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ARTICLE INFO ABSTRACT
Keywords: Capillary infiltration of porous medium impacts applications across oil recovery, soil science, and hydrology. The
Capillary infiltration infiltration kinetics is typically captured by a range of models that differ in the approximation of pore structures,

Porous membranes
Bonding strength
Mechanical properties of membranes

fluid properties, and filling ratio. Capillary bonding of a porous membrane by a polymer melt is important for
membrane device manufacturing. However, both the capillary infiltration kinetics and the resulting bonding
strength or mechanical integrity have not been reported. In this work, we measure the kinetics of capillary
infiltration of a viscous polypropylene (PP) in polyethersulfone (PES) membranes with a normal pore size of 200
nm and varying degrees of hydrophilicity. The time-dependent infiltration depth was quantified ex situ by im-
aging the cross-sections of the bonded PP film/PES membranes. The microscopic details of the bonded interface
were characterized by high-resolution nanomechanical imaging, while the contact angles of PP on the PES
surfaces were measured by the sessile droplet method. The results show that the infiltration kinetics at 180 °C is
better described by the Cai model that incorporates membrane pore structures (porosity, tortuosity, pore size),
compared with the basic Lucas Washburn model intended for isolated cylindrical pores. The infiltration kinetics
at 200 °C appears significantly slower than the predictions of both models, which is hypothesized to be a result of
pore deformation/collapse due to the capillary pressure when the PES approaches the rubbery state. Regardless
of bonding temperature, the resulting mechanical integrity of the bonded PP film/PES membrane, as quantified
by a modified T-peel test, is dictated by the fracture strength of the membranes and weakly decreases with the
increase of infiltration depth.

must be reliably bonded into supporting housing structures. As such, the
limitation in membrane-to-component bonding has been identified as
one of the top challenges for applying membrane technologies in
building applications [12]. Among the different bonding methods,
thermal wielding uses infiltration of a polymer into the membrane pores,
driven by either capillary force or external pressure. Capillary bonding
process is relatively slow but does not densify the membrane. Currently,
both the capillary infiltration kinetics of viscous polymers within sepa-
ration membranes and the resulting mechanical integrity of the bonded
polymer/membrane structure has not been reported in literature.
Capillary infiltration or imbibition of polymer fluids within cylin-
drical pores such as anodic aluminum oxide (AAO) membranes has been

1. Introduction

Tremendous progress has been made in developing novel chemistries
[1-6] and functional surfaces [7-11] to achieve better permselective
performances for membrane technologies. To integrate these
high-value-added membranes into functional filtration device format(s),
controlled bonding between the membranes with the supporting struc-
tures (typically thermoplastic polymers) must be achieved. Failure to do
so can result in manufacturing yield loss or product failure during ap-
plications such as biopharmaceutical manufacturing and buildings. For
example, membranes used in HVAC systems in building applications
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Nomenclature

List of symbols

t time in seconds

R average pore radius of the membrane

T Acrylate modified PES (PES_T)

M Acrylamide modified PES (PES_M)

U Unmodified PES (PES_U)

T melting temperature

T, glass transition temperature

Ry radius of gyration of the polymer

Sw Pore saturation ratio

Si pre-pore filling

Dy fractal dimension

Riax maximum pore radius of the membrane
E Young’s Modulus

E Effective Young’s modulus of a membrane
E, Young’s modulus of a bulk polymer

C constant

Cy constant

Greek letters

Y surface tension

Or Equilibrium contact angle

o Steady-state viscosity

oy Yield Strength

X Flory-Huggins interaction parameter
¢’ yield strength of the membrane
00 yield strength of the polymer

" density of the membrane

Po density of the bulk polymer

@ porosity

T tortuosity

a geometry factor of the pore shape
5PES solubility

Subscripts

PES Polyether sulfone

pp Polypropylene

PP — PES Between PP and PES

broadly investigated [13,14]. The infiltration kinetics is controlled by
the capillary pressure and viscous drag, as described by the
Lucas-Washburn (LW) equation [15,16].

L(t)= [(RycosHE/zﬂO)t]l/Z "

where L(t) is the infiltration depth within the porous medium, y and 7,
are surface tension and viscosity of the fluid, and 0 is equilibrium
contact angle of the fluid on the pore wall. For AAO membrane with
average pore radius (R) ranging between 300-900 nm, polymers such as
polystyrene (PS) can infiltrate the membranes (100 pm thick) within
minutes depending on temperature [13,14]. However, the polymers
only wet the cylindrical walls of the pores and form nanotubes after
etching away the AAO membrane. In other words, the pore saturation
ratio remains low. Another study systematically examined the kinetics of
the capillary filling of polyethylene (PE) in AAO membrane (60 pm
thick, 100 and 200 nm pore radius) [17]. At 130 °C, slightly above the
melting temperature ( Tn) of PE, capillary filling kinetics were found to
deviate from typical LW prediction, which was attributed to the
non-linear flow of the PE. The effective viscosity is found to be ~3-4
times lower than #,.[18] Conflicting observations have been made on
the polymer dynamics and kinetics of capillary filling of smaller pores.
Under strong confinement, i.e. 2 < R/R; < 6, where R, is the radius of
gyration of the infiltrating polymer, significantly reduced filling rate was
observed: it took 4 days for an entangled polybutadiene (PB) to
completely fill the 100 pm thick AAO membrane [19]. Further, the
dynamics of the adsorbed PB layer appears to be independent of tem-
perature and network-like, which is interpreted by the reptation model.

Reports can be found on capillary infiltration of polymers within
porous media with non-cylindrical pores including densely packed silica
nanoparticles (NP) films [20] and porous silicon (Si) membrane [21].
Under strong confinement, i.e. 0.3 < R/R, < 4.5, dramatic slow-down
of the PS infiltration in the silica NP films was observed: the apparent
viscosity estimated from the LW equation was nearly two-orders of
magnitude higher than bulk viscosity. This slow-down was attributed to
the increase in T, of PS due to strong confinement.

Capillary infiltration of porous Si membrane with ethyl vinyl acetate
copolymer (EVA) was recently examined [21]. Compared with the AAO
membranes and nanoparticle layers, porous Si membrane resembles
separation membranes, in terms of both porosity (¢ = 68 — 84%) and
pore connectivity. The infiltration rate of EVA was found to be sensitive
to temperature. Within minutes, infiltration of 15 pm thick porous Si

membrane was achieved. With the strong confinement, i.e.
0.1 < R/R, < 3, enhanced mobility was observed, in contrast to the
slow-down observed in earlier studies.

In comparison, capillary infiltration of non-polymeric fluids in
random porous media is well investigated for applications of oil recov-
ery, soil science and hydrology. In most of these studies, experimentally
determined infiltration kinetics are slower than the predictions of the
LW model. Accordingly, a host of modified LW-type models have been
developed to take into consideration complex porous structures [22,23].
Most of these models still bear the same t/2 behaviors as the LW model,
but incorporate pore-structures to account for the delayed kinetics. For
example, a representative tortuous capillary model (the Cai model) uses
fractal dimension, Dy, together with ¢ and tortuosity (z), to describe the
infiltration kinetics [23].

q)(Sw - S[)a% Df 178 RmaxJ/CUSGEt 12 (2)
T 4 - Dy 2n

where S, and S; are the degree of saturation and initial wetting fraction
of the pores, and « is geometry correction factor (=1 for a cylindrical
cross-section). Notably, the use of this model to predict capillary infil-
tration of polymers in porous membranes has not been reported.

To date, capillary infiltration of polymeric fluids in polymeric porous
membranes such as typical ultrafiltration (UF) and microfiltration (MF)
membranes have not been examined in open literature. Compared with
the AAO membranes and the NP films, MF and UF membranes have
significantly higher porosity, as well as interconnected pores. MF and UF
membranes often have gradients in both pore size and porosity, resulting
from different manufacturing processes. Furthermore, membranes with
different pore chemistry (e.g. hydrophilicity) are desired for specific
applications. It is unclear how these structural and chemical factors
impact the capillary infiltration in porous membranes. In addition, it is
unclear how different degrees of infiltration of polymer impact the
bonding strength or mechanical integrity of the resulting device. In this
response, this study examines the process of polymer film filling porous
membranes. The effects of membrane chemistry and bonding tempera-
ture on the infiltration kinetics are systematically examined. The
experimental data is analyzed with both LW model and the Cai model.
Further, the correlation between infiltration depth and mechanical
integrity of the bonded polymer/membrane structure is quantified.

L(r)=
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2. Experimental methods
2.1. Materials and characterizations

Polyether sulfone (PES) asymmetric membranes with a nominal pore
size rating of 200 nm are fabricated using non-solvent induced phase
separation (NIPS) process. Three different membrane chemistries are
prepared with increasing degree of hydrophilicity: unmodified (PES_U),
modified with acrylate (PES_T) and modified with acrylamide (PES_M).
Such a series of membranes present identical pore structure but varying
pore chemistry. The average membrane thickness for all three mem-
branes is similar (<184 pm).

Isotactic polypropylene (PP) polymerized with metallocene catalysis
is used as the infiltrating polymer. The molecular weight, as determined
using rheology measurement data and Rheology Polymer Library (Trios
software package, TA Instruments Rheometer, Model ARES-G2), is 2.09
x 10° g/mol, and the polydispersity index (PDI) is 1.83.

The thermal properties of PP film (200 pm thickness) were charac-
terized by differential scanning calorimetry (DSC, 204 F1 NETZSCH,
Germany). PP film (~5 mg) was sealed in an aluminum pan and kept at
20 °C for 5 min, and subsequently heated from 20 to 200 °C at a rate of
5 °C/min. The T;, and the heat of fusion (4H,) of the PP were deter-
mined as the peak temperature and the total area of the melting endo-
therm. The crystallinity (X.) of the PP was then calculated according to
the following equation,

Xc= % x 100% 3)
where AH* (= 170 J/g) [24] is the heat of fusion of a 100% crystalline
PP.

The viscosity of the PP film, at both capillary bonding temperatures,
180 and 200 °C, was measured using rheometer (AR-G2, TA In-
struments). The measurements were carried out using parallel plates
configuration with 8-mm diameter plates. The gap distance between
testing plates was kept at 200 pm and the viscosity of the PP film was
measured as a function of shear rate from 0.001 to 150 s~.. The average
values of the steady-state viscosity from three samples are reported.

The temperature-dependent mechanical properties of PES mem-
branes and PP film were determined using a dynamic mechanical
analysis (DMA, Q800, TA Instruments). The samples were cut into 20
mm x 5 mm strips for all the measurements. Average values from three
measurements are reported here. All the tests were conducted under
normal tensile loading at a frequency of 1 Hz with a strain amplitude of
1%. After being equilibrated at 50 °C for 5 min, the temperature was
ramped to 250 °C with a ramping rate of 3 °C/min for the PES membrane
samples and to 165 °C at a rate of 3 °C/min for the PP film.

The contact angle of molten PP liquid on solid PES surfaces with
three different chemistries was determined using sessile drop method at
200 °C. Dense PES films were created by densifying the three PES
membranes at 200 °C under high pressure. A PP bead was prepared and
placed atop the PES surfaces and heated to 200 °C in a vacuum oven for
24 h to allow sufficient spreading of the PP on the PES. The contact angle
was imaged after the sample was cooled down to room temperature.
Three measurements were carried out for each PES surface chemistry
and the average values with standard deviations are reported.

2.2. Capillary bonding of PP film with PES membranes

For all the bonding experiments, the PP film was in direct contact
with the smaller-pore side of PES membranes. For the capillary infil-
tration kinetics study, the size of both the PES membrane and PP film
was 1.6 cm x 1.4 cm (L x W). The PP film/PES membrane assembly was
then sandwiched between two glass slides and placed in a pre-heated
oven (temperature calibrated at 180 °C and 200 °C) for a prescribed
amount of time. A convection oven (Fisher Scientific Isotemp) was used
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for bonding at 200 °C for 0.25 h, 0.5 h, and 1 h, as well as at 180 °C for
0.05 h, 0.25 h, 0.5 h and 3 h. A vacuum oven (Fisher Scientific Isotemp
model 281A) was used for all the other bonding experiments at 200 °C
for4h,12h,24 handat 180 °C for 6 h, 9 h, 12 h and 24 h. The infiltrated
samples were then quickly cooled to room temperature and used for
later characterizations.

The samples for mechanical integrity test were prepared using the
approach illustrated step-by-step in Fig. 1. (a) Three PES membranes
(duplicates) with size of 9.2 cm x 1.4 cm (L x W) were placed onto a
Kapton film (chosen for its high thermal stability) atop a glass slide. (b)
A smaller Kapton film (5.1 cm x 2.5 cm) was placed atop the PES
samples to cover 50% of the PES membrane samples. (c) Three PP film
strips with size of 8.9 cm x 1.3 cm (L x W) were placed atop PES/Kapton
film. The Kapton film creates 50% non-contact area in PP and PES
membranes, which is necessary for fixation in T-peel test later. (d) All
samples were then covered with another Kapton film to prevent adhe-
sion to the top glass slide. The assembly was then placed in the pre-
heated oven for prescribed times to create capillary bonding.

2.3. Characterization of infiltrated PP film/PES membrane regions

Cross-sections of the PP film/PES membrane samples were prepared
at room temperature using a Leica Microsystems cryoultramicrotome
(model EMUC7) with an ultra AFM MT16182 Diatome blade (a feed of
200, with a speed of 3 mm/s). The microtomed cross-sections are
smooth enough for precise determination of infiltration depth using an
optical microscope (OM, Olympus BX60). Under microscope, the PP,
PES, and PP film/PES regions can be clearly distinguished due to their
difference in light scattering/reflection. The infiltration depth was
quantified using Infinity Analyze software based on the images obtained
and length scale calibrated with standard samples. Due to the limit of the
OM resolution, infiltration depths that are lower than 10 pm (corre-
sponding to short-time infiltration) were not investigated.

To obtain microscopic pore-level details of the bonded interface, PP
film/PES membrane bonded at 180 °C for 3 min was imaged with atomic
force microscope (AFM). The microtomed sample was mounted into an
AFM (Cypher, Asylum Research) with the cross-section in contact with
the AFM tip. Prior to any measurements, optical images were taken of
the microtomed surfaces using the AFM’s built-in optics system to locate
the bonded interface. Topographic scans and force-volume mapping
measurements were taken along the PES membrane PP film/PES
membrane _PP film tri-layer regions. To image all three regions with
sufficiently high resolution, multiple scans were carried out to construct
one image. All scans were performed using a cantilever (PPP-NCHAuD,
Nanosensors) with a nominal force constant of 42 N/m and nominal
resonance frequency of 330 Hz. For force mapping, the AFM was oper-
ated in Fast Force Mapping (FFM) mode to quickly perform force curves
at each point of the scan, which had a pixel size of 9.2 nm. An inden-
tation force of 150 nN was used. The standard Hertz contact model with
a 10 nm tip radius value was used to calculate surface modulus values
for each force curve, resulting in a spatially resolved modulus map of the
sample surface [25,26].

2.4. Mechanical integrity test of the bonded PP film/PES membrane
samples

The mechanical integrity of the bonded PP film/PES membrane was
measured at room temperature using a modified T-peel test (ASTM-
D1876) using an Instron 5965 with a 5 kN load cell. The non-bonded
regions of the PP film and PES membrane were mounted onto the top
and bottom grips of the Instron machine to create the T-peel test con-
dition. The T-peel test samples were loaded until the non-bonded PP film
and PES membrane were straightened and aligned vertically with a 180°
angle between them. Next, the samples were pulled under a constant
velocity of 5 mm/min until failure. The force-displacement curves were
recorded, and the peak force was used as an effective measure of the
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**Cover with d.
another

glass slide
while in oven

Fig. 1. Schematic of sample preparation for the T-peel test: (a) PES membranes (3 duplicates) were placed onto a Kapton film supported by a glass slide. (b) A Kapton
film was placed on the PES membranes to cover 50% of each PES sample. (c) PP films (3 strips) were placed atop PES membranes. (d) The assembly in (c) was then
covered with another Kapton film and then a glass slide for the subsequent thermally induced capillary bonding experiments.

mechanical integrity.
3. Results and discussions

3.1. Thermomechanical and rheological properties of the PP film and PES
membranes

The properties of both PP film and PES membranes, which are
important to both the bonding process and the resulting mechanical
integrity are each characterized and summarized in Tables 1 and 2,
respectively. From DSC measurement, PP film has a melting tempera-
ture, Ty, of ~156 °C and a AH,,, = 98.6 J/g. Based on Eq. (3) with AH" =
170 J/g for 100% iPP crystalline [24], the iPP film used in this study has
a crystallinity value of X, = 58.0 %. Accordingly, PP is a typical
semi-crystalline thermoplastic polymer at room temperature. From
uniaxial tensile test (Fig. 2A), the PP film has a Young’s modulus (E) of
~200 MPa, a yield strength (oy) of 9.52 + 2.4 MPa, and a
strain-at-failure of greater than 500% (not shown in Fig. 2 for clarity).
The combination of toughness, thermal stability, hydrophobicity, and
cost-effectiveness makes PP a common polymer for existing membrane
devices and potential for membrane technologies in building
applications.

Thermomechanical properties of PES membranes are more complex
due to the porous structure. The porosity of the three membranes (i.e.,
PES_U, PES M and PES_T) was measured (by mass and volume mea-
surements) to be ~80%. Chemical modification did not result in
measurable alteration in porosity. Fig. 2a shows the uniaxial tensile
stress-strain curves for all three membranes, from which effective
Young’s modulus (E"), yield strength (¢*), and strain-to-failure are ob-
tained and summarized in Table 2. From prior studies, the E* and 6" of UF
and MF membranes can be described by open-cell foam analysis
developed for macroscopic porous materials [27-29].

E =E,C (l’ﬂt //70)2 4

o =0Calp /py)? (5)

where Ej (or o¢) are the Young’s modulus (or yield strength) of the bulk
polymer; p" and p, are the density of the membrane and bulk polymer,
respectively; C; is a constant (=1), while C; is a constant between 0.2
and 0.3. Using Ep = 2.4 GPa (at 40 °C) [30], C; =1, p*/ po= 0.2
(porosity = 80%), E"is calculated to be 98 MPa, which falls between the
values obtained from uniaxial tensile tests (Table 1) and DMA (=120

Table 1
Properties of PP film.
Yep' T E oy Failure Mo Mo CA
J, °C MP: MP. trai d
::;)/ (°C)  (MPa) (MPa) io:)lm 200 °C 180 °C (degree)
(Pa-s) (Pa-s)
20 156 200 9.5 >500% 290 1650 100

2 From ref. 22.

MPa). Similarly, ¢”is calculated to be 1.76 MPa, using oo = 78.9 MPa
[30] and Cy = 0.25, which is also similar to the experimental value
(1.7-2 MPa, Table 2).

DMA measurement on PES membranes (only PES M is shown in
Fig. 2b for clarity) show that the T, of the PES was ~210 °C, as
commonly reported for PES [28]. Based on these characterizations, the
capillary bonding temperature used are 180 °C and 200 °C, which falls
between the Ty, of PP film and T, of PES. Rheological properties of the PP
film at both 180 °C and 200 °C are examined (Fig. 3) with the
steady-state viscosity, 7, is measured to be 1650 Pa s and 290 Pa s,
correspondingly. From the shear rate dependency of the PP film at both
temperatures, onset of shear thinning, or nonlinear flow occurs at fre-
quency higher than 10 s~* at 180 °C and 200 °C (Fig. 3). Therefore, the
PP film can be considered Newtonian during the infiltration at both
temperatures, as the chain relaxation time (<1 s, according to the onset
of shear thinning in Fig. 3) is significantly shorter than the overall
infiltration time used in the study (ranging from 3 min to 48 h).

3.2. Miscibility and wettability of PP film and PES membrane

PP is immiscible with PES as evidenced from their large difference in
solubility parameter. The solubility parameter of PP (8pp ~ 16.6 MPa'/?)
[31] is significantly lower that of the PES (&pgs ~ 23 MPal/ 2) [32]. From
the Hilderbrand equation, the Flory-Huggins interaction parameter,
Zpp_prs at 200 °C is estimated to be ~0.48. For such a high value of y, the
mixing free energy between PES and PP is expected to be positive for
chains that are longer than 10 repeating units. In other words, no mixing
is expected between PP film and PES membrane throughout the bonding
and testing. The fundamental interfacial interaction between PP film
and PES membrane is expected to be entirely long-range van der Waals
bonding.

From water contact angle (CA) measurements, PP film is a typical
hydrophobic polymer with CA = 100° (Table 1). The hydrophilicity of
PES membrane increases in the order of PES U, PES_T, and PES M,
consistent with the hydrophilicity of the monomers used to functionalize
the membrane surfaces. To understand the capillary infiltration kinetics,
the wettability of PP film on PES membrane is needed, which can be
characterized by directly measuring the contact angles of PP on dense
PES films, Opp_pgs. Using the sessile droplet method (i.e. equilibrating a
PP droplet on a PES film at 200 °C in vacuum for 24 h), 0pp_pgs at 200 °C
were determined to be 12°, 14.5°, and 14.7° for PES_U, PES_M, and
PES_T respectively. The data confirms that PP can preferentially wet all
three PES chemistries.

It is worth noting that 0pp_pgs obtained above allow estimation of the
interfacial tension between PP and PES, ypp_pgs, whose values have not
been reported in literature to the best of our knowledge. The estimation
is based on the Young’s equation,

Yees = Yero
COSOpp_pps = LPES — VpprPES ©)

Ypp

where ypp and ypgg are the surface tension of PP and PES, respectively.
From literature, ypp = 20 mJ/m? at 200 °C [33], while ypgs = 47 mJ/
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Table 2
Properties PES membranes.
Membrane (%) E* (MPa) 6" (MPa) Failure strain (%) yPEs(mJ/mz) SpEs (MPa'’?) Opp_pES
PES_U 80 581+13 1.7 47 23 12.0
PES M 80 679+1.6 1.9 - - 14.5
PES_T 80 79.3+1.6 2.3 16.5% - - 14.7
(a) (b)
12 x . . r x x . T T T T
[~ —PES_U o) —ppP
“~—~10 r - PESM 0o = = PES_M
© - — - PES_T 7 =
o ——PP - - -
= 0 A
- 2 S 100} \ 4
7] =) !
o 3 |
- i
) = |
2 ] > i
) © ]
C i TP R =
o : : - |
- : l 0 '
‘ 10} ! 1
0 L 1 L L L L L
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0 50 100 150 200 250

Tensile Strain

Temperature (°C)

Fig. 2. (a) Uniaxial tensile stress-strain curves for PP and three PES membranes at room temperature, under uniaxial tensile loading. (b) Storage modulus as a
function of temperature for PP and PES_M, obtained from DMA measurements with a frequency of 1 Hz.

10000 T 200°C

°o 180°C

soleldlclorelelseoleieclolecieclerlocolelee el
THO®000,,

1000 +

viscosity (Pa.s)
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Fig. 3. Viscosity as a function of shear rate for PP at 180 °C and 200 °C.

m? [34] at room temperature. Assuming % ~ 0.06 mJ/(m?K), as
commonly observed for most engineering plastics [33,35], the ypgg
would be 36.2 mJ/m? at 200 °C. Accordingly, ypp_pgs at 200 °C is esti-
mated to be ~16.6 mJ/m?, 16.9 mJ/m?, and 16.8 mJ/m? for PP in
contact with PES_U, PES_T, and PES_M surfaces, respectively. These
values estimated here are similar to the reported interfacial tension
between PP and polycarbonate (surface tension close to PES) at 225 °C
(=17.4 mJ/m?) [36]. Nevertheless, above analysis confirms that PP film
preferentially wets PES with all three membrane chemistries, which
allow capillary infiltration to occur.

3.3. Capillary infiltration kinetics

Kinetics of capillary infiltration at both 180 °C and 200 °C were
determined for all three PES membranes. Even within 3 min at 180 °C,
effective infiltration and bonding was achieved between PES_U with PP

film. The thickness of the bonded PP film/PES membrane is roughly 10
pm thinner than the sum of the PP film and the PES_U, suggesting
infiltration of PP within PES pores. After soaking in chloroform over-
night to dissolve the PES, the measured thickness of remaining PP film
(after drying all the chloroform) was larger than the virgin PP film. In
addition, surface of the PP film in contact with PES membrane became
significantly rougher, and displayed vibrational signal of PES from FTIR
measurements (not shown here) due to undissolved PES trapped in the
infiltrated PP.

To characterize the pore structure of the infiltrated region, AFM
studies were carried out on the cross-section of the bonded PP film/PES
membrane. Fig. 4a shows an optical image of the microtomed sample
surface, taken from the optical microscope within the AFM. A distinct
tri-layer structure can be seen: the darker, dense region on the right is
PP, the brighter porous region on the left is the PES membrane, and the
infiltrated region (as marked) is taken to be the bonded PP film/PES_U
membrane. Using AFM, a fast force map was taken across the visible tri-
layer region. Fig. 4b shows topographic information from the scan. The
microtomed sample surface is smooth across the dense PP film and
infiltrated PP film/PES membrane regions. The un-infiltrated PES_U
membrane region, on the left, is much rougher due to its porous nature
and the difficulty of microtoming a porous material.

Fig. 4c shows the surface modulus map generated from the FFM scan.
Here, a distinct difference can be seen between PP film (dark, softer) and
PES_U membrane (light, stiffer). The porous membrane structure of PES
is visible, with pores being infiltrated by PP film up to a depth of about
7-8 pm. Due to the smooth surface seen in Fig. 4b, differences in moduli
between the two materials are reliable in the infiltrated region.
Conversely, the roughness of the PES region renders these moduli values
unreliable as height differences cause artifacts in the modulus map. The
AFM data shows a modulus of about 1.6 GPa for the PES, which agrees
reasonably well with literature value (2.4 GPa) [30]. In comparison,
AFM measurement shows a modulus of ~0.8 GPa for PP film, which is
significantly higher than the values obtained from both DMA and tensile
test (Fig. 2). The discrepancy is attributed to the difference in probing
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(a) Optical microscope image
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(b) AFM Topography Map

200

100

-100

-200

Fig. 4. (a) Optical image of the cross-section of a PES_U and PP bonded at 180 °C for 3 min, showing the tri-layer structure. (b) Topography and (¢) modulus maps of

the bonded PP film/PES membrane interface showing in (a).

frequency of the two methods (AFM measurement is 2 orders of
magnitude faster than DMA) and the uncertainty in tip/sample contact
in AFM measurements.

Importantly, Fig. 4 b and 4c show that majority of the PES pores were
filled by PP film within the infiltrated region, but some void spaces
(indicating partially filled pores) are still visible. The pore-saturation
ratio, Sy, the ratio of the filled pores to all the pores, is estimated
using image J analysis of Fig. 4c, to be 93.5%, which will be used in the
analysis of the infiltration kinetics below. In addition, the infiltrated PP
film preserves the PES membrane pore structure during the microtoming
process. From Image J analysis, PES areal fraction was ~35%, indicating
a 2D porosity of 65%. Assuming no significant in-plane variations, the
volumetric porosity within the infiltrated regions are =65%. This
surface-porosity is noticeably lower than the overall porosity (80%) of
the membranes, confirming some degree of asymmetry across the
membrane thickness.

For quantitative measurements of the infiltration depth, optical
measurements were carried out on the microtomed PP film/PES mem-
brane for a range of different bonding times. Given the resolution of the
optical measurements and uncertainty in thermal equilibration, the
infiltration time was limited to be above 3 min. Fig. 5 shows the infil-
tration depth as a function of time for infiltration of PP film within three
PES membranes at 180 °C. With 3 min of infiltration, the infiltration
depth indeed increases with the hydrophilicity of the membrane, even
though the wettability of PP film on all three membranes appear similar
(Table 2). However, no significant difference is observed between the
three PES membranes for the overall infiltration kinetics. Complete
infiltration of 180 pm thick membranes was observed for all samples
within a 2 h infiltration time.

We used both LW model and Cai model to describe the experimental
data, as shown in Fig. 5. For the LW model, values of #¢ 0pp_pgs, and ypp
are all listed in Table 2, and R = 200 nm (nominal pore size) is used.
Clearly, the experimentally observed infiltration kinetics are signifi-
cantly slower than the LW model prediction. This discrepancy is ex-
pected given that the PES membranes have interconnected, tortuous,
and non-uniform pores along the infiltration path, which is not captured
in the LW model due to its cylindrical pore assumption.

In comparison, the Cai model (Eq (2)) incorporates porous media
factors including tortuosity, pore size distribution, and porosity. The
dash line in Fig. 5 shows the predictions of the Cai model, using identical
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Fig. 5. Time-dependent infiltration depth for PP film in PES membranes at
180 °C. The data points are average values from measurements of three repli-
cate samples, and the error bars represent corresponding standard deviation.
The solid and dash lines represent the predictions of LW model (eq. (1)) and Cai
model (eq. (2)), respectively.

materials properties, 19, Opp-pEs, 7pp, as the LW model, as well as ¢ =
80%,a=1,7=1.84, Rpax =1 pm, S,, =93.5%, S; =0, and Dy =1.05.
Here, ¢ is experimentally determined; S,, is estimated using Image J
based on Fig. 4c; S; = 0 because no pore-filling prior to the infiltration;
value of t is from literature report of a microporous membrane (¢ =
80%, normal pore size = 200 nm) [37] that has similar pore size and
porosity as membranes used in this study; Dy value (for a porous medium
with ¢ = 80%) is from literature [38]. Compared with the LW model, the
Cai model prediction matches better with the experimental data.

It is worth noting that the Cai model does not capture the gradient in
porosity and pore size distribution across the membrane thickness. As
discussed earlier (Fig. 4c), the porosity near the membrane surface is
lower than the overall porosity of the membrane. In addition, cross-
sectional SEM (not shown) reveals qualitative increase of pore size
across the membrane thickness. Experimentally determined infiltration
kinetics shown in Fig. 5 is consistent with such gradient pore structure:
there appears to be an acceleration of infiltration rate after 1 h when PP
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reaches the depth of PES membranes with higher porosity and pore size.
From modelling perspective, infiltration kinetics of membranes with
such gradients in porosity and pore size can be captured by modifying
Cai model with additional parameters to account for the thickness-
dependent pore structure (¢ and Rpygy).

Fig. 6 shows the infiltration kinetics at 200 °C. Like that observed at
180 °C, no significant difference was observed for the three PES mem-
branes. Again, this is consistent with that fact that the wettability of PP
film in the three membranes is nearly identical, as reflected in the values
of Opp_pgs (Table 2). Most surprisingly, the overall kinetics for the
infiltration is slower than that observed at 180 °C (Fig. 5): it takes
approximately 10 h at 200 °C for the PP film to completely infiltrate the
three membranes compared to about 2 h at 180 °C. As infiltration
temperature increases from 180 °C to 200 °C, ng of PP film decreases
from 1650 to 290 Pa s. The driving force, capillary pressure, only de-

creases slightly with increase of temperature. For example, a 5—; ~

0.06 mJ/m? /K over 20 °C would decrease ypp by 1.2 mJ/ m?/ K, which
is a 6% reduction and is negligible compared with the 568% reduction in
viscosity. If the characteristics of the porous structure of PES membranes
remain identical at 200 °C, the capillary infiltration kinetics should be
proportionally faster than that at 180 °C, as predicted by the Cai model
(Fig. 6).

We hypothesize that this slower-than-predicted infiltration is caused
by the capillary collapse of the pore structure at 200 °C. According to
DMA measurements (Fig. 2b), the storage modulus of PES membrane at
180 °Cis 147 MPa, identical to that at 40 °C (= 144 MPa). However, the
modulus of the PES membrane starts to decrease dramatically around
200 °C (=110 MPa), reaching 10 MPa at 210 °C. Note that the modulus
values from DMA measurements is at 1 Hz. During infiltration, the time
scale is significantly longer than the DMA deformation rate, meaning
that the effective modulus of PES membrane would be much lower. With
such significant softening of PES pore walls, the capillary pressure
exerted by the wetting of molten PP can cause (partial) pore collapse,
which leads to significant reduction in effective pore size at the infil-
tration front. In well-defined lithographic structures, the critical
modulus that can resist structure collapse is [39].

E=24y,,H*/W'R* 7

where H and W are the effective pattern height and width and R is the
distance between two neighboring structures. In the membrane pore-
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Fig. 6. Time-dependent infiltration depth for PP film in PES membranes at
200 °C. The data points are average values from measurements of three repli-
cate samples, and the error bars represent corresponding standard deviation.
Correspondingly, the solid and dash lines represent the predictions of LW model
(Eq. (1)) and Cai model (Eq. (2)) using identical parameters as those for 180 °C
except viscosity. The dotted line represents Cai model prediction with Ry =
100 nm.
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wetting case, H and W can be approximated as the length and thick-
ness of the pore wall, while R is the pore diameter. Assuming H = 2 pm,
W =1 pm, and R = 400 nm, the critical modulus for pore walls to resist
pore collapse (at least partially) is approximately 48 MPa, which is
within the range of modulus of PES membrane at 200 °C (110 MPa) and
at 210 °C (10 MPa). Assuming pore-collapsing occurs during the 200 °C-
bonding, the effective pore size is expected to decrease at the meniscus
of the PP, which also leads to pore shape change and increase of tortu-
osity. Using Rmax = 100 nm, T = 2, and a = 1.2 [23], the Cai model (the
dotted line in Fig. 6) can adequately describe the infiltration kinetics
data obtained at 200 °C.

3.4. Mechanical integrity of the bonded PP film/PES membranes

To understand how infiltration depth impacts the mechanical
integrity of the bonded PP film/PES membrane, which is important for
membrane device manufacturing, T-peel tests were performed on PP
film/PES membrane bilayer samples. As shown in Fig. 7a, the unbonded
regions of the PP film and PES membrane are gripped and subjected to
peeling. The force-distance curves are recorded until failure. In standard
T-peel tests, the force would reach a plateau corresponding to the state
where the two films are steadily peeled apart [40]. Based on this steady
peel force Fy,, one can determine the interfacial fracture toughness G,
defined as the work required to separate a unit area of bonded interface
[40]. However, such force plateau is absent in our experiments. Instead,
the force first reaches a peak Fy,q, and then drops to nearly zero (Fig. 7b).
Examination of the bilayer samples after the test reveals that for ALL
bonded PP film/PES membrane samples, failure is caused by fracture of
the PES membrane before any observable debonding occurs (see the
crack marked by the arrow in Fig. 7c). In addition, the PP film remains
intact after the T-peel test, consistent with the fact that the strength of PP
film is 3-4 times higher than that of the PES membranes (Fig. 2a). It is
worth noting that other failure modes, i.e. failure between the mem-
brane and polymer, are possible depending on the mechanical strength
of the specific membrane and polymer, as well as the loading conditions.
Here, although the peak force Fp, is not directly related to the inter-
facial fracture toughness, it still reflects the mechanical integrity of the
bonded bilayer and thus is adopted as the measure of the bonding
strength.

Fig. 7d summarizes the peak force as a function of infiltration depth
for all three PES membranes, bonded at both 180 °C and 200 °C. The
average peak load ranges between 0.3 and 0.8 N for all the samples.
Neither membrane chemistry nor bonding temperature has any signifi-
cant influences over the peak force. Most interestingly, the peak load
appears to decrease with increase of infiltration depth. Specifically, a
linear regression of all the data in Fig. 7d results in, Fi,ax = —0.00861L +
0.85, with a coefficient of determination of 0.67. From practical appli-
cation standpoint, it is worth noting that both the infiltration depth and
the peak force are outputs of the actual bonding processes and are
controlled by specific bonding parameters used.

Since the failure mode is membrane fracture, the peak load reflects
the effective tensile strength of the membrane under peeling, which is
found to be 0.1-0.3 MPa using dimensions of the PES membrane in the
T-peel samples (i.e., width = 1.43 cm and thickness = 184 pm). In
comparison, the tensile strength under uniaxial tensile loading is 2.72
MPa at room temperature for as-received membrane and is 2.88 MPa
after being heated at 200 °C for 1 h. Clearly, the lower effective strength
observed in T-peel test is not caused by potential thermal degradation of
the PES membrane. Instead, it is most likely attributed to the stress
concentration could occur at the edge of the bonded/unbonded region,
which is absent in uniaxial test. In particular, infiltration of PP can
reduce the thickness of the remaining PES membrane, which reduces the
“engineering stress”, i.e. the observed peak load, at failure. Furthermore,
infiltration occurs from PES membrane surface with smaller pore size
and porosity. As a result, the remaining unfilled PES membranes have
larger pores with higher porosity, which naturally has lower strength
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Fig. 7. (a) Photograph of a bonded PP film/PES membrane sample under a T-peel test. (b) A representative force-displacement curve, from which the peak load is
determined. (c) Photograph of a PP film/PES membrane after the T-peel test. The arrow shows the fractured PES membrane. (d) Summary of peak force as a function
of infiltration depth for PP film within three PES membranes: PES_U (circles), PES_M (squares), and PES_T (triangles). The filled and empty symbols represent samples
infiltrated at 200 °C and 180 °C, respectively. The experimental values are average from three replicate samples and the error bars represent the standard deviation.

[27-29]. The contrast in PES membrane thickness and pore structure
across the edge of the bonded/unbonded region may lead to stress
concentration and hence membrane fracture.

Given that membrane fracture occurs before steady peeling, it is
reasonable to assume the steady peel force Fp,, if membrane fracture
were suppressed, should be larger than the measured peak forces (i.e.,
0.3-0.8 N). This range can be used to estimate a lower bound of the
interfacial fracture toughness G, using G, = 2F,.;/W, where W (=1.43
cm) is the width of the T-peel sample [40]. Consequently, the lower
bound of G, is estimated to be 46-123 J/m?. The actual values of G, can
be higher but cannot be determined from our T-peel tests due to the
absence of peeling. Although physically G, is more intrinsically related
to the infiltration depth, we justify adoption of the peak force as the
measure of bonding strength or mechanical integrity for two reasons.
First, the peak force reflects the load bearing capability of the bonded
membrane and is relevant from an application perspective. Second, the
definition of G, is only valid if the infiltration depth is much smaller than
the membrane thickness, otherwise one cannot define a bonded inter-
face between the PP film and PES membrane. For example, under
complete infiltration, PP film and PES membrane become completely
interpenetrated without a macroscopic bonded interface.

4. Conclusions

In this study, capillary infiltration kinetics of PP film in PES mem-
brane pores was systematically measured. PES asymmetric membranes
with three surface chemistries, ranging from hydrophobic to hydrophilic
were compared. The infiltration depth was determined by optical im-
aging of microtomed cross-sections, as a function of infiltration time for
all PP film/PES membrane systems at both 180 °C and 200 °C. The re-
sults show that surface chemistry did not have any significant impact on
the infiltration rate, because the PP film preferentially wet all three
membrane surface chemistries. By measuring the contact angle of PP on
PES, the interfacial tension of PP on PES and modified PES were esti-
mated for the first time.

Infiltration of PP in the PES membranes was observed within minutes
at 180 °C and reached the entire membrane thickness in about 2 h. The
experimental data is better described by Cai model, which takes into

consideration the interconnected pore structure, in comparison to the
basic cylindrical pore structure used in the LW model. However, the
infiltration rate at 200 °C was slower than that at 180 °C, despite that
viscosity of PP film at 180 °C is 5.8 times higher than that at 200 °C. We
hypothesize that the slow-than-expected infiltration at 200 °C is caused
by the pore deformation/collapse of PES membrane when in contact
with PP liquid due to decreased modulus of PES at 200 °C.

The mechanical integrity of the bonded PP film/PES membrane,
represented by the peak load during a T-peel test, was determined. The
results show that the dominant failure mode is the fracture of the PES
membrane. The surface chemistry and bonding temperature did not
have statistically significant impact on the peak load. Instead, the peak
load decreases with increase of infiltration depth, which is consistent
with the membrane failure being the dominant failure mechanism.

In this study, the infiltrating PP preferentially wets all three different
PES membrane chemistries. For other infiltrating polymer/membrane
combinations, surface functionalization could be a determining factor
for infiltration or non-infiltration, depending on the wetting behavior.
From modelling standpoint, the Cai model is expected to be effective in
capturing capillary infiltration of membranes with pore size up to the
capillary length of the infiltrating liquid and down to several nanome-
ters. The understanding of capillary infiltration as well as the resulting
mechanical integrity is beneficial for developing reliable membrane
bonding method for device fabrication.
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