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ABSTRACT: This article reports on the use of the Neumann triangle method combined with a focused ion
beam sample preparation technique and atomic force microscopy (NT-FIB-AFM) to measure interfacial
tension ratios in partially wetted ternary and quaternary immiscible polymer blends prepared by melt
processing. It is shown that PS/PP/HDPE, PS/PCL/PP, PLLA/PCL/PS, PMMA/PS/PP, and a quaternary
blend system comprised of HDPE/PP/PS/PMMA all display a partial wetting morphology with a three-phase
line of contact and that the interfacial tension ratios obtained by the NT-FIB-AFM approach compare well
with results obtained by the classical breaking thread method. The HDPE/PP/PS/PMMA quaternary blend,
in particular, is quite unique and displays a partial wetting morphology with spectacular PS/PMMA
composite droplets located at the HDPE/PP interface. Furthermore, all of the above data generated for
the ternary and quaternary systems also satisfy the Laplace equation. When 1% of an SEB diblock copolymer
is added to the PS/PP/HDPE system, the Neumann triangle method reveals that the PS/HDPE interfacial
tension decreases from 4.2 & 0.6 to 3.3 = 0.4 mN/m, with an estimated apparent areal density of 0.19 £ 0.07
molecule/nm? of copolymer at the PS/HDPE interface. The results presented in this paper show that it is
possible to generate complex morphologies demonstrating partial wetting for a wide range of polymer blend
systems with a relatively simple experimental approach. Furthermore, it allows the measurement of the
interfacial tension ratios of a matrix-dispersed phase blend system examined in situ after melt processing. The
apparent areal density of a copolymer interfacial modifier can also be estimated. This is an important result,
since it is still a challenge to measure the variation of the interfacial tension as a function of the copolymer

areal density in multiphase polymer blends.

1. Introduction

The controlled formation of complex microstructured multi-
phase materials i is an important area of research in advanced
materials science.' * In immiscible multiphase polymer blends
prepared by melt processing, morphology development is in part
controlled by the interfacial properties between the phases, more
specifically by the interfacial tensions between the components.
Although a good number of methods available to measure the
interfacial tension between two immiscible homopolymers have
been reviewed recently,>® virtually all of these techniques require
dedicated ex-situ experimental setup, and most cannot be used
directly on melt-processed blends. In binary blends having a
matrix/dispersed phase morphology, interfacial tensions calcu-
lated with rheological measurements have yielded very interesting
results for uncompatibilized and compatibilized systems.” '°
However, the mathematical formalism is relatively heavy, the
experimental conditions can be quite restrictive since the droplets
diameter must remain uniform and constant in size during
measurements, and the addition of a compatibilizer complicates
the analysis even more due to the copolymer concentration
gradients that develop during flow at the interface.

No work to date has measured the interfacial tension in situ
in polymer blend systems after melt mixing by simply using
the blends” morphological features. Furthermore, the effect of
interfacial modification on complex morphology formation in
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ternary and quaternary blends has only been marginally addressed
in the literature to date.'’ 2! Ternary immiscible homopolymer
blends have a definite potential to address these topics. The
relative positions of the A, B, and C phases within the blend can
be predicted by using a set of three spreading coefficients 4 yk -2

Aapc = Vac —(VaptVsc) (la)
Aacs =Vap ~(VactVsc) (Ib)
Aac = Vpc —(VaptVac) (Ic)

where the y values are the interfacial tensions between the
different phases. Each spreading coefficient gives the tendency
of one phase to spread and form a continuous layer at the
interface of the other two. For example, A pc gives the tendency
of phase B to spread and form a layer at the interface of phases
A and C. If phase B spreads between A and C, it is said that
phase B completely wets the AC interface and the corresponding
spreading coefficient will be positive, while the other two will be
negative. Following this analysis, four types of microstructures
can result depending on the signs of the spreading coefficients.
Figure 1a—c shows the three possible morphologies correspond-
ing to complete wetting. In each case, the relevant spreading
coefficient is positive, while the other two are negative. The
fourth possible morphology appears when the three spreading
coefficients are negative. In that case, none of the three polymers
spreads and forms a complete layer at the interface of the other
two. Instead, all three polymers meet along a common line of
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Figure 1. Possible morphologies in a ternary system composed of two minor phases A and C (in black and gray) and one major phase B (white), as
predicted by the signs of the spreading coefficients. From (a) to (c), morphologies displaying complete wetting, in which phases C, B, and A respectively
wet the AB, AC, and BC interfaces. In (d), morphology exhibiting partial wetting, in which none of the phases locates between the other two, resulting in

a 3-phase line of contact.**
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Figure 2. Geometrical parameters of a ternary blend displaying partial
wetting.>* 04, O, and O¢ are the contact angles between the phases at
the line of 3-phase contact, and yap, yac, and ypc are the three
interfacial tensions. The radius of curvature r; of the interfaces and
the angles ¢;; are characteristic geometrical parameters of this micro-
structure.

contact, called the 3-phase line. In that case, each polymer phase
is adjacent to the other two, resulting in a partial wetting type of
morphology, as shown in Figure 1d.

Torza and Mason**** have calculated the equilibrium geome-
try of contact between three immiscible phases displaying partial
wetting when the effect of the 3-phase line of tension is negligible
(Figure 2). For this type of microstructure, the equilibrium is
reached when both the Laplace and the Neumann equations are
satisfied.>*?® The Laplace equation relates the pressure differ-
ence across a curved interface to the interfacial tension and the
curvature of the interface. For partial wetting, three Laplace
equations have to be satisfied, since there are three distinct

interfaces AB, AC, and BC:

2

Pa—PB = ,?;;B (2a)
2y

pa—pc =} (2b)
2

pPc—pp = % (2¢)

where pa, pp, and pc are the internal bulk pressures of the
homopolymer phases and rap, rac, and rpc are the radius of
curvature of the corresponding interfaces. Furthermore, the three
interfacial tensions act perpendicularly to the line of 3-phase
contact and equilibrium along it is reached when the vector sum
of the three interfacial tensions equals zero:

R
VAtV act Ve = 0 (3)

This equation corresponds to the simplified form of the Neu-
mann triangle relation.?*%° At equilibrium, the three tensions
(or phases) define three contact angles 6; from which one can
calculate the three interfacial tension ratios I's, I'g, and T'c:?’

_ Yac _ sinOp
Ly = Yap  SinOc (4a)
_YBc _ sinOy
[y = Y4 sinOc (4b)
I = Yec _ sin Oy (4c)

- Yac T sin 0/;

In order to be able to use the Neumann triangle method, a ternary
blend must display at equilibrium a partial wetting type of
morphology in which a 3-phase line of contact is formed. As
indicated above, such morphologies are predicted when all three
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spreading coefficients are negative. It is afterward possible to
obtain the absolute values of the interfacial tensions if at least one
tension out of the three has been measured with another method,
such as the breaking thread.

Although complete wetting has been reported in a certain
number of articles,’**'**™* very few have reported partial
wetting in ternary polymer blends.'”'*** In a recent article,*®
we showed that PS/PP/HDPE ternary blends exhibit partial
wetting and that it is possible to control the complete/partial
wetting behavior by the addition of a suitably chosen interfacial
agent. This led to the formation of a striking new type of
morphology in which the PS droplets are exclusively located at
the HDPE/PP interface, forming a very dense array similar to a
Pickering emulsion or a bijel. Horiuchi et al.'” observed partial
wetting in ternary polymer blends of polyamide-6/polycarbo-
nate/polystyrene (PA6/PC/PS) and polyamide-6/polycarbonate/
styrene—(ethylene—butylene)—styrene triblock copolymer (PA6/
PC/SEBS). They induced a morphological transition from partial
to complete wetting by using PS and SEBS grafted with maleic
anhydride (PS-g-MA and SEBS-g-MA). By reacting at the
interface with the PA6, a copolymer was formed, lowering the
PS/PA6 or SEBS/PAG interfacial tension and inducing the
complete encapsulation of PC by PS or SEBS.

In addition, a few articles report the use of the Neumann
triangle method to measure interfacial tensions between different
polymer pairs in a layered geometry. Hyun et al..*” Kim et al.,*®
and Zhang et al.** have measured interfacial tensions in ternary
combinations of polypropylene/polystyrene/poly(methyl metha-
crylate) (PP/PS/PMMA) and polystyrene/poly(butylene tere-
phthalate)/poly(methyl methacrylate) (PS/PBT/PMMA) with
and without the addition of a small amount of poly(styrene-co-
glycidyl methacrylate) (PS—GMA). For this last case, the
PS—GMA reacts with the PBT to form a PBT-graft-PS copoly-
mer, lowering the PS—PBT interfacial tension. This modification
significantly changed the contact angles between the phases,
confirming the sensitivity of the Neumann triangle method to
measure variations of the interfacial tensions.

The objectives of this article are to investigate the applicability
of the Neumann triangle method and Laplace equation, com-
bined with a focused ion beam sample preparation and atomic
force microscopy analysis,*” in measuring interfacial tension
ratios in situ in ternary and quaternary immiscible homopolymer
blends demonstrating partial wetting and prepared by melt
processing. The effect of an interfacial modifier on the interfacial
tension ratios is also considered.

2. Experimental Methods

2.1. Materials. Seven homopolymers and one diblock copo-
lymer were used. A barefoot resin of high-density polyethyl-
ene, HDPE 3000, was supplied by Petromont. Polypropylene
PP PD702 was obtained from Basell and polystyrene PS
615APR from Americas Styrenics. Poly(methyl methacrylate)
200336 (PMMAI1) was supplied by Aldrich and used for the
prepared blends, while PMMA IRD-2 (PMMAZ2) was from
Rohm and Haas and was used for the breaking thread measure-
ments. Poly(e-caprolactone) (PCL 6800) and a poly(L-lactide)
(PLLA) were from Solvay-Interox and Boehringer-Ingelheim,
respectively. SEB CAP4741, a commercial 1,4-hydrogenated
styrene-block-(ethylene—butylene) diblock copolymer, was
supplied by Shell. The materials characteristics are listed in
Table 1.

2.2. Rheology. The rheological characterization of the homo-
polymers was performed using a SR-5000 constant stress rhe-
ometer from Rheometrics operated in the oscillatory mode.
A parallel plate geometry with a gap of 1.0 mm under a nitrogen
atmosphere was employed. The stability of the pure materials
was measured at 1 Hzand 200 °C. Stress sweeps were performed
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Table 1. Materials Characteristics

melt index”  #* x 1072

M, x 1073% (g/10min) (Pas)at200°C 5, x 1073
polymers (g/mol) (ASTM) and25s”!  (Pas)at 200 °C
HDPE 8.1 0.42 1.1
PP 89 35.0 0.27 0.71
PS 95 (M) 14.0 0.49 4.04
PMMA 1° 7.8
PMMA 2’ 46.8 5.5 7.0 35.8
PLLA® 5.0 20
PCL 69 3.0 1.0 1.1
SEB 21.0-b-46.0

4 Obtained from suppliers. ® Refs 31 and 32, M, determined by GPC.
¢ Reference 64.

to identify the region of linear viscoelasticity of the materials.
Frequency sweeps were used to obtain the zero-shear viscosity
of the pure homopolymers, which has been approximated using
the modulus of the complex viscosity at low frequencies when
the plateau value was reached. In all cases, the loss angles were
sufficiently near 90° to consider the homopolymers as nonelastic
Newtonian fluids. The rheological properties are reported in
Table 1.

2.3. Blend Preparation. The blends and the volume fractions
of each constituent are listed in Table 2. Blends 1, 2, and 4 were
prepared in a Plasti-Corder Digi-System internal mixer from C.
W. Brabender Instruments Inc. at 200 °C and 50 rpm for 8 min
under a constant nitrogen flow. The PLLA/PCL/PS blend
(blend 3) was mixed for 7 min.

The PS/PP/HDPE blend modified with 1% SEB copolymer
(based on PS content, blend 5) was prepared in two steps to
maximize the migration of the SEB copolymer to the HDPE/PS
interface. Pure PS was initially blended with 1% SEB (based on
the PS volume content) at 180 °C and 50 rpm for 5 min under a
constant nitrogen flow and then quenched in cold water. The
ternary blend was subsequently prepared with the required
amount of PS + SEB at 200 °C and 50 rpm for 8 min under a
constant nitrogen flow.

A small amount (0.2 wt %) of Irganox B-225 from Ciba-
Geigy was added to all blends in order to prevent thermal
degradation. After melt processing, the blends were first
quenched in cold water to freeze-in the morphology.

2.4. Breaking Thread for Interfacial Tension Measurement.
In order to obtain reference values of the various interfacial
tensions, all binary blend permutations were measured using
the breaking thread method (BT),*'** except when specified.
For the yps/uppe, ¥ps/pp, and yps/pcr interfacial tension mea-
surements, PS threads with diameters ranging from 30 to 60 um
were first annealed at 120 °C for 24 h under vacuum to remove
the residual stress. They were subsequently sandwiched be-
tween HDPE, PP, or PCL films, respectively. For the ypp/uppe
interfacial tension measurement, PP threads were sandwiched
between HDPE films. Forthey, . ‘tension, PMMA2 threads
with diameters ranging from 30 to 60 um were first annealed
at 100 °C under vacuum to remove the residual stress and
were then sandwiched between PP films. Finally, ypcrpp Was
measured by sandwiching PP fibers between PCL films.
Measurements were performed at 200 °C using an Optiphot-2
microscope from Nikon and a Mettler FP-82HT hot stage
connected to a Mettler FP-90 central processor. Digital
images were captured and analyzed using Streampix v.III and
Visilog v.6.3 software applications, provided by Norpix. The
interfacial tensions y are obtained by using the following
equation:

_ qanO
V= Q (5)

where ¢ values are the slopes in the data shown in Figure 3, 77, is
the viscosity of the polymer films used for the experiment, Dy is
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Table 2. Ternary and Quaternary Blends and Their Compositions

polymer A polymer B polymer C polymer D
blend composition (vol %) composition (vol %) composition (vol %) composition (vol %)
1 PS PP HDPE
10 45 45
2 PS PCL PP
4 53 43
3 PLLA PCL PS
10 45 45
4 PMMA PP PS HDPE
5 45 5 45
5 PS PP HDPE SEB
10 45 45 1 g/100 mL PS
a) 25 Table 3. Interfacial Tensions Obtained by the Breaking Thread
PCL/PP Method
20 polymer pairs no. of measurements N interfacial tensions y (mN/m)
PMMAZ2/PP|
s PS/HDPE 5 4.9£0.6
% 154 PS/PP 5 3.54£0.2
3 PP/HDPE 2 1.9£0.5
3 PS/PCL PMMA/HDPE 8.6£0.9°
3 10 PMMA /PP 4 57+1.0
5 . PMMA/PS 2.440.3%
PCL/PP 12 58+ 1.0
5 ° ° PS/PCL 7 244+0.6
PLLA/PS 5.8+40.6°
PLLA/PCL ¢
0 " " j ' “From ref 31. ” Average from refs 64 and 65. ° Not measured due to
0 500 1000 1500 2000 2500 degradation issue.
Time (sec)
b) PS/PP seems to exist in the literature.*® The spreading coefficient values
o for each blend are reported in Table 4.
PS/HDPE 2.5. Scanning Electron Microscope Observations. Samples
were initially cryogenically microtomed using a Leica RM2165
=) microtome equipped with a LN21 cooling system. For SEM
= PP/HDPE observations, the PS phase was subsequently extracted at room
54 temperature for 3 days using cyclohexane as a selective solvent
3 and then dried for 2 days at 60 °C under vacuum in an oven. The
= samples were then coated with a gold—palladium layer by
plasma sputtering. SEM observations were conducted using a
JEOL JSM 840 scanning electron microscope operated at 10 kV
and 6 x 107" A.
2.6. Focused Ion Beam Sample Preparation and Atomic
0 ' ' ' Force Microscopy Analysis. The combination of focused
0 100 200 300 0

Time (sec)

Figure 3. Typical examples of breaking thread results used to calculate
the interfacial tensions for (a) PMMAZ2/PP, PCL/PP, and PS/PCL pairs
and (b) PS/HDPE, PS/PP, and PP/HDPE pairs.

the initial fiber diameter, and €2 is a tabulated function given in
Tomotika’s article.*! Relative distortion amplitudes o/a of the
fibers, where o is the distortion amplitude (Dmax — Dimin)/=, at
the beginning of the measurements and o is the distortion
amplitude (Dpax — Dmin), at time ¢, are shown in Figure 3 for
some homopolymer pairs. Between 4 and 10 measurements were
obtained for each tension. Since the yppyppg tension is parti-
cularly more difficult to measure using this technique, only two
values were considered reliable. The polymers were initially
blended with Irganox B-225 (0.2 wt %) to prevent thermal
degradation during the experiment. The average interfacial
tensions and standard deviations o, along with the number of
measurements N, are reported in Table 3, and their relative
magnitudes are generally comparable with other reported
results when available,'7:!820:21317334344 oy copt for the PS/
PCL tension. However, only one reference reporting this value

ion beam (FIB) and AFM has been shown in a previous article®
to result in an outstanding contrast between the phases for
morphology analysis. Before the FIB/AFM procedure, sam-
ples from each blend were annealed at 200 °C under quies-
cent conditions: 5 min for blend 3 and 30 min for the others.
They were subsequently plunged into cold water to freeze-in
the morphology. This rapid quench approach cools the samples
in a matter of seconds. Samples for the focused ion beam
(FIB) preparation were then cryogenically microtomed, and
a gold—palladium layer was deposited on the samples by
plasma sputtering. Finally, the surface of the specimens
was prepared with the focused ion beam. The FIB surface
etching was performed using a Hitachi 2000A Ga™ focused
ion beam operated at 30 keV and 3 nA, with an etching window
of 120 x 10 um? and a dwelling time of 3 us. The etched sur-
face was then analyzed with an AFM in tapping mode using
a Dimension 3100 scanning probe microscope from Veeco
Instruments equipped with a Nanoscope [Va control module.
Tips model PPP-NCH-W from Nanosensors, with a resonance
frequency of 204—497 kHz, a force constant of 10—130 N/m,
length and width of 125 £+ 10 um and 30 £ 7.5 um, tip height
of 10—15 um, and radius <10 nm, were used. Topographic
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Table 4. Spreading Coefficients Based on the Breaking Thread Measurements”

spreading coefficients

ternary A (mN/m) (based on
polymer blend breaking thread)
PS/PP/HDPE AHDPE PS/PP —6.54+1.3 partial wetting
AHDPE/PP/PS —05+1.3
/.PP/HDPE/PS —33+13
PS/PCL/PP App/ps/pCL 0.1+ 1.8 partial wetting
Zpp/pCL/PS —47+18
ApCL/pP/PS —63+1.8
PMMA/ ApP/PMMA /PS —4.6+1.5 partial wetting
PP/PS
App/PS/PMMA —-02+1.5
ApS/PP/PMMA —6.8+1.5
HDPE/PS/ AHDPE/PMMA/PS —6.1£1.8 complete wetting PS spreads
PMMA between HDPE and PMMA
AHDPE/PS/PMMA 1.3+1.8
APS/HDPE/PMMA —11.1+1.8
PMMA/ AHDPE/PMMA /PP —11.5+2.1 complete wetting PP spreads
PP/HDPE between HDPE and PMMA
AHDPE/PP/PMMA 1.9+ 2.1
/PMMA/HDPE /PP —5.7+2.1

“The coefficients in italics indicate that complete wetting is expected in these ternary systems.

(height) images were subsequently treated with the AFM
software to remove the effects caused by inclination of the
samples and the curtain effect produced by FIB surface
preparation.

2.7. The Neumann Triangle Method for Interfacial Tension
Analysis. 2.7.1. Method. The Neumann triangle method (NT)
was applied on the FIB-AFM images obtained from the blends
previously annealed at 200 °C and subsequently quenched in
cold water. This approach will be designated as the FIB-AFM-
NT method or NT method. For each blend, the homopolymers
used for the Neumann triangle analysis are identified by the
letters A, B, and C (Table 2). For example, in blend 1 (PS/PP/
HDPE), A=PS, B=PP, and C=HDPE. The contact
angles are 05 = Ops, O = Opp, and Oc = Oyppg. The interfa-
cial tension ratios are 'y = I'pg, 'y = I'pp, and I'c = 'yppr
(eqs 4a—4c), while the absolute interfacial tensions are yap =
¥Ps/pP> YAC = Yps/HDPE, aNd YBc = Ypp/uppE. A similar identi-
fication procedure is used for the other blends.

Figure 2 shows the geometric construction used to determine
the contact angles and the interfacial tensions ratios.”* The AB,
AC, and BC interfaces are first completed to full circles, and
their origins are joined by a common segment defining the
symmetrical axis of rotation. Following this, the origin of each
circle is joined to the line of 3-phase contact by the radius of
curvature rag, rac, and rgc. The angles ¢pap, dac, and ¢pc are
comprised by the axis of symmetry and the radius of curvature
joining the circles’ origins to the 3-phase line of contact. The
contact angles 64, 0, and O¢ are calculated using the following
equations:

04 = QuctT—d4p (6a)
Op = daptdpe (6b)
Oc =7 —=d 0 —bpc (6¢)

This approach was used because of the difficulty in directly
tracing tangent lines at the 3-phase line of contact. Finally,
knowing the 6, angles, the interfacial tension ratios I'; were
calculated using eqs 4a—4c. Note that ¢pc tends to zero and rgc
tends to infinity when phase C changes from a minor to a major
phase, and eqs 6a—6c¢ can then be simplified. This simplification
has been used for blends 1, 3, 5, and 6. More details concerning
the geometrical analysis are given in ref 24.

The number of measurements N, the average contact angles,
and the associated standard deviations are given in Table 5 for

Table 5. Number of Measurements /N, Average Contact Angles, and
the Corresponding Standard Deviations for Each Blend

blend no. of measurements N 0, (deg) Op (deg) Oc (deg)
1 34 17146 48+ 12 141410
2 20 4448 1504+ 7 16645
3 42 14447 78+11 1394+ 10
4 28 161+9 17244 30+9
5 39 165+9 107+ 10 88+ 12

Table 6. Average Interfacial Tension Ratios and Standard Deviations
for I, I'g, and I'c Obtained by the FIB-AFM-NT Method Compared
with the Breaking Thread Method Results

FIB-AFM-NT breaking thread
blend FA FB FC FA FB rc

1.2+0.1 03+0.15 02+0.1 1.4+0.3 0.5+£0.3 0.39+£0.15
22+£0.5 3.0£05 14401 1.5+£0224+£02 1.7£0.5
1.5+£02 09+0.2 0.6+0.1 0.41+0.15
04+£0.15 0.7£02 2.1£1.1 05£0.1 0.7£0.1 1.54+0.3
0.95+0.05 0.3 4+0.15 0.3+0.15

[ N O S

each blend. The average interfacial tension ratios and the
associated standard deviations are reported in Table 6. Finally,
the ratios calculated with the breaking thread measurements are
also reported in Table 6 for comparison purposes.

2.7.2. Sensitivity Analysis of the NT Method. A sensitivity
analysis for the FIB-AFM-NT method was conducted in order
to verify how much I varies for a small variation of 6. The first
partial derivatives of each interfacial tension ratio I'w(0;0))
(eqs 4a—4c) were calculated for each blend. They are

ol __ cos 0; AG;

86,' - sin 0] (73.)
oy _ —cos 0; sin 0; AD;

a0, (sin 0,-)2 (7b)

The sensitivity is calculated by using the quadrature of the two
partial derivatives with the standard deviations Af; and A6, on
the average experimental contact angles. In most cases, the
calculated sensitivities are similar to the reported experimental
errors on I';.. As expected, I varies rapidly when a contact angle
is either near 0° or 180°. These tendencies are representative of
the results presented in Tables 5 and 6.

2.7.3. Contact Angle Values When the 3-Phase Contact Line Is
Cut Nonperpendicularly. During the FIB milling step, the line of
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Figure 4. FIB-AFM topographical images of blends 1—4 displaying partial wetting between the components: (a) PS/PP/HDPE (blend 1),
(b) PS/PCL/PP (blend 2), (c) PLLA/PCL/PS (blend 3), (d) PMMA/PP/PS/HDPE (blend 4).

3-phase contact is not necessarily cut perpendicularly and the
measured contact angles are not the real ones, but apparent
ones. An initial verification of this effect on the average I values
was done by conducting a simple simulation with a system
geometrically similar to blend 1, with a droplet of phase A at a
planar BC interface. Initial values were assigned to the three
interfacial tensions (similar to the experimental ones obtained
for blend 1, with YAC = 42, YAB = 35, and YBC = 1.1 mN/m),
and the three real contact angles and interfacial tension ratios
for the simulated system were calculated.?*

Following this, the simulated droplet was cut 67 times at
different positions along the line of contact with varying or-
ientations in order to calculate the average apparent contact
angles and interfacial tension ratios. The results suggest that
experimental measurements will, on average, yield interfacial
tension ratios within 5—15% of their true values. Furthermore,
the simulated standard deviations on average 6 and T values
compare very well with the experimental standard deviations,

suggesting that the distributions around the average values
come principally from this nonperpendicular cutting effect.
More details on these results are given elsewhere.*¢

3. Results and Discussion

3.1. Morphology after Quiescent Annealing. Figure 4
shows the morphology of blends 1—4 after melt processing
and 30 min of quiescent annealing time. As reported in a
recent article from this group,’® PS/PP/HDPE ternary
blends display a partial wetting type of morphology with a
3-phase line of contact (Figure 4a). At a 10/45/45 vol %
composition, the resulting morphology consists of PS dro-
plets located at the HDPE/PP interface with a fraction
remaining in the PP phase. The location of the PS droplets
at the PP/HDPE interface is predicted by the three negative
spreading coefficients (Table 4), and their affinity for the PP
side of the PP/HDPE interface is expected since the PS/PP
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interfacial tension is lower than the PS/HDPE one. Further-
more, it is relevant to note that the spreading coefficient
Auppe/ppps is only slightly negative. This may explain why
PS droplets are also observed in the PP phase, since visco-
elastic forces might be strong enough in that case to pull PS
droplets into the PP phase during the melt processing step.

A similar result is obtained for the PS/PCL/PP 4/53/43
blend (blend 2, Figure 4b). PS droplets are observed at the
PCL/PP interface, as predicted by the corresponding spread-
ing coefficients (Table 4). In contrast, PLLA droplets are
observed at the PCL/PS interface in the PLLA/PCL/PS
10/45/45 blend (blend 3, Figure 4c). The spreading coeffi-
cients could not be calculated in this latter case since there
was no available data on the PLLA/PCL interfacial tension.
However, it is reasonable to assume that this tension is
relatively low since Sarazin et al.*’ have shown that PCL
forms submicrometer droplets in a PLA matrix.

For the quaternary blend PMMA/PP/PS/HDPE (blend 4,
Figure 4d), the analysis is more delicate since one set of three
spreading coefficients is not enough to predict the resulting
morphology. However, we can analyze the spreading coeffi-
cients of the four different ternary combinations in order
to understand the resulting microstructure (Table 4). In
ternary HDPE/PS/PMMA blends, complete wetting is the-
oretically predicted and experimentally observed, with the
PS spreading at the HDPE/PMMA interface.?*'*? PMMA
is then completely separated from the HDPE, as the sche-
matics of Figure la.c illustrate. The spreading coefficients
for the PMMA /PP/PS blend predict a partial wetting type of
morphology. As a result, the minor phases of PS and PMMA
dispersed in PP should give composite droplets of PS and
PMMA, but with the two minor phases in contact with each
other and the PP phase along a common line of contact, as
the schematic of Figure 1d illustrates. For the PS/PP/HDPE
combination, the PS is in contact with both the HDPE and
the PP, as in blend 1 and as predicted by the corresponding
spreading coefficients. Finally, for the PMMA/PP/HDPE
ternary system, Auppe/pp/pMmma 18 positive, which means that
the PMMA should be completely separated from the HDPE
by the PP phase. The FIB-AFM image of Figure 4d shows
that all these tendencies are respected. The PMMA phase
is completely separated from the HDPE and is in contact
with the PS and the PP along a common line. In this case,
the four sets of spreading coefficients support each other and
seem to drive the morphology toward the equilibrium state.
However, it is quite possible that other quaternary combina-
tions could present conflicting sets of spreading coefficients,
which would make the morphology analysis more delicate.
Furthermore, more complex rnorphologies not predicted by
the spreading coefficients, could arise in quaternargr blends
such as the formation of a 4-phase line of contact.

Finally, these results clearly show that partial wetting can
be expected to be a frequently observed morphology in
ternary and quaternary blends.

3.2. Measurement of the Interfacial Tensions Using the
Neumann Triangle Method Combined with FIB and
AFM. 3.2.1. Unmodified Ternary and Quaternary Systems.
In a ternary system, partial wetting between the components
is a necessary condition in order to use the Neumann triangle
method to measure the interfacial tension ratios. As shown
in the preceding section, blends 1—4 do satisfy this prerequi-
site. The Neumann triangle method was applied follow-
ing the FIB-AFM-NT protocol described in section 2.7.
Figure 5 and Figure 6 show examples of the geometric
constructions used to measure the contact angles for the
PS/PP/HDPE and PMMA/PP/PS ternary combinations
(blends 1 and 4).
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Figure 5. Example of the geometrical construction used to measure the
interfacial tension ratios for the PS/PP/HDPE ternary blend (blend 1).
(a) Original FIB-AFM image. (b) Circle fitted on the PS/HDPE inter-
face (in white), with the corresponding angle ¢psuppr and radius of
curvature rpgyppg joining the circle’s center to the line of 3-phase
contact. (c) Addition of the circle fitted on the PS/PP interface (in black)
with the corresponding angle ¢pspp and radius of curvature rpgpp
joining the circle’s center to the line of 3-phase contact. Note that the
PP/HDPE interface is planar, so that the angle ¢ppyppg = 0 and the
radius of curvature rpp/uppg = .

PMMA

PMMA 4

I
1 ¢ PMMA/PP
¢I"\l.\l.\e|’.\

Figure 6. Example of the geometrical construction used to measure the
interfacial tension ratios for the PMMA/PP/PS ternary combination in
the PMMA/PP/PS/HDPE quaternary blend (blend 4). (a) Original
FIB-AFM image. (b) Circle fitted on the PMMA/PS interface (in
black), with the corresponding angle ¢pyma ps and radius of curvature
rpmma,ps joining the circle’s center to the line of 3-phase contact. (c)
Addition of the circle fitted on the PMMA/PP interface in white with
the corresponding angle ¢pnvma/pp and radius of curvature rpyinvia/pp
joining the circle’s center to the line of 3-phase contact. (d) Similar
procedure for the PP/PS interface in gray.
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The ¢;; angles were measured manually with a precision
of £1°, and the 6, angles were subsequently calculated using
eqs 6a—c. The interfacial tension ratios 'y, I'g, and I'c, as
defined in eqs 4a—c, were calculated. For comparison pur-
poses, the interfacial tension ratios were also calculated using
the interfacial tensions measured with the breaking thread
(BT) method. The number of measurements N, the average
values, and the standard deviations of the interfacial tension
ratios are reported in Table 5 and Table 6.

For the PS/PP/HDPE blend (blend 1), I'n =Ips=

vps/uppe/Ypspps I's = I'pp = ¥pp/HDPE/YPS/PPs and T'c =
FHDPE = ‘yPP/HDPE/VPS/HDPE' The values in Table 6 obtained
by the FIB-AFM-NT method compare very well with the
results obtained with the breaking thread method. As
pointed out in the Introduction, it is possible to calculate
the absolute interfacial tension values from the ratios if at
least one tension value out of three has been measured with
another technique, such as the breaking thread. Using
yppps = 3.5+ 0.2mN/m (N =35, Table 3) from the breaking
thread technique results in ypgpppe = 4.2 £ 0.6 and
yppuppe = 1.1 & 0.6 mN/m from the Neumann triangle
approach. These latter values compare well with other
reported values in the literature.'®20-2131733.4344 Note that
it is important that accurate interfacial tension data be used
to calculate the other two tensions using the Neumann
triangle ratios.

The standard deviations for the results obtained by the FIB-
AFM-NT method are between 0.1 and 0.15, while they are a
little bit higher for the breaking thread method. In the case of
very small interfacial tension ratios, as for I'pp and I'yppg, the
associated standard deviation becomes important when com-
pared to the value of the interfacial tension. For the case of the
breaking thread method, this comes primarily from the value
of yppmppE since the associated standard deviation is already
large compared to the average value of the interfacial tension
(yppuppe = 1.9 £ 0.5 mN/m). In the case of the FIB-AFM-
NT method, the error principally comes from the value of sin
Ops (0.18 £ 0.09), since Opg is close to 170°. It appears that for
contact angles near 180° or 0° the standard deviations have a
greater impact on the associated relative errors, while the
absolute values are comparable.

Note that in some cases debonding between the PP and PS
phases is observed. This is probably due to the contraction of
the PP and HDPE phases when they recrystallize during
quenching. However, this does not seem to affect signifi-
cantly the curvature of the PS droplets (Figure 5). This
debonding must be happening at a relatively low tempera-
ture (Tmeiiing(HDPE 3000) ~ 120° and T epiing(PP PD702) ~
160°) so that the morphology is difficult to deform. Further-
more, measurements between particles exhibiting voids and
those without voids show very similar results.

Blend 2 (PS/PCL/PP) also shows a good correlation between
the interfacial tension ratios obtained from the Neumann
triangle and the breaking thread methods in Table 6, although
for the FIB-AFM-NT method, I'ps > I'pp (2.2 > 1.4), while it
is the opposite for the breaking thread with I'pg < I'pp (1.5 <
1.7). Since I'ps = yps/pp/¥ps/pcr and Ipp = ypcr/pp/Yps/pps this
inversion could be due to an underestimated ypg/pp value using
the breaking thread method (3.5 mN/m). With a value around
4.0 mN/m (more typically observed in the literature), this
inversion disappears. This result clearly highlights the sensitiv-
ity of the analysis on the values of the interfacial tension ratios
and therefore reinforces the need for an in situ measurement
approach.

For blend 3 (PLLA/PCL/PS), the comparison between
the Neumann triangle and the breaking thread method cannot
be performed because ypra/pcr is unknown due to degrada-
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tion issues during the BT experiment. To our knowledge, this
interfacial tension value is not available in the literature.
However, it is of great interest to see in Table 6 that the
FIB-AFM-NT approach reveals that yprpapct = 2.7 =
1.3 mN/m and yprpaps = 4.0 £ 1.7 mN/m (5.8 mN/m by
the BT) by using a value of ypcy ps = 2.4 £0.6mN/m (N = 7,
BT value) with I'pcr and I'ps, respectively. Concern should be
taken with regard to the possible degradation of the PLLA,
even if quiescent annealing was performed for only 5 min.
Furthermore, the question of whether or not local equilibrium
along the 3-phase line of contact is reached after such a short
time of annealing is addressed in a following section.

Finally, for the quaternary blend (blend 4, PMMA/PP/
PS/HDPE), both the FIB-AFM-NT and the breaking
thread methods in Table 6 give similar results. Using the
FIB-AFM-NT method and a value of ypgpp = 3.5 &
0.2 mN/m (BT), it is found that yppmaps = 1.7 £ 1.0 mN/m
and ypmma,/pp = 5.0 £ 0.8 mN/m, which are comparable with
the respective breaking thread values of 2.4 4+ 0.3 and 5.7 £
1.5 mN/m.

In summary, the NT and BT methods generally reveal the
same overall trends; moreover, the interfacial tension ratios
agree within the error margin except for the notable case of
I'ps of blend 2. The Neumann triangle method combined
with the FIB-AFM method thus seems sensitive enough
to measure the interfacial tension ratios in melt-processed
polymer blends when a partial wetting type of morphology
is obtained. This approach could prove extremely useful
when other methods are difficult to use, as in the case
of the PLLA/PCL interfacial tension where polymer
degradation is an issue. It allows, for the first time, the
in situ measurement of the interfacial tensions of a blend
system after melt processing using simple microstruc-
tural features. It would also be interesting to investigate
the possibility of using this method when complex fluids
are involved, like thermoplastic starch, liquid crystals, or
for the case of solid/liquid solutions such as Pickering
emulsions. Note that it is not expected that minor tem-
perature variations would have a significant effect on these
data since, as pointed out by Wu,*® the temperature
coefficient of interfacial tensions is usually smaller than
—0.03 mN/(m °C).

3.2.2. Effect of the SEB Copolymer on the Morphology and
the Interfacial Tension. The addition of an SEB diblock
copolymer to blend 1 (PS/PP/HDPE) significantly modifies
the morphology and the geometry of contact between the
phases. It decreases the PS/HDPE interfacial tension and
displaces the PS droplets from the PP side to the middle or
the HDPE side of the PP/HDPE interface (Figure 7). From a
simple analysis based on the spreading coefficients, it has
been shown recently that in order for the PS droplets to
relocate on the HDPE side of the interface the HDPE/PS
interfacial tension should decrease to a value between 3.5 and
1.6 mN/m.*®

The Neumann triangle method is able to provide a more
precise value of this modified interfacial tension in the
compatibilized PS/PP/HDPE/SEB 10/45/45/(1%/PS con-
tent) blend (blend 5, Table 2). In that case, the ratio I'pp =
yPP/HDPE/VPS/PP has a value of 0.3 & 0.15 (N = 39), equal
to the value of the nonmodified system (blend 1). This re-
sult points toward two possibilities. The first is that both
yppmuppe and ypspp are modified by the SEB copolymer in
such a way that their ratio remains constant after modifica-
tion. Although theoretically possible, this is unlikely at least
for the HDPE/PP interface; the most probable conclusion is
that both the PP/HDPE and PS/PP interfacial tensions are
mostly unaffected by the copolymer. I'pg, however, decreases
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Figure 7. Effect of the SEB copolymer on PS/PP/HDPE ternary blend morphology. SEM micrograph of PS/PP/HDPE (a) with 0% SEB (PS extracted
with cyclohexane) and (b) with 1% SEB based on the PS content (PS extracted with cyclohexane); (c) FIB-AFM image of the PS/PP/HDPE/SEB 10/45/
45/(1% based on PS content) blend; (d) geometric construction on the FIB-AFM image to measure the ¢ angles.

from 1.2+ 0.1 (N=34,blend 1) t00.96 £ 0.05 (N = 39) when
the SEB compatibilizer is added to the blend. Since yps/pp
likely remains constant (from the analysis of I'pp), this
suggests that yps/uppe significantly decreases. Using these
I'ps values and ypgpp = 3.5 £ 0.2 mN/m (BT method),
A)/PS/HDPE = —-09+0.6 mN/m and YPS/HDPE drops from
4.2+ 0.6 to 3.3 + 0.4 mN/m. We conclude that the addition
of SEB in the blend induces a decrease of the PS/HDPE
interfacial tension and is highly selective for the correspond-
ing interface, having little effect on both the PP/HDPE and
PS/PP interfaces.

For comparison purposes, Lepers and Favis* reported for a
PS/EPR blend compatibilized with a similar SEB copolymer a
drop in the interfacial tension from 6.5 to 3.4 mN/m using the
breaking thread method. Mekhilef et al.** measured an inter-
facial tension decrease from 5.6 to 1.1 mN/m for an HDPE/PS
blend with an SEBS triblock copolymer, while Elemans et al.*
obtained a decrease from 4.7 to 1.1 mN/m for a PE/PS blend
compatibilized with a diblock SEB. It is of interest to note that
the interfacial tension decrease measured by Mekhilef et al.*}
(—4.5 mN/m) and Elemans et al.** (—3.6 mN/m) are signifi-
cantly greater than the one we obtain (—0.9 mN/m) by the
Neumann triangle method. These discrepancies will be con-
sidered in detail in an upcoming paper.

It is also of interest to estimate the apparent areal density in
copolymer at the HDPE/PS interface associated with the
decrease of the interfacial tension. If all the copolymer is located
at the HDPE/PS interface after melt processing and subsequent
quiescent annealing, the apparent areal density Z in copolymer
can be calculated using the following formula:*

2rps JHDPE Peopo NVav

> =
3Mcopo(1 —COS ¢ps/nppE)

®)

where rpsppe is the radius of curvature of the PS/HDPE
interface, ¢copo is the concentration of the copolymer in the PS
phase, N, is Avogadro’s number, My, is the molecular weight
of the copolymer, and ¢ps/nppe is the angle shown in Figure 7d.
After 30 min of quiescent annealing time, the analysis of 12
droplets with an average radius of 3.5 £ 0.9 um gives an average
areal density of 0.19 = 0.07 copolymer molecules/nm>, or 5.0 +
1.5 nm?/copolymer molecule, for a corresponding interfacial
tension decrease of 0.9 £ 0.6 mN/m.

This is an important result since it is still a challenge to
measure the variation of the interfacial tension as a function
of the copolymer areal density in multiphase polymer blends.
Polizu et al.*’ and Cigana et al.’'>? reported very similar
areal density values at saturation of 0.18 molecule/nm? in
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Table 7. Verification of the Laplace Equation with the Values
Obtained by the Neumann Triangle Method

blend rhs of eq 11
1 1.02+£ 0.09
4 1.1+0.2

PS/EPR blends compatibilized with an almost identical SEB
diblock copolymer. Li et al.® showed comparable results
for HDPE/PS blends compatibilized with SEB and SEBS
copolymers. Macosko et al. * obtained a saturation value of
0.12 copolymer molecule/nm® for a deuterated PS-block-
PMMA of M,=100900, and using a scaling law, they esti-
mated the saturation value at 0.145 for a diblock of M, =
55000. Adedeji et al.>® reported apparent areal densities
between 0.1 and 0.2 copolymer molecule/nm? for diblock PS-
b-PMMA copolymers in binary blends of poly(cyclohexyl
methacrylate) and poly(methyl methacrylate), near theore-
tical saturation values.

One of the advantages of the method we are presenting in this
article is the possibility of measuring the variation of the
interfacial tension as a function of added interfacial modifier,
an issue that still poses challenges in the field of polymer blends.
Although the breaking thread and pendant drop methods,
for example, can report a decrease of the interfacial tension
when a copolymer is added, it is difficult to estimate the amount
of copolymer located at the interface since these are static or
low-shear techniques in which the copolymer must preferen-
tially be added to one of the two phases.*>*43°7% The
approach we are proposing here allows for measurements
of both the interfacial tension and the areal density of
copolymer at the interface in situ in a melt-processed system.
This significantly reduces the issues related to the migration
of the modifier to the interface which limits the other
techniques.

3.2.3. Contact Angle Equilibrium after Quiescent Anneal-
ing. In order for the Neumann triangle method to be applic-
able, viscoelastic, hydrodynamic, and inertial effects must be
small or negligible compared to the effect of the interfacial
tensions (or capillary effects) so that the system reaches a
local quasi-equilibrium at the line of 3-phase contact. To
evaluate the state of equilibrium of the system, it is of interest
to look at the adimensional Bond number Bo, the capillary
number Ca, and the capillary time 7., defined by eqs 9a—9¢:?

Bond number : Bo = &J/RZ (9a)

capillary number : Ca =, % (9b)
. . R

capillary time : T, = 777 (9¢)

Here, p is the density of the droplet material, g is the gravita-
tional acceleration, R is the radius of the droplet, y is the
interfacial tension, 7., and 7pp are the viscosities of the matrix
and dispersed phases, 7 = (7m7pp)"/>, and 7 is the shear rate
during quiescent annealing. The Bond number is a comparison
between the inertial forces and the interfacial tension, while the
capillary number is a comparison between the viscous forces
and the interfacial tension. Finally, the capillary time is a
characteristic time related to the relaxation of the system.

For a droplet of 10 um in diameter, with an interfacial
tension around 3 mN/m and a density of about 1 g/cm?, the
Bond number has a value of 3 x 107> < 1. This means that
the capillary or interfacial forces are much stronger than the
inertial forces and that the effect of gravity is negligible on
the droplets we are investigating for all blends.
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For the capillary number, the analysis is more delicate
since there seems to be no available data on the shear rate in
polymer blends during quiescent annealing. Using a viscosity
of 1000 Pa s, an average interfacial tension of 3 mN/m, and a
droplet radius of 3 um, the shear rate must be under 1 s lin
order to have a capillary number Ca < 1 and under 0.1 s~
for a capillary number Ca < 0.1. The first case is when the
viscous forces are of similar magnitude to the interfacial
forces, while the second case is when the viscous forces are
much smaller than the interfacial forces. Observation of our
FIB-AFM micrographs shows that most of the droplets in
the analyzed blends are nearly spherical or have interfaces
with constant radius of curvature, and most show no sign of
asymmetric deformation due to the flow field during quies-
cent annealing. This is a good indication that the viscous
forces are relatively small and do not significantly affect the
geometry of the droplets.

Finally, droplet relaxation after coalescence should be rela-
tively fast and/or the frequency of collisions relatively low, in
order to maximize the number of droplets at equilibrium for the
analysis. In our case, using the same input parameters as for
the determination of the Bond and Capillary numbers and 1 =
2000 Pas, we find 7, ~ 10 s. Using the quiescent annealing data
for the PS/PP/HDPE blend in a recently submitted article,*® we
can calculate an approximate time required for the PS average
droplet volume to double, T4oupe- The inverse of this character-
istic time corresponds to an average coalescence frequency
between PS droplets. After 30 min of quiescent annealing, the
calculated frequency of coalescence between two PS droplets is
about one process every 9 min (or 540 s), which is significantly
above the calculated capillary time. This means that a PS droplet
has more than enough time to relax to a quasi-equilibrium shape
after merging with another one.

The Neumann triangle analysis should not be conducted
on droplets having close neighbors in order to avoid sig-
nificant deformation of the contact angles, and the image
analysis should be conducted on droplets with constant
interfacial radius of curvature. This last point is important
and is a good indication of whether or not equilibrium is
reached. If this condition is not met, the droplet is not at
equilibrium. Coalescence between droplets and the effect of
shearing during quiescent annealing are the principal factors
affecting the equilibrium morphology necessary for the use
of the Neumann triangle method.

3.2.4. Using the Laplace Equation To Calculate Interfacial
Tensions. Another alternative approach to measure inter-
facial tension ratios is by using the Laplace equation. In this
part of the work, we will apply it to blends 1 and 4, and it will
be shown that the results are similar to those obtained with
the Neumann triangle method.

In blends in which multiphase lines of contact are observed
at equilibrium, two mechanical equilibrium conditions must
be respected. The first one corresponds to the generalized
Neumann triangle relation®®™>® at the line of contact be-
tween the phases. The second is the equality of the Laplace
equation across each interface in the blend. As mentioned in
the Introduction, in a ternary blend displaying partial wet-
ting between phases A, B, and C (Figure 1d), the three
Laplace equations that must be satisfied at equilibrium are
given by eqs 2a—2c. They can be combined together to give
the following relation:**

VAB :yLCJr@ (10)
'AB 'sCc  FAC

where rap, rgc, and rac are the radius of curvature of
the corresponding interfaces. When two interfacial tensions
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and the radius of curvature of the interfaces are known, it is
then possible to determine the third interfacial tension.
Equation 10 can also be rearranged as follows:

Iy T
1 = (—A+—B)rAB (11)
'ac I'BC

Table 7 reports the value of the right-hand side of eq 11 for
blends 1 (PS/PP/HDPE) and 4 (PMMA/PP/PS/HDPE)
using the I" values obtained by the FIB-AFM-NT method.
In both cases, the results are close to 1, thus satisfyingeq 11.
This shows that the Laplace equation can be used to calculate
an interfacial tension ratio from eq 11 if the other is already
known. Alternatively, using eq 10, one can calculate an
interfacial tension, provided that two out of three tensions
are already known.

The results presented in this paper are interesting in many
ways. First, they show that it is possible to generate very
complex morphologies with a relatively simple experimental
approach combining mixing and quiescent annealing in order
to let the equilibrium morphology develop. Furthermore,
these structures can be used to obtain quantitative informa-
tion on the state of the different interfaces, most notably the
values of the interfacial tensions without and with interfacial
modifiers. The apparent areal density of the copolymer can
also be estimated. We are now currently investigating the
effect of different copolymers on the resulting morphology
and especially on the relative efficacy of interfacial modifiers.
The methodology presented in this article could also be
interesting to use for blends in which the interfaces are
stabilized with solid particles.®* % In these systems, which
are similar to Pickering emulsions, the solid particles tend to
locate at the interfaces in order to minimize the interfacial
energy. The contact angles at the 3-phase line that exists
between the particles and the two homopolymers could be
used to calculate the interfacial tension ratios. If the spatial
resolution of the method proves sufficient, which for now is
estimated to be somewhere between 10 and 50 nm, it could
then be interesting to investigate the case of nanoparticles
located at the interface. However, at this scale, the thermal
energy of the particles might be comparable to the adsorp-
tion energy, leading to significant fluctuations of the contact
angle values.

4. Conclusion

We have used the Neumann triangle method (NT) in com-
bination with a focused ion beam (FIB) sample preparation
and atomic force microscopy analysis (AFM) to measure the
interfacial tension ratios in ternary and quaternary polymer
blends with and without the addition of an interfacial modifier.
Ternary blends of PS/PP/HDPE, PS/PCL/PP, PLLA/PCL/PS,
and PMMA/PP/PS and a quaternary blend of HDPE/PP/PS/
PMMA all present a partial wetting type of morphology,
a necessary condition for the Neumann triangle method to
be applicable. The interfacial tension ratios obtained with
the FIB-AFM-NT method compare well with those obtained
by the classical breaking thread method (BT), and both the NT
and BT techniques give similar relative magnitudes for the
interfacial tensions. The addition of a small amount of an SEB
diblock copolymer to the PS/PP/HDPE blend has a significant
effect on the blend morphology. The FIB-AFM-NT method
allows for the measurement of a modified PS/HDPE interfacial
tension, going from 4.2 + 0.6 to 3.3 & 0.4 mN/m for an apparent
areal density of 0.19 + 0.07 molecule/nm? in copolymer. This
work opens new perspectives and approaches to generate
complex morphologies and to quantify interfacial properties
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between the blend components. It allows the measurement
of the interfacial tension of a blend system examined in situ
after melt processing from simple morphological features.
This method can also provide important information concern-
ing the influence of an interfacial modifier on the interfacial
tension and morphology, which has been an important challenge
in the polymer blend literature. Virtually all the classic tech-
niques for the measurement of interfacial tension do not allow
for the efficacious melt mixing of interfacial modifier in the
blend system and its subsequent migration to the interface. This
has been an important systemic weakness in those methods
that this new approach is able to address. It also provides a route
toward the measure of interfacial tension of systems that would
otherwise experience degradation effects using typical ex situ
approaches.
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