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Abstract. Microfluidic chips with porous structures are used to study the flow of oil-containing emulsion in the rock. Such
chips can be made from polydimethylsiloxane by casting into a master mold. At the initial stages of research, fast and
cheap prototyping of a large number of different master molds is often required. It is proposed to use milling to make a
channeled surface on a polymethyl methacrylate plate, from which a negative image should be taken, which is the master
mold for casting positive polydimethylsiloxane chips in it. Several epoxy compositions have been tested to make this
master mold. The main requirement in the search for the material was the exact replication of the geometry and sufficiently
low adhesion to polymethyl methacrylate and polydimethylsiloxane for removing the product with minimal damage to the
mold. It was possible to make master molds from all the materials used, but with defects and various degrees of damage.
One of the epoxy compositions was found suitable for making a master mold with many elements simulating the grains of
a porous medium (height to width ratio 2:3). The developed method makes it possible to use polydimethylsiloxane for
prototyping chips simulating the porous structure of an oil rock.

Keywords: porous medium microfluidic model; micro-milling; negative master mold making; oil recovery during
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Introduction. The traditional way of studying enhanced oil recovery methods is through labor-
atory rock core samples waterflooding, which provides information on the kinetics and amount of oil
recovered. However, this method has a number of disadvantages: the complexity and duration of the
test; lack of observation of the mechanism and phenomena occurring at the pores microlevel; results
reproducibility. To study methods for enhanced oil recovery, microfluidic chips and models of porous
media imitating rocks have been actively used [1-3]. Microfluidic studies on rock micromodels help
to understand the processes of multiphase fluids flow in rocks at the scale of individual pores [4, 5].
This contributes to the development of analytical methods for determining the oil displacement effi-
ciency within one structural element [6], when the study of rock core samples flooding is not available
for any reason [7]. In modern microfluidic models of a porous medium [8-10] the characteristic size
of the channels ranges from several to hundreds of microns. Such models are widely used in research
on the development and selection of the optimal composition of displacement fluids for enhanced oil
recovery during flooding; study of relative phase permeabilities, including when solving the problem
of blockage by solid deposits (asphaltenes and paraffins) of the near-wellbore zone of an oil reservoir
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[11, 12], which can potentially be used to model the processes of oil wells conservation at the pore level
[13] and to select methods for limiting excessive water inflow in the field [14]. When making chips
from natural rock materials [15] it is possible to simulate in them the processes of stimulation of reser-
voirs with hydrochloric and acid compositions [12, 16, 17].

The advantage of microfluidic testing compared to rock core flooding is visualization of oil dis-
placement from the porous medium model [18]. In article [19] problems that have to be solved when
setting up experiments on microfluidic models are noted, in particular, the representativeness of chan-
nel designs, wettability problems, surface roughness effects, pore plugging events (during the chip
manufacturing process and due to incompatibility of working fluids and chip materials), a large op-
erating pressure and repeatability of the experiment.

Lab-on-a-chip technology [20, 21], which allows to manufacture microfluidic devices in layers,
is used to fabricate microfluidic microscale models: on the surface of a plate of any material, a deep
pattern is formed, which is sealed by the flat surface of another plate, forming a capillary network at
the junction between the plates. There are many methods for forming a deep pattern, depending on
the material used and the required accuracy. It is proposed to manufacture a microfluidic chip from
polydimethylsiloxane (PDMS) due to its high chemical resistance to petroleum products and the pos-
sibility of forming microstructures on it with an aspect ratio (a.r.) up to 5:1 (ratio of height to width)
with an accuracy of 100 nm. This material is a thermoset silicone rubber-based elastomer that poly-
merizes in a master form after mixing the two components it is supplied in. The master mold can be
made from metal, epoxy resin [22], polymethyl methacrylate (PMMA), fluoroplast and other materi-
als with which covalent bonds are not formed during the polymerization of PDMS. Such a master
mold can be made using photolithography methods [23, 24], milling [25, 26] and laser ablation [27].
When designing microstructures, it is necessary to take into account the changes in geometry that are
observed during casting and depend on the density of the casting material, wettability and thermal
expansion [28].

The method of photolithography consists in applying a photoresistive material to the surface to be
treated, which changes its properties when exposed to light in the visible or ultraviolet range. When
processed with a specific liquid (developer) either the illuminated (positive) photoresist or the unex-
posed (negative) photoresist is removed. Further, the formed channeled pattern of photoresist undergoes
final polymerization and adheres to the surface. As a result, areas are formed that are resistant to the
etchant solution, which removes the material that is not covered by the photoresist. This method gives
a high-quality silicon or glass master mold (after coating it with a thin metal film), but due to the ani-
sotropy of etching, it is difficult to obtain a high aspect ratio by this method, so photolithography is used
using an epoxy-based thick-film photoresist (for example, SU-8). In this case, the pattern is formed
without etching the base, directly from the resistive material; thus, it is possible to obtain structures with
a high aspect ratio (up to 10:1) [29]. The production of master molds by this method with an accuracy
of 1 um requires the use of expensive materials and equipment, so the use of this method at the initial
stages of research may be economically unaffordable for many research laboratories.

Milling is positioned as a method for rapid prototyping of microfluidic devices [26], which con-
sists in machining the material by cutting with a cutting tool. During the cutting process, an area with
a pressure exceeding the fracture threshold is formed which is opposite the cutting edge, by which
the cutting edge is pressed into the material being processed, separating the chips. This process occurs
with intense heat generation. The amount of heat released is influenced by the specific heat capacity
of the material, the friction of the blade against the material, the strength of the material, and the size
of the area with a pressure exceeding the threshold for the onset of plastic deformations. To reduce
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the size of this area, it is necessary to reduce the sharpening radius of the cutting edge. By reducing
the radius and friction against the material (with the help of special coatings), the maximum allowable
load on the blade is reduced, at which it will not collapse. Therefore, there are optimal sharpening
and coating of the cutting edge for cutting different materials in different modes, in which the blade
will not be destroyed, and the resulting heat will have time to dissipate. The efficiency of heat dissi-
pation determines the quality of the surface after milling, especially for thermoplastic polymers with
a softening temperature in the range of 90-160 °C. The maximum aspect ratio is determined by the
length of the cutter and its diameter, for standard cutters this parameter is 4:1.

Laser ablation is a competitive method of milling in the tasks of rapid prototyping; it removes
the substance under the action of a laser pulse. With a pulse of low power, sublimation of molecules
from the treated surface occurs; exceeding the ablation threshold leads to a microexplosion with ma-
terial splashing. As a result, the surface heats up, and with insufficient heat removal, the material may
begin to melt and burn out, which will inevitably lead to structural and chemical changes. This method
makes it possible to form structures with a.r. up to 2:1 in PMMA in one pass [27]. Using laser ablation,
it is possible to form a channeled pattern directly on the surface of PDMS [30], but it is quite difficult
to obtain a smooth surface, which can adversely affect the reproducibility of the results.

The master mold must have a negative geometry with respect to the microfluidic chip, i.e. the
areas on which the channels are located in the form of recesses on the chip correspond to the eleva-
tions on the master mold. The bottom of the master mold forms a plane on the chip, along which the
channels of the chip are sealed at the last stage of manufacturing. Preliminary experiments have
shown that surface roughness of more than 2 um can affect the tightness of this connection when
sealing the microfluidic chip. Direct manufacturing of a master mold by milling or laser ablation
involves the removal of material from the area where there are no channels. This process is quite
time-consuming, since the area to be processed is usually much larger than that occupied by the chan-
nels on the chip surface. Another factor that increases the time of direct production is the need to
finish the bottom of the master mold to achieve the roughness of less than 2 pm. Chemical polishing
of the negative master mold bottom will be ineffective due to the abundance of narrow depressions
in the porous rock modeling topology. To reduce the time of making a master mold in prototyping
tasks, it is proposed to form a channeled pattern in the positive, processing the areas that correspond
to the channels (primary master mold). After that, a master mold is made on the obtained surface by
the method of taking an image (secondary master mold). In this case, the gluing plane will remain
native polished.

PMMA micromachining is well studied and widely used in rapid chip prototyping by various
methods. This material has an elongation at break of 4-5 %, tensile strength ~70-80 MPa. These in-
dicators make it convenient for both micro-milling and demoulding with minimal damage to small
structures. Manufacturers offer specialized PMMA tools (such as DATRON Acrylic End Mills) that
provide high surface quality while maintaining cutting conditions and ensuring efficient heat dissipa-
tion. Therefore, the primary channeled surface on PMMA was formed by milling. Further research
was carried out on topologies, which are presented in Fig.1.

Topology N 1 is a square chamber with a side of 15.5 mm and a depth of 0.5 mm. Entrance and
exit are located at opposite corners of the square chamber. The area filled with a two-dimensional
array of square columns (6x6 pcs.), which imitated the grains of a porous medium. The side of the
columns is 2 mm, and their height was equal to the depth of the chamber, 0.5 mm. The distance from
the edge of the chamber to the columns and between the tables is 0.5 mm. Thus, the aspect ratio of
topology N 1 is 1:4 (the ratio of the height of the column to its width).
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a 155 Topology N 2 differs in the dimensions of the
/ posts (0.3 mm side), the distance between the posts
y and chamber walls (0.2 mm each) and the dimensions
of the chamber (15.2x15.2x0.2 mm). In topology
chamber N 2, an array of 30x30 columns was formed
(900 pcs. total). The aspect ratio of these structures in
topology N 2 is 2:3.
For the manufacture of a secondary master mold,
a double silicone image technique was proposed [31],
but preliminary experiments have shown that it is not
suitable for the formation of internal structures with
a.r. more than 1:4. A significant distortion of the mas-
ter mold bottom plane was observed, which made it
impossible to seal the chip at the last stage of manu-
facturing (Fig.2). Therefore, the goal of this work is
to adapt the previously proposed technique for man-
ufacturing master molds in relation to the problems
of manufacturing chips for working with oil, includ-
ing for studying oil recovery, which require the for-
mation of structures with a.r. in the chip. at least 2:3.
It is necessary to find an intermediate molding mate-
rial for making a negative impression from the posi-
tive channeled surface of PMMA, which can be used
as a master mold for casting PDMS. The material
should not strongly distort the geometry of the chip
and, after curing, have low adhesion to PMMA and
Fig.1. Topologies of microfluidic chips with PDMS polymerized in it to separate the mold.
a columns array imitating grains of porous medium: Methodology. The most accessible and techno-
a-NLb-N2 logically simplest material for milling microfluidic
chips is PMMA, the basic rules for working with
which is preventing the cut zone from overheat and using a sharp tool. The channeled surface of
PMMA can be sealed by gluing a smooth plate of the same material to it, for example, using solvents
[32-35]. This will allows to get a ready-made microfluidic chip.
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Fig.2. Epoxy master mold obtained by the method of double silicone image
with Elite Double 22 mass (Zhermack SpA, Italy) [31]
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The channeled surface was formed by milling in water on the surface of a PMMA plate (Novattro,
Russia) with a nominal thickness of 2 mm. Milling topology N 1 was carried out with a two-tooth
milling cutter with a diameter of 200 um with a working part length of 0.6 mm (RM-0020.3.006.40,
RDM, Russia) with a cutting speed of 9.42 m/min, feed per tooth — 2.5 um, cutting depth — 30 pm.
Milling topology N 2 was performed with a single-tooth cutter with a diameter of 0.5 mm and a length
of the working part of 1.5 mm (0068005E, Datron, Germany), a cutting speed of 23.56 m/min was
selected, feed per tooth was 5 um, and the cut depth was 50 pm.

Negative image were taken from the prepared positive channeled PMMA surface (primary mas-
ter mold), which were secondary master molds for pouring PDMS into them. The following two-
component epoxy adhesive (Novocolor, Russia), Type R614 & R123 epoxy composition (Soloplast-
Vosschemie, France) and MixArt Resin epoxy painting composition (EpoximaxX, Russia) were used
for the secondary master mold manufacture. The pouring took place in Petri dishes made of polysty-
rene (CJSC Perint, Russia): a PMMA plate with a positive milled pattern was glued to the bottom of
a Petri dish of suitable sizes using double-sided adhesive tape so that the channeled surface was on
top. The mixed and degassed epoxy composition was poured into the cup to hide the chip under a
layer of at least 5 mm, after which the repeated degassing was carried out. The sample was left over-
night, after which its final polymerization was carried out at a temperature of 80 °C for one hour. The
PMMA plate was removed at room temperature using levers; partial chipping of the upper edge of
the epoxy master mold was observed. The resulting debris was removed by a jet of air.

The working degassed mixture of PDMS Sylgard-184 (Dow Corning, USA) was poured into the
prepared master molds. Preparation of the working mixture and polymerization of PDMS were carried
out in accordance with the manufacturer's instructions. PDMS chips were sealed with glass slides,
which were washed with OSCh OP-1 isopropyl alcohol (Vekton JSC, Russia) and then with distilled
water. A jet of air blew residual liquids away. The work was carried out without the use of a clean box,
if dust particles accidentally got in, they were removed using clerical adhesive tape FT510281676
Scotch “Magic” (3M, USA). Next, plasma cleaning and activation of the joint surfaces (the channeled
surface of the PDMS chip and the surface of the glass slide) were carried out. For this purpose, the
apparatus d'Arsonval DE-212 KARAT (LLC “SMP”, Russia) was used with an all-metal electrode,
which moved over the treated surfaces at a distance of 1-2 mm for two minutes [36]. After treatment,
the surfaces were pressed against each other so that their adhesive coalescence occurred. Then the re-
sulting microfluidic chip was heated at a temperature of 125 °C for 15 min to catalyze the covalent
siloxane bond between glass and PDMS.

The choice of material for the master mold for casting chips from PDMS. Master molds were
made from three epoxy compositions, manufacturing features for each of the options were identified,
and the most technologically advanced and providing minimal shape distortion was selected.

Fig.3. Primary PMMA master mold and secondary master mold made of universal epoxy two-component adhesive (a);
secondary master mold from the same epoxy composition and a PDMS chip with impaired polymerization at the point
of contact with the master mold ()
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Universal epoxy two-component adhesive from No-
vokolor is quite viscous and has a short setting time (ac-
cording to the instructions 1 h, but actually ~20 min),
which makes it difficult to complete vacuum degassing be-
fore pouring. After hardening, this composition retains
elasticity. The primary master shape with topology N 1
(a.r. 1:4) was extracted from this composition without
much difficulty, and the geometry was not damaged.
When extracting topology N 2 (a.r. 2:3), the strength of the
material was not enough — most of the columns came off

Fig.4. PMMA chip and epoxy resin master mold and remained in the primary master form.
taken from it Type R614 & R123 In some of the resulting master molds from this mate-
rial, PDMS polymerization was inhibited near the surface boundary, which led to an unpredictable
result. Therefore, despite the fact that several successful high-quality master molds have been ob-
tained from this material, its use is not recommended (Fig.3).

Epoxy compound Type R614 & R123 can be used after mixing for one hour, which, combined
with its high fluidity, is sufficient to fill visible topology structures and remove bubbles. This makes
the material very convenient for high-quality pouring. After polymerization, it has low elasticity.
Difficulties arose in the process of extracting the primary master mold from PMMA: structures with
a.r. more than 2:3 are damaged. Figure 4 shows that 55 out of 900 columns were torn out during the
extraction of the primary mother-form from the secondary. At the same time, the resulting secondary
master form does not interfere with the polymerization of PDMS and has very low adhesion to it,
which does not contradict the known results [22]. Due to its high strength, this material is suitable for
making high-quality master molds on already made elastic PDMS chips, but not on rigid PMMA
primary molds. Epoxy compound Type R614 & R123 is recommended for scaling up the production
of a previously made high aspect ratio PDMS sample. Thus, it allows to accurately and repeatedly
copy a master mold made by another method, such as lithography.

Epoxy painting compound MixArt Resin (EpoximaxX, Russia) is less fluid compared to Type
R614 & R123. Its time of usage after kneading (55 min) is not enough for complete degassing and
removal of bubbles. On the other hand, this time is enough for the bubbles to rise and move away from
the canalized surface, which is located at the bottom of the container where the filling is carried out.
After hardening, the master form from this composition becomes quite strong and inelastic. But its
adhesion to polystyrene, PMMA and PDMS is very low and there were practically no problems with
the extraction of the primary master form — one column out of 900 was torn out (Fig.5). The use of this
epoxy resin is recommended for making negative epoxy impressions of milled structures with a.r. 2:3
from PMMA surface.

a

|5 N N N X ,/"
// - N
Fig.5. Primary master mold made of PMMA (a) and secondary master mold made

of MixArt Resin epoxy resin removed from it (b)
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Thus, a new technique was obtained for the manufacture of negative epoxy master molds for
casting chips from PDMS with structures (a.r. > 2:3). The table contains the main results of the study.

The features of the considered epoxy compositions for making a secondary master mold

Number of damaged columns
Material name on topology N 2 with a.r. 2:3 Identified benefits Identified difficulties
(out 0f 900 pcs.), pcs.

Type R614 & R123 55 Good degassing, due to high fluidity | Difficult removal of PMMA from the
(Soloplast-Vosschemie, France) it fills the form well cast master mold

Universal epoxy two-component >300 High commercial availability of the Variation in properties between
adhesive (Novokolor, Russia) material in Russia samples, inhibition of PDMS

polymerization

MixArt Resin 1 Relatively easy demoulding of Viscous: when filling the form,
(EpoximaxX, Russia) PMMA there is a problem in removing air
bubbles

The use of microfluidic chip in the problems of oil recovery by flooding. An OB1 MK3+
(Elveflow, France) liquid supply system was connected to the chip using 20G blunt needles
(AD720050, Adhesive Dispensing Ltd, Great Britain) and Tygon VE-ACUPEEK-076 elastic tubes
(Saint-Gobain, France) with an inner diameter of 1/32". This system creates an overpressure that sets
the fluid in motion, and in combination with a velocity sensor, it allows to get a flow with a fixed
flow rate with a variable hydrodynamic resistance.

By the beginning of the observations, the chips were completely filled with water (demonstration
N 1, Fig.6) or oil with a dynamic viscosity of 24.5 mPa s and a density of 0.83 g/cm3 (demonstration
N 2, Fig.7), after which the liquid was displaced by water. Using a DSC-RX100M4 video camera
(Sony, Japan), the dynamics of liquid displacement by water was filmed.

In demonstration N 1, the water with which the chip was prefilled was stained with Coomassie
Brilliant Blue R-250 violet dye (Medigen ltd., Russia), and the water in which the displacement took
place was stained with methyl orange (JSC Khimreaktivsnab, Russia) for flow contrast. Figure 6
shows the movement of the water front during its flow in a porous medium.

To demonstrate the displacement of oil, the manufactured microfluidic chip with topology N 2 was
filled with oil, which was then displaced by water at a constant volume flow rate of 500 pl/min (Fig.7).
The surface of PDMS in this case is oil-wettable, the value of the contact angle for oil is 46°. With this
displacement mode, large areas of capillary-retained oil remain in the corners of the chip, and in the
area washed with water, the proportion
ofresidual oil is significant. Oil remains a b
in the form of liquid bridges between / ,
the columns, simulating the grains of
the porous medium. Each of these ef-
fects requires separate systematic stud-
ies on original microfluidic models, for
the manufacture of which the obtained
technology can be used, which is shown

in Fig.7. . ' . y

Conclusion. Pilot versions of ex-
perimental microscale models have Fig.6. Microfluidic PDMS chips sealed with glass slides. Visualization
been developed to study filtration pro- of water flow using dyes: topology N 1 with a column side of 2 mm (a)

. e q- and N 2 with a column side of 0.3 mm (b)
cesses during oil displacement.
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As a result of numerous methodological experiments, a new technique for manufacturing nega-
tive epoxy master molds for casting PDMS microfluidic chips based on imprinting from the PMMA
surface has been developed.

Fig.7. Displacement of oil with water at a flow rate of 500 pl/min at different time points
(water was supplied diagonally from the lower left corner)

According to this technique, the pattern of the capillary network is made by milling on the PMMA
surface, after which an impression is taken from the MixArt Resin epoxy composition, which is the
master form. Mixed and degassed PDMS is poured into the resulting master mold and polymerized.
Chips from PDMS are sealed with glass slides using the d'Arsonval apparatus.

The conducted debugging experiments showed that the developed technology for manufacturing
microfluidic chips allows to carry out experiments with pumping oil for a long time. It was found that
PDMS chips are not destroyed by prolonged contact with liquid hydrocarbons (48 h). The chips pro-
duced by this method are suitable for studying the flow of an oil emulsion in them for several days in a
wide temperature range. Nevertheless, the manufactured chip does not claim to be a full-fledged model
of'the rock, but is a demonstration of the viability of the developed technique for its manufacture: it did
not control the wettability of the surface [37, 38] and its modification (many techniques are known
[39, 40]); no attention was paid to the type of porosity, the shape of porous bodies and necks [2].

PDMS chips can be used to apply photoresist by microstamp (microcontact printing) in soft
lithography [41] on the metallized glass surface, which opens the prospect for further research on the
technology of transferring milled microfluidic topology to glass without the use of expensive diamond
tools or clean rooms and maskless laser lithographs.

The described technique for manufacturing microfluidic chips from an optically transparent mate-
rial allows a wide range of laboratories to develop microfluidic models for the quantitative analysis of
the movement of various fluids in rocks, including water flows and the initial stages of rock erosion.
Also, the technique actualizes the development of instruments and systems for optical quantitative de-
termination of residual oil saturation in individual structures and other more complex rock models.

The authors are grateful to the Krasnoyarsk Regional Center for Collective Use of the FRC KSC SB RAS.
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