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Abstract
Stereolithographic 3Dprinting is of paramount interest for researchers studying porousmedia
because it is possible to use resins with a wide range of physical and chemical properties.
Currently, these properties can be designed and adjusted to model the interaction of solids
with fluids occupying the pore space, which is not feasible with natural materials. This ability
enables replicating the pore networkgeometry of natural rocks aswell as tuning thewettability
of pore network surfaces. This study presents analysis of uncured liquid resins and porous
rock models 3D-printed in those resins to establish the accuracy of the stereolithographic
3D printer in repeatedly printing the same pore network, as well as the fidelity of transport
properties (e.g., porosity, pore sizes, wettability) to the model design. Viscosity of uncured
resins was measured to predict the physical properties of the resulting cured models. A
digital model of Fontainebleau sandstone was 3D-printed at three magnifications (15-, 23-,
and 30-fold) from the original tomographic volume of 1 mm3 and in six resins (black, gray,
clear, white, green, and yellow). The models were validated using the following techniques:
heliumpycnometry (for porosity);mercury porosimetry (for pore-throat size); and drop shape
analyzer (for contact angles).Validation tests showed that green resin had the highest accuracy
in replicating the rock’s pore network. White, yellow, and gray resins produced models with
moderate accuracy with respect to their transport properties. Black and clear resins had the
lowest accuracy and would need further analysis of their physical and chemical properties to
be useful in reservoir rock replication.

Keywords 3D printing · Resin · Flow · Wettability · Geomechanics

1 Introduction

Investigation of transport and geomechanical processes that occur at pore scale is important to
understanding of many natural phenomena of fluid-bearing porous media (e.g., hydrocarbon
reservoirs and groundwater aquifers). Sustainable recovery of hydrocarbons and groundwater
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from reservoir formations aswell asCO2 sequestration in the subsurface requires prediction of
the multiphase flow in complex pore networks at high temperatures and pressures. Imaging
and nondestructive analysis of porous media have become available through the field of
“digital rock physics,” where rock properties are simulated numerically (e.g., Dvorkin et al.
2008; Andrä et al. 2013; Blunt et al. 2013). Three-dimensional (3D) printing is an emerging
technology for characterization of porous media that enables the manufacture of physical
proxies of pore networks from digital models (Ishutov et al. 2018a, b; Ishutov and Hasiuk
2018). Proxies allow us to experimentally test petrophysical properties (e.g., porosity and
permeability) that can complement digital rock analysis. This advantage arises from the
ability to design material properties of proxies (e.g., chemical, optical, mechanical, thermal,
or electrical) to model the behavior of natural materials under more controlled experimental
conditions.

Stereolithographic (SLA) 3D printing has been used in the characterization of two model
types: (1) microfluidic devices and micromodels (“2.5D models”) and (2) full volumetric
models (e.g., solid or porous proxies; “3Dmodel”). SLA uses curable resins that are solidified
(or cured) with laser light, layer by layer (Ishutov et al. 2018b). Micromodels provide one
way to visualize pore-scale flow as well as reactive and non-reactive transport processes,
despite limitations in channel size stemming from the 3D printer’s resolution (Gunda et al.
2011; Xu et al. 2014). These miniaturized, artificial porous media (often called “reservoir
on a chip”) are useful tools for studies of rock and fluid properties at pore scale, because the
pore structure can be controlled, and flow processes can be directly visualized (Song et al.
2014; Zarikos et al. 2018).

Micromodels are simple renderings of a rock’s pore network, but it is necessary to perform
flooding experiments, similar to those in reservoir engineering, to interpret wettability and
permeability of rock formations. Current advances in reservoir-on-a-chip devices include
chemical coating of surfaces to mimic the wettability of natural rocks and embedding sen-
sors to track pressure inside microchannels. Gerami et al. (2016) showed application of
polydimethylsiloxane (PDMS) microfluidic devices 3D-printed from tomographic data in
understanding the relationship between coal cleat structure and relative permeability of
methane gas. Manzano et al. (2017) developed a specific resin that could produce surfaces
with active polymer sites and controlled wettability. Alzahid et al. (2018) developed a novel
technique that attached rock minerals to PDMS creating microfluidic devices with surfaces
that mimicked closely natural geological materials. Zarikos et al. (2018) reported a micro-
model with integrated fiber optic sensors to enable the measurement of fluid pressure at pore
scale.

Recent studies on deformation ofmicromodels and 3D-printed volumes showed visualiza-
tion and experimentation with single and multiphase flow. Munro et al. (2015) demonstrated
a method of 3D printing with an infused PDMS elastomer to measure mechanical defor-
mations with controlled pore architecture. Zhou and Zhu (2017) used a curable resin to
simulate geomechanical behavior of rocks, which was the most suitable 3D printing material
for mimicking brittle and hard rocks. Ju et al. (2017) presented a method of experimentally
visualizing frozen-stress fields in the 3D structures of porous solids using a photoelastic
resin. Zhou et al. (2019) used SLA to 3D-print resin-based artificial rocks containing penny-
shaped 3D internal fractures to investigate the influence of fracture number and angle on the
volumetric fracturing behavior.

Integration of numerical simulations and resin-basedmodels with intrinsic rock geometric
features is a way to design the transport and mechanical properties of rocks. Bacher et al.
(2014) and Matsumura et al. (2017) described the use of X-ray tomography imaging of
natural gravel specimens to create repeatable gravel size resin models. The resulting models
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had particle geometry and interparticle bonds that were a function of the resolution of both the
tomographic scanner and the 3D printer expanding the capabilities for numerical calculation
of porosity and permeability and hence flow simulation. Zhu et al. (2018) combined SLA
with the X-ray tomography to replicate natural volcanic rocks using a transparent resin. This
study showed the feasibility for both 3D printing and 3D numerical modeling to successfully
replicate the internal fractures and microstructures identical to those of the natural volcanic
rock. While models 3D-printed in curable resins provide a promising means to replicate and
visualize the geometry of porous media and to understand the influence of pore network
geometry and surface physics on transport and mechanical behavior of rocks under different
experimental conditions, each resin requires characterization of its physical and chemical
properties prior to manufacturing rock proxies.

The chemical composition of a curable resin defines the mechanical behavior of the result-
ing curedmodel 3D-printed via SLA.A typical SLA resin includes oligomers,monomers, and
photoinitiators (Ogawa and Hasegawa 2005). Resin polymerization (solidification) occurs
when a laser beam passes through a layer of the liquid resin. Key parameters for prediction
of mechanical properties and accuracy of 3D-printed models in the resin are temperature,
humidity, and pressure during polymerization because they affect resin viscosity. Viscosity is
the property that determines the mobility of molecules within a resin. During polymerization,
if viscosity increases through the formation and growth of monomer and oligomer chains,
it can result in decreased molecular movement. This limited molecular movement leads to
completion of polymerization. Preheating the resin prior to 3D printing allows the polymers
to become thermally agitated and increase molecular motion, reducing viscosity. While an
increase in temperature and pressure increases strength and stiffness of the resin, increase in
humidity reduces surface hardness of the resin (Ayub et al. 2014).

This study characterizes the petrophysical properties of six curable resins prior to and after
SLA printing. This characterization is novel to routine procedures of porous rock analysis
because it is aimed at establishing factors that affect the accuracy of rock proxies in relation
to transport and geomechanical properties. The first part of this study involves analysis of
physical properties of liquid resins from vendor’s material data sheets and validation tests.
Due to proprietary composition of these resins from a vendor, the only parameter that can be
determined experimentallywithout changing their initial state is viscosity.Viscositywasmea-
sured at 25 °C (normal conditions) and at 35 °C (preheating before 3D printing). Interaction
of water with 3D-printed surfaces of resin-based models was characterized using the sessile
drop method. The second part involved 3D printing proxies of Fontainebleau sandstone from
a 1 mm3 digital tomographic volume (Lindquist et al. 2000) at three magnifications (15-,
23-, and 30-fold). Fidelity of rock proxies was tested by helium pycnometry and mercury
porosimetry (that was never performed on any rock proxy 3D-printed in curable resins). The
objectives of this study were: (1) to investigate whether physical properties of uncured resins
can be used to predict accuracy of the resulting 3D-printed models; (2) to identify the resin
that has the highest accuracy for manufacture of porous rock models with known porosity
and pore-throat size distribution; and (3) to determine the parameters of cured and uncured
resins that affect transport and geomechanical properties of rock proxies.

2 Materials andMethods

Methods for determination of resin properties involved analysis of vendor’s material data
sheets and experimental tests to validate these properties. For uncured resins, the properties
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tested included viscosity and density. For cured (3D-printed) resins, density, porosity, pore-
throat size distribution, and contact angles with water were investigated. In total, six resins
(black, gray, clear, white, green, and yellow) were used to produce proxies on a FormLabs
Form2 SLA printer (Sommerville, Massachusetts, USA) (Table 1).

2.1 Resin Types

Black, gray, clear, and white resins are called “standard resins” in the vendor’s material data
sheets and have the same density (1.09–1.12 g/cm3) and viscosity (850–900 cps measured at
25 °C). The exact composition of resins is proprietary to the vendor, but material data sheets
list their components as methacrylated monomers and oligomers, acrylated monomers, color
pigments, and photoinitiators (Table 1). While pigments determine the color of each resin,
properties of cured resins are independent of this color. 3D printing with these resins starts
when the temperature of the liquid resin in the tank reaches 25 °C. A green resin has the
same composition and density as the standard resins, but its viscosity is 970 cps (measured
at 35 °C). 3D printing for the green resin starts when its tank temperature reaches 35 °C. The
tough resin is designed to simulate mechanical properties of acrylonitrile butadiene styrene
plastic (e.g., tensile strength andmodulus; FormLabs). A yellow (high-temperature) resin has
the same density as the other five resins, but it is slightly different in composition, lacking
methacrylated monomers. The viscosity of the yellow resin is 600 cps (measured at 25 °C).
The printing for this resin starts when its tank temperature is 25 °C. A high-temperature resin
has the highest heat deflection temperature among other resins (289 °C at 0.45 MP), which
makes it the stiffest resin tested in this study (FormLabs).

2.2 Viscosity Tests

A Rheosys Merlin II rheometer (Structure Lab, Iowa State University, Ames, USA; Fig. 1a)
was used to quantify the viscosity of six resins at two temperatures: 25 °C and 35 °C.
Testing at these temperatures was required to verify if resins stored and printed at these
temperatures could conform to viscosity specified in material data sheets and to investigate
whether environmental conditions of the printing process (pressure and humidity) could affect
the resulting accuracy of proxies. 50 ml of a liquid resin was loaded into the chamber where
it was preheated to the specified temperature (Fig. 1b). A spindle with a metal cone rotated
at the speed range of 0.2–100 rotations per minute (rpm), with 1-rpm increments. Viscosity
for each resin in this study was reported as the average of these rotations after the speed
reached a constant resin drag. The viscous drag of the resin (shear stress) against the rotating
spindle was measured by the resin current (sensed by transducer) required to maintain the
incremental speed. Tests were performed under the ambient temperature of 23 °C, humidity
of 60%, and atmospheric pressure of 103,013.9 Pa, and viscosity accuracy was 1%.

2.3 3D Printing

Astereolithographic 3Dprinter (FormLabs Form2,GeoFabLab, IowaStateUniversity,Ames,
USA) was used in his study to manufacture proxies of Fontainebleau sandstone. A liquid
resin loaded in the tank was cured by ultraviolet laser that passed through the bottom of the
tank. Once the layer was solidified on the build platform, the build platform raised by the
layer height (50 µm) and the next layer was built in the same manner until all layers were

123



Establishing Framework for 3D Printing Porous Rock Models… 435

Ta
bl
e
1
C
he
m
ic
al
an
d
ph

ys
ic
al
pr
op
er
tie
s
of

liq
ui
d
(u
nc
ur
ed
)
re
si
ns

pr
ov
id
ed

by
th
e
ve
nd
or

(F
or
m
la
bs
)

R
es
in

T
ra
de

na
m
e

C
om

po
ne
nt
s

V
is
co
si
ty

(c
ps
)

H
ea
td

efl
ec
tio

n
te
m
pe
ra
tu
re

at
0.
45

M
Pa

(°
C
)

Te
ns
ile

st
re
ng
th

(M
Pa
)

Fl
ex
ur
al
m
od
ul
us

(G
Pa
)

B
la
ck

G
ra
y

W
hi
te

St
an
da
rd

M
et
ha
cr
yl
at
ed

ol
ig
om

er
s,

M
et
ha
cr
yl
at
ed

m
on
om

er
,

Ph
ot
oi
ni
tia
to
r,
Pi
gm

en
ts
,

Sp
ec
ia
lty

ad
di
tiv

es

85
0–

90
0

(a
t2

5
°C

)
49

.7
38

1.
25

C
le
ar

Sa
m
e
as

ab
ov
e
th
re
e
re
si
ns
,

w
ith

no
sp
ec
ia
lty

ad
di
tiv

es

G
re
en

To
ug
h

Sa
m
e
as

ab
ov
e
fo
ur

re
si
ns
,

w
ith

no
pi
gm

en
ts
or

sp
ec
ia
lty

ad
di
tiv

es
an
d

in
cl
ud

in
g

ac
ry
la
te
d
m
on
om

er
s,

97
0

(a
t3

5
°C

)
40
.4

34
.7

0.
6

Y
el
lo
w

H
ig
h
te
m
pe
ra
tu
re

M
et
ha
cr
yl
at
ed

ol
ig
om

er
s,

A
cr
yl
at
ed

m
on
om

er
s,

Ph
ot
oi
ni
tia
to
r

60
0

(a
t2

5
°C

)
43
.6

20
.9

2.
62

T
he

pe
rc
en
ta
ge

co
nt
en
to

f
ea
ch

co
m
po

ne
nt

in
re
si
ns

is
pr
op

ri
et
ar
y
to

th
e
ve
nd

or
.T

he
fo
llo

w
in
g
pr
op

er
tie

s
ar
e
th
e
sa
m
e
fo
r
al
lr
es
in
s:
de
ns
ity

ra
ng

e—
1.
09

–1
.1
2
g/
cm

3
;s
ol
ub

le
in

or
ga
ni
c
so
lv
en
ts
an
d
ve
ry

sl
ig
ht
ly

so
lu
bl
e
in

w
at
er
;fl

as
h
po
in
t>

93
°C

123
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Fig. 1 Photographs of Rheosys Merlin II rheometer. a Front view of the rheometer. b Chamber with liquid
resin and agitating cone. Liquid resin is loaded into the chamber and heated up to 25 °C and 35 °C before the
cone is rotating at the specified speed. The viscous drag of the resin against the rotating cone is measured by
the current required to maintain the speed

printed. More details on printing and post-processing procedures can be found in Ishutov
et al. (2018b).

For porous proxies, the layer thickness determines the minimum size of a solid feature
and pore that can be 3D-printed and is linked to the laser spot size of the SLA 3D printer
(Ishutov et al. 2018b). According to vendor’s specifications, not all resins in this study could
match the smallest layer thickness of the printer (25 µm); hence, proxies were printed with
50-µm layers (the layer thickness supported for all resins) to maintain consistency among
all models. Fontainebleau sandstone proxies were printed from 1 mm3 tomographic volume
(Fig. 2a; Lindquist et al. 2000) at three magnifications: 15-, 23-, and 30-fold to match the
minimum resolution of the printer and resin specifications (Fig. 2b–g; Ishutov et al. 2018b).
Porosity measured from the original tomographic volume was 12.7%, and mean pore-throat
diameter was 30.4 µm (Ishutov et al. 2018b). Bulk volume and porosity were calculated
from tomographic volume; resin density was provided by material data sheets; and mass was
calculated from tomographic volume and material density (Table 1). All proxies were 3D-
printed under the ambient temperature of 23 °C, humidity of 60%, and atmospheric pressure
of 103,012.6 Pa.

2.4 Sessile DropMethod

A video-based drop shape analyzer (OCA 25, Data Physics, Germany) with built-in SCA
20 software (V.4.5.20) was used for the contact angle measurement of printed proxy surfaces
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Fig. 2 Proxies of Fontainebleau sandstone 3D-printed in six resins. From left to right: a Original tomographic
volume of Fontainebleau sandstone, porosity is 12.7%; proxies 3D-printed in the following resins: b black;
c gray; d clear; e white; f green; g yellow. For each resin and tomographic models, from bottom to top, the
magnifications are 15-, 23-, and 30-fold

withwater (AMDLab, IowaStateUniversity,Ames,USA). The sessile dropmethod provided
measurements under the ambient temperature of 25 °C, humidity of 65%, and atmospheric
pressure of 103,013.2 Pa, following the guidelines of ASTM-D7334-08 (2013). Samples
for this test were disks (20 mm in diameter and 10 mm in height) 3D-printed in each resin
(Fig. 3a). A droplet of 2 µL of deionized water was extruded from a micro-syringe (Fig. 3b)
onto the proxy surface. The high-resolution camera (Fig. 3c) captured 1000 frames of the
proxy surface with water. The contact angles were measured as a mean value for all frames
by the built-in software of the drop shape analyzer.

2.5 Helium Pycnometry

Helium pycnometry was used to measure porosity and density of Fontainebleau sandstone
proxies.Micromeritics Accupyc II 1340 helium pycnometer (GeoFabLab, Iowa State Univer-
sity, Ames, USA) was used to determine the volume of the solid phase in proxies (analogous
to “grain” volume in natural rocks) that can be accessed by a helium molecule (diameter �
0.062 nm). Pore volume was calculated by subtracting the material volume from the bulk
volume (as measured by calipers). Porosity was calculated as the ratio of pore volume to bulk
proxy volume.

2.6 Mercury Porosimetry

Mercury intrusion porosimetry was performed only on 15-fold proxies due to size limitations
of the sample cell (23-mm3 cylinder) and pore-throat size range (5.6 nm to 500µm) that could
be measured. A Quantachrome Poremaster33 (GeoFabLab, Iowa State University, Ames,
USA) was used for mercury porosimetry with pressures from 0 to 30 kpsi (~200 MPa),
mercury contact angle of 140°, mercury temperature of 23 °C, interfacial tension of 480
dynes/cm2, humidity of 55%, and atmospheric pressure of 103,012.4 Pa. A solid cube 3D-
printed in the black resinwith the samedimensions as the 15-foldmagnification proxy (15mm
by 15 mm by 15 mm) was subjected to mercury intrusion porosimetry as a control sample
to investigate intricate porosity between 3D-printed layers.
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Fig. 3 Photograph of the drop shape analyzer (OCA 25, Data Physics, Germany). The sessile drop method is
used to record the contact angle measurements at 25 °C (following the guidelines of ASTM-D7334-08). The
3D-printed sample (disk with 10 mm in height and 20 mm in diameter) is placed on the platform (a). A
droplet of 2 µL of deionized water is dropped from a micro-syringe (b) to the sample surface. The high-
resolution camera (c) captures 1000 frames of the sample surface, and the contact angles are measured by the
built-in software

3 Results

The results contain an integrated analysis for resins in two states: (1) uncured liquid resins
and (2) solid proxies 3D-printed from those resins. Despite composition, one of the major
properties of liquid resins is viscosity, because it affects the physical properties of the result-
ing 3D-printed models. Physicochemical properties of resins, including density, wettability,
and porosity, determine the resulting transport and geomechanical properties of the proxies.
Ultimately, potential transport properties are evaluated through pore-throat size distribution
that depends on the accuracy of the pore network geometry.

3.1 Viscosity of Uncured Resins

Viscosity measured on black, gray, clear, and white resins (836–898 cps) matched closely
with the viscosity range (850–900 cps) provided by vendor’s material data sheets for 25 °C
(Fig. 4). The yellow (high-temperature) resin showed the highest deviation (~485 cps) from
the vendor’s material data sheets (~600 cps) among resins that were required to be printed
at 25 °C. Viscosity of all resins, except for the green resin, decreased 2–3-fold at 35 °C
(215–533 cps). The green (tough) resin was 3D-printed at 35 °C, and its viscosity (1033 cps)
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Fig. 4 Results of viscosity tests performed at Rheosys Merlin II rheometer. Viscosity was measured at 25 °C
and 35 °C because resins are printed at these temperatures. SDS refers to vendor’s material data sheets

conformed to vendor’s data (970 cps). Similar to the other five resins, the viscosity of the
green resin increased at 25 °C (~2187 cps).

3.2 Contact Angles of Proxy Surfaces withWater

Contact angle measurements showed two groups of proxies (Fig. 5): (1) proxies with contact
angles close to 90° (black, gray, clear, and white resins) and (2) proxies with contact angles
less than 50° (green and yellow resins). Deviation in contact angles and hence wettability
of proxies printed in resins with similar density and viscosity indicated differences in their
chemical composition. According to composition of resins provided by the vendor, green
and yellow resins contained acrylated monomers that were absent in other four resins. Tough
and high-temperature resins were more wetting to water and contained no air bubbles inside
the water drop (Fig. 5e–f), unlike other resins (Fig. 5a–d). The surface of proxy 3D-printed
in clear resin was not smooth as in other proxies (Fig. 5c) that could have affected the results
of imaging and contact angle measurement.

3.3 Helium Porosity and Density

Results of helium pycnometry and caliper measurements of Fontainebleau sandstone proxies
were analyzed in two manners: (1) comparison of bulk properties and porosity among each
magnification in all resins and (2) comparison of repeatability of bulk properties and porosity
of allmagnifications in each resin. For 15-foldmagnification, the heliumporosity of the proxy
3D-printed in the green resin (10.05%) showed the closest match to the designed porosity
(12.7%; Table 2). For 23-fold magnification, the white resin produced the proxy that most
matched the designed tomographic porosity (10.54%). For 30-fold magnification, the gray
resin was the closest to the tomographic porosity (12.43%). Deviation of helium porosity
from designed porosity could have been affected by inaccuracy of bulk volumes 3D printed
in each resin and insufficient resolution of the 3D printer to build all connected pores and
pore throats. Because the printer’s minimum resolution and post-processing technique were
chosen according to successful results of previous studies (Ishutov et al. 2018a, b), deviations
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Fig. 5 Results of contact angle measurements between 3D-printed disks and deionized water. Resins: a black;
b gray; c clear; d white; e green; f yellow. These angles represent the mean value for each resin calculated
from 1000 frames captured by the drop shape analyzer

Table 2 Design characteristics for Fontainebleau sandstone proxy

Magnification Height
(cm)

Length
(cm)

Width (cm) Bulk
volume
(cm3)

Porosity
(%BV)

Density
(g/cm3)

Mass (g)

15 1.5 1.5 1.5 3.38 12.7 1.09–1.12 3.68–3.79

23 2.3 2.3 2.3 12.17 12.7 1.09–1.12 13.27–13.63

30 3.0 3.0 3.0 27.0 12.7 1.09–1.12 29.43–30.24

Magnification refers to uniform increase in a digital volume from the original 1mm3. Bulk dimensions (height,
length, width, volume) and porosity are calculated from tomographic data (Ishutov et al. 2018b). Density is
provided by vendor’s material data sheets. Mass is calculated from tomographic volume and material density.
BV bulk volume

in 3D-printed bulk volumes could be one of the main contributors to variations in helium
porosity (Table 3). Despite the range of magnifications used for this model, all proxies should
have shown the same porosity, because the ratio between the pore volume and bulk volume
did not change. Nevertheless, flaws in printer’s hardware and printing parameters could also
result in incomplete manufacture of the pore network reducing the total connected porosity
in proxies.

Overall, helium porosity showed a linear trend for all proxies of Fontainebleau sandstone
in allmagnifications,with a favorable correlation coefficient (R2) (Fig. 6).R2 had a range from
0.85 (green proxies) to 0.99 (gray proxies). Proxies 3D-printed in the green resin had the best
repeatability and consistency of helium porosity among threemagnifications (10.05–11.24%;
Table 3).

Bulk volume and mass of proxies 3D-printed in black, gray, and white resins were also
close to the designed parameters (Tables 1, 2, 3). Bulk density and resin density were not
similar in all samples because the resin density was measured on 3D-printed samples via
helium pycnometry (Table 3). Bulk density of all proxies (1.05–1.14 g/cm3) agreed favorably
with vendor data (1.09–1.12 g/cm3). The highest inconsistency in bulk properties and porosity
was found in proxies 3D-printed in the yellow resin (helium porosity of 7.26–11.61%; resin
density of 1.23–1.24 g/cm3). This finding was somewhat counterintuitive, because the yellow
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Fig. 6 Results of helium pycnometry from resin proxies of Fontainebleau sandstone. Color in the equation box
matches the resin color in the legend. Best fit for dashed trendlines between magnification and helium porosity
is linear. Trendline equations and correlation coefficient (R2) are provided for each resin. Solid red line is a
reference to the digital porosity calculated from tomographic volume of Fontainebleau sandstone

resin had the lowest viscosity among all resins tested and hence should have provided a better
molecular mobility and better laser penetration.

3.4 Pore-Throat Size Distributions

Mercury intrusion porosimetry is based on using the non-wetting nature ofmercury to obtain a
pore-throat size distribution for a porous sample. Themercury sample cell could only accom-
modate the 15-fold proxies for this analysis. Cumulative intrusion curves were generated in
this way for six proxies (Fig. 7). Three mode ranges of pore-throat sizes were observed: (1)
0.01–0.05 µm; (2) 10–30 µm; and (3) 320–360 µm. The first range could be explained by
the compressibility of the 3D-printed resin at high pressures (>100 psi; 0.68 MPa) (Ishutov
et al. 2017; Hasiuk et al. 2018), which did not represent a geometric feature of the medium.
The second range could represent the inner pores that were connected from inside the proxy
to its external surface. The third range showed the results of the 3D-printed pore throats that
were supposed to conform with the designed pore-throat diameter of 456 µm. The control
sample of a solid cube 3D-printed in the black resin showed similar distribution for the first
size range.

Proxies 3D-printed in the green resin showed a higher range of incremental pore volume
(0.007–0.047 cm3/g) andmore prominent peaks in the pore-throat size distribution than other
proxies. In addition, a mode of~80 µmwas observed in the distribution plot (Fig. 7). Higher
cumulative volume and several mode ranges could be a result of higher connectivity between
pores. Given the consistent helium porosity results for green proxies, other magnifications
could demonstrate a similar trend in pore-throat size distribution. Proxies 3D-printed in black,
clear, andwhite resins had a similar range of incremental pore volumes, despite different peaks
in pore-throat size distribution between 10 µm and 30 µm. Proxies 3D-printed in yellow and
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Fig. 7 Pore-throat size distribution measured on Fontainebleau sandstone proxies using mercury porosimetry.
Pore-throat diameter modes for each resin: black—325µm, gray—390µm, clear—405µm, white—320µm,
green—330 µm, yellow—320 µm. Solid sample (15-mm cube) was subjected to mercury porosimetry to
identify intricate pores inside resins. Each curve is labeled with color and letter

gray resins also showed similar incremental pore volumes. In addition, yellow resin proxies
lacked a prominent peak at 320–360µm. The other five resins showed peaks within this range
for pore-throat diameter, but all of the proxies deviated from the designed value (456 µm)
by 96–136 µm.

4 Discussion

4.1 Chemical Composition

Prediction of physical, transport, and mechanical properties of proxies in cured SLA resins
depends on the knowledge of physical and chemical properties of their uncured counterparts.
Two major components of the six resins investigated in this study are monomer and oligomer
chains that have active long and short groups at their ends as well as photoinitiators and
specialty additives.When theUV laser light in laser passes through the resin, the photoinitiator
molecule breaks down into two parts, which become very reactive. These reactive “radicals”
connect to the active ends of monomers and oligomers, forming longer polymer chains (Naka
2014). Therefore, the resin solidifies due to growth and cross-linkage of polymer chains.
While the bulk composition and polymerization process are similar for all resins, results of
this study show that their resulting properties in 3D-printed proxies are different.

Material data sheets of resins provided by the vendor (FormLabs) indicate that green and
yellow resins contain acrylated monomers that are absent in the other four resins. Acrylated
monomers tend to polymerize faster than methacrylated monomers, which provide lower
degrees of lateral strength in a 3D-printed sample (Manzano et al. 2017). Methyalacrylated
monomers and oligomers exist in a semi-reacted state, where polymerizable groups of the
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resin can form bonds with active components. When the next layer is cured, these semi-
reacted polymers attach to the groups of the previous layer, forming bonds both laterally
and vertically. These reactions imply that there should be very little difference between
vertical and horizontal planes in terms of polymer bonds. Whether isotropy exists at micro-
and nanoscales and how it affects mechanical properties and resolution of the resulting
proxies remains uncertain and requires advanced imaging techniques (e.g., scanning electron
microscopy).

4.2 Viscosity and Temperature

Despite chemical composition, transparency and viscosity were the two properties of uncured
resins that could affect accuracy of a proxy. As reported in previous studies (e.g., Ishutov
et al. 2018b), the clear resin demonstrated lower accuracy than the black resin due inef-
fective curing of pore edges by the laser beam during 3D printing. Measurements of bulk
properties in this study (Tables 3) corroborated this observation, because clear and black
resins had the highest deviations of bulk properties among others. Higher viscosity (970 cps)
and higher resin temperature (35 °C) for the green resin provided the most accurate results.
Although vendor’s specifications suggested that resin temperature should have been close to
the room temperature, so that printed proxies would not be affected by thermal expansion
and contraction artifacts, this recommendation might not work for all resins. All resins were
3D-printed at the same ambient conditions (room temperature and pressure), but resin tem-
perature affected viscosity and resulting proxy properties. The presence of fast polymerizing
acrylated monomers in the green resin in concert with higher printing temperature allowed
for higher viscosity. For the yellow resin, which had lower viscosity and the same composi-
tion as the green resin, polymerization should have been slower affecting the accuracy of the
resulting proxies. Similarity in viscosity among black, clear, white, and gray resins indicated
the regular polymerization pattern where oligomers and monomers were linked with each
other having active radicals when resins were exposed to the UV light.

4.3 Wettability

The wetting nature of all resins with respect to water was not surprising due to the chem-
ical composition and smoothness of 3D-printed surfaces (Encinas et al. 2010; Baba et al.
2015). Green and yellow resins had lower contact angles, perhaps because of the presence
of acrylated monomers polymerizing faster than other resin components. Surface physics
of proxies could affect the measurement of contact angles, as seen in the case of the clear
resin, which was not smooth (Fig. 5c). Additional treatment of 3D-printed surfaces might
be required to eliminate artifacts of 3D printing and post-processing. While this treatment
could be time-consuming and it would need further investigation, other studies have shown
that wettability could be altered in two ways: (1) by chemically coating cured resin samples
to alter the surface (e.g., Gerami et al. 2016; Alzahid et al. 2018) and (2) by modifying the
uncured resin composition tomatch a specific contact angle range (e.g.,Manzano et al. 2017).
Both scenarios open avenues for future studies on tuning the wettability to a desired state
that is similar to natural porous rocks or artificial materials.

123



Establishing Framework for 3D Printing Porous Rock Models… 445

Table 4 Results of error calculations for parameters used in Table 3

Resin � Mass (%) � Bulk volume
(%)

� Porosity (%) � Density (%) Total � Accuracy

Black 4.18 0.59 32.28 7.24 44.29 Low

Gray 3.66 0.73 19.31 7.53 31.23 Moderate

Clear 2.28 0.04 37.16 7.77 47.25 Low

White -4.16 0.11 27.37 2.10 33.74 Moderate

Green 2.51 1.11 17.17 0.46 21.25 High

Yellow 2.75 1.01 23.46 11.26 38.48 Moderate

� for each property represents a mean value for all magnifications of each resin (mass, bulk volume, porosity
and density). Density referred herein is a material (resin) density. Values of � are an error for measured and
calculated properties of rock proxies in comparison with designed values in Table 2. Total � is a sum of all
errors for each resin. Accuracy is based on ranking of total �

4.4 Ranking Resins for Their Application in Flow and Geomechanical Studies

Considering the bulk properties (mass, bulk volume, density) and pore network replication
(porosity) for proxies 3D-printed in six resins from tomographic volume of Fontainebleau
sandstone, each resin was ranked for accuracy (Table 4). Values of� represented an error for
measured and calculated properties of rock proxies in comparison with designed values in
Table 2. All errors were added to rank high (<30%), moderate (31–40%), and low (>41%)
accuracy based on the total �. Resins with the highest ranking represented higher accuracy.
The most accurate proxies were printed in the green resin, and the least accurate proxies were
printed in the clear resin. This ranking was not conclusive, because mercury porosimetry was
not performed on all magnifications and the pore connectivity in larger proxies (23- and
30-fold) was likely better, but remained untested. Nonetheless, all 15-fold proxies had pore-
throat modes close to designed 456 µm, which suggested moderate repeatability. While the
composition of green and yellow resins was similar, viscosity and resin temperature during
3D printing might result in higher accuracy of rock proxies 3D-printed in the green resin.

Porosity is one of the key properties for characterization of both transport and geomechan-
ical properties of porous media. 15-fold magnification for resin proxies had lower porosities
(4–10%) than designed (12.7%) because the smallest pores were not properly printed, and
their connectivity was disrupted by inaccurate geometry and stranded pores. 23- and 30-
fold magnification for resin proxies showed better conformance of porosity (8–12%) to the
designed. High-pressure mercury intrusion for proxies suggested the presence of submicron
pores—a result of material compression. These pores did not contribute to the total connected
porosity because helium porosity for all resins was lower than designed. They perhaps were
formed between layers of the 3D-pritned resin, because the mode for this pore-throat size
was close to the layer thickness (50 µm), which represented a gap between layers (Hasiuk
et al. 2018). Therefore, the green resin, which had the most uniform results across all mag-
nifications, would take the most magnification to reach 12.7%, while the other resins would
reach 12.7% with just a little more magnification than 30-fold.

While all resins tested in this study can find applications in the investigation of transport
and geomechanical properties of porous media, their ranking in Table 4 shows the amount
of error expected in bulk and pore properties. For example, non-transparent resins (black,
green, gray, and white) provide high resolution and accurate replication of fine features
(with magnification of the original pore network). In addition, these resins have the highest
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tensile strength and flexural moduli (Table 1) which make them suitable for studying both
geomechanical and transport properties of natural materials. Transparent resins (clear and
yellow) are widely used in imaging flow through etched channels of microfluidic devices;
however, geomechanical and coupled flow–geomechanical tests have yet to be performed on
these resins. High-temperature and tough resins can be of particular importance for geome-
chanical testing because of their ability to withstand higher temperatures and pressures,
respectively. Considering the lowest deviation in porosity, the highest accuracy (Table 4),
and viscosity conformance (Tables 1, 2, 3), the green resin is a good material for replicating
natural rock pore networks that can be used in building proxies for experiments with elevated
temperatures and pressures and coupled flow–geomechanical studies. Proxies printed in the
green resin would be particularly useful in experiments on absolute and relative permeability
under various stress conditions. Repeatable tests on replicated pore networks with controlled
porosity, wettability, and mechanical properties are a new area in analysis of natural porous
media that will help link numerical and experimental modeling.

5 Conclusions

Curable resins used in SLA 3D printing provide avenues for understanding flow and geome-
chanical processes in porous media. Their physical and chemical properties can be designed
to mimic the geomechanical behavior of natural porous rocks during deformation, and
their surface physics can be altered to replicate wettability of reservoir rocks. This study
presents characterization of uncured resins and proxies 3D-printed from tomographic data of
Fontainebleau sandstone to establish the reproducibility of the same pore network in resins
with varying physical and chemical properties.

Viscosity of uncured resins is one of the most important properties that determine the
resulting polymerization of a 3D-printed model. Rheometer results showed that all resins
conformed to the vendor’s material data sheets for viscosity (850–900 cps for black, gray,
clear, and white resins, 970 cps for the green resin and 600 cps for the yellow resin). Contact
angle measurements of water drops on solid disks using the sessile drop method indicated
favorable wetting of all resins (all contact angles<90°). If the polymerization was affected by
changes in ambient pressure, temperature or humidity and if other non-wetting components
were added into those resins, 3D-printed surfaces could become non-wetting with respect to
water.

The accuracy of each resin in relation to replication of a natural porous medium was
tested by 3D printing proxies of 1 mm3 tomographic volume of Fontainebleau sandstone
at three magnifications (15-, 23-, and 30-fold). Helium pycnometry revealed that 15-fold
resin proxies had lower porosities (4–10%) than designed (12.7%). Proxies with 23- and 30-
fold magnification showed better conformance of porosity to the designed model (8–12%).
Results of mercury porosimetry tests on 15-fold magnification proxies showed that pore-
throat sizes were smaller by 96–136 µm than designed (456 µm). High-pressure mercury
intrusion for proxies suggested the presence of submicron pores—an artifact of 3D printing,
or of material compression, or both. Among all resins tested, the green (tough) resin had
the highest accuracy in replication of pore network of Fontainebleau sandstone due to the
least deviations in porosity and density from designed parameters. Proxies 3D-printed in
white, black, and gray resins could be used for replication of porous media with moderate
accuracy and mean pore-throat diameters of 320 µm. Because yellow (high-temperature)
and clear resins had the highest deviations in viscosity measured by rheometer from vendor’s
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specification, further analysis would determine optimal printing parameters (temperature and
humidity) for achieving higher accuracy.
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