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Abstract
Poly-dicyclopentadiene matrix composites with different concentrations of mineral wollastonite particles (CaSiO3) were
fabricated with possible applications as high volume structural materials. This represents a significant reduction in costs.
A planetary Thinky mixer was used to initially mix the resin with the curing agent, followed by incorporating grubbs
catalyst. Finally, the product was mixed together with different loading of the particles. The microstructure and compositions were identified by scanning electron microscopy and X-ray diffraction. Particles were found to be homogeneously distributed over the polymer matrix. Quartz was found as a byproduct of the calcium dissolution in the resin.
The thermo-mechanical behavior was evaluated by compression, curing, dynamic mechanical analyzer and thermogravimetric analysis. For all wollastonite loadings it was found that compression strength was over 100 MPa.
Wollastonite was found to decelerate the curing of the resin by the release of calcium ions that enhanced the exothermic
reaction.
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Introduction
Dicyclopentadiene (DCPD, C10H12) is a colorless liquid
with a camphor-like odor, which is formed from the
spontaneous Diels-Alder dimerization of cyclopentadiene. DCPD is a signiﬁcant component of the C5
oleﬁn stream formed as a by-product from the production of ethylene by steam cracking of naphtha. Several
hundred million pounds (only a fraction of the total
produced) of DCPD of various purity levels are recovered each year and utilized in a variety of applications
such as tackiﬁers for adhesives and inks and comonomers for polyester resins or EPDM rubbers.1–4
DCPD is also polymerized through ring opening
metathesis with a ruthenium-based Grubbs catalyst to
form a cross-linked polymer with high modulus,
strength and impact resistance.5,6 Two steps are
involved in this ring opening polymerization: First,
the opening of the strained cyclopentene ring with the
aid of catalyst forms the linear structure at below 40 C.
Second, a strong exothermal reaction assists the crosslinking at over 80 C. Cross-linked poly-DCPD has
been successfully used for truck body panels, sporting
goods and drain parts. Due to its unique properties,

such as low viscosity as a monomer and high strength
and toughness after polymerization, it has been extensively investigated as a self-healing agent.7 In addition
to its low cost, it has been worked with asphalt materials to reinforce pothole patching materials.8
On the other hand, wollastonite is a form of naturally occurring white calcium silicate (CaSiO3), which is
a mineral with triclinic or monoclinic structure.9 Color
can vary from white, cream, light yellow, pink, gray,
green and brown.10 Its speciﬁc gravity ranges from 2.9
to 3.1. Pure wollastonite melts at 1540 C, although the
ﬂuid temperature for commercially produced wollastonite may be as low as 1380 C (NYCO Minerals
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Inc, 2012). Wollastonite is unique among nonmetallic
industrial minerals for its combination of white color,
acicular (needle-like) crystal shape, alkaline pH (typically more than 10), low cost and thermal stability.
Because of its acicular shape (the aspect ratio is usually
between 10 and 20) it is very eﬀective as reinforcement
and it is widely used as ﬁller for plastics11 and paints.12
Because of its eﬀectiveness in suppressing plastic ﬂow, it
is used as protection against surface damage.13 Also,
since it has been shown that wollastonite is bioactive,
it has also been used in several bio-engineering applications.14,15 Moreover, due to its excellent thermal stability, wollastonite is used as ﬂame retardant for
polymers.16 In addition, since it is a natural and inexpensive source of calcium, when mixed with phosphoric
acid, wollastonite can be used to fabricate calcium
phosphates for structural ceramic-composites17–19 and
for radiation shielding in structural nuclear
applications.20
Ceramic powders incorporated as ﬁllers have been a
widely acceptable approach to improve mechanical
properties of polymer composites. However, powderspoly-DCPD-based composite materials have rarely
been investigated.21,22 In addition to the improvements
in various categories as discussed above, the use of wollastonite as ﬁllers of poly-DCPD can signiﬁcantly
reduce the cost of ﬁnal products of pure poly-DCPD.
The price of wollastonite from Minera Nyco is $200.0/
ton; meanwhile the price of DCPD with the catalyst
from Materia Inc. is $4409/ton (DCPD cost $2.0/lb).
This means that one ton of composite fabricated with
50 wt% of DCPD and 50 wt% of wollastonite costs
$2304. The composite represents $2105 in savings per
ton and corresponds to a cost reduction of 47.7%.
It has been shown that poly-DCPD can be used in
high performance structural applications such as
reinforcing pothole patching materials.8 In this paper,
wollastonite (CaSiO3) particles are used as ﬁller for
poly-DCPD polymer resin. Since this ﬁller is a natural
mineral that does not require further energy-intensive
processes for manufacturing, the manufacturing procedure used in this paper is environmentally friendly.
Through simple mechanical blending and in-situ polymerization, the poly-DCPD-CaSiO3 composites have
been prepared easily. The structure-property relation
of these particles is examined and the role of the calcium ions in the curing and polymerization is discussed.

Experimental
The DCPD resin (EXP-1102) and Grubbs catalyst
(EXP-1250) were obtained from Materia Inc.
(Pasadena, CA) and used as received (assay purity
95.0%). The DCPD resin is a low viscosity liquid at
room temperature consisting of pure DCPD and 24%
trimer. The ﬁne powder of second generation Grubbs
catalyst was dispersed inside mineral oil to form a
brown-red dispersion. To catalyze the resin, the
mixing ratio between the resin and the catalyst dispersion is 50:1 in weight. The corresponding molar ratio is
60,000:1.
Sets of four samples per composition of poly-DCPD
with wollastonite powder in diﬀerent concentrations
were fabricated by ﬁrst mixing the resin with the
curing agent of Grubbs catalyst and followed by
adding the wollastonite powder M200 (from Minera
Nyco; see Table 1). Samples with diﬀerent wollastonite
content were fabricated: 0.0 (net resin), 33.3, 50.0 and
66.7 wt% wollastonite powder. The Wollastonite used
in this research was brand new powder, supplied from
the manufacturer in a container hermetically closed to
the air atmosphere. This condition is important to keep
a high reactivity of the powder since this material has
ageing eﬀects, mostly due to its hygroscopic nature.23
The mixing process of the components was conducted in a Planetary Centrifugal Mixer (Thinky
Mixer AR-250, TM). It was found that the mixing
time (liquid and powder) has to be adjusted due to
the change in curing time of the resin, which is strongly
aﬀected by the wollastonite loading. For poly-DCPD,
5 min mixing is found to be optimal. However, when
wollastonite is added, the mixing time must be adjusted.
If the mixing time is short, sedimentation of the particles occurs. On the contrary, if it is too long, solidiﬁcation will occur in the mixing molds. It was found that
in 100 g sample (liquid plus particles), for 33.3, 50.0 and
66.7 wt% of wollastonite, the optimal mixing times
were 15, 10 and 5 min, respectively.
For scanning electron microscopy (SEM) examinations, the samples were mounted on an aluminum
stub and sputtered in a Hummer 6.2 system (15 mA
AC for 30 s) creating a 1-nm thick ﬁlm of gold. The
SEM used was a JEOL JSM 6700R in a high vacuum
mode. X-ray diﬀraction (XRD) tests were conducted
using X’Pert PRO equipment (Cu Ka radiation,
 ¼ 1.5406 Å) at 45 KV and scanning between 10

Table 1. Chemical composition of wollastonite powder.
Composition

CaO

SiO2

Fe2O3

Al2O3

MnO

MgO

TiO2

K2O

Impurities

Percentage

46.25

52.00

0.25

0.40

0.025

0.50

0.025

0.15

0.4
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and 80 . Compression tests were conducted in an Instron
machine 3382, over cylindrical samples (12.5 mm diameter by 25 mm in length) prepared in glass tubes and
mechanically polished until ﬂat and parallel surfaces
were obtained. The crosshead speed was 1 mm/min.
Dynamic mechanical analysis (DMA) tests were
conducted on a TA RSAIII dynamic mechanical analyzer at a rate of 5 C/min. The three-point bending
setup was used for all tests. All samples were rectangular bars with 2 mm in thickness, 6.0 mm in width and
25 mm eﬀective length. Tests were conducted at a frequency of 1 Hz and with strain amplitude less than 3%.
Thermogravimetric analysis (TGA) was performed in
Perkin Elmer Instruments Pyris Diamond TG/DTA
equipment. The temperature ramp was 10 C/min. All
experiments were conducted in an argon atmosphere.

Results
DSC curing experiments of the diﬀerent composites
fabricated are shown in Figure 1. As the wollastonite
powder content increases, the peak height decreases
and moves toward longer setting times. Therefore, the
wollastonite powders decelerate the curing of the composites which is associated with the release of calcium
ions (Caþ2) from wollastonite grains with the DCPD
resin. The exothermic reaction in the poly-DCPD is
mass-dependent, which explain the decrease in the
peak height as the wollastonite content increases.
The curing times (which were taken as the ﬁrst inﬂection point of the curve from left to right as shown by
the arrow) were 38.4, 51.7, 117.5 and 145.4 min for the
0.0, 33.3, 50.0 and 66.7 wt% wollastonite samples,
respectively. Similarly, the peak positions were 42.3,
55.8, 121.8 and 159.5 min. The inﬂection point corresponds to the point of gelation (gel point). This refers to
the polymer transition from a viscous liquid to a

0.0 wt% CaSiO3
33.3 wt% CaSiO3
50.0 wt% CaSiO3
66.7 wt% CaSiO3
Reference Temperature

Temperature (°C)

200
160
120
80
40
0
0

25

50

75 100 125 150 175 200 225
Time (min)

Figure 1. Curing tests for the DCPD-CaSiO3 composites fabricated. The curing times (first inflection point of the curve from
left to right as shown by the arrow) were 38.4, 51.7, 117.5 and
145.4 min for 0.0, 33.3, 50.0 and 66.7 wt% wollastonite,
respectively. DCPD: dicyclopentadiene; CaSiO3: calcium silicate.

viscoelastic solid. This is the point in which all molecular chains in the polymer are connected through crosslinks and the polymer network can be considered to be
one large molecule. Experimentally, the resin hardens
into a solid.24 On the other hand, the peak temperature
indicates the end of the exothermic reaction.
The wollastonite needle-like particles are presented
in Figure 2(a). Images of the poly-DCPD with wollastonite particles with a loading of 33.3, 50.0 and
66.7 wt% are shown in Figure 2(b), (c) and (d),
respectively.
Homogeneous distribution is observed. Figure 2(c),
which corresponds to the composite sample with
50.0 wt% loading, is a magniﬁcation of a wollastonite
particle in the polymer matrix with good impregnation.
The XRD for wollastonite powder25 and for the
poly-DCPD polymer composites with wollastonite as
ﬁller are shown in Figure 3. The reaction of DCPD
and wollastonite produced quartz (SiO2) peaks which
have been identiﬁed.26
Figure 4(a) presents 0.0 wt% wollastonite samples
(the neat resin) after diﬀerent plastic deformation percentages (”) and an engineering stress–strain curve for
0.0 wt% wollastonite sample, which shows a sample
with diﬀerent plastic deformation. Test was stopped
when the maximum load of the testing machine was
reached. To do a better observation of the polyDCPD deformation modes, samples were prepared
with lengths that are twice the diameter. Buckling was
never observed as shown by the tomography reconstructed 3D images, which show the morphology of
typical samples as the compression test is conducted.
Cross-section view of micro tomography images
(always taken at half height of sample) for ” ¼ 0.1
and 0.55% did not show cracks. Figure 4(b) shows
0.0, 33.3, 50.0 and 66.7 wt% wollastonite samples
after ” ¼ 0.1%. Tomography (3D and cross section)
was also included and no further damage was found.
In general, plastic ﬂow is barreling type. Samples with
wollastonite showed the formation of thin crazes.
Figure 4(c) presents selected engineering stress–
strain curves. Samples 0.0 and 66.7 wt% wollastonite
did not fail, even though their composition was diﬀerent. Samples in between, 33.3 and 50.0 wt% wollastonite, have poor compressive strengths after ” ¼ 0.1%. In
the case of 0.0 wt% wollastonite sample, the plastic
ﬂow is barreling type while in some samples it is near
homogeneous. Figure 4(d) is a magniﬁcation of Figure
4(c) near the yielding point (see rectangle). The sample
0.0 wt% wollastonite has a very well-deﬁned yielding
point peak. As wollastonite content increases (33.3,
50.0 and 66.7 wt% wollastonite samples) the peak at
the yielding point disappears.
The summary of compressive results is shown in
Figure 4(e). Samples with 0.0 and 66.7 wt%
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Figure 2. (a) CaSiO3 powder and cross section images for (b) 33.3 wt% of wollastonite, (c) 50.0 wt% of wollastonite and
(d) 66.7 wt% of wollastonite.
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Figure 3. XRD patterns DCPD with different concentrations of wollastonite powder. DCPD: dicyclopentadiene; XRD: X-ray
diffraction.

wollastonite have the highest compressive strengths.
Figure 4(c) reveals that after ” ¼ 0.1, only 0.0 and
66.7 wt% wollastonite samples worked well. After ” is
about 0.1%, the stress in 0.0 wt% wollastonite sample
starts to increase exponentially, which similarly happens for 66.7 wt% wollastonite sample after ” of
about 0.5%. Deformations of ” ¼ 0.3 and 0.5 can be

considered itself as a failure in some applications.
However, in some other applications such as asphalt,
these deformations could be tolerated. The poly-DCPD
resin has that amazing compressive strength to support
both very high loads and deformations as shown in
Figure 4(a). This amazing property seems to work
also in samples R1-P2, although the mechanism seems
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Figure 4. Compression tests results (a) 0.0 wt% of wollastonite samples after ” (%) and an engineering stress-strain curve for
0.0 wt% of wollastonite showing sample as deformation is going on (cross section and after 3D reconstruction tomography images
included); (b) diverse samples after ” ¼ 0 .1%; (c) and (d) show some of the obtained stress-strain curves; (e) and (f) show the
summary of compressive results.

to be diﬀerent. For 66.7 wt% wollastonite sample, since
the loading of wollastonite is too high, there is some
point in which the compression force squeezes the resin
to such a point that there is particle-particle interaction,
which certainly can increase the compressive strength
signiﬁcantly. In addition to this, the polymer matrix has
a high concentration of calcium ions released from wollastonite grain in such a way that calcium ions can
change the mode of failure of the polymer matrix as
will be shown by the SEM. Finally, Figure 4(f) summarizes of the yielding strength results. It has been
found that the addition of particles in general decreases
the variability of the yielding strengths.

Figure 5 presents SEM images for the samples after
the compression tests conducted at the ultimate point
shown in Figure 4(c). Evidence of the crack propagation through craze bundles for 0.0 wt% wollastonite
sample is shown in Figure 5(a). Figure 5(b) and (c)
show catastrophic failure for 33.3 and 50.0 wt% wollastonite samples. It is also observed that the fracture
surface was not clean, with a lot of particles detached
from the matrix. Failure was a combination of microvoid nucleation around the particles followed by a fast
failure fracture. Finally, Figure 5(d) reveals cracks
propagation through craze bundles for sample
66.7 wt% wollastonite, similar to 0.0 wt% wollastonite.
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Figure 5. SEM images for samples after the compression tests at the ultimate point (shown in Figure 4(e)); (a) 0.0 wt%; (b) 33.3 wt%;
(c) 50.0 wt% and (d) 66.7 wt% wollastonite samples. SEM: scanning electron microscopy.

However, for 66.7 wt% wollastonite, there is a nanostructure domain with some kind of microﬁber and
micro and nanovoid formation that did not appear
for 0.0 wt% wollastonite sample.
DMA results Tan (d), E0 and E00 are respectively
shown in Figure 6(a), (b) and (c). From Figure 6(a),
it is seen that the glass transition temperature (Tg) in
general decreased as the wollastonite content increased.
Tg (by tangent delta) was 152.9 C for 0.0 wt%, 112.4 C
for 33.3 wt%, 102.7 C for 50.0 wt% and 104.1 C for
66.7 wt% wollastonite. Figure 6(b) shows the storage
modulus (E0 ). It is found at 60 C that as wollastonite
increased, E0 increased as well. E0 was 2 GPa for sample
0.0 wt%, 3 GPa for 33.3 wt%, 5.8 GPa for 50.0 wt%
and 6 GPa for 66.7 wt% wollastonite at 60 C. In the
case of loss modulus (E00 ), as shown in Figure 6(c),
the peak positions for samples 0.0, 33.3, 50.0 and
66.7 wt% wollastonite were 137.3, 109.5, 86.9 and
89.9 C, respectively.

The weight loss as function of temperature is shown
in Figure 7(a). For all samples, weight loss is lower than
5% until 450 C. However, at 460 C, 0.0 and 33.3 wt%
wollastonite samples showed signiﬁcant poly-DCPD
degradation. For 50.0 and 66.7 wt% wollastonite samples, the polymer degradation is relatively low, even at
500 C. This is suggested to be associated to a calcium
ions eﬀect. The heat ﬂow curves show two main peaks
for all samples, Figure 7(b). The exothermic peak close
to 100 C correlates to the Tg points obtained by DMA.
The endothermic peak close to 450 C is due to the
melting of the polymer matrix and only appears for
0.0 and 66.7 wt% wollastonite samples.

Analysis
The manufacturing of the material was all about green
processing. The planetary mixing is a mechanical
mixing that can be conducted even by hand.
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Figure 6. DMA properties (a) Tan (d), (b) E0 , and (c) E00 . DMA: dynamic mechanical analysis.
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Figure 7. TGA results (a) weight loss % and (b) heat flow. TGA: thermogravimetric analysis.

Furthermore, since no further vacuum or thermal process is required, it is much more environmentally
friendly than other typical polymer matrix composites
manufacturing. In addition, since wollastonite is a natural mineral that can be used almost in a raw form in
high loadings in the composites and it is cheaper than
poly-DCPD, these proposed composites can be an
alternative to traditional structural materials. As
demonstrated above, even at high loadings of wollastonite, the composites do not have a signiﬁcant
decrease in the compressive strength. This is possible
due to the low viscosity of DCPD, which is excellent

for the impregnation of reinforcements. Moreover, the
maximum compressive strength is achieved in 66.7 wt%
of wollastonite sample.
On the other hand, curing results showed that as the
CaSiO3 powder content increases, the heat of the exothermic reaction is decreased and the curing of the composites is decelerated. This shows that the powder is not
just acting as ﬁller but is actively participating in the
setting of the composite. Calcium ions have signiﬁcant
inﬂuence in the curing reaction, not only in the dissolution process (from the wollastonite grains to the liquid
DCPD) but also in the polymerization. From these
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results it can be seen also that wollastonite powder can
be used as a natural way to control the pot life of the
resin.
Also, it is well known that since wollastonite has an
alkaline pH, it is reactive in acidic environments.17 It
has been shown27 experimentally that wollastonite dissolution is incongruent (in the range of pH 2–6) such
that ‘‘Ca’’ is released at a higher rate than Si. It was
found that ‘‘Ca’’ release rates are also essentially independent of pH. Hence, we can interpret that the liquid
DCPD does not have a signiﬁcant eﬀect in the dissolution of the calcium.
In general, calcium ions are extracted from the surface of wollastonite grains while the centers of most of
the grains have the same concentration of the original
grains. Thus, the exterior of the grain is mainly SiO2,
and depending of the liquid environment, it can also
form hydroxides or other byproducts. In this research,
only quartz was found. For instance, in neutral pH like
water, calcium ions can generate quartz as shown in
equation (1).28 Thus, as grains are in contact with the
liquid DCPD, calcium ions are released as shown in
equation (2).
CaSiO3 þ H2 O ¼ Caþ2 þ SiO2 þ 2HO

ð1Þ

2CaSiO3 ¼ 2Caþ2 þ 3SiO2

ð2Þ

From DMA and TGA results, we can observe that
as wollastonite ratio increases, we basically produced a
modiﬁed DCPD polymer matrix. Thus, we propose
that after calcium ions are released in the liquid, they
start to participate in the reaction. At high temperatures, the calcium ions provide stability to the polymer
structure by limiting the movement of the polymer
chains.

Conclusion
It has been shown that the poly-DCPD-wollastonite
composite is a promising material for several unexplored applications for DCPD (such as dielectrics for
high voltage, aerospace, tool handles) due to its excellent thermal stability and compressive strength. Since
this polymer composite can withstand at least 300 C in
air (it was shown it is thermally stable up to 450 C), it is
classiﬁed as a highly thermally stable polymer.29 This
thermal stability is obtained for the Caþ2 ions reaction
with the polymer. The compressive strength of the composite was in all compositions over 100 MPa. For reference, the compressive strength of high strength
concrete after 28 days is 63 MPa.30 Furthermore, wollastonite showed to be useful as a way to control the
curing time of the composite. Also, wollastonite
increased the thermal stability of the composite

particularly when is added at loadings bigger than
50.0 wt%, which is associated with Caþ2 ions eﬀect in
the polymer matrix. In addition, since the manufacturing method used is environmentally friendly, simple
and inexpensive, this composite is very promising for
structural material applications.
Finally, the composites with wollastonite powder
presented in this research signiﬁcantly reduce the cost
of ﬁnal products of pure poly-DCPD. It was shown
that this represents $2105 in savings per ton and corresponds to a cost reduction of 47.7%.
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