)
Dwelling (30 min)
Heating up to 500°C
(heating rate 10°C/min)
Dwelling (30 min)
Heating up to temperature T | T,[Stainless steel]=1000-1360°C
(heating rate 5 to 15°C/min) | T{Co-WC]=900-1050°C
T,[Fe-Ni]=1000-1285°C

1. Thermal debinding

2. Sintering Dwelling (1 h)

Cooling down
(cooling rate 5°C/min)

2.3.SAMPLE CHARACTERISATION
2.3.1. RHEOLOGY CHARACTERISATION AND THE THERMAL
DEGRADATION PROPERTIES (TGA)



The rheological behaviour of the feedstocks wassonea using a capillary rheometer
provided by Instruments Bohfin A series of experiments were performed in which t
samples were extruded through a die with a 1 mmeliar and measuring 16 mm in length.
Three temperatures were tested, including 150, 4@@ 190 °C, beyond the melting
temperature of the binder. Shear rates varying ftémto 10s* were applied using the die
with the measurements reported above, giving a (atD) equal to 16.

The degradation temperature ranges of the binderpooents in the powder/binder
feedstocks were obtained from thermogravimetriclyges (TGA). The analysis results
indicated the thermal limitations for the initiatggesses, including the mixing and hot
embossing processes. TGA was performed using aaBeetsys analyser

2.3.2. ROUGHNESS CHARACTERISATION

To assess the dimensional and geometrical qualifiethe replicas, comparative 2D
profile measurements and 3D contours were performmethg scanning mechanical
microscopy (SMM). The dimensions, the surface roegls and the surface topographies of
the elastomeric mould inserts and the micro-fluidiamples were collected using a
mechanical profilometer (Tencor-Alpha Step 1Q) watlb um diamond tip radius operated a
scanning speed of gm/s over a length of 1 mm both inside and outdigeréservoir pattern
(2 mm in diameter). Scans were collected on baghetastomeric mould insert and the micro-
system samples (zone 1, see Fig. 6b). The shrinkdgdhe micro-fluidic device was
determined by the dimensional changes in width lagight measured for the micro-sized
structures.

3. RESULTS AND DISCUSSION
3.1. Thermal degradation characteristics

The degradation temperature ranges, as relatedhdo binder components in the
powder/binder feedstocks, were obtained by thermogretric analyses (TGA), which were
performed using a Setaram Setsys analyseig. 8 shows the TGA curves of the multi-
component binder and the individual binder comptselm the TG curves collected above
170, 250 and 350 °C, the stearic acid, paraffin veaxl polypropylene each start to
decompose, respectively. Additionally, each degraddemperature range is very broad, and
the associated mass percentage loss of each tifrdeematerials tends to 0 % (complete loss)
at higher temperatures, which is the ideal caséifaler removal in debinding of the Metal
Injection Molded (MIM) part.

Similarly, the multi-component binder, which regadltfrom mixing of the individual
binder components, also underwent two distinct aidafion steps. Through a comparison of
the TGA curves, it is reasonable that the full @elgtion of PW and SA occurred in the first
degradation temperature range (170 — 330 °C), wakeitee degradation of PP took place at
the higher temperatures (340 — 450 °C). Above 4504dll of the binder components were
burned off. Based on the TGA results, a multi-stigbinding profile was established,
demonstrating the progressive removal of each ef tttree binder components. The
progressive debinding over a wide temperature raragehelp to retain the integrity of the
micro-structured cavities and prevent the formatibdebinding defects, such as cracking and
slumping.



120

SA —PW __PP __ Binder

100 | e

: RN

w A\
(BN
m (I

Weight [%]

0 50 100 150 200 250 00
Temperature [°C]

Figure 8. TGA curves of all binders and the combined bingstems (PW 55 %, PP 40 %, SA 5 %).
3.2. PREPARATION AND CHARACTERISATION OF THE FEEDSTOCKS

Several feedstocks were developed by using diffgpewders indifferent loading ratios
(see table 4). The mixing torques were measuredoboited versus times for different Fe-Ni
8 % feedstocks in Figure 9. The observed torqu&gaee due to the introduction of small
amounts of feedstock into the mixture. It shoulchb&ed that the mixture with a solid loading
of 60 % had the lowest torque homogenisation, riegca value of approximately 1.5 N.m.
Therefore, the optimal load of Fe-Ni powder wasided to be 60 %. Beyond a load of 62
%, the feedstock did not demonstrate mixabilitystéad, it reached the threshold of
mixability, which leads to the formation of an imhogeneous mixture. During the mixing
tests, Co-WC, Fe-Ni and 316L powders were foundeamon-mixablefor critical solid loads
greater than or equal to 46, 62 and 66 %, respygtirhe following table summarises the
results that were obtained for the different powdeting experiments.

Mixing torgue [N.m]

0 % 10 15 0 15 a0 35
Time [min]
Figure 9. Mixing torque vs. time for three different solidaldings corresponding to three different Fe-Ni 8%
feedstocks, obtained from the mixing test (160°@€n8n and 30 rpm).

Figure 10 illustrates the mixing behaviour of thd#féerent feedstocks with solid loadings
of 40, 60 and 60 %, which are denoted as Co-WCNiF8% and 316L stainless steel,
respectively. The imposed mixing parameters wam@@ speed of 30 rpm, a temperature of
160 °C and 30 min of mixing time. Varying the solichding caused variation in the torque
level, indicating differences in the mixture visitpyvalues. The mixing torque of the Co-WC



feedstock loaded at 40 % was significantly higilmecamparison to the constant torque level
for both feedstocks loaded at 60 %, which led ghér viscosity. This might be due to the

particle size distribution and the higher densityCo-WC, which would have increased the

resistance on the rotor blades. Similarly, the mhd loading appearance apparently can be
deceptive.

In the case of the Co-WC powder, the solid loadiagge tested was measured. It was
found to below in comparison to that of the stasslsteel and Fe-Ni powders (see table 4).
These low values appear closely related to theipgckbility of the powders, the particle
shapes and sizes, the particle size distributiond the tendency of the powder to
agglomerate.

Table 4. An analysis of the field mixing and the mixabilltynit of the feedstocks

| Feedstocks | Field mixing range tested (%)| Early nomixable (%) |
316L stainless steel 40-64 66
Co-WC 40-44 46
Fe-Ni 8 % 40-60 62
10
— Co-WC Feedstock
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Figure 10.Mixing torque vs. time for three different feeddteccarried out with a mixing test (160 °C, 30 min
and 30 rpm), corresponding to a Co-WC feedstockl Ztainless steel and a Fe-Ni feedstock and odxizér
different solid loadings of 40 %, 60 % and 60 Y%pextively.

Measurements of shear viscosity were performedhenféedstock mixtures at different
temperatures with a two-channel capillary rheomeddferent shear rates were considered
with the same capillary die diameter @ = 1 mm (Hif)). Viscosity is one of the important
parameters in the evaluation of the rheologicalabetur of the MIM feedstock. Figure 11
shows the apparent viscosity-shear rate curvediekektruded feedstock tested at different
temperatures in the range of 150 to 190 °C. It khbe noted that the 316L stainless steel
feedstock was difficult to extrude at the lower parature, corresponding to 130 °C, which is
very close to the melting temperature of the PRrpet.

The feedstock viscosity decreases with shear natketemperature, indicating pseudo-
plastic flow behaviour and increases with high pewdolume ratios. Normally, the
exhibition of pseudo-plastic flow by the feedstatiing moulding eases the mould filling
process and minimises jetting defects [31] and.[88]displayed in figure 11, the viscosity is
temperature sensitive, decreasing with increasergperature. This is attributed to the
reduction in solid volume content, arising fromremsed binder expansion and destruction of
the molecular chains during heating. From figure iLtan be observed that the feedstock
shows mouldability in the hot embossing process.

Figure 12 shows the shear viscosity of the diffefeadstocks versus the shear rate, which
were developed and mixed under the same conditmastested at 170 °C. The results
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indicate that the three feedstocks possess psdasticprheological behaviour up to a shear
rate of 10s™. It was observed that the Co-WC feedstock exhdbitiscosities higher than
those of the other two feedstocks. This trendesstime as that observed for mixing torque.

10000

150°C
1000 | 170°¢
g 190°C

100 T
100 1000 10000

Shear rate [1/s]

Figure 11.Viscosity of the 316L stainless steel feedstockwitsolid loading of 60 % by vol., tested at diietr
temperatures.
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Figure 12.Viscosity of the three different feedstocks tesied70°C, corresponding to the Co-WC feedstock,
316L stainless steel and the Fe-Ni feedstock, andlyat different solid loadings of 44 %, 60 % afd/&
respectively.

3.3. HOT EMBOSSING TESTS
3.3.1. Influence of the embossing load

In this portion of the investigation, the soft embimg process was conducted using the
process mentioned above. Figure 13 relates typesallts concerning the first experimental
series. The feedstocks gradually filled the elasteermould cavities as the forming load was
increased, followed by constant temperature and dueng cooling of the cavities.

Thus for a properly defined forming temperature,itgreasing the forming load of the
feedstock substrate, one can help facilitate gliamd is able to improve the surface roughness
of the metallic replicas. Hence, the surfaces efréplicated parts were found to be smooth
with R, <1 pm. This result can be partially related to theeased forming load, which is
favourable for decreasing the surface roughness.
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Figure 13.3D topographic imprints of the Fe-Ni 8 % feedstoeglicas with a solid loading content of 62 vol.
%, obtained by the hot embossing process at diffdogming loads (unit; um).

3.3.2. Influence of the hot embossing temperature

In this portion of the investigation, the experirtedrprocedure was conducted at different
temperatures ranging from 130 to 190 °C, and with fbading applied only once, the
embossing temperature was reached. In this se@mes of experiments, the hot embossing
process capability for the replication of purelytatkc templates was also evaluated in terms
of dimensional changes and the quality of pattesndfer. In Figures 14 and 15, each view
corresponds to different stages in the formatiomadfities and micro-channels. At 130 °C,
which is close to the melting temperature of P, strfaces of the embossed patterns were
extremely rough, caused by partial melting of tirér system. However, it was found that
the filling ratio increased with increasing formitgmperature, yielding an accurate replica of
the original imprint.

After several tests, it was found that the tempeeastrongly influenced the resulting
filling rate and the final surface roughness of tawities. This trend regarding the related
effects can be directly observed in Figures 14c dndrhese experimental results are
consistent with the results obtained from otheritmos of the same sample (see Figure 15¢
and d). This could be due to the binder fluidityidg hot embossing, which can affect the
flow of the feedstock into the detail regions oé tdie mould. Therefore, at 190 °C, the
feedstocks may be pushed by the binders towardnthdd details, leaving fewer defects in
the final shape. The average surface roughnessn®sured at the base of the reservoirs
decreased sharply at the melting temperature; ttren,R, values levelled off at higher
temperatures (beyond 170 °C), see Fig. 16.
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Figure 14.3D topographic imprints of Co-WC replicas with dida@ontent of 44 vol. %, obtained by the hot
embossing process at different forming temperat(weis: pLm).
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Figure 15.3D topographic imprints of Co-WC replicas with dida@ontent of 44 vol. %, obtained by the hot
embossing process at different forming temperat{inai: pm).

160°C 170°C

g .%
190°C

Figure 16.3D topographic imprints of 316L stainless steeliogy with a solid content of 64 vol. %, obtained
by the hot embossing process at different formamggteratures (unit; um).
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Figure 17 shows the topographies of the metallpticas fabricated with three different
feedstocks. It is evident that the Co-WC feedstegiica was significantly rougher than that
of the other feedstock replicas, most likely dudhe feedstock viscosity. This trend is the
same as that observed in the mixing torque andosisc analyses. Hence, this result
confirmed that the Co-WC feedstock with solid loagd from 42 to 44 % was not feasible for
hot embossing. At a 40 % solid loading, the resuttcceptable but is simply not sufficient to
achieve fluid flow.

Thus far, the most uncomplicated method for deangate Co-WC feedstock viscosity is
to lower the viscosity of the binder by increasthg forming temperature beyond 190 °C.
However, this is impractical because the bindennset{p degrade at this temperature. The
second possible solution is to develop a new foatar, one that is particularly well suited
for this specific powder. The adopted final solotwas to use the Co-WC feedstock with a
solid loading of 38 %. This led to reduced feedstaiscosity and improvements in the filling
ability and the surface quality of the replicas.

Co-WC feedstock (solid loading: 44%)

316L stainless steel feedstock (solid loading: 60%)

Figure 17.A comparison of 3D topographic imprints of the difint metallic replicas, each obtained by the
hot embossing process at a forming load and teraperaf 400 N and 130 °C, respectively (unit: um)

As depicted in Figure 18, the feedstock graduallgd the mould cavities while the
temperature was maintained in the loading stageveder, the feedstock was not able to
completely fill the gap due to its low fluidity &80 °C (see Figure 14a and 15a) at the end of
hot embossing process. Additionally, the profilésh® embossed replicas at 130 °C show
defects, such as ridges in the top surface. Atdrigémperatures, filling is a quick process,
and complete filling occurs when the hot embossamgperature exceeds 160°C (see Figure
14c and 15c). These results show that high remcadccuracy can be achieved using the
proper forming temperature in the hot embossinggss without vacuum.
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In Figure 18, the cast embossed replicas are cadpar an elastomeric imprint. The
scanning microscopy mechanical (SMM) profile redattee variation observed in these cases
(the cross section shown is related to zone 1 gurEi 6b). Although a constant load was
maintained until separation, and there was no appamregularity during the experiment, the
SMM profiles indicate the presence of a distinaté of the samples after embossing. It can
be concluded that the forming load and temperatahges determine the replication accuracy
in terms of the width and shape and have signifiaaftuence on the accuracy of the final
replication.
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Figure 18.A comparison of the variations in the 2D topographprofiles of the elastomeric moulds and the Fe-
Ni 8 % metallic replicas obtained by hot embossinhdifferent temperature, along the x-x directinare 1).

Fig. 19 shows the photograph of the micro-fluichoples following the embossed processing
step using the different sample types. The sampée obtained under the same conditions.
Good shape retention without warpage or cracking achieved following de-moulding.

Figure 19. Photographs of the micro-fluidic samples afterehgossing step using two different feedstocks for
(a) Co-WC with the solid loading of 38 % vol. arx) Fe-Ni with the solid loading of 60 % vol.

3.4. DEBINDING AND SINTERING RESULTS

As an example, the 316L stainless steel comporsfda/n in Figure 20 were obtained
after debinding was started at room temperaturecantpleted at 500 °C over the course of
approximately 150 min; following this step, the fmmature was maintained for 30 min.
After, the components were heated to 1250 °C whkeating rate of 10 °C/min and then were
held at a constant temperature for 60 min. Finallg, cooling stage was carried out a rate of
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10°C/min for the components. As shown in FiguretB®,components were correctly sintered
without the appearance of obvious defects or crades the interface. Figure 21 shows a
photograph of the micro-fluidic components aftedengoing different processing steps.

Figure 20. A photograph of the micro-fluidic system replai@er the sintering stage (a solid loading equ&do
% in vol. of 316L stainless steel powders).

R ——== =~ |~ -

‘Tr 7 g Aot Sl s
Figure 21.Photographs of the micro-fluidic tools after (a¢ #mbossing and (b) sintering steps, produced using
316L stainless steel feedstocks (with a solid logdif 64%).

As shown in Figure 22, the metallic replicas weppraximately 10 um shallower than
designed, which is likely due to shrinkage after $imtering step. In this stage, the component
undergoes a low dimensional anisotropic shrinkagde range of 10 to 14 %, depending on
the powder characteristics, the solid loading, Ehis dimensional change occurred across the
sample and can be compensated in the design aidb&l cavity.
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Figure 22.A comparison of variations in the 2D topographjgalfiles of the elastomeric moulds and the
metallic replicas after the sintering stage usihfL3stainless steel feedstock (60 % vol.) and okthby the hot
embossing process, sampled along the x-x dire¢zione 1).
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The dimensions of the micro-fluidic samples forethdifferent solid loadings are given in
Table 5. Compared with the silicon mould inserg thmensional change after the sintering
stage is clearly evident. The dimensional changethé length and width of the micro-
structures showed similar trends. For exampleh&n@o-WC samples, the shrinkage values
were approximately 21 and 24 %. However, the wilkl height of the embossed micro-
structures decreased gradually as the sinteringdeature was increased, regardless of the
powder used.

Table 5.Dimensions of the elastomeric mould and micro-sitedctures of the micro-fluidic samples.

Dimensions Si Micro-sized structure
[mm] mould
insert
316L stainless steel Fe-Ni 8% Co-WC
1250 °C-10 °C/min 1200 °C-10 °C/min 1000 °C-10 °C/min
60 % 62 % 64 % 56 % 58 % 60 % 38 % 409

4 3.24+0.01| 3.36#0.01] 3.48+0.00 3.12+0.01  3.28+0}013.40+0.01 3.04+0.1] 3.16%0.1

@ 2 1.60+0.01| 1.66+0.0)] 1.72+0.00 1.56+0.01  1.64+0}011.68+0.01 1.52+0.1] 1.56%0.1
a 6 4.92+0.01| 5.04+0.03] 5.16+0.01  4.74+0.01  4.98+0/015.04+0.01 4.56+0.1] 4.74#0.1
b 14 11.34+0.01] 11.48+0.00 11.90+0.p1 10.92+0.01 4#03p1| 11.90+0.01] 10.78+0J1 11.06+0.1
c 14 11.10+£0.02 11.62+0.0p 12.32+0.02 10.78+0.02 8H40H2| 11.76+0.02| 10.78+02 11.20+Q0.2
d

e

14 11.48+0.02 11.62+0.0p 12.18+0.p2 11.06+0.02 4H03P2| 11.76+0.02] 10.50+0)2 10.92+0.2

Co-WC powders are usually sintered with a pariglitl phase at temperatures above
1280 °C to reduce the size of the pores, to imptbeehardness and the density and to evolve
the microstructure and grain size [33-35]. In opplecation, the sintering temperature choice
was limited to temperatures between 900 and 1050.eC without the liquid phase. The
presence of this phase causes deformation of tleeo+fiuidic structures; that is, they
disappear with increasing temperature. The reslitav that the occurrence of the partial
liquid phase is closely associated with the devalemt of a deformed micro-fluidic structure.

3.5. MICROSTRUCTUREEVOLUTION

Figures 23 and 24 include the micrographs of pelissintered microstructures, collected
under an optical microscope at different sintei@gperatures. It can be observed that the
number of pores and the pore size both decreastt: &intering temperature was increased.
In Fig. 23, at the temperature of 1100 °C, a carsiodle amount of porosity is present, and
the pore structure is irregular, indicating thae tpart was not appropriately sintered.
Following sintering at the temperature of 1200 fli& grain size became larger than that at
the temperature of 1100 °C, while the pore sizealmsr smaller. A higher sintering
temperature of 1300 °C resulted in higher dengifioa smoother pore structures and smaller
pore sizes. At 1350 °C and above, the microstrestirecame denser still, and fewer tiny
pores were found.
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Figure 23. Optical micrographs of the sintered micro-struetustainless steel samples sintered at different
temperatures: (a) 1100 °C, (b) 1200 °C, (c) 130@A€ (d) 1360 °C.

Figure 24.Optical micrographs of the sintered micro-struetustainless steel samples sintered at different
temperatures: (a) 1150 °C, (b) 1200 °C, (c) 125@1€ (d) 1300 °C.

Following sintering, scanning electron micrograpyexe collected for two micro-fluidic
replicas (60 % and 64 % of 316L stainless steethaut polishing. The specimens were
observed in zone 2 (see Fig. 6), and the resuttgedated in Figures 25 and 26. The grain
sizes were dramatically increased following simgri The porosity has almost entirely
disappeared in the embossed specimen with a swdidirlg of 60 %, and the decrease in
porosity in the specimen with a solid loading of @&l is clearly revealed, as well; this
occurred as a result of the elimination of pores gfiain boundary and volume diffusion at
high temperatures [36].

18



Figure 25.Scanning electron micrographs of the micro-fluisiiecimens (embossed with a solid loading of 60
%) before polishing.

Grain
boundary

e

Figure 26.Scanning electron micrographs of the micro-fluisiiecimens (embossed with a solid loading of 64
%) before polishing.

3.6. PHYSICAL PROPERTIES OF THE RESULTING MICRO-FLU IDIC REPLICAS
3.6.1. Shrinkage of the resulting micro-fluidic specimens

The sizes and dimensions of the final componente weasured and compared with the
geometry of the embossed die mould to qualify thear shrinkage with the respective
sintering stage (see Fig. 27). The analyses ofliimensions were carried out on the sintered
specimens embossed with the three feedstocks Icatdeither 60 — 64 % of 316L stainless
steel, 40 — 44 % of Co-WC or 56 — 60 % of Fe-Ngpectively. The mean shrinkages are
given in Table 6.

A
Figure 27. The top view of a section of localised dimenslanaasurements in the micro-fluidic simple.
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During the thermal debinding and sintering stagasembossed sample undergoes binder
elimination and subsequent particle bonding, resylih dimensional changes in the samples.
The overall shrinkage of cavities in the die moaftkr the sintering stage was found to be in
the range from 10 to 20 %. The same phenomenorbdé&s encountered by other authors,
including Lohand et al. [37]. In comparison witlettmbossed mould insert, the width (a) and
length (b) of the sintered samples decreased. Awrslby the results related in Table 6, the
sintering cycle with the heating rate of 10 °C/mgenerated shrinkage in the Fe-Ni sample,
totalling to 11.2 % in the y-y direction and 12.3i4he x - x direction.

The main parameters affecting the final sample almady have been studied, and these
include the metal powder morphology, the binderedgnts and proportions, the mixing
conditions, the mould design, the embossing pamnsiethe rheological behaviour of the
embossing materials, the debinding and sinterirapes, the equipment and even the
environmental conditions. Among these often intigr@lated factors, the most sensitive are
the solid loading and the mould design [37]. Asvahodifferent degrees of shrinkage were
revealed for the same directions in the micro-fluisamples using the same solid loading.
Because all of the conditions during the processiege also identical, these differences in
our experimental results can be explained by tfferdnces in the metal powder morphology
between the 316L stainless and Fe-Ni powders.

Sintering of the micro-fluidic systems was studéda function of heating rate. In regard
to the three feedstocks, 316L stainless steeld\iFmd Co-WC, the sintering cycle with the
heating rate of 15 °C/min tended to give the maxmainrinkage values, which were recorded
as 9.7 %, 10.7 % and 13.1 % in the y-y directi@espectively. It can be observed that a very
high shrinkage in the y-y direction was also regdalor the low feedstock loadings. This
allowed for movement of the powder particles, legdp increased distortion.

Table 6.Linear shrinkage in the y-y direction correspondimghe micro-fluidic part (a sintering time of 60

min).
| Linear shrinkage | Solid loading |
316L stainless steels Fe-Ni 8% Co-WC
60% | 62%| 64% 56% 58% 60% 38% 40% 42%
Sintering temperature 1250 °C 1200 °C 1000 °C
Heating rate [°C/min] Means value
5 10.1| 9.7 9.7 109 10.7 105 14]1 135 131
10 9.9 9.6 9.8 11.2f 10.7 106 143 137 13.2
15 9.6 9.9 9.7 11.3 10.8§ 10.fy 142 137 131

3.6.2. Densities of the resulting micro-fluidic specimens

Additionally, the densities of the sintered micloidic specimens were measured with the
water displacement method (the Archimedes methmdgdch of the three feedstocks, and the
resulting values are reported in Figures 28 andT2@. theoretical densities of the stainless
steel, Fe-Ni 8 % and Co-WC powders are, respegtiveb0, 7.93 and 9.74 g.6inThe
sintering temperature and solid loading both hadyaificant effect on the densification, i.e.,
the density increased significantly with increasitgmperature and solid loading, as
summarised in Fig. 28 and 29. The influence ofesing temperature on the densification of
316L stainless steel was more pronounced in cosgmarwith that of Fe-Ni; similarly, a
significant densification change was identified whbe tool steel softened at 1300 °C. All
experiments for the measurement of density in Co-8&@ty die moulds were obtained with
a sintering temperature of 900 to 1050 °C. Thetikeadensities of the sintered micro-system
samples were determined to be above 95 % of tlueahieal density of the three materials.

20



98

[ 316L stainless steels (62%vol.)
B Fe-Ni (58%vol.)

96

94 +—

Fractional Density [%]

92

90

1200 1250 1300 1360

Temperature [°C]

Figure 28.Effect of the sintering temperature on the sintatensity (dwell time 60 min, 10 °C/min).
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Figure 29.Effect of the solid loading on the sintered denityell time 60 min, 1250 °C).
3.6.3. Vickers hardness evolution of the micro-fluidic speimens

After sintering the metallic die replicas, the Spgns were subjected to hardness tests to
assess and to qualify the mechanical property éwvolwersus the final sintering temperature.
The hardness measurements were conducted on iskgubkections of the different sintered
components. Each area was polished using diamostggaith 3 pum and 0.1 um particle
diameters at 150 rpm. Finally, the samples weresipetl again using a diamond paste of 0.1
pum for approximately 20 s and then were observetth wn optical microscope. Fig. 30
demonstrates the variations in hardness for theonfiigidic specimen as a function of the
sintered temperature, as viewed from the top serfédthe specimen. When the final sintering
temperature was increased, the increase in deasitthe porosity is removed leads to an
incremental increase in hardness.
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Figure 30.The variation in hardness as a function of thel fiv@ering temperature.

For example, the Co-WC spherical fine powders preiee highest hardness, attaining
1200 HV1 at 1000 °C, followed by Fe-Ni material §18V1 at 1250 °C) and 316L (197 HV
1 at 1360 °C). The hardness can be increased wither improvements in the material
density and the proper control of grain growth.

3.6.4. Roughness variation of the micro-specimens

The surface roughness variations of the die moaldties sintered a temperature in zone
2 (see Figure 6b) are shown in Fig. 31. It can bseoved that an increase in the final
sintering temperature caused a slight increasbkarstirface roughness of the materials. This
roughness variation can be improved by using ditr@- powders, which result in a
significantly increased surface finish in the fidé mould and also result in a more complete
fill, yielding significantly finer details.
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Figure 31.Surface roughness {Rof the elastomeric mould inserts and the Fe-Niraafluidic samples at
different processing steps (a solid loading of 665%).

Both mechanical and laser cutting are common fabrig processes used in today’s
manufacturing industries. Each method employswis distinct equipment, and has its own
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advantages and disadvantages. As example, in ghdlperations, feed, cutting speed, cutting

tool material, workpiece material, cutting tool gestry, vibrations and tool wear are some of
the most important factors that affect the surfiemeghness of the mould machined [38, 39].

Several authors [40] and [41] argue that to prewdrdtter and achieve good workpiece

surface quality, the frequency of the cutting edgeering the cut during each rotation of the

tool (tooth passing frequency) must differ from tme&tural and harmonic frequencies. The

main weakness of the realisation of metallic maukkrts obtained by these process is the
inability to obtain 3D shape variables of size Jes®d low roughness than, few microns from

0.1<Ra<lum. It was also found that these traditigmacesses can also cause a loss of
precision when going nanostructures or microstmestwith large aspect ratio.

In this study, innovative solutions have been pssgoand developed for manufacturing
metallic tools to routinely reproduce a micro amahorstructured surface, with a lateral
resolution less than 100 nm, even near to 10 nnfefstocks produces very low viscosity.
The study feasibility and the ability to rapid méaaturing have been demonstrated, and this
should be applicable in several various applicati¢towever, it should be emphasized that, a
decrease in the surface roughness may result infigan contributions to drive the flow
characteristics of liquid in channels, becausestitéace effects are significant [42].

4. Conclusions

In the present analysis, the feasibility of hot esging of micro-fluidic die mould cavities
has been tested as 316L stainless steel, Fe-Ni 83 VdC-Co. The findings can be
summarized as follows:

1) It has been shown that feedstock with solid loadmitne range 40-64 vol.%, 40-44 vol.%
and 40-60 vol.%, for 316L stainless steel, WC-Cal &®-Ni 8%, respectively, are
homogeneous and moldable through the feedstock dgenetty and rheological tests.
However, feedstock with solid loading of 64 , 4@ &0 vol.% were selected to be the
better choice, as higher concentration of solidiglas are preferred to limit shrinkage
during debinding and sintering. Based on the thgmaometric analysis and rheology
measurements, the optimal mixing parameters weosethto be a mixing temperature,
mixing speed and mixing time of 160 °C, 30 rpm, &dmin, respectively.

2) In terms of rheological characteristics, differéaedstocks are shear thinning fluids as
viscosity decreases with increase in shear steda in this case, the viscosity decreases
with increasing temperature, but viscosity of th&€€\Wo feedstock is less sensitive to
shear strain rate and temperature compared tothia¢ other feedstocks.

3) Based on the thermal characterisations of the feekisin one hand the feasibility of the
feedstock for hot embossing of micro-fluidics dieutds was investigated, and in second
hand, was also used to develop a suitable themneatiment for both stages of the binder
elimination process. The analysis of the hot embgsgrocess for micro-structured
metallic replicas demonstrated that the microstmecshapes were successfully embossed
with the use of suitable forming parameters. Theseilts confirm that the increasing
temperature and pressure stage can determinategheation accuracy by depth as well
as the replication accuracy of the width and shapasurements. It was found that the
replication accuracy strongly depends on the piegsconditions. The results show also
that microstructures can be successfully obtaimethout visual debinding defects and
the final sintered microstructures exhibit propes e retention.

4) The dimension accuracy of the final die mould weasinty determined by geometrical
dimension precision of embossing stage. In all @ssmg parameters, the solid loading,
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the embossing temperature and the sintering tertiyverhave the most important effects
on the dimension precision and the material proggerihe high powder loading allowed
obtaining sintered parts with 96% of the theorétemsities.
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