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Unsaturated polyester/nanoclay (UP/NC) composites were developed using an optimized process, which combines high shear
mixing (HSM) and ultrasonication. Different types of organically modified nanoclays (Cloisites 10A and 20A and Nanomer
I.30E) were considered with I.30E resulting in the best morphology with an exfoliated structure. This and the higher aspect ratio
of I.30E lead to its better performance under tensile and flexural testing. Different loadings of I.30E (0, 1, 2, 3, and 4wt%) were
thus used to manufacture UP/NC nanocomposites and test their resistance to water uptake as well as the moisture ingress
effects on their mechanical properties. The results showed that the addition of I.30E nanoclay enhanced the hydrophobicity of
the nanocomposite with a maximum improvement of about 40% at 4wt% of NC loading. Flexural test results revealed relative
degradation in the flexural properties of neat UP and UP/NC, due to moisture uptake. However, the reduction in flexural
properties was found to be minimal at the optimum nanoclay loading of 3 wt%.

1. Introduction

Recently, polymer-based nanocomposites are being widely
used in industrial applications due to their lightweight, great
resistance to chemicals, and excellent insulation properties.
These properties give polymers the advantage over metallic
and ceramic materials in certain applications: piping, aero-
space industry, automobiles, etc. [1–6]. However, polar poly-
mers are well known to have low mechanical properties and
low resistance to moisture uptake when compared to other
engineering materials. Hence, this challenge attracted the
attention of scientists and researchers to enhance the overall
performance of polymers by developing polymer-based
composites and nanocomposites. The Toyota research group
[1, 2] developed a novel nanocomposite by incorporation of
nanoclay into poly-6-amide, resulting in improved mechani-
cal properties of the resin. Depending on the processing tech-
nique, different microstructures could be formed. The first
one is an immiscible structure, in which polymer chains are
not penetrating into nanoclay layers and the intercalated
structure forms when polymer chains intercalate between

reinforcement layers with full penetration while silicate
layers’ structure is kept in the same order. The last structure
is an exfoliated (delaminated) structure wherein silicate layers
dispersed fully in polymer resin [1, 2]. Exfoliated structures
have been shown to yield optimized physical and mechanical
properties [3–6]. Their development depends on the resin and
nanoclay types aswell as the preparationmethods. Bensadoun
et al. [3] studied three types of mixing techniques and showed
that the mixing method has a significant effect on the mor-
phology of unsaturated polyester-nanoclay composites. The
amount of optimum silicate loading that results in the exfo-
liated structure is highly dependent on the mixing process
[5]. Utilizing high shear mixing and ultrasonication led to
better dispersion of polymer chains into nanoclay platelets;
accordingly, this resulted in improvement in the mechani-
cal properties [5, 6]. Moreover, exposure of polymers to
moisture for long periods is seen to degrade their glass
transition temperature (Tg) and mechanical properties.
The degradation takes place because of water absorption
by the resin, which plasticizes the matrix and weakens the
bonded area between the matrix and nanosilicate platelets
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[7–9]. Alamri and Low [8] found that the flexural strength
and modulus of epoxy-based nanoclay composites decreased
due to the water absorption. They however reported that the
addition of nanofillers enhanced the flexural strength and
modulus of nanocomposites compared to wet unfilled epoxy.
Rull et al. [9] concluded that nanoclay reinforcement parti-
cles reduced water absorption of glass fiber/unsaturated poly-
ester resin composites and increased its performance in
humid environments.

The above review shows that the subject of nanoclay-
filled unsaturated polyester has not received sufficient atten-
tion from researchers. None of the existing studies has dealt
with the effects of nanoclay types on the performance of
UP, and a limited work has investigated the combined influ-
ence of moisture and clay loading on physical and mechani-
cal properties of UP resin. The present study addresses the
effects of different clay types and clay content on the tensile
and flexural properties of unsaturated polyester. It investi-
gates the effects of organically modified nanoclay addition
on the resistance of UP to water uptake and how both nano-
clay loading and moisture affect its physical and flexural
properties. Neat UP and UP/NC specimens prepared by opti-
mummixing and curing processes are immersed in tap water
at room temperature for 3 months to investigate the nano-
composite’s hydrophobicity and water uptake effects on the
flexural properties of the matrix.

2. Experimental Procedure

2.1. Materials. Isophthalic acid-based unsaturated polyester
(UP) resin supplied by Gulf Chemicals and Industrial Oils
Co. (GCIR), under the commercial name SAUDPOL
SP-351-BV13, is used in the study with methyl ethyl ketone
peroxide (MEKP) as a hardener. In addition to that, cobalt
ethylhexanoate, 6% Co., is added as an accelerator, to
increase the curing reaction rate. Different types of montmo-
rillonite clays are utilized, namely, Nanomer I.30E, Cloisite
10A (C10A), and Cloisite 20A (C201A). The choice of
these montmorillonite organoclays was based on previous
studies carried out on epoxy-clay nanocomposites, which
showed that these nanoclays are promising candidates

for polymer reinforcement [10]. Nanomer I.30E is modified
with primary octadecyl ammonium ion while Cloisite 10A
and Cloisite 20A are modified with quaternary dimethyl
benzyl hydrogenated tallow ammonium and with quaternary
dimethyl dihydrogenated tallow ammonium, respectively.
The montmorillonite organoclays have d-spacings ranging
from 21Å for I.30E to 24Å for C20A. Nanomer I.30E was
supplied by Nanocor Inc., USA, while C10A and C20A were
acquired from Southern Clay Product, USA.

2.2. Preparation of the UP/NC Nanocomposites. The amount
of UP resin to produce a bulk sample (126× 178× 4mm) was
estimated to be 120 g. This quantity of resin was weighed by
mass balance and poured into a beaker; then I.30E clay load-
ings of 1, 2, 3, and 4wt% were added separately to the resin
and mixed manually using a stirring rod for 5 minutes to
prevent outpouring of nanoclay (NC) at the beginning of
the HSM process. A model L5M-A high shear mixer, manu-
factured by Silverson, was utilized to disperse NC into the UP
resin. Different HSM speeds andmixing periods were consid-
ered to optimize the process, resulting in an optimized mix-
ture at a speed of 3000 rpm for 1 hour. A Sonic vc-33
ultrasonicator was then used to remove gaseous bubbles as
well as to improve the dispersion of NC into UP [11]. A water
bath was utilized, during processing, to keep the viscosity of
the mixture constant and to avoid extreme temperatures
from being induced into the resin. The final mixture was
degassed in a vacuum chamber for 30 minutes to remove
any remaining bubbles. After that, the curing agents were
added to the mixture before pouring it into the mold.
The mold was initially kept under atmospheric conditions
for 24 hours to avoid shrinking of polyester. This is
followed by optimizing precuring and postcuring processes
in a vacuum oven. Figure 1 illustrates the hierarchy of the
synthesis process.

As illustrated in Table 1, curing temperatures ranging
from 80 to 180°C and curing periods of 2, 3, and 4 hours were
considered in the optimization process. After each curing
cycle, the glass transition temperature (Tg) was measured to
determine the optimized time and temperature.

Unsaturated polyester

Nanoclay

Molding

Initial curing at
RT for 24 h

MEKP
1 wt%

Adding Co
0.25 wt%

HSM Sonication Degassing

Figure 1: UP/NC fabrication process layout.
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An earlier work by Mohamed [11] has shown that
3.0wt% loading of the above described nanoclays resulted
in optimum physical and mechanical properties. Thus,
Cloisite 10A and Cloisite 20A nanocomposites were pre-
pared using the same procedure but with a clay loading of
3.0wt% only.

2.3. Thermal and Nanostructural Characterization. The glass
transition temperature (Tg) was measured after each curing
cycle by METTLER TOLEDO-DSC822e (DSC) according
to ASTM D3418-99 standard [12], with a heat rate
of 10°C/min and using a thermal cycle in the range of
50–250°C. Bruker D8 Advance X-ray Diffraction (XRD)
equipment was used to estimate the degree of intercalation
or exfoliation of nanoclay in a polymer matrix, which alters
the overall performance of UP/NC nanocomposite. The
equipment has a 9-specimen holder with autopositioning
feature, and the source of radiation is copper (Cu Kα), with
a wavelength of 1.5406Å. The morphology of the fractured
surfaces was examined by FESEM (MERA3, TESCAN).

2.4. Water Uptake Test. Water uptake tests were conducted
in accordance with ASTM D570-98 standard [13], but in
tap water instead of distilled water. For each condition,
three specimens were cut with a computer numerical con-
trol (CNC) milling machine to the required dimensions
(76.2mm× 25.4mm× 4.0mm). Weight measurements of
dry specimens were taken by mass balance before immersing
them into tap water at room temperature and atmospheric
pressure. After 24 hours of immersion, all specimens were
removed from the container, then dried and weighed to
determine the weight change. The same procedure was
repeated by the end of the first week, then by the end of every
two weeks until the specimens approached saturation around
90 days. The weight gain percentage was calculated using

Mt =
wi −wo
wo

× 100, 1

whereMt is the percentage weight gain after specific immer-
sion time t,wi is the instantaneous specimen’s weight, andwo
is the original specimen’s weight, before exposure to water.

2.5. Mechanical Testing. The tensile tests were conducted on
a universal testing machine (UTM) according to ASTM
D638-02a standard [14]. For each sample, three specimens
were machined to a dumbbell-like shape, using the CNC
milling machine. The rough surfaces were smoothed by
grinding, using carbide abrasive papers. The crosshead
motion was adjusted to 1.0mm/min.

The three-point flexural test was performed in accor-
dance with ASTM-D790-02 standard [15]. Three specimens
were cut by the CNC milling machine to the dimensions of
127mm× 12.7mm× 4mm, for each condition. An Instron
3367 testing machine was employed to determine the flexural
properties of the specimens. During testing, the span length
was adjusted to 60mm and loading was applied at a rate of
1.15mm/min.

Three replicas were employed for each of the test condi-
tions, and the average values are reported.

3. Results and Discussions

3.1. Curing of Nanocomposites. Figure 2 shows how the glass
transition temperature of I.30E is affected by the precuring
temperature and time. Increasing the temperature from
80°C to 120°C, for 2 hours, improved the degree of the cross
linking, with Tg increasing by about 12%. However, at 160°C,
the glass transition temperature declined to 87°C. This reduc-
tion may be due to the degradation of the UP resin, resulting
in chain scission. Janković [16] investigated the UP curing
process, with MEKP as the initiator, and found that the max-
imum degree of cure αmax varied following a third-order
polynomial expression (equation (2)) in the temperature
range of 80°C≤T≤ 140°C:

αmax = 0 87609 − 0 01299 × T + 1 81102 × 10−4 × T2

− 5 88766 × 10−7 × T3 2

Equation (2) predicts that for the present case the maxi-
mum degree of cure for the present system is about 0.64 at
80°C and 0.90 at 120°C. This is an indication that crosslinking
is almost complete at the latter curing temperature, resulting
in the highest Tg. Janković [16] has noted that under isother-
mal conditions the degree of cure (α) of UP is less than 1.0,
due to the presence of an unreacted monomer in the resin.

Table 1: Precuring optimization and postcuring optimization of I.30E.

Temperature optimization Time optimization

Precuring temperature (°C) Precuring time (h) Precuring temperature (°C) Precuring time (h)

80

2 Optimized temperature

2

120 3

160 4

Postcuring temperature (°C) Postcuring time (h) Postcuring temperature (°C) Postcuring time (h)

120

2 Optimized temperature

2

140 3

160
4

180
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Figure 2(b) shows that increasing curing time, under
120°C, from 2 hours to 3 hours has a slight effect on glass
transition temperature while an additional curing hour
resulted in a noticeable increase in Tg. The precuring stage
was followed by postcuring (Table 1) in order to examine
how additional curing affects Tg of UP/NC composite. It
was observed that with additional curing, UP showed some
degree of crystallinity, which was proven by the presence of
exothermic and endothermic peaks on the DSC thermograms
(Figure 3). Meanwhile, rising of postcuring temperature
above 120°C showed a shift in exothermic and endothermic
peaks to the right while the peak size decreased subsequently

until they disappeared above 160°C. The results showed that
postcuring for 2 hours at 120°C yielded a Tg of about 178

°C.
Higher postcuring temperatures and times confirmed the
decomposition of the UP, represented by the absence of
exothermic and endothermic peaks in the thermograms and
by the observed specimen change of color to brown. Similar
results were reported by With et al. [17].

3.2. Effect of NC Type on the Morphology of UP/NC
Nanocomposites. As mentioned above, three different types
of nanoclays (Nanomer I.30E, Cloisite 10A, and Cloisite
20A) were chosen to study the effect of clay type on the
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Figure 2: Variation of glass transition temperature of 3 wt% nanoclay with (a) precuring time for 2 h and (b) precuring temperature at 120°C.
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Figure 3: DSC thermograms of postcured specimen, prepared with 3.0 wt% of I.30E NC, at different curing temperatures while curing time
fixed at 2 hours.
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morphology and flexural properties of the nanocomposite.
To study the morphology of UP/NC, XRD, which is the most
common characterization technique used to examine and
identify a nanocomposite structure, was chosen. Figure 4
represents the XRD spectra for UP/NC nanocomposites
fabricated with the three different clay types. These nano-
composites were prepared with a clay content of 3.0wt%,
using the optimum parameters mentioned above. It is clear
that Cloisite nanoclays show diffraction peaks at a Bragg
angle of 2.74o, while Nanomer I.30E has no peaks between
2 and 4o. By knowing the diffraction angle at the peak,
interlayer spacing could be estimated using Bragg’s law
(equation (3)).

nλ = 2d sin θ, 3

where n is an integer constant, considered to be 1 in
case of principal reflection, λ is the wavelength of incident
X-ray, θ is the scattering angle, and d is the planar or
interlayer spacing.

Thus, d-spacing for Cloisites was estimated to be 3.2 nm,
making the resulting structure an intercalated one [18]. The
absence of peaks, at Bragg angles between 2 and 4o, for
I.30E, is an indication of an exfoliated/disorder-intercalated
structure. Furthermore, UP/NC prepared with I.30E shows
a broadened peak at about 4.8o, which is close to the nanoclay
diffraction angle of 4.22o [11]. This is another indication that
mechanical exfoliation may have been achieved for I.30E
nanocomposite [18]. In addition and as reported by Laske
et al. [19], the smaller area under the curve means better
exfoliation due to the low probability of X-rays to hit the par-
ticles. Based on the above discussion, UP/NC nanocomposite
prepared by I.30E nanoclay is considered to reveal a good
dispersion state and thus is expected to result in a

nanocomposite with better physical and mechanical proper-
ties as will be shown in the next section.

3.3. Effect of Nanoclay Type and Content on Tensile Properties
of UP/NC. The typical stress-strain curves for nanocompos-
ites prepared from different clay types (Nanomer I.30E,
Cloisite 10A, and Cloisite 20A) are shown in Figure 5. All
nancomposites were synthesized with 3.0wt% clay loading,
using the abovementioned optimized parameters. The load-
ing of 3.0wt% was selected as it resulted in the optimum
improvement in mechanical properties [11]. It is clear that
the nanocomposite containing I.30E outperforms both
Cloisites in stiffness, strength, and fracture strain. All speci-
mens were fractured in semibrittle mode with no plastic
deformation.

The average values of tensile strengths, fracture strains,
and modulus of elasticity, for the 3 types of nanoclays, are
compared in Figures 6(a)–6(c), respectively. Among the
three types of nanocomposites, the one prepared with
Nanomer I.30E shows the highest average tensile strength
(52.6MPa), average strain at fracture (5%), and modulus of
elasticity (13.7GPa). The improvement in tensile strength is
about 75% over that of pristine UP. The strengths of Cloisite
10A and Cloisite 20A are, respectively, 10% and 24% higher
than that of UP. Similar conclusions can be drawn for frac-
ture strain and stiffness. Al-Qadhi and Merah [10] prepared
epoxy/nanoclay nanocomposites using C10A, C20A, I.28E,
and I.30E, concluding that the latter yielded the highest ten-
sile properties compared to the others. The enhancements in
the tensile properties are due to the high aspect ratio of I.30E
nanoclay and to better dispersion of the monomer in the
resin as is evident from the results in Figure 4. In addition,
Cloisites are modified with quaternary dimethyl dihydroge-
nated tallow ammonium, which is a larger organic modifier
as compared to primary octadecyl ammonium. Furthermore,
a certain amount of styrene molecules may have been
absorbed by nanoclay platelets during mixing and sonication
causing a change in crosslink density. In addition to the
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mixing techniques and the size of organic modifier, the
improvement in the nanocomposites is also affected by the
compatibility between the organic modifier and the mono-
mer [20]. Because of its better performance, Nanoclay I.30E
is thus chosen to study the effects of clay loading on moisture
barrier and mechanical properties of UP/NC.

The effect of I.30E nanoclay loadings on the average ten-
sile properties of the nanocomposite is illustrated in Figure 7.
It is clear that as clay loading increases, the tensile strength
(Figure 8(a)) and fracture strain of the nanocomposite
increase. Both properties reach their maximum value at
3wt% of clay loading. This corresponds to 75% and 67%
improvements in the tensile strength and fracture strain,
respectively.

The enhancement in these properties is mainly due to the
good dispersion of clay platelets and adherence between clays
and UP chains, leading to the improvement of load transfer
mechanism between the matrix and nanoclays. However,
going beyond 3wt% decreased both tensile strength and frac-
ture strain. This is because, at higher clay loading, the proba-
bility of clay particle agglomeration becomes higher, and
hence, these clay clusters create stress raisers that decrease
the tensile strength. Al-Qadhi et al. [21] and Rafiq andMerah
[7] have observed clay clusters and microvoids, for high clay
loadings, at which cracks have initiated. Clay agglomeration
and air bubbles happen because of the increase in the

viscosity of the mixture at high clay loadings making the for-
mation of exfoliated/disorder intercalated structure a difficult
task due to inadequate diffusion of polyester chains between
the nanoclay platelets. The enhancement trend observed for
strength and toughness is not followed by the material’s stiff-
ness (Figure 8(c)); the modulus of elasticity decreased slightly
with the addition of 1.0wt% NC, before recovering its initial
value at 3.0wt% loading. Taking into consideration the large
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Figure 6: The effect of nanoclay type on (a) the tensile strength, (b) fracture strain, and (c) modulus of elasticity of UP/NC nanocomposites.
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margin of error associated with the determination of the
modulus, it can be concluded that the clay content has little
or no effect on the stiffness of the developed UP. This behav-
ior is similar to what has been reported by Bensadoun et al.
[3] for unsaturated polyester resin.

3.4. Effect of Clay Type and Loading on Flexural Properties of
UP/NC. Figure 7 shows a comparison of average flexural
strengths for the nanocomposites prepared with 3.0wt% of
I.30E, C10A, and C20A. Similar to what was observed for
tensile strength, it is clear that the nanocomposites prepared
with Nanomer I.30E performed better than those prepared
with Cloisites in terms of flexural strength. The improvement
over pristine UP is about 56%. Furthermore, the difference
between the strengths of the composites prepared by the
Nanomer and those synthesized with the Cloisites is smaller
than that seen for tensile strength.

The results of Figure 9(a) show that the improvement in
flexural strength with I.30E clay content is almost linear,
reaching its maximum value of 62MPa (56% increase over
pristine UP) at 3wt%. As mentioned above, the positive effect
of clay on the strength is attributable to good dispersion of
clay in UP and excellent adhesion of resin to clay platelets,
while the degradation at 4wt% can be attributed to the pres-
ence of clay agglomerations and/or voids, forming stress
raisers that tend to weaken UP/NC composite.

The effect of clay loading on the flexural modulus
(Figure 9(a)) is similar to that observed for tensile modulus
and what has been reported by Kchit et al. [22]. Other

researchers have found that clay loading increased the stiff-
ness of polymers [4, 21, 22], usually at clay contents higher
than 4%.

The effects of clay addition on the fractured surfaces’
morphology for pristine UP and UP/NC nanocomposites
(1.0, 3.0, and 4.0wt%) are illustrated in Figure 10. These frac-
tographs reveal that the morphology of the fractured surfaces
becomes coarser as clay loading increases. The rough frac-
tured surfaces of Figures 10(b)–10(d) are probably due to
the changing in crack directions because of the presence of
nanoclay platelets or clusters ahead of crack paths promoting
the formation of a number of microcracks (indicated by
the arrows). The presence of long secondary cracks
(Figure 10(d)) could be due to stress concentration caused
by clay clustering at 4.0wt%, which compromises the advan-
tage of nanoclay’s aspect ratio and leads to the observed
lower strengths and fracture strains for this clay content.

3.5. Effect of Clay Loading on the Water Uptake of UP. The
variation of the difference in weight gain percentage (Wt)
with square root of immersion time (hours) for UP and
UP/NC nanocomposites is plotted in Figure 11, showing that
the variation ofWt with √t follows a linear trend during the
first 8 immersion days (14 hours0.5), indicating that all
specimens are undergoing diffusion-controlled behavior.
The diffusion phase is followed by a surge in water uptake
rate up to 21 days of immersion. The third phase is character-
ized by lower uptake rate leading to the beginning of satura-
tion after 78 days. The highest maximum water absorption
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Figure 8: The effect of I.30E clay loading on (a) the tensile strength, (b) fracture strain, and (c) tensile modulus of UP/NC nanocomposites.
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was found to be above 1.6% for neat UP. This material is
known to contain hydrophilic functional groups, such as
hydroxyl and amino-methyl which have affinity to water

[23]. The addition of nanoclay leads to a noticeable decrease
in maximum water uptake. As can be seen in Figure 12, the
water weight gain decreases linearly with clay content. The
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Figure 10: SEM fractographs of UP and UP/NC with (a) 0wt%, (b) 1 wt%, (c) 3 wt%, and (d) 4wt% I.30E clay loadings.
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improvement in water uptake resistance is mainly attributed
to the high aspect ratio of nanoclay, which creates tortious
paths for the water molecules [6–9, 21].

As mentioned above, the linear trend of weight gain per-
centage over square root of time, during the first few days of
immersion, was an indication that the water uptake behavior
is diffusion controlled. For this reason, Fick’s law was used to
describe the diffusivity of UP and UP/NC nanocomposites.
Assuming that all materials are homogenous and the diffu-
sion is a one-dimensional process through the specimen’s
thickness (h), Fick’s law (equation 3) could be used to
describe the present water uptake behavior [24].

Mt =
4MS

h
t/π × D, 3

whereMt is the water gain percentage at time t (seconds),Ms
is the water gain percentage at the saturation, D is the diffu-
sion coefficient (mm2/s), and h is the specimen’s thickness.

Figure 13 illustrates the effect of NC loading on the diffu-
sion coefficient estimated from experimental results, using
equation (3), for UP and UP/c nanocomposites. The diffu-
sion coefficient seems to be less sensitive to clay loading up
to 2.0wt% and sharply decreases thereafter with clay loading.
The lower diffusion rate UP/NC is due to the presence of
nanoclay platelets, which act as impermeable barriers to the
diffusing molecules. The lower diffusion rate for nanocom-
posites has contributed to the reduction in the maximum
water uptake reported in Figure 12. It should be mentioned
that it is very difficult to accurately measure the difference
in weight at low values of water uptake.

3.6. Combined Effect of Clay Content and Water Uptake on
Flexural Strength. Figure 14 shows that water uptake has a
considerable negative influence of the flexural strength of
neat unsaturated polyester. The flexural strength decreased
by 40% due to 1.6% of total water uptake; moisture is
known to act as a plasticizer for polymers in general.
The effect of nanoclay addition in improving the resistance
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to plasticization is evident from the difference in the height of
the bars representing the flexural strength of UP/NC;
introducing only 1 and 2wt% of NC resulted in lowering
the degradation effect of water uptake by more than 50%,
while the reduction in the flexural strength was found to be
less than 10% in the case of UP/NC nanocomposites pre-
pared with higher clay loading (3 and 4wt%). This is con-
firming that nanoclay enhanced the barrier properties of
the developed nanocomposites [21].

4. Conclusions

The present investigation showed that among the three types
of nanoclay: C10A, C20A, and I.30E, considered in the anal-
ysis, the latter resulted in better dispersion in unsaturated
polyester and thus lead to better performance of UP/NC.
Tensile and flexural strengths of nanocomposites prepared
with I.30E increased linearly with clay content, reaching a
maximum at 3.0wt% loading. This optimum clay addition
resulted in 75% and 56% improvements in tensile and flex-
ural strengths, respectively. Possible clay agglomerations
have resulted in the degradation of the nanocomposite’s
strength at higher clay content. The material’s fracture strain
followed the same trend as the strength. Clay loading has an
insignificant effect on the resin’s stiffnesses.

The maximum water uptake was found to vary linearly
with clay content, decreasing substantially with increasing
clay loading. The water barrier property of I.30E nanoclay
has minimized the plasticization effect of the moisture and
thus reduced the polymer’s flexural strength degradation.
This degradation varied from 40% for neat UP to only 10%
for UP/NC with I.30E clay loading of 3.0wt%, which has
resulted in the highest strength.
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