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ABSTRACT: In polymer processes, nucleating agents are often
used to control the kinetics of crystallization, but their application
remains largely a matter of trial and error. Thermodynamically, the
efficiency of a nucleating agent can be quantified by the difference
in substrate/crystal, crystal/melt, and substrate/melt interfacial
energies, Ao. In this work, the efficiency of graphene nanoplatelets
(GNP) as nucleating agents for high-density polyethylene (HDPE)
is investigated. HDPE nucleates and crystallizes rapidly, so Ac can
be especially difficult to measure experimentally. To overcome this
difficulty, blends of HDPE+GNP are confined to microdomains so
that crystallization becomes nucleation limited. Two methods of microdomain formation are employed. In the first, HDPE+GNP is
melt-blended with an immiscible matrix of polystyrene (PS), and crystallization is characterized using differential scanning
calorimetry (DSC); in the second, dispersions of HDPE+GNP in toluene are sprayed onto PS substrates, and crystallization is
characterized with polarized optical microscopy (POM). Heterogeneous nucleation rates at several crystallization temperatures and
for several GNP loadings were measured by these two methods and found to give excellent agreement across GNP loadings. The
value of A for HDPE+GNP is calculated to be 0.83 + 0.18 erg/cm?. This value is only 2.8 times larger than that reported for HDPE
nucleated heterogeneously on a HDPE fiber, a nearly ideal nucleating agent for HDPE, and much smaller than many of the best
nucleating agents reported for other polymers. We conclude that GNP is an efficient nucleating agent for HDPE.

B INTRODUCTION growing. Thus, a crystallization rate obtained from the
measurement of a bulk kinetic property, such as the rate of
release of enthalpy of crystallization, is usually influenced by
both nucleation and growth. Nucleation rates are even more

The organization of a semicrystalline polymer into crystalline
and noncrystalline domains, or its microstructure, has a large
effect on the mechanical,'™ thermal’® electrical,”® and

optical”™" properties of the polymer. This microstructure difficult to measure for highly effective NAs, which cause
depends on many factors, one of which is the kinetics of nucleation to occur so rapidly that it is often considered to be
crystallization. In most cases, polymers crystallize through the “instantaneous” relative to subsequent crystal growth.

processes of nucleation and growth, by which small stable To study nucleation alone, Vonnegut introduced the droplet
crystalline clusters, called nuclei, form first, and these nuclei method, wherein the extent of crystal growth that is allowed
subsequently grow by accretion of polymer from the following a nucleation event is limited by the size of the
surrounding melt or solution. The kinetics of nucleation and droplet.”’ By limiting the size of droplets so that the time to
growth can be manipulated by changes in temperature, nucleate is much longer than the time for a nucleated crystal to
pressure, flow-induced melt structure, or the introduction of grow to the full extent of the droplet, observations like the rate
nucleatingl 4agents (NA), which alter the rate of nucleus of release of crystallization enthalpy are determined by
formation™ or may promote the formation of one crystal nucleation. For polymers, it is important that droplets are

polymorph over another.''® NAs can be crystalline powders
of small molecules'”’~*° or other polymers.”' ~** Self-nucleation
occurs on crystalline residuals from an incompletely melted
polymer.”>~** NAs thus provide a mechanism by which to
tailor macroscopic properties for a desired application.*’
However, determining the “effectiveness” of a NA is still
largely a matter of empiricism.”

The study of nucleation, and NAs, is complicated when
nucleation and growth occur concurrently, as is often the case
when new nuclei are forming at the same time as old nuclei are

large enough so that the polymer chains themselves can behave
as in an unconfined melt,**~*° yet small enough to ensure that
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nucleation rate is dominant. Confinement on the order of
hundreds of nanometers to a few micrometers in diameter has
been shown to satisfy these requirements.”*

For polymers, a variation of the droplet method involves
melt-blending two immiscible polymers, such that the
crystallizable polymer is the minor component of the two-
phase mixture and dispersed within microdomains. Rasmussen
and Loper used this type of sample for nucleation measure-
ments with differential scanning calorimetry (DSC).*° Santana
and Miiller subsequently extended this approach to the study
of homogeneous nucleation of isotactic polypropylene (iPP)
blended with polystyrene (PS).”” More recently, heteroge-
neous nucleation of iPP blended with additives,*” high-density
polyethylene (HDPE) at the interface with iPP,”* and self-
nucleation of HDPE* have been investigated using micro-
domains in an immiscible matrix. In addition to measuring
nucleation rates, the mechanisms of epitaxy (with a crystalline
matrix) and graphoepitaxy due to roughness of the interface
with the surrounding amorphous or crystalline matrix have
been observed in these two-phase mixtures.”® A comprehensive
review of this methodology was presented very recently by
Fenni et al.”® One advantage of this method is the ability to
quantify nucleation rates at multiple temperatures. Using the
temperature dependence of nucleation rate and applying
classical nucleation theory, the critical free energy barrier to
nucleation can be calculated. This energy is a useful metric for
quantifying the effectiveness of a NA.

The phenomenon of dewetting of a crystallizable polymeric
melt or solution upon a substrate offers another strategy to
form microdomains or droplets. In this method, a thin film of
crystallizable polymer is first spin-coated as melt or solution on
top of a second material (substrate) and rapidly cooled or the
solvent evaporated. Upon heating above T, the crystallizable
polymer dewets from the substrate and coalesces into droplets.
Because this method produces droplets at a much lower
number density relative to melt-blended samples, DSC is
generally too insensitive to measure crystallization of these
droplets. Instead, polarized optical microscopy (POM) can be
used to track crystallization within these droplets. This method
has been used to study nucleation of poly(ethylene oxide) on
PS*~* and HDPE on PS.*’ A significant advantage of this
method is that the crystallization of individual droplets can be
observed directly, and the induction time correlated to the size
of the crystallizing droplet. Nucleation on lines, at interfaces, or
within the volumes of droplets can be distinguished by their
different scalings with droplet radius.*’

Graphene has been widely studied as a nanofiller for HDPE.
HDPE—GNP composites have improved mechanical,***
electrical,"* thermal,**~*° and gas barrier properties**
relative to neat HDPE. GNP has also been shown to increase
the rate of crystallization of HDPE, attributed to enhanced
nucleation.**®*” However, these studies are limited to bulk
crystallization and only report increased crystallization temper-
atures, reduced crystallization half-times (or the time to reach
20% relative crystallinity in the case of Bourque et al.*), and
fitted Avrami constants. A noteworthy exception is the work of
Tarani et al,*” who also report apparent activation energies
calculated by the Friedman method. While useful in
quantifying enhanced nucleation, these apparent activation
energies are not intrinsic values for the HDPE+GNP system, as
they depend on GNP loading.

In this paper, we examine the heterogeneous nucleation of
HDPE on GNPs within microdomains using two different
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methods: DSC of immiscible blends of HDPE+GNP dispersed
in PS matrices and POM of HDPE+GNP droplets on a PS
substrate. The nucleating efficiency of a powdered additive in
HDPE as measured by these methods is reported for the first
time. Estimates of the magnitude of the interfacial free energy
difference (a key component of the critical free energy barrier
to nucleation) are obtained and compared.

B METHODS

Materials. All materials were obtained commercially from
MilliporeSigma. The polyethylene was a high-density resin with a
melt flow index of 12 g/10 min at 190 °C and 2.16 kg load, with a
density of 0.952 g/mL as-received. The polystyrene was atactic with
M,, = 192 kDa. Graphene was obtained as a powder with a nominal
particle size of S pm.

Crystal Growth Rate. To measure the linear crystal growth rate
of this HDPE, a small amount of HDPE was melted between two
glass slides and pressed to form a thin film. The sample was placed in
a hot stage (Linkam LTS350 hot stage, Linkam TMS 94 controller),
covered with a heat shield containing a small hole for observation to
minimize thermal gradients across the sample, purged with nitrogen
for 10 min to provide an inert atmosphere to limit polyethylene
degradation at elevated temperatures, and melted for S min before
being quenched to the desired crystallization temperature. Isothermal
crystal growth was measured between 118 and 124 °C, at 1 °C
increments. The linear growth rate was obtained from the rate of
change of spherulite radii as a function of time using polarized optical
microscopy (POM, Zeiss Axioplan 2), with snapshots taken every 10 s
(Zeiss AxioCam MRc).

Nucleation Rate. Domains in Immiscible Blends. For this
method, the experimental design of Santana and Miiller’” and Wang
et al.”” was used. An immiscible blend of micrometer-sized domains of
polyethylene and graphene nanoplatelets (HDPE+GNP) in a
polystyrene (PS) matrix was prepared by first melt-blending graphene
at various weight fractions (5, 2, and 0.5 wt %) with HDPE in a twin
blade blender (Brabender ATR Plasticorder with a three-piece mixer)
for 10 min at 180 °C and 100 rpm. This blend of HDPE+GNP was
then mixed at 15 wt % in PS for 30 min at 180 °C and 100 rpm. The
PS/HDPE+GNP sample was hot pressed (Carver Model C) at 115
°C (above the glass transition temperature of PS but below the
melting temperature of HDPE) to a thickness of roughly 1 mm. A 3
mm disc was punched out for DSC analysis. We refer to this method
as immiscible blending (IB).

Thermal characterization was performed using DSC (TA Instru-
ments DSC 2500). A reference pan containing PS of similar mass to
each sample was used to reduce the effects of the endothermic hook
observed upon quenching from the melt to the crystallization
temperature.”® Between each experiment, the sample was melted at
180 °C for 2 min. The sample was then either cooled at a fixed rate
(10 °C/min) for nonisothermal crystallization or quenched and held
at a fixed temperature (121, 122, 123, and 124 °C) for isothermal
crystallization. Crystallization was analyzed by tracking the exothermic
heat flow of the sample.

Droplets on Substrate. For this method, the experimental design
of Carvalho and Dalnoki-Veress*> was followed, with some
modification. Rather than spin-coating HDPE onto the desired
substrate, HDPE microcrystals containing nucleating agents were
sprayed from solution onto the PS substrate. This method has several
advantages. First, it is widely applicable to a variety of substrates, not
just those for which HDPE dewets. Second, it avoids the long
equilibration times in an oven at elevated temperatures required to
ensure that HDPE dewets from the substrate into microdroplets.
Third, the HDPE and nucleating agents are less likely to become
separated due to retraction of the three-phase contact line on the
substrate, which can result in deposition of the nucleating agents on
the substrate outside of the polymer droplets. We refer to this method
as droplets on substrate (DoS).

First, microcrystals of HDPE containing GNP were formed in
toluene via a self-seeding process. HDPE (0.1 wt %) and GNP (0.01
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wt %) were sonicated in toluene for 15 min to break up the GNP
from its aggregated state as received. Then, the HDPE was crystallized
in solution by self-seeding, as follows: first, the solution was heated to
the boiling point of toluene (110.6 °C) for 10 min to dissolve the
HDPE; second, the HDPE was crystallized onto suspended GNP by
cooling to 80 °C; third, the resulting dispersion was reheated until the
HDPE crystals were almost completely redissolved, as confirmed
visually; fourth, the solution was cooled once again to 25 °C for the
self-seeded crystallization. The crystals formed during the first two
steps are generally too large for the DoS method. The self-seeding
step leads to HDPE+GNP particles that are smaller and more uniform
in size. This solution containing HDPE microcrystals was then
sprayed with an airbrush onto a spin-coated PS substrate to create the
DoS sample that was used for thermal experiments. Residual toluene
was removed by heating the DoS sample under an inert atmosphere.

A fully formed DoS sample was thermally characterized using a hot
stage (Linkam LTS350 hot stage, Linkam TMS 94 controller) in
combination with POM (Zeiss Axioplan 2, Zeiss AxioCam MRc). The
sample was covered by a heat shield, and the hot stage was purged
with nitrogen for 10 min and then sealed. The hot stage was heated to
160 °C for 5 min to completely melt the HDPE. The sample was then
quenched and held at the desired temperature for isothermal
crystallization, with snapshots taken every 10 s. Crystallization was
analyzed by tracking the time when molten droplets, which appear
dark when viewed through crossed polarizers, turn bright due to the
formation of birefringent crystals. Compared to the large number
(millions) of nucleation events that occur in a single IB experiment, a
significantly smaller number of nucleation events (100 to 200) were
observed per experiment by DoS; for this reason, all DoS experiments
were performed in triplicate, and the results were added together.

Particle Size Distributions. The morphologies of IB samples
were examined with scanning electron microscopy (SEM, SEC Co.
SNE-4500 M Plus). Particle size distributions (PSD) for each sample
were measured from cross sections of hot-pressed material from DSC
sample preparation. Samples were cooled in liquid nitrogen for 10
min and then fractured in five places to obtain cross sections. These
fractured cross sections were sputter-coated with gold and viewed at
1000X magnification with SEM under vacuum with an accelerating
voltage of 30 kV.

The PSD of GNPs were measured with SEM. First, dilute
suspensions of GNP in toluene (0.01 wt %) were sonicated for 15
min. Then, this suspension was drop-coated onto an SEM stage and
heated on a hot plate at 50 °C to evaporate the solvent. Samples were
viewed at 200X and 1000X magnification.

Particle sizes for all samples were counted using Fiji.* HDPE
domains and GNP in microscopy images were approximated as
ellipsoids. Effective diameters were calculated as the diameter of a
sphere of equivalent volume for IB and DoS samples, and the
diameter of a circle of equivalent area for GNPs.

B RESULTS
Crystal Growth Rate. According to Lauritzen—Hoffman
3931 the crystal growth rate can be described by
U* K
R(T, - T,) TATf

log G = log G,
(1)

where Gy in the first term is the growth rate prefactor, which is
assumed to be relatively insensitive to temperature. The
second term describes the transport resistance, where U* is the
activation energy for diffusion across the interface between the
crystal and melt phases, R is the universal gas constant, T is
the crystallization temperature, and T, is the temperature at
which all viscous motion stops. The third term describes
secondary nucleation, where K, is the secondary nucleation
constant, AT = TS, — T. is the degree of undercooling below
the equilibrium melting temperature (Ty), and f is a
correction, given by
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f= 2k
T+ Tn, @)
Values for material specific parameters were obtained from the
literature: U*, T, and T, are 6276 J/ mol,*? 160 K,** and 416
K,>>** respectively. The crystal growth rate, log G, is plotted
versus the inverse of T_ATf in Figure 1. The experimental data
follow Lauritzen—Hoffman theory reasonably well and are
consistent with prior reports for HDPE in this temperature
ss
range.

® Experimental Data
4 = Model: K, = 8.26*10 k2

¢
’ fff
f
) f{

1 1.2 1.4
10/ T.ATF [K2]

log (G [um/s]) + U*/R(T-T..)

16

Figure 1. Experimentally measured crystal growth rate (filled circles)
plotted according to Lauritzen—Hoffman theory (dotted line).

Size Distributions of IB Domains. Representative cross
sections of the IB samples prepared by freeze-fracturing are
shown in Figure 2. The small ellipsoidal-shaped domains in

Figure 2. Cross-sectional SEM images from IB samples (% refers to
GNP wt % in HDPE): (a) IB-5%-1, (b) IB-5%-2, (c) IB-2%, and (d)
IB-0.5%. In each image, the white arrows highlight HDPE+GNP
domains, and the dashed rectangles highlight jagged fracture planes.

each image are HDPE+GNP. The edges of many steps are also
visible where the sample did not fracture smoothly. PSDs were
formed from five images for each sample, with population sizes
of roughly 1000 droplets per sample. The HDPE domain sizes
were well-described by log-normal distributions; the results are
shown in Figure 3. Number and volume averaged diameters
are provided in Table 1. With the melt blending procedure
used here, HDPE+GNP domain sizes were reproducible, and
no dependence of droplet size on GNP loading was observed.
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Macromolecules 2023, 56, 4123—4134


https://pubs.acs.org/doi/10.1021/acs.macromol.3c00342?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00342?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00342?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00342?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00342?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00342?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00342?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00342?fig=fig2&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.3c00342?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

2
15
o
= 1
3
= o 3
© 05 2 X
3
oo
S o }11:{ i:l‘:f
-0.5 5 O
-1
- o 32 2 (%] [
1 1 o o [e) Z
¥ x § 0
5 5 & s ° 0
@ o T a

Figure 3. Box-and-whisker plots of the particle size distributions of
the diameters (d) of HDPE+GNP domains in both IB and DoS$
samples and for GNP on its own. For each sample, the boxes indicate
the 25th, 50th, and 7Sth percentiles; bars extending from the boxes
indicate the range of the data excluding outliners; O’s indicate
outliers; X’s indicate means.

Table 1. Characteristic Sizes of Polyethylene Domains and
GNPs*

sample d, [um] d, [um]
1B-5%-1 0.84 1.43
1B-5%-2 1.13 2.09
1B-2% 0.91 1.62
1B-0.5% 1.21 2.26
DoS 3.13

GNP 4.48

“d, and d, are the number and volume averaged diameters,
respectively.

Size Distributions of DoS Droplets. Optical images of a
DoS sample are shown in Figure 4. Under crossed polars,

a. b.

Figure 4. Polarized optical microscopy images of a DoS sample: (a) at
room temperature; (b) part of the way through the crystallization
procedure.

crystallized HDPE droplets appear bright, while molten
droplets appear dark. Figure 4a shows the sample at room
temperature, while Figure 4b shows the same sample during
crystallization, after only a fraction of the droplets has
nucleated and crystallized. The PSD and the number-averaged
diameter of the DoS sample are included in Figure 3 and Table
1. Because nucleation events for DoS samples were determined
visually, the number-average rather than volume-average
particle diameter was used. The average droplet sizes were
three times larger in DoS samples than IB samples.
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Size Distribution of Graphene Nanoplatelets. SEM
images of drop-coated GNPs are shown in Figure S.

Figure S. Characterization of GNPs. SEM image of GNPs after
sonication in solvent and drop-coating on a sample holder: (a) 200X
magnification; (b) 1000X magnification. For purposes of determining
PSD, both magnifications were used. Because the image viewed at
1000X covers only 1/25th the area of the image at 200X, the relative
frequency of data at the higher magnification was weighted by this
factor before combining with the data at the lower magnification.

Aggregations of GNPs are noticeable in these images; we
believe such aggregates formed while the suspension dried.
Aggregates that could not be visually separated into distinct,
individual platelets were not measured. To image a large
number of platelets, two magnifications were used. The PSD of
as-received GNPs is shown in Figure 3. The number average
diameter of this PSD is included in Table 1. Of note, only 12%
of the GNPs have diameters smaller than 1 ym in the as-
received sample, which was subjected only to sonication before
imaging; the majority of GNPs are larger than the HDPE
domain sizes in the IB samples. Nevertheless, the DSC results
clearly indicate the presence of GNPs within the HDPE
domains (vide infra). It is also possible that the melt blending
procedure used for IB samples alters the GNP PSD by
fracturing larger platelets into smaller ones. GNPs do not
experience such mechanical attrition during preparation of
DoS samples; however, those droplets are larger, so that a
larger fraction of the GNP population fits inside the HDPE
domains of the DoS sample. For these reasons, the loadings of
GNPs within HDPE microdomains of all samples are likely to
be smaller than the nominal values.

Nucleation Rate. Domains in Immiscible Blends. To
determine the temperature range where GNPs nucleate HDPE,
samples were cooled from the melt at 10 °C/min. The DSC
exotherms are shown in Figure 6. Also included in Figure 6 is
the exotherm from a sample of PS/HDPE without GNPs. The
sample without GNPs shows no crystallization until approx-
imately 80 °C, which can be traced to heterogeneous
nucleation at the interface between the HDPE and PS phases,
consistent with reports in the literature for other PS/HDPE
systems.””*’ By contrast, samples containing GNP exhibit a
strong exothermic peak near 120 °C, also consistent with prior
reports for HDPE+GNP systems.”*>*” The volume fraction of
droplets containing GNPs was calculated by integrating the
two crystallization peaks and expressing as a fraction of the
total enthalpy. In samples containing nominally 2 to S wt %
GNP, >95% of domains nucleated on GNPs, while in samples
containing nominally 0.5 wt % GNP, this fraction dropped to
83%.

From the thermograms shown in Figure 6, four temperatures
were chosen for isothermal crystallization experiments (121 to
124 °C, in 1 °C increments). These temperatures were chosen
to target the leading edge of the crystallization peaks in Figure

https://doi.org/10.1021/acs.macromol.3c00342
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Figure 6. Crystallization of IB samples in DSC experiments with constant cooling rates from the melt. (a) DSC thermograms of all IB samples
compared to a sample containing no GNP. (b) Volume fraction of PE droplets in the graphene-nucleated peak for each IB sample.

6a, where a nucleation limited process is most likely to occur.
This nucleation-limited assumption is confirmed in the
Discussion section.

At the lower temperatures (121 and 122 °C), HDPE+GNP
nucleated so quickly that the presence of an endothermic hook
during the quench to T, masked the onset of crystallization
unless care was taken to use a reference pan containing PS
similar in thermal mass to the sample itself. A comparison
between an empty reference pan and one containing PS is
shown in Figure 7; a small overshoot is still present due to a

0.5
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g 03 ‘ Pan
S \
Y \
I s,
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Figure 7. Isothermal crystallization exotherms using an empty
reference pan (dashed black line) and using a reference pan
containing polystyrene (solid gray). The black arrow indicates the
presence of an endothermic hook that masks the initial onset of
crystallization at short times when using an empty reference pan.

close but still imperfect matching of the thermal masses of
reference and sample pans. Figure 8 shows the resulting
isothermal crystallization exotherms for a representative
sample (IB-5%) at each temperature. Also included in this
figure is the temperature evolution of each sample during
crystallization. Even at the deepest undercooling, the temper-
ature was already within 0.6 °C of T. at the start of
crystallization. The final crystallinities achieved during
isothermal crystallization experiments were calculated by
integrating the area under the curves and normalizing by the
specific enthalpy of fusion Ak = 280 J/cm?, using a density of
1.003 g/cm? for the polyethylene crystal.>"*****° These values
are reported in Table 2. The final crystallinities decrease with
decreasing GNP loading, as expected, and with increasing T,
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which we attribute to the difficulty in growing larger nuclei at
higher T..
The relative crystallinity by mass, w, was calculated as a
function of time using
Ah(t)
],VC 3
Ah

3)

where Ah(t) is the specific enthalpy released as a function of
time, and Ah,, is total specific enthalpy released by the end of
the experiment. These enthalpies were calculated by
integrating the heat flow curves measured by DSC in Fi_;ure
8. The relative crystallinity by volume was calculated by’

total

"

7
w+ /—,3(1 - )

(4)

where p, is the density of a perfect HDPE crystal (1.003 g/
cm®) and p, is the density of amorphous HDPE at 25 °C
(0.850 g/cm*).”® Figure 9 shows the evolution of relative
crystallinities for the IB samples at each of the nominal GNP
loadings. The curves are roughly sigmoidal in shape, and the
rate of crystallization decreases with increasing temperature for
each sample, as expected.

Droplets on Substrate. Three DoS samples were crystal-
lized isothermally at each of the four temperatures employed
for the IB samples. The relative crystallinity as a function of
time was calculated as the number fraction of droplets
crystallized with respect to the total number of droplets that
crystallized at that temperature. The evolution of relative
crystallinity is shown in Figure 10. While small droplets
nucleated and turned bright instantaneously to the eye,
crystallites in larger droplets at higher temperatures sometimes
grew in size over two successive images. In such instances, the
time at which light transmission was first detected in the
droplet was taken as the induction time.

Avrami Model. The Avrami equation can be written as

log(—log(1 — X)) = log K + n log(t — t,) (5)

where t, is the induction time prior to the onset of
crystallization, K is the crystallization rate, and n is the Avrami
index, often presented as

n=ng+ ny

(6)

where ng is the dimensionality of growth, and ny takes values
based on the type of nucleation, with 0 corresponding to
instantaneous nucleation, 1 corresponding to sporadic
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Figure 8. Isothermal crystallization data for a representative IB sample (IB-5%) at (a) 121, (b) 122, (c) 123, and (d) 124 °C. Heat flow is shown in

solid black (left axis), while the temperature profile is shown in gray (right axis).

Table 2. Final Crystallinities of Each IB Sample

crystallinity [%]

nucleation, and 0.5 corresponding to diffusion-limited
nucleation. Noninteger values of ny are often reported and
explained as nucleation that has both sporadic and

sample 121°C 122°C 123 °C 124 °C instantaneous contributions.>”
IB-5%-1 24 20 18 13 The parameters in the Avrami equation were obtained by
1B-5%-2 24 19 17 12 fitting eq S to data for fractional crystallinity versus time, X(t),
1B-2% 27 20 18 11 for low crystallinities, X = 0.03—0.2, where the assumptions
1B-0.5% 13 6 4 2 underlying the Avrami equation are most accurate.”” The
effects of secondary crystallization processes, such as
a. b.
S -
”
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Figure 9. Relative crystallinity as a function of time for all IB isothermal crystallization experiments: (a) IB-5%-1, (b) IB-5%-2, (c) IB-2%, and (d)

1B-0.5%.
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Figure 10. Crystallized fraction as a function of time for DoS
isothermal crystallization experiments at each crystallization temper-
ature. Data were combined from three experiments (~500 droplets).

isothermal thickening, which can be significant for HDPE, are
thus minimized. A representative case showing the quality of fit
is provided in Figure 11. The fitted values for the Avrami
index, n, for each sample are shown in Figure 12. Within the
recommended region of low conversion, IB samples generally
exhibit n values between 1.5 and 2, while the averaged DoS
sample has n values between 0.5 and 1. An n value near 1 is
consistent with a nucleation-limited process. The larger n
values exhibited by IB samples suggest that these samples may
not be entirely nucleation-limited, despite the small sizes of the
HDPE domains (cf. Figure 3). This observation is considered
further in the Discussion section.

First-Order Nucleation Model. For a nucleation-limited
process, the uncrystallized fraction of HDPE domains for both
sample types should evolve in time according to

log(1 — X) = —J(t — t,) )
where X is the crystallized fraction of domains and ] is the
nucleation rate. From classical nucleation theory,”"*’ the
nucleation rate for heterogeneous nucleation is

U* 1660eA0T212
R(T,- T,)  KT(ATARs)

log(J) = log(J,) — ©

where ], is a constant prefactor that is related to the frequency
of nucleation events. ], is relatively insensitive to temperature
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Figure 12. Avrami index as a function of crystallization temperature
for the several IB and DoS conditions studied in this work.

but is a function of the interfacial contact area between HDPE
and GNP. Parameters in the second term are the same as those
defined with eq 1. The third term describes the thermody-
namic driving force for crystallization, where ¢ and o, are the
interfacial (crystal/melt) free energies for the lateral and stem
end surfaces of the HDPE crystal, T9 is the equilibrium
melting temperature for the perfect HDPE crystal, k is the
Boltzmann constant, and Ak is the enthalpy of fusion per unit
volume. As previously mentioned, Ah; has been widely
accepted to be 280 J/cm>>"*#**%¢ Several values have been
reported for oo, and o, depending upon the equilibrium
melting temperature that is used. Values of 1380 erg’/cm* and
9.6 erg/cm® have been reported for 6o, and o, respectively,
using an equilibrium melting temperature of 416 K.>>** These
values have been chosen to allow easy comparison to
nucleation results reported for HDPE+polypropylene immis-
cible blends that also used these values.”* For comparison,
using a higher equilibrium melting temperature of 418.7 K, oo,
and ¢ have been reported to be 1062 erg’/cm* and 11.8 erg/
cm?, respectively.”®

Ac is the interfacial free energy difference (Gypgrate—crystal +
Orystal—melt Ogubstrate—melt) that characterizes a specific
polymer—NA pair. It is of particular importance for quantifying
the effectiveness of a NA: a lower value of Ao corresponds to a
lower free energy barrier to nucleation, and hence the NA is
more effective for that polymer. Alternatively, Ao can be
nondimensionalized by the equivalent quantity for homoge-
neous nucleation, o, yielding a value for the “inefficiency” of
the NA between 0 (perfect heterogeneous nucleation) and 1
(homogeneous nucleation); we thus define the thermody-
namic efficiency E = 1 — Ac/o.

log(t -t [s])

o

log(-log(1-X))

'
N

'
w

4 5 6 7
log(t-t 0)

N
w

Figure 11. Representative fits of Avrami equations to the data (123 °C) for fractional crystallinity versus time: (a) IB-5%-1 and (b) DoS. Solid
black lines denote experimental data, while dotted gray lines denote the Avrami model fit to 3—20% conversion.
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Figure 13. Examples of first-order nucleation model fit to the data for the evolution of the uncrystallized fraction of droplets: (a) IB (solid lines
indicate experimental data; dotted lines indicate model) and (b) DoS (points indicate experimental data; lines indicate model).

Figure 13 shows the comparison of the best-fit first-order
nucleation model to the experimental data for the four
temperatures in both the IB and DoS experiments. Here also,
3—20% conversion was used to fit the nucleation model in the
IB case.”*””*” This region was changed to 5—40% for the DoS
experiment to reduce the effects of statistical noise due to the
limited number of data points in the DoS experiment. For all
samples, the same trend of increasing crystallization rate
(steeper slope) with decreasing temperature is observed. It is
clear that there is curvature in the experimental data for IB
samples at higher temperature, consistent with the Avrami
indices in Figure 12. In contrast, the DoS data are linear in this
region.

From eq 7, the slope of the model line on a semilogarithmic
plot provides an estimate of the nucleation rate between
HDPE and GNP. The nucleation rate as a function of the
thermal driving force is plotted in Figure 14. The nucleation
rate is related to Ao and ], by eq 8. Ac is proportional to the
slope of the best fit line through these data.

1
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—_ +
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o
= -1 ﬁ + DoS
g x -
o 2 >
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108/ TC(ATf)Z (&

Figure 14. Nucleation rates as a function of temperature for all
samples according to classical nucleation theory.

The calculated values for Ao and J; are shown in Figure 15.
The IB and DoS experiments exhibit excellent agreement for
Ao. Averaging Ao over the several GNP loadings gives Ao =
0.83 + 0.18 erg/cmz, or an inefficiency of Ao/ = 0.087
(thermodynamic efficiency E = 0.913). The value of Ao would
nearly double to 1.55 erg/cm® and Ac/c would increase by
50% using values associated with the higher T9, for a
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thermodynamic efficiency E of 0.869. On the other hand, J,
is roughly constant across samples. These results are discussed
further in the Discussion section.

B DISCUSSION

Confirmation of Nucleation-Limited Process. One of
the purposes of the droplet method is to create a condition
under which crystallization is nucleation-limited. For a
crystallization process to be truly nucleation-limited, the
induction time to observe a nucleation event (t,,q = 1/])
must be significantly longer than the time for that crystal
nucleus to grow to impingement on the edges of the droplet
(tgow = (d,/2)/G). The ratio of ty4,/tyq has been named the
“Turnbull number”*®

and serves as an indicator for whether
the crystallization process in an IB sample is growth-dominated
(Turnbull number ~1) or nucleation-dominated (Turnbull
number <1). From the highest nucleation rates reported in
Figure 14 (DoS) and the crystal growth rates of Figure 1, the
Turnbull number varies from 6 X 107 for a 1 gm domain to 3
X 1073 for a 5 um domain. Thus, for the range of domains and
droplet sizes employed in this work, the induction time for
nucleation is at least an order of magnitude larger than the
time for subsequent growth. This is consistent with a
nucleation-limited process.

Fenni et al. have discussed the significance of the Avrami
index in IB samples in conjunction with the Turnbull
number.*® In self-nucleated iPP+PS IB samples, the Avrami
index was indicative of a change from nucleation-controlled
crystallization (n = 0.75 to 1.5, Turnbull number <1) to
growth-controlled crystallization (n 2 to 3.5, Turnbull
number ~1), depending upon the self-nucleation temperature
that was chosen. For the present HDPE+GNP IB samples,
despite very low Turnbull numbers, Avrami indices between
1.5 and 2 were calculated. Cheng et al.*® also found Avrami
indices decreased from 2.5 for neat HDPE to between 1.6 and
2.1 upon adding reduced graphene oxide (RGO) to HDPE.
They attributed these values to the formation of many nuclei at
the HDPE/RGO interface. These nuclei impinge upon each
other at a very early stage in crystallization, forming a quasi-2D
layer of spherulites and thus changing the overall dimension-
ality of growth. However, we observed nucleation rates that
were much slower than growth. Finally, in contrast to the IB
samples, the Avrami index for the DoS sample was roughly 1,
as expected for nucleation-controlled crystallization. Despite

https://doi.org/10.1021/acs.macromol.3c00342
Macromolecules 2023, 56, 4123—4134


https://pubs.acs.org/doi/10.1021/acs.macromol.3c00342?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00342?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00342?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00342?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00342?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00342?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00342?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00342?fig=fig14&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.3c00342?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

I
N

Ao Ierg/cmZ]
o o o
- (<)) oo -

o
N

OI‘I'.

1B-5%-1 1B-5%-2 1B-2% 1B-0.5%

b.

10

log J [s

1B-5%-1 1B-5%-2 1B-2% 1B-0.5%
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from linear regression. The averaged value for interfacial free energy difference is Ao = 0.83 + 0.18 erg/ cm? (95% confidence interval).

this difference, the same interfacial free energy difference, Ao,
was obtained from both methods, which would be inconsistent
with IB samples demonstrating a growth-controlled crystal-
lization process. The origin of the Avrami index n > 1 in Figure
12 must be found elsewhere.

Interfacial Free Energy Difference. From Figure 15,
there is excellent agreement in the value of Ac from sample to
sample and from one method to the other. Few values of Ac
for HDPE heterogeneously nucleated on various substrates
have been reported in the literature. Ishida and Bussi
investigated heterogeneous nucleation on ultrahigh-modulus
HDPE fibers.”® Carmeli et al. used IB experiments to measure
heterogeneous nucleation of HDPE at the interface with a
semicrystalline iPP matrix.”* A comparison is made in Table 3.

Table 3. Values of Ac for Various Polymer+NA
Combinations and Comparison of Their Efficiencies

thermodynamic efficiency

polymer + nucleant Ao [erg/cm?] E=1- Ac/o

HDPE + GNP (this work) 0.826 + 0.175 0.913

HDPE + PE fiber™ 0.3 0.969

HDPE + iPP** 0.184—-0.189 0.981—-0.98

iPP (a) + (4,6-di-tert- 4.2 0.635 (o from ref 61)
butylphenyl)phosphate>”

iPP () + gulnacrldone 2 0.826 (o from ref 61)
quinone

polycaprolactone + PE fiber®  0.15 0.978 (o from ref 63)

polycaprolactone + 1.53 0.775 (o from ref 63)
impurities®®

polybutene-1 + iPP%* 2.04 0.717 (o from ref 65)

polybutene-1 + polybutene 031 0.957 (o from ref 65)
fiber®®

poly(butylene succinate) + 1.97 0.841 (o from ref 63)

impurities

For both the PE fiber and iPP, lower values of Ao were
measured than our value for HDPE+GNP. This is reasonable,
as both of these NAs are more similar to HDPE chemically
than graphene. In fact, it is remarkable that the reported value
of Ao for HDPE+iPP is smaller than that for HDPE+PE fiber.
In any case, graphene has a very low barrier to nucleation. Also
shown in Table 3 is a selection of data for other polymer—NA
systems, highlighting the lowest values of Ao for the NAs that
were reported in each case, many of which have lower
thermodynamic efficiency values than the HDPE+GNP system
in this work. For example, Wang et al. found that several
common NAs for iPP yielded Ac/o values roughly 2—4 times
the value of GNP in this work yet were sufficient to act as
NAs.”” Thus, we conclude that graphene is a good nucleating
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agent for HDPE, a conclusion that has been reported
elsewhere based on crystallization half-times, shifts in
crystallization temperature, or other indirect methods.****’
Effect of Graphene Concentration. The nucleation rates
(in events/s) in Figure 14 and eq 7 do not account explicitly
for the interfacial area between HDPE and GNP in each case.
However, the inherent nucleation rate (in events/cm?/s)
should be independent of GNP loading. By scaling the values
for J, relative to that for the smallest GNP loading (IB-0.5%),
we can obtain an estimate of the relative interfacial area
between GNP and HDPE, for comparison across all samples.
Figure 14 suggests that J, should be proportional to GNP
loading, yet this correlation is not visible in Figure 15b.
Because the logarithm of J; appears in Eq. 8, small errors in Ao
between samples lead to large errors in J,. Thus, for this
calculation, the averaged value of Ao was used to recalculate J
for all the samples so that a more consistent comparison could
be made. The scaled interfacial areas for each sample are
shown in Figure 16 (where IB-0.5% = 1). The scaled areas for

1B-5%-1

1B-5%-2 1B-2% 1B-0.5% DoS

Figure 16. Interfacial contact area, A, scaled by the minimum
calculated A value (IB-0.5%).

the IB-5% samples are 2.3, despite nominally an order of
magnitude increase in loading; the scaled area for IB-2% is 1.6,
for a nominal increase in loading by a factor of 4. Because the
domain sizes are insensitive to loading, the likely explanation is
an increase in the number of GNPs per domain for the
nominally higher loadings. The lack of a linear relationship
between nominal GNP loading and interfacial area is
consistent with increased aggregation of the GNPs or exclusion
of the larger GNPs from the HDPE domains. In addition,
Bartczak et al. have reported the migration of impurities from
the mlnor phase to the major phase in blends of iPP dispersed
in PS;*” this mechanism has also been noted by Fenni et al. as
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a possible consequence of the melt blending procedure.’
Given the similar nature of aromatic groups in graphene and
polystyrene, it is another possibility here. In contrast, the
scaled interfacial area for the DoS sample is 5.6; this result
seems to support either the exclusion or migration hypothesis.

B CONCLUSIONS

Droplet methods are an effective way to study stochastic
processes like nucleation within a single experiment. Herein,
two strategies to measure heterogeneous nucleation in
microdomains of HDPE were implemented: the first strategy
involving blending of HDPE+GNP within an immiscible
polystyrene matrix to create isolated domains (IB) and the
second involving spraying of HDPE+GNP dispersions in
toluene onto a PS substrate (DoS). To the best of our
knowledge, this is the first time that heterogeneous nucleation
of HDPE by a powdered additive has been quantified using
these two methods. In both cases, the effect of GNP on HDPE
nucleation was evidenced by an increase in the temperature of
crystallization by 40 °C relative to HDPE without GNPs. To
study nucleation at isothermal crystallization temperatures, IB
samples were characterized by DSC and DoS samples by
POM. For DSC, reducing the endothermic hook during
quenching was critical to measuring nucleation in fast-
crystallizing HDPE.

Nucleation rates were calculated for both methods, and the
effectiveness of GNP as a nucleating agent for HDPE, as
characterized by the difference in interfacial energies, Ao, was
quantified. Excellent agreement between the two methods in
the determination of this quantity was found. Finally, the
magnitude of Ao for HDPE nucleating on GNP was compared
to other nucleants for HDPE that have been recently published
in the literature. The Ac measured in this work for GNP was
only slightly larger than for HDPE nucleating at iPP
interfaces®* and at the interface with an HDPE fiber,”® both
of which are nearly ideal nucleants for HDPE. This indicates
that GNP is a very effective nucleating agent for HDPE. The
thermodynamic efficiency of heterogeneous nucleation, E,
allows comparison across other polymer—NA systems. The
high value calculated here indicates that GNP is an efficient
nucleating agent for HDPE when compared to different
heterogeneously nucleated polymers.
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