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This study presents the results of micro-replication of different powder feedstocks samples. The feedstocks of
metal powder and plastic binder with various solid loading in the range from 40% to 75% were prepared. The
different feedstock comprises 316 L stainless steel, Fe\Ni 8%, orWC-Co and amulti-component binder system. Suit-
able polymers/powder formulations for the hot embossing were chosen and characterised by thermogravimetric
analyses (TGA), mixer measurements and capillary rheology testing in order to check and quantify the viscosity
and homogeneity of all the developed feedstocks. The photoresist (SU-8) was used as a structural material that
was deposited onto the Si wafer to obtain the micro-fluidic systems with low roughness. Then the elastomeric
mouldwas obtained using castingwith one face that contains all the details of the originalmaster, verywell defined
and smooth sidewalls.
The objective of the paper is to develop metallic micro-structured die mould cavities with higher quality
using hot embossing process with various different powder loaded polymers. However, a rapid prototyping
process was adapted for fast and cost-efficient manufacturing. This study compares the capacities of three
different metallic powders to emboss of the metallic replications by hot embossing, the dimensional stability,
the mechanical strength and particularly hardness of sintered components. The results show that the feed-
stock can be used for the manufacturing of the micro-fluidic die mould cavities with a low roughness, proper
dimensions and good shape retention.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, the miniaturisation and manufacturing of micro-
components have gained increasing attention in both industry and
academia [1–4]. The microinjection moulding process is rapidly be-
coming one of the most promising fabrication technologies for the
mass production of thermoplastic polymer micro-parts [5–7]. Most of
the applications are concentrated in the fields of micro-optics, micro-
fluidics andmedical instruments. Hot embossing is also amanufacturing
method used for the fabrication of polymer-based micro-components. It
provides several advantages, such as low-cost moulds, high replication
accuracy for micro-feature generation and ease of operation [8,9]. For
these reasons, manufacturing by hot-embossing [10,11] rather than in-
jection moulding is advantageous. It also introduces less residual stress
into the polymer because the polymer chains must stretch and flow
only a very short distance from the substrate into the patterned micro-
structure during hot-embossing. Additionally, the temperature variation
range for the polymer is smaller than that required in injection mould-
ing, which leads to reductions in both the shrinkage that occurs during
cooling and the frictional forces that act on the micro-features during
de-moulding [12–16].
.

rights reserved.
Conventionally, the mould tooling is made of either steel or alu-
minium and can be manufactured by Computer Numerical Control
machining (CNC) and Electric discharge machining (EDM); after it is
manufactured, the mould can be used to produce polymer micro-parts
via either hot embossing or injectionmoulding [17,18]. The surface qual-
ity of the mould is highly dependent on the cutting conditions used
during machining, which significantly influence the resulting surface
roughness [19,20]. For example, in micro-fluidic systems, these tech-
niques generate tools with a high surface roughness and micro-
channels that generate a reduction in the overall efficiency of fluidic
flow. In this study, to establish the basis ofmicro-patternmanufacturing
of the metallic tool using the hot embossing process, an alternative
method was applied to form micro-channels in the metallic moulds
with a low surface roughness. The micro-fluidic chip developed here
is used as an example to discuss the use of various mould insert mate-
rials by hot embossing.

Various investigations have been conducted concerning the influ-
ence of both the physical and processing parameters, such as the parti-
cle size and solid loading of the powder in the mixture, the effect of
sintering temperature on the control and dimensional changes, the
density, mechanical properties and roughness surfaces of the compo-
nents, have received increasing attention in recent years [21]. German
et al. [22] investigated the effect of solid loading on the dimensional
change that occurs during solvent debinding of the injection moulded
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components. Liu et al. [23] investigated the effects of solid loading and
extrusion onmixing and feedstock homogeneity for the injectionmould-
ing of micro-structured components. The results demonstrated that
316 L stainless steel feedstock with a suitable solid loading (equal to
58 vol.%) can be successfully used for the forming of micro-structured
parts with proper shape retention. The micro-structured parts exhibit
the necessary strength for demoulding with no observable debinding
defects and a final sintered microstructure characterised by shape
retention.

Recently, Tay et al. [24] have succeeded in the manufacturing of
micro-gears using the micro-powder injection moulding process with
316 L stainless steel powder possessing particle sizes of 2.4 μm and a
multi-componentwax-based binder system. The analysis revealed differ-
ent grain structures at the tooth (≈35 μm) and hub of the micro-gear
(≈5 μm). Significant grain growth was also observed at the tooth.
Meng et al. [25] conducted an experimental analysis on the replication
of a micro-fluidic system by micro-powder injection moulding using
316 L stainless steel. Additionally, they also investigated the dimensional
change and surface roughness of the micro-mixer. They obtained proper
replication with appropriate shape retention lacking in visible defects by
use of a powder injection moulding process with a 316 L stainless steel
feedstock. The dimensional shrinkage of themicro-mixer occurredmain-
ly in the sintering step,whilst the dimensional changewas not noticeable
in the debinding step. The surface topography of the silicon mould insert
was properly replicated in the stainless steel micro-mixer. Fu et al. [26]
investigated the manufacturing of a 316 L stainless steel cylindrical
micro-structure array using a silicon mould insert with the hot
embossing process. Their results demonstrated the effects of various
embossing parameters on the filling of micro-cavities in the silicon
mould insert and the de-moulding of micro-structures. This study was
only focused on the replication of a micro-structured array with an as-
pect ratio of 2. It was limited to the use of 316 L stainless steel with un-
known solid loading and binder percentages in its feedstock.Most of the
work up to date on hot embossing focused on to use this process as a
flexible, low-cost micro-fabrication method for polymer microstruc-
tures over large surface areas. To date our work was focused on the
use of the hot embossing process adapted to metal powders for the
manufacturing of amicro-fluidic diemouldwith low surface roughness.
An integrated rapid prototyping chain was established for rapid
manufacturing of the micro-structured master in metallic powders
made from elastomeric moulds by use of the hot embossing process.
This rapid manufacturing chain, offers a rapid and flexible manufactur-
ing route for fabrication of prototype micro devices from polymer solu-
tions. This study uses the lithography technology to fabricate the silicon
mould insert with nanoscale details and surface roughness at a lower
cost. Due to the mechanical strength limitation, silicon material is
usually not suitable to use as mould material. In this study, the sili-
con master was used for casting of silicone to fabricate elastomeric
micro-fluidic mould. The choice to use a flexible mould was related
Fig. 1. The particle size distribution for the 316
to the de-moulding facilities for the micro-structures and the in-
crease of lifetime of the mould when used in the hot embossing
process.

This paper describes the elaboration and characterisation of differ-
ent feedstocks for use in metallic hot embossing and the manufacture
of micro-structures with low surface roughness. In the experimental
tests presented here, only the temperature and pressure were consid-
ered while analysing the manner in which the metallic die master can
be archived with the highest replication accuracy. These experiments
allow us to understand and qualify the influence of hot embossing pro-
cessing conditions on the geometrical embossed accuracy of the replicas
and the mechanical properties of the final components after solid state
sintering. The sintering stage was carried out in vacuum using the me-
tallic micro-structured samples obtained at different solid loadings.
Therefore, the present work also analysed the shrinkages, densities,
Vickers hardness values and roughness variations of the micro-fluidic
specimens using three shades.

2. Experimental materials and methods

2.1. Materials

Fine powders of 316 L stainless steel were used to develop the
mixtures dedicated to the hot embossing process. The powder particu-
lates had a spherical shape and an average particle size of 5 μm–80%.
This shape is generally more appropriate for obtaining a feedstock with
low viscosity. The powders had a density equal to 7.9 g.cm−3 and were
provided by Sandvik Osprey Company. Fig. 1 gives a photograph of the
316 L stainless steel powder particle distribution.

The micron-size pre-alloyed powder (Fe\Ni 8%) was composed of
PA-FN08 and cobalt tungsten carbide with 19.9% WC (Co-WC). The
ME1107 powders were characterised to have an average particle size
of 5 μm. The powders were provided by Eurotungstene Company®
(Eramet) with densities equal to 7.93 and 9.74 g.cm−3, respectively.
The powder morphology is given in Fig. 2. Before mixing, the powders
were dried in a vacuum oven at a temperature of 120 °C for 5 h to re-
move any moisture.

Feedstocks of Co-WC, Fe\Ni 8% and 316 L stainless steel based on 40
to 75% solid loadings (by volume) were prepared using a twin-screw
mixer. The binder system used in this study consisted of paraffin
wax, polypropylene and stearic acid. The composition of the binder
corresponded to the ratio of PP:PW:SA given as relative fractions
40:55:5. The characteristics of the different binder systems and the
raw powders are related in Tables 1 and 2.

2.2. Processing steps

Themain steps of the hot embossing process include the Lithographie,
Galvanoformung, Abformung (UV-LIGA) process for the SU-8/Si mould
L stainless steel powder (d50 = 3.4 μm).



Fig. 2. SEM micrographs of the different feedstocks, including (a) the 316 L stainless
steel powder, (b) Fe\Ni 8% and (c) Co-WC.

Table 1
Characteristics of the three different powders.

Powder size and density

Powder Particle
shape

d10 (μm) d50 (μm) d90 (μm) Density
(g/cm3)

Tap density
(g/cm3)

Inox 316 L 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 2.17

Table 2
Characteristicsof the different binder components.

Binders Density [g.cm3] Melting temperature [°C]

Stearic acid (SA) 0.890 70
Paraffin wax (PW) 0.910 60
Polypropylene (PP) 0.900 125
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fabrication (the master mould with a thick negative photoresist
(SU-8) deposited on large silicone wafer (Si)), elastomeric inverse
mould manufacturing using a casting process, the development of
metal powder feedstocks for filling the mould, the hot embossing
process, and the debinding and sintering stages. The processing stages
have been developed for use in the rapid manufacturing of high-quality
metallic replicas onto the elastomeric moulds, as illustrated in Fig. 3.
2.2.1. Mixing tests
Experiments related to the mixing of binders and feedstocks were

carried out using a twin-screw Brabender® Plastograph EC mixer with
a pair of rotor blades. The maximum capacity of the mixing chamber
was 55 cm3. The twin-screw mixer was connected with appropriate
software tomeasure themixing torque; the sameprocessing conditions
were used for eachmixture, including amixing temperature of 160 °C, a
mixing time equal to 30 min and a mixing rotation speed of 30 rpm.
The mixtures were prepared individually with different solid loadings
from 40% up to 75% with an incremental increase of 5% for each level.

The powders were loaded when the temperature had stabilised at
the required mixing temperature to facilitate homogeneous mixing of
the powder and binder components. During a mixing test, the mixture
homogeneity can be evaluated through the mixing torque curves. Uni-
form mixing is achieved when the torque reaches a stable, steady state
value. Fig. 4 shows Scanning Electron Microscope images (SEM) of the
different feedstock powders after the mixing stage. Finally, the feed-
stocks were granulated into small pellets for rheology characterisation
and were used in the hot embossing process for the development of
micro-fluidic replicas.

2.2.2. Elastomeric micro-structured mould
SU-8 negative photoresist was spin coated onto a clean siliconwafer

and exposed by the UV LIGAmethod to obtain themicro-fluidic system
as a micro-mould for casting, which is abbreviated as the SU-8/Si mas-
ter. Fig. 5 presents the SU-8/Simould insertwith themicro-fluidic struc-
ture. The dimensions of a typical micro-fluidic cavity are shown in
Fig. 6b. The elastomeric die cavity moulds were obtained by casting sil-
icone rubber over the SU-8/Si master, enabling the development of
micro-structures with very well defined and smooth sidewalls. The sil-
icone rubber (Sylgard 184) used as the material for the elastomeric
moulds was provided by Dow Corning Inc®. The silicone base and cata-
lyst were thoroughly mixed a ratio of 1:10. The mixture was degassed
for approximately 5 min in a primary vacuum to avoid the trapping of
air in the silicone. Next, the silicone mixture was poured over the
SU8/Si and cured at 70 °C for 4 h; after curing, the silicone was easily
pealed from the SU-8/Si master. The elastomeric mould was obtained
with one face that contained all of the details of the original master.
The manufacturing process details for the fabrication of the SU-8/Si
and PDMSmoulds is also described in [27–30]. Figs. 5a, 5b and 6a display
micrographs of the SU-8/Si master and the negative replicas. According-
ly, the micro-fluidic system was produced with a model that considers
subsequent shrinkage during the sintering stage (Fig. 6a and b).

Scanning mechanical microscopy (SMM) was used to obtain a digi-
tal fingerprint corresponding to a portion of the elastomeric die cavity
mouldmanufactured by casting. The fingerprint allows for a description
of manufacturing quality and the quantification of geometry as well as

image of Fig.�2


Fig. 3. A schematic manufacturing diagram of the powder components developed by rapid prototyping.
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the surface, as a part of the intrinsic characteristics of the elastomeric
die cavity mould. Both details of interest in the elastomeric die cavity
mould developed by casting were obtained with SMM corresponding
to the shapes illustrated in Fig. 7.

2.2.3. Hot embossing process
The elastomeric die cavity mould was used for the hot embossing

process to manufacture micro-components using feedstocks based on
polypropylene, paraffin wax and stearic acid. This process involved
heating a feedstock to its softening temperature (i.e., just above the
melting temperature for a semi-crystalline thermoplastic polymer)
and then pressing it into an elastomeric mould with applied pressure.
Next, the feedstock was cooled down, and the part was demoulded at
room temperature. After the cooling stage, the metallic replicas were
easily peeled from the elastomeric die cavity mould. The elastomeric
die cavity mould was repeatedly used with little degradation. The
embossed tests were gradually established and carried out in two dif-
ferent cases. In the first case, the tools were heated at a temperature
equal to 170 °C with a heating rate of 5 °C/s; additionally, the dwell
time was 10 min, and the forming force was varied from 200 to
400 N. In the second case, the tools were heated from room temper-
ature to a temperature in the interval from 130 to 190 °C; the heating
rate was 5 °C/s, while the forming force was slowly increased to a
load of 400 N. The temperatures were between the highest melting
temperature Tf (Tf_PP = 125 °C) and the lowest degradation temper-
ature Td (Td-SA = 200 °C) of the binder system. In both cases, the final
qualities of the metallic replicas were measured with SMM to deter-
mine the dimensions and surface roughness.

2.2.4. Debinding and sintering stages
The process was comprised of two sequential stages, including

thermal debinding followed by solid state sintering. In the thermal
debinding stage, the residual binders were converted into gas and
eliminated. Then, the powders were sintered, resulting in strengthened
green parts capable of yielding products without defects. First, the
debinding was performed at 500 °C in a thermal oven. The defect-free
embossed parts were placed on an Al2O3 plate. The debinding temper-
ature usedwas based on the TGA curve identified for the binder system.
Because the SA and PW finish begin to degrade at approximately 330 °C,
the first debinding temperature used was 350 °C. The temperature was
then gradually increased to 500 °C, which corresponded to the TGA
curve that leads to a significant loss of polypropylene weight and the re-
moval of all residual binder. The debindingwas performed in the temper-
ature range between 350 and 500 °C.

In this study, the second stage of the solid state sinteringprocesswas
conducted in vacuum with graphite heating element furnace offering a
maximum temperature of 1900 °C. The samples were maintained at
this temperature for 1 h, and then the temperature was increased
between 900–1050 °C, 1000–1285 °C, 1000 and 1360 °C a rate of
5 °C/min, 10 °C/min or 15 °C/min for Co-WC, Fe\Ni and 316 L, respec-
tively. Table 3 summarises the processes associated with the debinding
and sintering stages. Additionally, the same primary vacuum was used
during the sintering test.

2.3. Sample characterisation

2.3.1. Rheology characterisation and the thermal degradation properties
(Tga)

The rheological behaviour of the feedstocks was measured using a
capillary rheometer provided by Instruments Bohlin®. A series of exper-
iments were performed in which the samples were extruded through a
die with a 1 mm diameter and measuring 16 mm in length. Three tem-
peratures were tested, including 150, 170 and 190 °C, beyond the melt-
ing temperature of the binder. Shear rates varying from 102 to 104 s−1

were applied using the die with the measurements reported above, giv-
ing a ratio (L/D) equal to 16.

The degradation temperature ranges of the binder components in
the powder/binder feedstocks were obtained from thermogravimetric
analyses (TGA). The analysis results indicated the thermal limitations
for the initial processes, including the mixing and hot embossing pro-
cesses. TGA was performed using a Setaram Setsys analyser®.

2.3.2. Roughness characterisation
To assess the dimensional and geometrical qualities of the replicas,

comparative 2D profile measurements and 3D contours were performed
using scanningmechanical microscopy (SMM). The dimensions, the sur-
face roughness and the surface topographies of the elastomericmould in-
serts and the micro-fluidic samples were collected using a mechanical
profilometer (Tencor-Alpha Step IQ) with a 5 μmdiamond tip radius op-
erated a scanning speed of 5 μm/s over a length of 1 mm both inside and
outside the reservoir pattern (2 mm in diameter). Scans were collected
on both the elastomeric mould insert and the micro-system samples

image of Fig.�3


Fig. 5. SEM micrographs of the SU-8/Si master mould showing (a) a reservoir and (b) a
channel.

Fig. 4. SEM micrographs of the feedstock after mixing, including (a) Fe\Ni 8% (the
solid loading equal to 64%), b) Co-WC (the solid loading equal to 44%) and (c) 316 L
(the solid loading equal to 60%).
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(zone 1, see Fig. 6b). The shrinkage of themicro-fluidic device was deter-
mined by the dimensional changes in width and height measured for the
micro-sized structures.
3. Results and discussion

3.1. Thermal degradation characteristics

The degradation temperature ranges, as related to the binder
components in the powder/binder feedstocks, were obtained by
thermogravimetric analyses (TGA), which were performed using a
Setaram Setsys analyser®. Fig. 8 shows the TGA curves of the
multi-component binder and the individual binder components. In
the TG curves collected above 170, 250 and 350 °C, the stearic acid, par-
affin wax and polypropylene each start to decompose, respectively.
Additionally, each degradation temperature range is very broad, and
the associated mass percentage loss of each of the three materials
tends to 0% (complete loss) at higher temperatures, which is the ideal
case for binder removal in debinding of the Metal Injection Molded
(MIM) part.

Similarly, the multi-component binder, which resulted frommixing
of the individual binder components, also underwent two distinct deg-
radation steps. Through a comparison of the TGA curves, it is reasonable
that the full degradation of PW and SA occurred in the first degradation
temperature range (170–330 °C), whereas the degradation of PP took
place at the higher temperatures (340–450 °C). Above 450 °C, all of
the binder components were burned off. Based on the TGA results, a
multi-step debinding profile was established, demonstrating the pro-
gressive removal of each of the three binder components. The progres-
sive debinding over a wide temperature range can help to retain the
integrity of the micro-structured cavities and prevent the formation of
debinding defects, such as cracking and slumping.

3.2. Preparation and characterisation of the feedstocks

Several feedstockswere developed by using different powders indif-
ferent loading ratios (see Table 4). The mixing torques were measured
and plotted versus times for different Fe\Ni 8% feedstocks in Fig. 9.
The observed torque peaks are due to the introduction of small amounts
of feedstock into themixture. It should be noted that themixturewith a
solid loading of 60% had the lowest torque homogenisation, reaching a
value of approximately 1.5 N.m. Therefore, the optimal load of Fe\Ni
powder was identified to be 60%. Beyond a load of 62%, the feedstock

image of Fig.�5
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Fig. 6. a) Geometry of the patterns of the elastomeric die cavitymould and b) a description
of the mould dimensions and micro-fluidic geometries (unit: mm).
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did not demonstrate mixability. Instead, it reached the threshold of
mixability, which leads to the formation of an inhomogeneousmixture.
During the mixing tests, Co-WC, Fe\Ni and 316 L powders were found
to be non-mixablefor critical solid loads greater than or equal to 46, 62
and 66%, respectively. The following table summarises the results that
were obtained for the different powder mixing experiments.

Fig. 10 illustrates the mixing behaviour of three different feed-
stocks with solid loadings of 40, 60 and 60%, which are denoted as
Co-WC, Fe\Ni 8% and 316 L stainless steel, respectively. The imposed
mixing parameters were a rotor speed of 30 rpm, a temperature of
160 °C and 30 min of mixing time. Varying the solid loading caused
variation in the torque level, indicating differences in themixture viscos-
ity values. The mixing torque of the Co-WC feedstock loaded at 40% was
significantly higher in comparison to the constant torque level for both
feedstocks loaded at 60%, which led to higher viscosity. This might be
due to the particle size distribution and the higher density of Co-WC,
whichwould have increased the resistance on the rotor blades. Similarly,
the low solid loading appearance apparently can be deceptive.

In the case of the Co-WC powder, the solid loading range tested
was measured. It was found to below in comparison to that of the
stainless steel and Fe\Ni powders (see Table 4). These low values ap-
pear closely related to the packing ability of the powders, the particle
shapes and sizes, the particle size distributions and the tendency of
the powder to agglomerate.
Measurements of shear viscosity were performed on the feedstock
mixtures at different temperatures with a two-channel capillary rhe-
ometer; different shear rates were considered with the same capillary
die diameter Ø = 1 mm (Fig. 11). Viscosity is one of the important pa-
rameters in the evaluation of the rheological behaviour of the MIM
feedstock. Fig. 11 shows the apparent viscosity-shear rate curves of
the extruded feedstock tested at different temperatures in the range
of 150 to 190 °C. It should be noted that the 316 L stainless steel feed-
stock was difficult to extrude at the lower temperature, corresponding
to 130 °C, which is very close to the melting temperature of the PP
polymer.

The feedstock viscosity decreases with shear rate and temperature,
indicating pseudo-plastic flow behaviour and increases with high pow-
der volume ratios. Normally, the exhibition of pseudo-plastic flow by
the feedstock duringmoulding eases themould filling process andmin-
imises jetting defects [31] and [32]. As displayed in Fig. 11, the viscosity
is temperature sensitive, decreasing with increasing temperature. This
is attributed to the reduction in solid volume content, arising from in-
creased binder expansion and destruction of the molecular chains dur-
ing heating. From Fig. 11, it can be observed that the feedstock shows
mouldability in the hot embossing process.

Fig. 12 shows the shear viscosity of the different feedstocks versus
the shear rate, which were developed and mixed under the same con-
ditions and tested at 170 °C. The results indicate that the three feed-
stocks possess pseudo-plastic rheological behaviour up to a shear rate
of 104 s−1. It was observed that the Co-WC feedstock exhibited vis-
cosities higher than those of the other two feedstocks. This trend is
the same as that observed for mixing torque.

3.3. Hot embossing tests

3.3.1. Influence of the embossing load
In this portion of the investigation, the soft embossing process was

conducted using the process mentioned above. Fig. 13 relates typical
results concerning the first experimental series. The feedstocks grad-
ually filled the elastomeric mould cavities as the forming load was in-
creased, followed by constant temperature and even during cooling of
the cavities.

Thus for a properly defined forming temperature, by increasing
the forming load of the feedstock substrate, one can help facilitate filling
and is able to improve the surface roughness of the metallic replicas.
Hence, the surfaces of the replicated parts were found to be smooth
with Ra b1 μm. This result can be partially related to the increased
forming load, which is favourable for decreasing the surface roughness.

3.3.2. Influence of the hot embossing temperature
In this portion of the investigation, the experimental procedure was

conducted at different temperatures ranging from 130 to 190 °C, and
with the loading applied only once, the embossing temperature was
reached. In this second series of experiments, the hot embossing process
capability for the replication of purelymetallic templates was also evalu-
ated in terms of dimensional changes and the quality of pattern transfer.
In Figs. 14 and15, eachview corresponds to different stages in the forma-
tion of cavities andmicro-channels. At 130 °C, which is close to themelt-
ing temperature of PP, the surfaces of the embossed patterns were
extremely rough, caused bypartialmelting of the binder system.Howev-
er, it was found that the filling ratio increased with increasing forming
temperature, yielding an accurate replica of the original imprint.

After several tests, it was found that the temperature strongly
influenced the resulting filling rate and the final surface roughness
of the cavities. This trend regarding the related effects can be directly
observed in Figs. 14c and d. These experimental results are consistent
with the results obtained from other positions of the same sample
(see Fig. 15c and d). This could be due to the binder fluidity during
hot embossing, which can affect the flow of the feedstock into the de-
tail regions of the die mould. Therefore, at 190 °C, the feedstocks may
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Fig. 7. 3D topographic imprints of the elastomeric die cavity mould realised by casting.

290 M. Sahli et al. / Powder Technology 246 (2013) 284–302
be pushed by the binders toward the mould details, leaving fewer de-
fects in the final shape. The average surface roughness, Ra, measured
at the base of the reservoirs decreased sharply at the melting temper-
ature; then, the Ra values levelled off at higher temperatures (beyond
170 °C), see Fig. 16.

Fig. 17 shows the topographies of the metallic replicas fabricated
with three different feedstocks. It is evident that the Co-WC feedstock
replica was significantly rougher than that of the other feedstock rep-
licas, most likely due to the feedstock viscosity. This trend is the same
as that observed in themixing torque and viscosity analyses. Hence, this
result confirmed that the Co-WC feedstock with solid loadings from 42
Table 3
A description of the debinding and sintering treatments used for the different elaborated
feedstocks.

Steps Procedure

1. Thermal
debinding

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)

2. Sintering Heating up to temperature (T1)
(heating rate 5 to 15 °C/min)

T1[Stainless steel] = 1000-1360 °C
T1[Co-WC] = 900-1050 °C
T1[Fe\Ni] = 1000-1285 °C

Dwelling (1 h)
Cooling down
(cooling rate 5 °C/min)
to 44%was not feasible for hot embossing. At a 40% solid loading, the re-
sult is acceptable but is simply not sufficient to achieve fluid flow.

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

As depicted in Fig. 18, the feedstock gradually filled the mould cavi-
ties while the temperature wasmaintained in the loading stage. Howev-
er, the feedstock was not able to completely fill the gap due to its low
fluidity at 130 °C (see Fig. 14a and 15a) at the end of hot embossing pro-
cess. Additionally, the profiles of the embossed replicas at 130 °C show
defects, such as ridges in the top surface. At higher temperatures, filling
is a quick process, and complete filling occurs when the hot embossing
temperature exceeds 160 °C (see Fig. 14c and 15c). These results show
that high replication accuracy can be achieved using the proper forming
temperature in the hot embossing process without vacuum.

In Fig. 18, the cast embossed replicas are compared to an elastomeric
imprint. The scanningmicroscopymechanical (SMM)profile relates the
variation observed in these cases (the cross section shown is related to
zone 1 in Fig. 6b). Although a constant load was maintained until sepa-
ration, and there was no apparent irregularity during the experiment,
the SMMprofiles indicate the presence of a distinct trace of the samples
after embossing. It can be concluded that the forming load and
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Fig. 8. TGA curves of all binders and the combined binder systems (PW 55%, PP 40%, SA 5%).
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temperature values determine the replication accuracy in terms of the
width and shape and have significant influence on the accuracy of the
final replication.

Fig. 19 shows the photograph of themicro-fluidic samples following
the embossed processing step using the different sample types. The
samples were obtained under the same conditions. Good shape reten-
tionwithout warpage or crackingwas achieved following de-moulding.

3.4. Debinding and sintering results

As an example, the 316 L stainless steel components shown in
Fig. 20 were obtained after debinding was started at room temperature
and completed at 500 °Cover the course of approximately 150 min; fol-
lowing this step, the temperature wasmaintained for 30 min. After, the
Table 4
An analysis of the field mixing and the mixability limit of the feedstocks.

Feedstocks Field mixing range tested (%) Early not mixable (%)

316 L stainless steel 40-64 66
Co-WC 40-44 46
Fe\Ni 8% 40-60 62

Fig. 9. Mixing torque vs. time for three different solid loadings corresponding to three
different Fe\Ni 8% feedstocks, obtained from themixing test (160 °C, 30 min and30 rpm).
components were heated to 1250 °C with a heating rate of 10 °C/min
and then were held at a constant temperature for 60 min. Finally, the
cooling stage was carried out a rate of 10 °C/min for the components.
Fig. 10. Mixing torque vs. time for three different feedstocks, carried out with a mixing
test (160 °C, 30 min and 30 rpm), corresponding to a Co-WC feedstock, 316 L stainless
steel and a Fe\Ni feedstock and obtained at different solid loadings of 40%, 60% and
60%, respectively.

Fig. 11. Viscosity of the 316 L stainless steel feedstock with a solid loading of 60% by
vol., tested at different temperatures.
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Fig. 12. Viscosity of the three different feedstocks tested at 170 °C, corresponding to
the Co-WC feedstock, 316 L stainless steel and the Fe\Ni feedstock, analysed at different
solid loadings of 44%, 60% and 60%, respectively.
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As shown in Fig. 20, the components were correctly sintered without
the appearance of obvious defects or cracks near the interface. Fig. 21
shows a photograph of the micro-fluidic components after undergoing
different processing steps.
Fig. 13. 3D topographic imprints of the Fe\Ni 8% feedstock replicas with a solid loading conten
As shown in Fig. 22, themetallic replicaswere approximately 10 μm
shallower than designed, which is likely due to shrinkage after the
sintering step. In this stage, the component undergoes a lowdimension-
al anisotropic shrinkage in the range of 10 to 14%, depending on the
powder characteristics, the solid loading, etc. This dimensional change
occurred across the sample and can be compensated in the design of
the mould cavity.

The dimensions of themicro-fluidic samples for three different solid
loadings are given in Table 5. Compared with the silicon mould insert,
the dimensional change after the sintering stage is clearly evident. The
dimensional changes in the length and width of the micro-structures
showed similar trends. For example, in the Co-WC samples, the shrink-
age values were approximately 21 and 24%. However, the width and
height of the embossed micro-structures decreased gradually as the
sintering temperature was increased, regardless of the powder used.

Co-WC powders are usually sintered with a partial liquid phase at
temperatures above 1280 °C to reduce the size of the pores, to improve
the hardness and the density and to evolve themicrostructure and grain
size [33–35]. In our application, the sintering temperature choice was
limited to temperatures between 900 and 1050 °C, i.e., without the
liquid phase. The presence of this phase causes deformation of the
micro-fluidic structures; that is, they disappearwith increasing temper-
ature. The results show that the occurrence of the partial liquid phase is
t of 62 vol.%, obtained by the hot embossing process at different forming loads (unit: μm).
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Fig. 14. 3D topographic imprints of Co-WC replicas with a solid content of 44 vol.%, obtained by the hot embossing process at different forming temperatures (unit: μm).
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closely associated with the development of a deformed micro-fluidic
structure.

3.5. Microstructure evolution

Figs. 23 and 24 include themicrographs of polished sinteredmicro-
structures, collected under an optical microscope at different sintering
temperatures. It can be observed that the number of pores and the
pore size both decreased as the sintering temperature was increased.
In Fig. 23, at the temperature of 1100 °C, a considerable amount of
porosity is present, and the pore structure is irregular, indicating that
the part was not appropriately sintered. Following sintering at the
Fig. 15. 3D topographic imprints of Co-WC replicas with a solid content of 44 vol.%, obt
temperature of 1200 °C, the grain size became larger than that at the
temperature of 1100 °C, while the pore size became smaller. A higher
sintering temperature of 1300 °C resulted in higher densification,
smoother pore structures and smaller pore sizes. At 1350 °C and
above, the microstructures became denser still, and fewer tiny pores
were found.

Following sintering, scanning electron micrographs were collect-
ed for two micro-fluidic replicas (60% and 64% of 316 L stainless
steel) without polishing. The specimens were observed in zone 2
(see Fig. 6), and the results are related in Figs. 25 and 26. The grain
sizes were dramatically increased following sintering. The porosity
has almost entirely disappeared in the embossed specimen with a
ained by the hot embossing process at different forming temperatures (unit: μm).
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Fig. 17. A comparison of 3D topographic imprints of the different metallic replicas, each obtained by the hot embossing process at a forming load and temperature of 400 N and
130 °C, respectively (unit: μm).

Fig. 16. 3D topographic imprints of 316 L stainless steel replicas with a solid content of 64 vol.%, obtained by the hot embossing process at different forming temperatures (unit: μm).
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Fig. 18. A comparison of the variations in the 2D topographical profiles of the elastomeric moulds and the Fe\Ni 8%metallic replicas obtained by hot embossing at different temperature,
along the x–x direction (zone 1).
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solid loading of 60%, and the decrease in porosity in the specimen
with a solid loading of 64% is clearly revealed, as well; this occurred
as a result of the elimination of pores via grain boundary and volume
diffusion at high temperatures [36].

3.6. Physical properties of the resulting micro-fluidic replicas

3.6.1. Shrinkage of the resulting micro-fluidic specimens
The sizes and dimensions of the final components were measured

and compared with the geometry of the embossed die mould to qualify
the linear shrinkage with the respective sintering stage (see Fig. 27).
The analyses of the dimensions were carried out on the sintered speci-
mens embossed with the three feedstocks loaded at either 60–64% of
316 L stainless steel, 40–44% of Co-WC or 56–60% of Fe\Ni, respective-
ly. The mean shrinkages are given in Table 6.

During the thermal debinding and sintering stages, an embossed
sample undergoes binder elimination and subsequent particle bond-
ing, resulting in dimensional changes in the samples. The overall
shrinkage of cavities in the die mould after the sintering stage was
found to be in the range from 10 to 20%. The same phenomenon has
been encountered by other authors, including Lohand et al. [37]. In
comparison with the embossed mould insert, the width (a) and length
(b) of the sintered samples decreased. As shown by the results related
in Table 6, the sintering cycle with the heating rate of 10 °C/min gener-
ated shrinkage in the Fe\Ni sample, totalling to 11.2% in the y–y direc-
tion and 12.3% in the x–x direction.

The main parameters affecting the final sample size already have
been studied, and these include themetal powdermorphology, the bind-
er ingredients and proportions, themixing conditions, themould design,
the embossing parameters, the rheological behaviour of the embossing
materials, the debinding and sintering stages, the equipment and even
the environmental conditions. Among these often integrally-related fac-
tors, the most sensitive are the solid loading and the mould design [37].
As shown, different degrees of shrinkage were revealed for the same di-
rections in the micro-fluidic samples using the same solid loading. Be-
cause all of the conditions during the processing were also identical,
these differences in our experimental results can be explained by the dif-
ferences in the metal powder morphology between the 316 L stainless
and Fe\Ni powders.

Sintering of the micro-fluidic systems was studied as a function
of heating rate. In regard to the three feedstocks, 316 L stainless
steels, Fe\Ni and Co-WC, the sintering cycle with the heating rate
of 15 °C/min tended to give the maximum shrinkage values, which
were recorded as 9.7%, 10.7% and 13.1% in the y–y direction, respective-
ly. It can be observed that a very high shrinkage in the y–y directionwas
also revealed for the low feedstock loadings. This allowed formovement
of the powder particles, leading to increased distortion.

3.6.2. Densities of the resulting micro-fluidic specimens
Additionally, the densities of the sintered micro-fluidic specimens

were measured with the water displacement method (the Archimedes
method) for each of the three feedstocks, and the resulting values are
reported in Figs. 28 and 29. The theoretical densities of the stainless
steel, Fe\Ni 8% and Co-WC powders are, respectively, 7.90, 7.93 and
9.74 g.cm−3. The sintering temperature and solid loading both had a
significant effect on the densification, i.e., the density increased signifi-
cantly with increasing temperature and solid loading, as summarised in
Fig. 28 and 29. The influence of sintering temperature on the densifica-
tion of 316 L stainless steel was more pronounced in comparison with
that of Fe\Ni; similarly, a significant densification change was identi-
fied when the tool steel softened at 1300 °C. All experiments for the
measurement of density in Co-WC cavity die moulds were obtained
with a sintering temperature of 900 to 1050 °C. The relative densities
of the sintered micro-system samples were determined to be above
95% of the theoretical density of the three materials.

3.6.3. Vickers hardness evolution of the micro-fluidic specimens
After sintering themetallic die replicas, the specimenswere subjected

to hardness tests to assess and to qualify the mechanical property evolu-
tion versus the final sintering temperature. The hardness measurements
were conducted on the polished sections of the different sintered compo-
nents. Each area was polished using diamond pastes with 3 μm and
0.1 μmparticle diameters at 150 rpm. Finally, the samples were polished
again using a diamond paste of 0.1 μm for approximately 20 s and then
were observed with an optical microscope. Fig. 30 demonstrates the var-
iations in hardness for the micro-fluidic specimen as a function of the
sintered temperature, as viewed from the top surface of the specimen.
When the final sintering temperaturewas increased, the increase in den-
sity as the porosity is removed leads to an incremental increase in
hardness.

For example, the Co-WC spherical fine powders present the highest
hardness, attaining 1200 HV1 at 1000 °C, followed by Fe\Ni material
(188 HV1 at 1250 °C) and 316 L (197 HV 1 at 1360 °C). The hardness
can be increased with further improvements in the material density
and the proper control of grain growth.
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Fig. 19. Photographs of the micro-fluidic samples after the embossing step using two
different feedstocks for (a) Co-WC with the solid loading of 38% vol. and (b) Fe\Ni
with the solid loading of 60% vol.

Fig. 20. A photograph of the micro-fluidic system replica after the sintering stage
(a solid loading equal to 60% in vol. of 316 L stainless steel powders).
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3.6.4. Roughness variation of the micro-specimens
The surface roughness variations of the die mould cavities sintered

a temperature in zone 2 (see Fig. 6b) are shown in Fig. 31. It can be
observed that an increase in the final sintering temperature caused a
slight increase in the surface roughness of thematerials. This roughness
variation can be improved byusing ultra-finepowders, which result in a
significantly increased surface finish in the final die mould and also re-
sult in a more complete fill, yielding significantly finer details.

Bothmechanical and laser cutting are common fabricating processes
used in today'smanufacturing industries. Eachmethod employs its own
distinct equipment, and has its own advantages and disadvantages. As
example, in milling operations, feed, cutting speed, cutting tool materi-
al, workpiece material, cutting tool geometry, vibrations and tool wear
are some of themost important factors that affect the surface roughness
of themouldmachined [38,39]. Several authors [40] and [41] argue that
to prevent chatter and achieve good workpiece surface quality, the
frequency of the cutting edge entering the cut during each rotation of
the tool (tooth passing frequency)must differ from the natural and har-
monic frequencies. The main weakness of the realisation of metallic
mould inserts obtained by these process is the inability to obtain 3D
shape variables of size less, and low roughness than, few microns
from 0.1 b Ra b 1 μm. It was also found that these traditional processes
can also cause a loss of precision when going nanostructures or micro-
structures with large aspect ratio.

In this study, innovative solutions have beenproposed anddeveloped
for manufacturing metallic tools to routinely reproduce a micro and
nano-structured surface, with a lateral resolution less than 100 nm,
even near to 10 nm for feedstocks produces very low viscosity. The
study feasibility and the ability to rapid manufacturing have been dem-
onstrated, and this should be applicable in several various applications.
However, it should be emphasized that, a decrease in the surface rough-
ness may result in part from contributions to drive the flow characteris-
tics of liquid in channels, because the surface effects are significant [42].

4. Conclusions

In the present analysis, the feasibility of hot embossing of micro-
fluidic die mould cavities has been tested as 316 L stainless steel,
Fe\Ni 8% and WC-Co. The findings can be summarized as follows:

1) It has been shown that feedstock with solid loading in the range
40–64 vol.%, 40–44 vol.% and 40–60 vol.%, for 316 L stainless steel,
WC-Co and Fe\Ni 8%, respectively, are homogeneous andmoldable
through the feedstock homogeneity and rheological tests. However,
feedstock with solid loading of 64, 40 and 60 vol.% were selected to
be the better choice, as higher concentration of solid particles are
preferred to limit shrinkage during debinding and sintering. Based
on the thermogravimetric analysis and rheology measurements,
the optimal mixing parameters were chosen to be a mixing temper-
ature, mixing speed andmixing time of 160 °C, 30 rpm, and 30 min,
respectively.

2) In terms of rheological characteristics, different feedstocks are shear
thinning fluids as viscosity decreases with increase in shear strain
rate. In this case, the viscosity decreaseswith increasing temperature,
but viscosity of the WC-Co feedstock is less sensitive to shear strain
rate and temperature compared to that of the other feedstocks.

3) Based on the thermal characterisations of the feedstock, in one hand
the feasibility of the feedstock for hot embossing of micro-fluidics
die moulds was investigated, and in second hand, was also used to
develop a suitable thermal treatment for both stages of the binder

image of Fig.�19
image of Fig.�20


Fig. 21. Photographs of the micro-fluidic tools after (a) the embossing and (b) sintering
steps, produced using 316 L stainless steel feedstocks (with a solid loading of 64%).
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elimination process. The analysis of the hot embossing process
for micro-structured metallic replicas demonstrated that the
microstructure shapes were successfully embossed with the
use of suitable forming parameters. These results confirm that
the increasing temperature and pressure stage can determinate
the replication accuracy by depth as well as the replication accu-
racy of the width and shape measurements. It was found that
the replication accuracy strongly depends on the processing
conditions. The results show also that microstructures can be
successfully obtained, without visual debinding defects and the
final sintered microstructures exhibit proper shape retention.

4) The dimension accuracy of the final die mould was mainly deter-
mined by geometrical dimension precision of embossing stage. In
all processing parameters, the solid loading, the embossing temper-
ature and the sintering temperature have themost important effects
on the dimension precision and the material properties. The high
powder loading allowed obtaining sintered parts with 96% of the
theoretical densities.
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Fig. 24. Optical micrographs of the sintered micro-structured stainless steel samples sintered at different temperatures: (a) 1150 °C, (b) 1200 °C, (c) 1250 °C and (d) 1300 °C.

Fig. 23. Optical micrographs of the sintered micro-structured stainless steel samples sintered at different temperatures: (a) 1100 °C, (b) 1200 °C, (c) 1300 °C and (d) 1360 °C.
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Fig. 26. Scanning electron micrographs of the micro-fluidic specimens (embossed with a solid loading of 64%) before polishing.

Fig. 25. Scanning electron micrographs of the micro-fluidic specimens (embossed with a solid loading of 60%) before polishing.
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Fig. 27. The top view of a section of localised dimensional measurements in the
micro-fluidic simple.
Table 6
Linear shrinkage in the y–y direction corresponding to the micro-fluidic part (a sintering
time of 60 min).

Linear shrinkage Solid loading

316 L 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 10.9 10.7 10.5 14.1 13.5 13.1
10 9.9 9.6 9.8 11.2 10.7 10.6 14.3 13.7 13.2
15 9.6 9.9 9.7 11.3 10.8 10.7 14.2 13.7 13.1

image of Fig.�26
image of Fig.�27
image of Fig.�25


Fig. 28. Effect of the sintering temperature on the sintered density (dwell time 60 min, 10 °C/min).

Fig. 29. Effect of the solid loading on the sintered density (dwell time 60 min, 1250 °C).

Fig. 30. The variation in hardness as a function of the final sintering temperature.
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Fig. 31. Surface roughness (Ra) of the elastomeric mould inserts and the Fe\Ni micro-fluidic samples at different processing steps (a solid loading of 60% vol.).
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