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Abstract The isothermal and non-isothermal crystallizations
of PP in neat form and in the TPVs EPDM/PP and EOC/PP
were investigated using differential scanning calorimetry
(DSC). The crystallization of PP was systematically studied
by fitting mathematical models, and was later confirmed by
X-ray diffraction (XRD) and by scanning electronmicroscopy
(SEM). The experiments revealed that crosslinked elastomer
particles first accelerated the primary nucleation of the PP
matrix, acting effectively as a nucleating agent that reduces
the induction time while increasing the nucleation efficiency.
In the secondary nucleation regime (growth of spherulites),
the crosslinked elastomer particles enhanced crystal growth
rate, reducing the nucleation energy contribution from PP
chain folding. Moreover, the crosslinked elastomer particles
increased the final thickness of PP lamellae from that of neat
PP, and this was corroborated by the XRD results. On com-
paring the two types of elastomer, it was found that the EOC
particles were more effective in heterogeneous cell nucleation
than the EPDM particles. The morphological study by SEM

revealed completely altered PP spherulite size and shape, as
well as their altered distribution, affected by heterogeneous
nucleation effects of the crosslinked elastomer particles.
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Introduction

Blending of elastomers with semi-crystalline thermoplastics
to produce thermoplastic vulcanizates (TPVs) has been moti-
vated by simple fabrication of elastomeric products as an al-
ternative to the conventional manufacture of thermoset elasto-
mers. The TPV’s typical phase morphology has micro-
dispersed crosslinked elastomer particles in a continuous ther-
moplastic matrix [1, 2]. Hence, this type of materials combine
sufficient functional performance, challenging that of conven-
tional crosslinked elastomers, with fascinating advantages
from the ability to be processed as thermoplastics [3, 4].
Dispersion of the crosslinked elastomer phase promotes elas-
ticity and toughness of the TPVs, while the thermoplastic
phase offers good melt processability, and also the crystallites
in the thermoplastic phase promote the physical and mechan-
ical properties of these blends [5].

Crystallization of a semi-crystalline polymer involves crys-
tal formation by the partial alignment of molecules. The crys-
tallization process consists of three stages [6]. The first stage
involves formation of nuclei, termed primary nucleation, and
their subsequent growth in the second stage to form crystals,
known as secondary nucleation. After the end of secondary
nucleation, thickness of the formed lamellar crystals increases
along with crystallinity, in this final third stage named second-
ary crystallization. Crystallization of the thermoplastic in the

* Anoma Thitithammawong
anoma.t@psu.ac.th

1 Department of Rubber Technology and Polymer Science, Faculty of
Science and Technology, Prince of Songkla University, Pattani
Campus, Pattani 94001, Thailand

2 Chinese Agricultural Ministry Key Laboratory of Tropical Crop
Product Processing, Agricultural Product Processing Research
Institute, Chinese Academy of Tropical Agricultural Sciences,
Zhanjiang 524001, People’s Republic of China

3 Research and Development Center, Innovation Group (Thailand)
Company Limited, Bangkok 10240, Thailand

4 Faculty of Science and Industrial Technology, Prince of Songkla
University, Surat Thani Campus, Surat Thani 84000, Thailand

J Polym Res (2017) 24: 118
DOI 10.1007/s10965-017-1279-3

http://orcid.org/0000-0002-4037-1864
mailto:anoma.t@psu.ac.th
http://crossmark.crossref.org/dialog/?doi=10.1007/s10965-017-1279-3&domain=pdf


TPV is a key determinant of the mechanical strength and the
processing characteristics of the TPV. It is affected by many
factors, for example the chemical structure of the polymer, the
molecular weight, the secondary bonding (hydrogen and van
derWaals) [7], the crystallization conditions [5, 7–10], and the
nucleating agents [11–13]. Incorporation of polymers and
fillers can affect the blend properties in two ways. Firstly,
the polymers and fillers act as blend components that directly
affected strength, stiffness, toughness, adhesion, and abrasion
properties [14, 15]. Secondly, they may impede crystallization
in the polymer matrix, which consequences to crystallization
kinetics, crystallite morphology and size, and degree of crys-
tallinity [14–16]. Our previous work [17] reports an analysis
of non-isothermal crystallization of the PP in EPDM/PP and
EOC/PP TPVs. The results clearly demonstrate that the dis-
persed crosslinked elastomer particles in the TPV act as an
effective nucleating agent, accelerating crystallization of the
semi-crystalline PP phase by reducing required undercooling
(ΔT). The acceleration of crystallization reduces energy con-
sumption by crystallization and saves time, providing cost
benefits in processing. Furthermore, the crystallization behav-
iors and melting characteristics of PP as neat and in the TPVs,
in relation to the cooling rate, were reported. However, the
reduced ΔT affected by the crosslinked elastomer particles,
or a rapid cooling rate, may cause bulk crystallization includ-
ing nucleation and crystal growth, which affect both crystal
size and crystallinity obtained [18, 19].

Therefore, in the present an intense effort was made to eval-

uate the equilibriummelting temperature T 0
m

� �
of the PP phase

in blends with two crosslinked elastomers, namely ethylene
propylene diene terpolymer (EPDM) and ethylene octene co-

polymer (EOC). Thereafter, the obtained T0
ms were further re-

lated to theoretical models, in order to deeply investigate the
whole range of crystallization stages from primary and second-
ary nucleation to secondary crystallization of PP in the EPDM/
PP and the EOC/PP TPVs. Relevant to these aspects, both X-
ray diffraction and SEM observations will be discussed.

Experimental section

Materials

Isotactic polypropylene homopolymer (PP, grade HP500N)
having a melt flow rate of 12 g/10 min (2.16 kg, 230 °C)
and a density of 0.91 g/cm3 was supplied by HMC Polymer
(Thailand). Ethylene propylene diene terpolymer (EPDM,
grade JSR EP22) having 4.5% ethylidene norbornene, 54%
ethylene content and a density of 0.87 g/cm3 was
manufactured by Japan Synthetic Rubber (Japan). Ethylene
octene copolymer (EOC, grade Engage 8003) containing
91.3 mol% ethylene and 9.7 mol% octane, and having a den-
sity of 0.89 g/cm3, was manufactured by Dow Chemical

(USA). Stabilizers (Irganox 1076 and Irgafos 168) were pro-
vided by Ciba Specialty Chemicals, Switzerland. Ultrablend
6000 used as homogenizing agent was supplied by
Performance Additives, Malaysia. Paraffinic oil (Diana
PW90) was supplied by Idemitsu Kosan, Japan. Dicumyl per-
oxide (DCP, Percumyl D) used as vulcanizing agent was sup-
plied by Chemmin, Thailand. Trimethylolpropane
trimethacrylate (TMPTMA, SR350) used as peroxide co-
agent was manufactured by Sartomer Asia, China.

Preparation of the samples

Dynamically vulcanized EPDM/PP and EOC/PP blends at the
fixed 50/50 parts by weight blend proportions of rubber/
thermoplastic were prepared using an internal mixer
(Brabender EC plus, Germany). The mixing conditions were
set at: initial chamber temperature 170 °C, rotor speed 90 rpm,
and 0.9 fill factor. The blend formulation is shown in Table 1.
PP was first fed into the mixing chamber and melt mixed for
2 min before addition of the elastomer. The mixing was con-
tinued for 3 min and after that a mixture of the stabilizers and
the homogenizing agent were incorporated, and mixed for
1 min. Paraffinic oil was separated into two parts and these
were stepwise incorporated with 1 min mixing for each.
Dynamic vulcanization was performed by adding
trimethylolpropane trimethacrylate 0.5 min prior to introduc-
ing dicumyl peroxide into the mixture, and mixing for 3.5 min
to complete the blend preparation. Prior to testing and charac-
terization, flat sheet TPV specimens with a thickness of 0.2 cm
were made by compression molding in a machine equipped
with water circulation. The mold temperature was first set at
200 °C and then cooled to ambient temperature at a cooling
rate of approximately 25 °C/min.

Characterizations

Differential scanning calorimetry (DSC)

Isothermal crystallization and subsequent melting were per-
formed in a differential scanning calorimeter (DSC, Q2000,
TA Instrument, USA) under nitrogen atmosphere.

Table 1 Blend formulation

Chemicals Relative amount by weight

PP 50

EPDM or EOC 50

Homogenizing agent 1

Stabilizers 1

Paraffinic oil 10

TMPTMA 1

DCP 2
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Approximately 5 mg of a sample was sealed in an aluminum
pan, and first heated from 40 °C to 200 °C at a heating rate of
40 °C/min, and then held at this temperature for 5 min in order
to erase effects of thermal history. Then isothermal crystalli-
zation was induced by rapid cooling of the sample from
200 °C to the designated isothermal crystallization tempera-
ture (Tc), i.e., 122, 124, 126, 128 and 130 °C, at a cooling rate
of 40 °C/min. The sample was isothermally crystallized at the
designated Tc for 30 min, to reach sufficient crystallinity prior
to re-heating at 10 °C/min to determine the melting tempera-
ture and heat of fusion. Time profiles of temperature used in
the test are summarized in Fig. 1.

X-ray diffraction (XRD)

An X-ray diffractometer (Philips Generator TW1830,
The Netherlands) was used to establish the crystallinity char-
acteristics of the samples. The test was performed at 15 kVand
5 mAwith monochromatized CuKα radiation with a graphite
sample monochromator (wavelength λ = 0.154 nm). The
diffractograms were scanned over the 2θ range of 10–30 de-
grees, with a scanning rate of 1.0°/min.

Scanning electron microscopy (SEM)

An FEI Quanta-200 scanning electron microscope (SEM)
(FEI, Czech Republic) was used to investigate morphology
of the crystalline phase in the TPVs. The cryogenically frac-
tured specimen was etchedwith a mixed etchant to remove the
amorphous phase, according to the procedure developed by
Olley and Basset [20]. The etchant was composed of 3 wt%
potassium permanganate (KMnO4), 65 wt% concentrated sul-
furic acid (H2SO4), and 32 wt% concentrated phosphoric acid
(H3PO4). To achieve the optimum etching conditions, exper-
iments were performed with varied etching times (i.e., 2 and

4 h). After etching, the specimens were first washed with
12.5 wt% sulfuric acid solution in water, and subsequently
ultrasonicated using an Omni Ruptor 400 W ultrasonic ho-
mogenizer (Omni international, USA) at 20 kHz, in distilled
water for 1 min. Gold was sputter coated onto the dry-etched
surface before visualization with the SEM, used in the second-
ary electron (SE) mode.

Results and discussion

Melting characteristics of isothermally crystallized
samples and their equilibrium melting temperatures

The key parameter of interest is the equilibrium melting tem-

perature T0
m

� �
, which is defined as the melting temperature of

a perfect crystal formed by an extended chain. The T0
m is

important factor for adjusting the cooling conditions, in order
to achieve the desired crystalline characteristics in a semi-
crystalline polymer. Moreover, it is a necessary parameter in
several theories of nucleation and crystallization kinetics. In

order to estimate the T0
ms of the crystallizable polymers, iso-

thermal crystallization experiments were performed using a
DSC, and the designated crystallization temperatures (Tc)
were set in the temperature range from a typical melting tem-
perature (Tm) to the glass transition temperature (Tg) of PP.
Fig. 2 shows melting endotherms obtained with the fixed
10 °C/min heating rate, of the isothermally crystallized
EPDM/PP blends at the designated Tcs from 122 to 130 °C.
The Tm can be directly obtained at the maximummelting peak
of an isothermally crystallized sample, as indicated by the
dotted line in Fig. 2. It can be seen that the melting peak
markedly shifted towards higher temperatures as Tc increased.
Similar behavior was also observed in the other investigated
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samples, i.e., the neat PP and the EOC/PP TPVs, as shown in
Fig. 3. A higher melting temperature indicates more perfect
PP crystals [21, 22].

Irrespective of the Tc, in Fig. 3 a significant decrease in Tm
is found for both the EPDM/PP and the EOC/PP TPVs rela-
tively to that of the neat PP. The EPDM/PP TPVs exhibit a few
degrees higher Tm than the EOC/PP TPVs. The variation in
Tm of the PP phase in the blend was related to the dispersed
elastomer particles in the PP matrix. The melting of small or
imperfect PP crystals tended to happen at a lower temperature
than the melting of a typical PP crystal [17]. The Hoffman-
Weeks [11] method is a common approach in relevant publi-

cations [23–26] for estimating T0
m from experimental data on

isothermal crystallization. The Hoffman-Weeks approach uses
the linear approximation:

Tm ¼ T0
m 1−

1

β

� �
þ Tc

β
ð1Þ

where Tm denotes the melting temperature of crystals formed
at a certain isothermal crystallization temperature (Tc). T

0
m is

the equilibrium melting temperature, and β is the lamellar
thickening coefficient that is the ratio of lamellar thicknesses
(lc/l0), with final lamellar thickness (lc) and initial lamellar
thickness (l0). Note that the lamellar thickening coefficient
and the thicknesses of the lamellae can be estimated from
temperature data during cooling and melting, which will be
discussed in Crystalline morphology associated with second-
ary crystallization Section.

Fig. 4 shows the linear model according to the Hoffman-
Weeks theory, fit to experimentally observed Tms of the
EPDM/PP TPVs at the various designated isothermal Tcs,
and extrapolated up to Tm = Tc. The results across the various

samples are summarized in Table 2. The T0
m of neat PP is

approximately 180 °C which is about 5 degrees lower than
the reported value in literatures [27–29]. While, the PP in

EPDM/PP and EOC/PP TPVs has lower T0
ms of about 174

and 172 °C, respectively. Decrease of the T0
m for the PP matrix

in EPDM/PP and EOC/PP TPVs was caused by the elastomer
phase. The elastomer particles affected the PP chain’s crystal-
linity, acting as chain defects that interrupted the chain regu-

larity, and thereby lowering T0
m.

Non-isothermal crystallization characteristics

To further evaluate the effects of crosslinked EPDM and EOC
particles on PP crystallization, non-isothermal crystallization
conditions close to the practical molding in industrial process-
ing were investigated. The schematic DSC profile in Fig. 5
represents non-isothermal crystallization of a polymer, divided
into three regimes, namely Regime I: primary nucleation,
Regime II: secondary nucleation, and Regime III: secondary
crystallization. Table 3 summarizes the non-isothermal crystal-
lization characteristics of the samples at various cooling rates.

Irrespective to the sample type, it can be seen in Fig. 5 and
Table 3 that Tc,onset shifted toward lower temperatures when
the cooling rate was faster, because then less time was avail-
able to initiate the nuclei. Typically, the nucleation rate is low
at high temperatures. Therefore, under fast cooling a polymer
can crystallize later than expected. A faster cooling rate
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Table 2 Equilibrium melting temperatures T0
m

� �
of the investigated

samples, according to the Hoffman-Weeks approach

Samples EPDM/PP EOC/PP neat PP

T0
m (°C)

173.6 171.6 179.8
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eventually provides a high nucleation rate with reduced crys-
tallization induction time (ti) of primary nucleation (Regime
I). The ti is related to the amount of time required by initiation
of a stable nucleus. It corresponds to the time elapsed from the
temperature setting in the process to Tc,onset when nuclei are
first detected. Analysis in this regime will be detailed in
Primary nucleation and its relation to nucleation barrier and
activity Section.

After the stable nuclei are created during Regime I, growth
of new layer of polymer crystals on the original primary nuclei
occurs, and this is called secondary nucleation (crystal

growth). During this stage, the exothermic enthalpy peak of
crystallization spontaneously increases to reach its maximum
at Tc,max, indicating the end of secondary nucleation. The time
taken in this state is called the half-time of crystallization (t1/2),
and is obtained from the temperature difference divided by
cooling rate (t1/2 = [Tc,onset - T c,max]/φ). This is directly related
to the secondary nucleation rate or the growth rate (G = 1/t1/2)
[25, 26]. As mentioned above, upon increasing the cooling
rate, there is less time available for the PP molecules to orient
and form crystals, leading to reduced temperature during crys-
tallization of the PP (see decreasing trend of Tc,onset in
Table 3). Crystallization is temperature dependent, and the
growth rate of crystallization is typically suppressed at a low
temperature. That is why the t1/2 obviously decreases with the
cooling rate. Lauritzen–Hoffman theory will be adopted to
analyze the secondary nucleation (Regime II) in the present
work; the details are discussed in Secondary nucleation
(spherulite growth) analysis by Lauritzen–Hoffman theory
Section.

The crystallization does not stop with the growth of crys-
tals, instead secondary crystallization continuously proceeds
in Regime III (see Fig. 5). During secondary crystallization
after the half-time of crystallization up to the offset of crystal-
lization (Tc,offset), there is continuous increase in crystallinity
and in thickness of the already formed lamellar crystals. The
analyses of crystalline morphology, including their lamellar
thickness, and the lamellar thickening coefficient in theoreti-
cal crystallization models, will be discussed in Crystalline
morphology associated with secondary crystallization
Section.

Primary nucleation and its relation to nucleation barrier
and activity

Primary nucleation is the first step in crystallization. It is sim-
ply defined as formation of the initial nuclei. Classical nucle-
ation theory [12] is the most common theoretical model used
for the induction time:

ΔG ¼ 16π γSLð Þ3 T 0
m

� �2
3 ΔH f
� �2

" #
1

ΔT
ð2Þ

whereΔG represents the nucleation energy barrier.ΔHf is the
heat of fusion, and γSL is the interfacial energy at the solid-

liquid interfaces of the nuclei. T0
m is the equilibrium melting

temperature, and ΔT is the degree of undercooling that is
defined as the difference between T0

m and the crystallization
temperature (Tc).

According to Eq. (2), asΔT increases the nucleation ener-
gy barrier (ΔG) decreases, so nucleation becomes easier. In
addition, ΔG can also be reduced by an effective nucleating
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Fig. 5 Schematic illustration of the effects of cooling rate on
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Table 3 Crystallization and melting characteristics of PP as neat or in
the TPVs at various cooling rates

Samples φ
(°C/
min)

Tc,onset
(°C)

Tc,max

(°C)
Tm
(°C)

t1/2
(s)

ΔT
(°C)

ti
(s)

neat PP 5 126.8 114.1 162.0 152 65.7 878

10 124.4 111.3 161.2 78 68.5 454

15 123.0 109.7 160.5 53 70.1 308

20 122.0 108.6 159.8 40 71.2 234

25 121.2 107.7 159.0 30 72.1 189

EPDM/PP 5 132.3 124.8 157.1 91 48.8 812

10 129.3 121.4 156.2 47 52.2 424

15 127.5 119.5 155.7 32 54.1 290

20 126.2 118.2 155.3 24 55.4 221

25 125.3 117.2 155.0 20 56.4 179

EOC/PP 5 131.0 124.4 155.3 79 47.2 828

10 127.9 121.3 154.5 40 50.3 433

15 126.1 119.5 154.0 27 52.1 296

20 124.8 118.2 153.6 20 53.4 226

25 123.8 117.2 153.3 16 54.4 183
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agent incorporated into the molten polymer mix. The free
energy barrier for heterogeneous nucleation (ΔGhetero) is giv-
en by:

ΔGhetero ¼ ΔGhomo � f θð Þ ð3Þ

where ΔGhomo is the free energy barrier for homogeneous
nucleation and f(θ) stands for a geometric factor that depends
on the contact angle of the existing and the forming phases,
given by:

f θð Þ ¼ 2þ cosθð Þ 1−cosθð Þ2
4

ð4Þ

Note that if θ < 180, then the value of f(θ) is smaller than 1,
which lowers ΔGhetero of heterogeneous nucleation. The dif-
ference in the nature of homogeneous and heterogeneous nu-
cleation can imply significant energetic differences. As expect-
ed, the presence of dispersed crosslinked EPDM or EOC par-
ticles in the PP matrix, which act as nucleating agents acceler-
ating PP crystallization, minimizes the first term (ΔGhomo) in
Eq. (3) by lowering ΔT. Furthermore, the crosslinked EPDM
and EOC particles that are relatively small-sized (about 0.2–
0.5 μm) with low interfacial tension (high wetting) against the
PPmatrix [30], will also tend to reduce the second factor f(θ) in
Eq. (3). The contact angle of the PP matrix against the
crosslinked elastomer particles can be estimated from the sur-
face free energies by Young’s eq. [31]:

γS ¼ γ
S

.
L
þ γLcosθ ð5Þ

cosθ ¼
γS−γ

S

.
L

γL
ð6Þ

where, γS and γL are the surface tensions (energies per unit
area) of the solid and the liquid, respectively. γS/L is the inter-
facial tension at the solid-liquid interface, and θ is the contact
angle of the liquid on the solid surface.

In the present work, the contact angles of PP on EPDM and
EOC surfaces were estimated from surface tensions of the neat
materials at 180 °C [30]. By using these data in Young’s equa-
tion, it was found that PP exhibits a relatively higher contact
angle with EPDM surface (i.e., 47.9°) than with EOC surface
(i.e., 21.7°). The calculated f(θ) for the EPDM/PP and EOC/
PP systems is given in Table 4. It can be concluded from the
f(θ) values that the free energy barrier for heterogeneous nu-
cleation of PP (ΔGhetero) should decrease when EPDM or

EOC was introduced, and EOC showed a greater effect on
heterogeneous nucleation than EPDM. In the present work,
however, the estimates of f(θ) are rough. We should rather use
the surface tension of the crosslinked elastomer and the mol-
ten thermoplastic at the certain Tc. Unfortunately, due to lim-
itations of these experiments, the values of ΔGhetero at given
values of Tc cannot be obtained. However, nucleation will be
discussed in terms of the nucleation activity (ϕ).

A method to estimate the nucleation activity of a polymer
melt has been proposed by Dobreva and Gutzow [32, 33]. The
nucleation activity is a measurement of the work decrement of
three-dimensional nucleation with the addition of a foreign
substrate. Typically, the values of ϕ is in a ranges from 0 to
1. The stronger the activity of the foreign substrates, the lower
the ϕ value should be. The equations describing this approach
are as follows:

ϕ ¼ Bhetero

.
Bhomo ð7Þ

where B is a nucleation parameter of heterogeneous nucle-
ation (Bhetero) or homogeneous nucleation (Bhomo). It can be
calculated as follows:

B ¼ ωσ3 Vmð Þ2
3nkBT0

m ΔSmð Þ2 ð8Þ

where ω is a geometric factor, σ is the specific energy, Vm is
the molar volume of the substance, n is the Avrami index, kB is
the Boltzmann constant, ΔSm is the entropy of melting, and
T0
m is the equilibrium melting temperature.
Furthermore, B can also be determined experimentally

from the slope of Eq. (9), by plotting ln φ against the inverse
squared under cooling 1/ΔT2.

lnφ ¼ constant−
B

ΔT2 ð9Þ

Plots of ln φ against 1/ΔT2 for the neat PP and the blends
are shown in Fig. 6. The slopes of the fitted lines reveal the
values of Bhomo for neat PP and Bhetero for EPDM/PP or EOC/
PP TPV. The values of ϕ calculated from Eqs. (7) and (9) for

Table 4 Contact angle (θ) and geometric factor (f(θ)) for PP on EPDM
or on EOC, and nucleation activity (ϕ) on PP by EPDM or EOC

Characteristics EPDM/PP EOC/PP

θ (°) 47.9 21.7

f(θ) 0.073 0.004

ϕ 0.37 0.35
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EPDM/PP and EOC/PP TPVs are given in Table 4. It is no-
ticed that the ϕ values for EPDM/PP and EOC/PP TPVs were
less than 1, indicating that the crosslinked EPDM and EOC
particles were efficient nucleating agents providing nucleation
sites, which can increase crystallization rate of the PP matrix.
This relates well to the observed decrease in ti of PP crystal-
lization in the TPVs, when compared to that in the neat PP, at a
given cooling rate (see Table 3). Moreover, the EOC/PP TPV
had lower ϕ and thereby slightly higher nucleation effect than
the EPDM/PP TPV, as also seen in the shorter t1/2 and lower
Tc,onset and Tc,max in Table 3. On comparing to other filled PPs,
SiO2 and Si3N4 particles had a ϕ value of about 0.85 in PP, at
5% loading level [34, 35]. In PP filled with 1% multiwall
carbon nanotubes or 2% talc, the values of ϕ were 0.50 and
0.56, respectively [36, 37]. It is obvious that the crosslinked
EPDM and EOC particles had comparatively small ϕ values.
This confirms that the crosslinked EPDM and EOC particles
are effective nucleating agents for PP, in comparison to more
commonly used/studied fillers [34–37].

Secondary nucleation (spherulite growth) analysis
by Lauritzen–Hoffman theory

The Lauritzen–Hoffman theory assumes that the free energy
barrier to nucleation has an energetic origin, and provides a
general expression for the growth rate (G) of a linear polymer
crystal with folded chains:

G ¼ G0exp −
U*

R Tc−T∞ð Þ
� �

exp −
Kg

fTcΔT

� �
ð10Þ

f ¼ 2Tc

T0
m þ Tc

ð11Þ

where G0 is a constant parameter, U* is the diffusional acti-
vation energy for the transport of crystallizable segments at
the liquid-solid interface (usually set equal to 6280 J/mol), R is
the universal gas constant, Tc is the crystallization tempera-
ture, T∞ is the hypothetical temperature below which there is
no chain motion (usually taken as T∞ = Tg - 30), Tg is the glass
transition temperature of PP (taken as 10 °C for this study), Kg

is the nucleation constant, which can be related to the product
of lateral and fold surface free energies, f is a correction factor
that takes into account variations in bulk melting with temper-

ature as given in Equation (11), T0
m is the equilibrium melting

temperature, and ΔT is the undercooling. The growth rate of
crystallization (G) can be approximated by the reciprocal of
half-time of crystallization (G = 1/t1/2), and then Equation (10)
can be logarithmically transformed and rearranged as follows:

ln
1

t
1

.
2

2
664

3
775þ U*

R Tc−T∞ð Þ ¼ lnG0−
Kg

f TcΔT
ð12Þ

According to Eq. (12), a plot of the left-hand side against
1/(fTcΔT) should yield a straight line with the intercept ln G0

and the slope –Kg.
As decribed in Primary nucleation and its relation to nucle-

ation barrier and activity Section, the crosslinked EPDM and
EOC particles act as heterogeneous nucleating agent in the
crystallization of PP, and accelerate the rate of crystallization.
In order to well understand the crystallization stage, the sec-
ondary nucleation (Regime II in Fig. 5) was investigated using
data from the non-isothermal crystallization of PP in neat form
and in the EPDM/PP and EOC/PP TPVs, given in Table 3.
The Lauritzen–Hoffman equation which is originally used for
isothermal crystallization has been adopted in the study of
non-isothermal crystallization by using the following
relationship:

t ¼ T0−Tc

α
ð13Þ

where t is the total crystallization time, T0 is the onset temper-
ature of crystallization, TC is the crystallization temperature
and α is the cooling rate. Thus, Eq. (12) can be transformed
into following equation [38–40]:

ln
1

t
1

.
2

2
664

3
775þ U*

R T0−αt−T∞ð Þ ¼ lnG0−
Kg

f T 0−αtð ÞΔT
ð14Þ

Fig. 7 shows such crystal growth analysis of the non-
isothermal crystallization according to the modified

Fig. 6 Analysis of nucleation activity following the approach of Dobreva
and Gutzow
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Lauritzen–Hoffman theory. The nucleation constants Kg are
listed in Table 5. In fact, an effective nucleating agent should
reduce Kg [41]. According to prior literature [42] the effect of
surface-treated SiO2 on the Kg of PP is to decrease it almost
linearly with the loading level of SiO2. This phenomenon was
also observed in PP filled with carbon nanotubes [43], with
talc [44] and with polybutadiene rubber [26]. As seen in
Table 5, the incorporation of crosslinked EPDM and EOC
particles into the PP matrix caused a sharp decrease in Kg

relative to the neat PP. This might be explained by enhanced
interfacial interactions in EPDM/PP and EOC/PP. EPDM and
EOC have functional groups with affinity to both polar and
non-polar components in PP, and hence act as good binding
material [30]. Enhanced EPDM/PP and EOC/PP interfacial
interactions may decrease the energy required to fold PP
chains during secondary nucleation. This again confirms that
nucleation of the PP is influenced by the presence of
crosslinked EPDM and EOC particles.

Crystalline morphology associated with secondary
crystallization

The crystal structures are largely lamellar with folded chains.
These lamellar structures generally contain also amorphous
parts that pass from one crystalline region to the next.
Thickening of the lamellae occurs after the secondary nucle-
ation regime (Regime II), and crystalline lamellae with a cer-
tain thickness are finally obtained by the secondary

crystallization (Regime III). As thickness of the lamellae
strongly affects mechanical and thermal properties of a semi-
crystalline polymer, the study of crystallinity is very relevant.
Hoffman-Weeks [11] and Thomson-Gibbs [45] equations are
well-known theoretical models relating the lamellar character-
istics to the thermal characteristics. In the present study, the
initial lamellar thickness (l0), the final lamellar thickness (lc),
and the lamellar thickening coefficient (β) were evaluated
from a mathematical model:

lc ¼ l0β ð15Þ

where β for a crystallizable polymer can be estimated by
fitting its thermal characteristics with the Hoffman-Weeks
equation, as given in Eq. (1).

Thomson and Gibbs model describes the temperature de-
pendence of the final lamellar thickness lc:

Tm ¼ T0
m 1−

2σθ

lcΔH f ρc

� �
ð16Þ

where T0
m is the equilibrium melting temperature, σθ is the

fold surface free energy, ΔHf is the equilibrium melting en-
thalpy, and ρc is the density. The following values were liter-
ature curated for PP: σθ= 100 × 10−7 J/cm2 [46, 47], ΔHf=
209 J/g [5], and ρc = 0.91 g/cm3.

Fig. 8 represents the effects of cooling rate on the lamellar
characteristics of PP in EPDM/PP TPVs. It can be seen that l0,
which refers to thickness of the formed lamellae at start of the
secondary crystallization, strongly depended on the cooling
rate, continually decreasing with the cooling rate. This is in
accordance to several prior studies [48–50] that have found
with large ΔT (see Table 3, the ΔT is found to increase with
cooling rate) and rapid quenching that a large number of small

Fig. 7 Estimation of secondary nucleation rate in accordance with the
Lauritzen–Hoffman theory

Table 5 Secondary nucleation constants of the investigated samples
according to the modified Lauritzen–Hoffman equation

Samples EPDM/PP EOC/PP neat PP

Kg × 105 4.01 4.03 5.47 Fig. 8 Lamellar thickness and lamellar thickening coefficient of PP in the
EPDM/PP TPVs as functions of cooling rate
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nuclei (high nucleation density) were obtained. At a given
cooling rate, the PP lamellae in EPDM/PP TPVs had initial
thicknesses (l0) in the range 8–10 nm, and reached final thick-
nesses (lc) of about 25–28 nm. During the secondary crystal-
lization of PP in the EPDM/PP TPVs, the PP lamellae had
lamellar thickening coefficient (β) of approximately 3, indi-
cating that the PP lamellae got about three-fold thicker.
However, it should be noted that lamellar thickness evaluated
from DSC result are inadequate unless the precise thermody-
namic data (fold surface free energy, crystal density and 100%
crystal heat of fusion) obtained from small-angle X-ray scat-
tering (SAXS) are incorporated for discussion.

The effects of crosslinked elastomer particles in the PP
matrix on PP lamellar characteristics are shown in Fig. 9.
The lamellar characteristics of PP in all investigated samples
(i.e., neat PP, EPDM/PP TPVs, and EOC/PP TPVs) were
obtained at the fixed 25 °C/min cooling rate. It is seen that
l0 and lc of PP in both EPDM/PP and EOC/PP TPVs were
clearly higher than those of the neat PP. This is due to
effects of the crosslinked elastomers as nucleating agents
[26, 51]. Lamellar thickening as well as crystalline perfec-
tion depends on chain mobility via translational diffusion
within the crystalline phase [52]. In the presence of
crosslinked elastomer particles, the Tc of PP in the TPVs
was increased. This may indicate that the chain mobility or
the chain diffusion of PP was enhanced. However, the neat
PP exhibited higher β than the PP in EPDM/PP or in EOC/
PP TPV. The neat PP lamellae thickened by approximately
3.5 fold during secondary crystallization, where in the
EPDM/PP or the EOC/PP TPV the thickening was about 3
fold. The observations indicate that the crosslinked elasto-
mer particles as heterogeneous nucleating agents provided
the TPVs with thicker PP lamellae.

To further clarify the character of secondary crystallization
of PP, crystallographic structures of the PP phases in the

EPDM/PP and the EOC/PP TPVs were also investigated by
X-ray diffraction, and compared with neat PP. Crystal cell size
(l110) values of α-form PP were roughly derived using the
Scherrer equation [26], and also the Bragg spacing (d110, the
interplanar distance between consecutive (110) planes) was
evaluated by means of Bragg’s law [53]. The determinations
by X-ray diffraction are summarized in Table 6. The d110 and
l110 values suggest that the crosslinked elastomer particles not
only promoted such PP phase that had similar unit cell as the
neat PP, but also increased the spacing in monoclinic α-form
crystals. The crystal lattice spacing in monoclinic α-form in
the EOC/PP TPV was larger than in the EPDM/PP TPV. This
observation is in agreement with the increased lo and lc in
the DSC measurement, as previously discussed in relation to
Fig. 9. The crosslinked elastomer particles may affect the
crystal size in the PP matrix by various mechanisms or dis-
tinct effects. These include (1) the nucleation effect, (2) the
crystal growth process, and (3) the steric hindrance factor
[14]. The increase in l110 crystal lattice spacing of PP with
the addition of vulcanized elastomers might be attributed to
both the nucleation effect and the crystal growth process.
The crosslinked elastomer particles caused the EPDM/PP
and the EOC/PP TPV to have relatively high Tc values
(see Table 3), by acting as heterogeneous nucleating agents
that accelerated crystallization of the PP. After some nuclei
had been created, the crystal growth followed simultaneous-
ly with further nucleation.

When ΔT is small (low cooling rate), the crystal growth
rate is moderate, and the lamellar thickness in crystals pro-
duced is greater [48–50]. The rank order of observed ΔT
was EOC/PP TPV < EPDM/PP TPV < neat PP when com-
pared at a fixed cooling rate, and thismatches well the lamellar
thicknesses: the l110 crystal lattice spacing of PP in the EPDM/
PP and in the EOC/PP TPVs was larger than in the neat PP.
The values lc of crystalline size in all investigated samples,
obtained from the Thomson-Gibbs equation, are also summa-
rized in Table 6 for comparison. It is noted that the lc were
nearly similar to the l110 obtained from the Scherrer equation
using X-ray diffraction measurements. This confirms that an
analysis of the secondary crystallization kinetics byDSCmea-
surements was reliable. Furthermore, it is found that the d110
spacing obtained from Bragg’s equation was comparable
across all samples, indicating similar interplanar distances of

Fig. 9 Lamellar thickness and lamellar thickening coefficient of PP as
neat and in the EPDM/PP and the EOC/PP TPV, at the fixed 25 °C/min
cooling rate

Table 6 Lamellar thicknesses derived from X-ray diffraction in crys-
tallized samples, along with estimates obtained from DSC measurements

Samples d110 (nm) l110 (nm) lc,DSC (nm)

neat PP 6.27 23.4 22.9

EPDM/PP 6.31 24.1 25.3

EOC/PP 6.31 26.6 25.6
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consecutive (110) planes. Thickness of the amorphous part
between two consecutive planes can be estimated from d110
and l110, by subtracting the latter from the former. These esti-
mates of amorphous layer thickness were 38.7, 36.5, and
39.7 nm, for the EPDM/PP, the EOC/PP TPVs, and the neat
PP, respectively. This analysis of amorphous layer thickness in
the TPVs leads to the conclusion that the crosslinked elasto-
mer particles of about 0.2–0.5 μm size [27] cannot be embed-
ded between two neighboring lamellae, while they may be
interspersed between stacks of lamellae.

SEM observations of crystalline morphology

Spherulite is a typical microstructure of polymer crystals with
highly ordered lamellae. During the growth of a crystal (sec-
ondary nucleation, Regime II), the polymer chains fold togeth-
er and then form ordered regions or lamellae, and these grow
and expand spherically outwards from the initiating nucleus.
To gain further insights into the crosslinked elastomer parti-
cles in the thermoplastic matrix, the crystalline structures of
the PP phase in the EPDM/PP and the EOC/PP TPV were
observed by SEM and compared to those in the neat PP.
Non-isothermal crystallization was induced in the fabricated
samples by cooling at about 25 °C/min, and the sample sur-
faces were etched with permanganic acid before imaging with
SEM. In permanganic acid etching, the amorphous compo-
nent is degraded more readily by the active species than the
crystalline component. The crystallized form is densely
packed and more stable with comparatively strong van der
Waals attractions between molecules. Therefore, the crystals
would require longer etching time to diffuse and react than the
amorphous part [54]. With an appropriate choice of etching
time, therefore, the fine details of crystalline structure in the
semi-crystalline polymers will appear at the sample surfaces.

Fig. 10 shows the crystalline morphology of neat PP etched
with permanganic acid solution for 4 h. The arrows indicated
the radial growth direction of lamellae outwards from a center,
and the phase boundaries between spherulites were formed
when they eventually impinge upon each other due to growth:
these are shown with a dashed line. Well-developed spheru-
lites about 70 μm in diameter with clear boundaries were

Fig. 10 SE-SEM image of the crystalline phase in neat PP after chemical
etching for 4 h (at 1,000× magnification)

Fig. 11 SE-SEM images of
crystallized samples after
chemical etching for 2 h, showing
the distribution of spherulites in a
EPDM/PP, and b EOC/PP TPVs
(at 250× magnification), and
detailing spherulite structure in c
EPDM/PP, and d EOC/PP TPVs
(at 1,800× magnification)
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observed in the neat PP. The spherulites contained straight
lamellae and kept growing until further expansion was
blocked by other spherulites. Fig. 11 shows the crystalline
morphologies of the EPDM/PP and the EOC/PP TPVs, etched
in permanganic acid for 2 h. Figs. 11a and b, represent the
spherulite formations in the EPDM/PP and the EOC/PP TPV
at 250 fold magnification. It can be seen that the spherulites
were totally different from those in the neat PP; they were
diverse in size and poorly distributed. Some spherulites were
connected to each other, but some remain separated. It was
found that both the TPVs had smaller sized spherulites, more
spherical in shape, than those in the neat PP (see Fig. 10).
Moreover, it seems like the EPDM/PP and EOC/PP TPVs
had more spherulites than the neat PP per unit area on the
surfaces. In fact, the size and number of spherulites are related,
as these are both controlled by several parameters such as the
structure of the polymer molecules (mobility of the crystal-
lized polymer chain), processing conditions, an intentional
addition of nucleating agents (enhancing a number of nucle-
ation sites), etc. [7–10]. In the present work, the TPVs had
smaller and more numerous spherulites than the neat PP, be-
cause the dispersed crosslinked elastomer particles acted as
heterogeneous nucleating agents in the PP matrix. Even
though the crosslinked elastomer particles induced reduced
ΔTand elevated growth rate (1/t1/2) of crystals, the nucleation
effects were dominant. The dispersed crosslinked elastomer
particles in the TPVs created a large number of nucleation
sites, which directly caused a numerous spherulite population
(see the nucleation barrier and activity in Primary nucleation
and its relation to nucleation barrier and activity Section). This
limited the growth space per one spherulite and hence their
comparatively small size. Moreover, the crosslinked elastomer
particles can generally pass into the inter- and intra-spherulitic
regions in the crystalline component of the thermoplastic
phase [55]. Crosslinked EPDM and EOC particles may have
been trapped inside the PP spherulites, causing irregular ge-
ometry that suppresses the mobility of the molecular chains
and thereby hinders crystallization: consequently the size of
spherulites can also be reduced by this mechanism. Fig. 11c
and d are high magnification images of PP spherulite mor-
phology in the EPDM/PP and in the EOC/PP TPV, respective-
ly. These PP spherulites observed were swollen with slightly
rough surfaces. The swelling was caused by the etching re-
agent when the amorphous phase contributes a large fraction
of the composition.

Conclusions

The effects of crosslinked EPDM and EOC particles on the
whole crystallization process of PP in EPDM/PP and EOC/PP
TPVswere assessed. The results confirm that crosslinked elas-
tomer particles caused heterogeneous nucleation of the PP in

TPVs, and directly impacted the PP crystallization process. In
the early stage of crystallization, the crosslinked elastomer
particles promoted shorter primary nucleation time along with
lower nucleation activity (ϕ values) of PP in the TPVs than in
the neat PP, indicating the particles had strong nucleation ef-
fects. Moreover, the crosslinked elastomer particles provided
the PP with higher crystal growth rate together with reduced
nucleation constant in the secondary nucleation regime. This
indicated decreased energy barrier for the PP chain segments
to attach to the nucleus, curing crystal growth in the presence
of the crosslinked elastomers. In the final regime of secondary
crystallization, the crosslinked elastomer particles induced in-
creased lamellar thickness in the PP matrix, relative to that in
the neat PP. The morphological study revealed strong obvious
effects on the size and shape of PP spherulites that were small-
er and poorly distributed in the TPVs. The smaller size was
due to the dominant heterogeneous nucleation effects of the
crosslinked elastomer particles, increasing numerosity of the
crystal population and reducing the share available to each
nucleus. The poor distribution of PP spherulites was inherited
from the distribution of crosslinked elastomer particles as nu-
cleating sites.
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