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Abstract: Herein, carbon nanotubes (CNTs) and polyvinyl
alcohol (PVA) were used as hybrid modifiers to enhance
the mechanical properties of cement mortar and overcome
the limitations of modification methods based on only
polymers and nanomaterials. The use of PVA latex as a
bridging agent with the aid of ultrasound energy effec-
tively improved the dispersion uniformity and stability of
CNTs. The results indicate that doping an appropriate
amount of PVA in CNT-modified cement mortar, especially
those modified with hydroxylated CNTs (h-CNTs), could syner-
gistically improve performance. Amongst the samples, the
h-CNT-modified cement mortar incorporated with 1 wt%
PVA showed the optimal mechanical properties. The compres-
sive and flexural strengths of this cement mortar increased by
33 and 42%, respectively, compared with those of cement
mortars modified with h-CNTs alone. The microscopic char-
acterisation results showed that the formation of a uniformly
distributed h-CNT/PVA film network in the matrix effective
filling of pores and bridging of cracks were responsible for
performance enhancement.

Keywords: carbonnanotubes, polyvinyl alcohol, cementmortar,
mechanical performance, microscopic characterisation

1 Introduction

The unique graphene structure of carbon nanotubes (CNTs)
endows them with excellent mechanical and electrical prop-
erties. For example, CNTs have tensile strength and elasticity
modulus that are 100 and 5 times those of steel, respectively,
while only having 1/6–1/7 the density of steel [1]. In addition,
their electrical conductivity can reach 1,000–2,000 S cm−1,
which is approximately 10,000 times than that of copper.
Therefore, CNTs are superior to any known fibre material
and are considered ideal reinforcing materials for cement
composites. Previous studies have shown that CNTs doped at
an appropriate amount can effectively improve the mechan-
ical properties of cementitiousmaterials. One reason for this
enhancement is the fibre-bridging effect, which retards
the formation and unfolding of microcracks through the
adhesion of CNTs to hydration products [2–4]. Another
reason is the filling effect of nanomaterials, wherein CNTs
act as fillers of interstitial spaces in hydration products and
improve defects. This effect is manifested macroscopically
as a decrease in porosity and an increase in cement matrix
strength [5,6]. In addition, in cement pastes, CNTs have a
nucleation effect similar to that of the other nanoparticles
and C–S–H gel easily agglomerates around CNTs instead of
depositing on the unhydrated-cement particle surfaces [7,8].
Furthermore, adding CNTs to cementitious materials con-
fers the materials with a range of functional properties
that have been widely reported in several studies; these
properties include strain and damage sensing and electro-
magnetic interference shielding [9–12]. These unique advan-
tages make CNTs a strong contender for use in reinforced
cementitious composites.

Although existing studies have confirmed the positive
effects of CNTs on cement-based materials, some of their
disadvantages remain to be addressed. High aspect ratios
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of CNTs lead to strong van der Waals attraction between
CNTs resulting in the formation of agglomerate; this is a
challenge for the application of CNTs in cementitious mate-
rials [13–16]. Although CNTs can be well dispersed in mixed
water using specific dispersion techniques, the problem of
geometry-dependent clustering, which occurs when cement
particles are considerably larger than the spacing between
inclusions, still hinders the homogeneous dispersion of CNTs
in the matrix [17]. The mechanical properties of the cement
matrix are largely affected by the formation and extension
of cracks between hydration products. However, because
nanotubes have small sizes, they cannot easily individually
and effectively bridge large cracks and prevent further
crack expansion. This situation is another drawback to the
application of CNTs in cementitious materials. Therefore,
finding a new method that enables the homogeneous dis-
persion of CNTs and their connection into long chain-like
structures to strengthen their interactions with the cement
matrix is necessary.

Polyvinyl alcohol (PVA) is a water-soluble, biologically
compatible, non-toxic and readily available low-cost syn-
thetic polymer that has been used as a modifier and aggre-
gate surface pre-treatment agent in cement-based composite
materials [18,19]. PVA has excellent film-forming properties
and can improve the tensile strength, flexural strength and
impermeability of cementitious materials. PVA colloids are
typical hydrophilic materials with strong cohesive energy,
preventing aggregation and ensuring homogeneous nano-
particle dispersion. Research has shown that PVA can uni-
formly disperse CNTs without surfactants because it can
form a hydrophilic colloid solution when an appropriate
preparation technology is used. This colloid solution can
prevent CNT aggregation and stabilise suspensions [20]. In
addition, small amounts of CNTs can considerably enhance
the tensile properties and thermal stability of PVA films. The
combined application of CNTs and PVA in cement-based
materials can overcome the limitations of modificationmethods
based solely on polymers and nanomaterials. Furthermore, it is
expected to further improve themechanical properties and dur-
ability of building materials.

Because of its excellent performance as aforemen-
tioned, herein, PVA was expected to not only disperse
CNTs but also to connect them with cement paste to further
improve the mechanical properties of cement mortar. A
two-stage experimental study was conducted. In the first
stage, the single and combined effects of three types of
CNTs (pristine, carboxylated and hydroxylated CNTs) and
PVA on the mechanical properties of cement mortar were
primarily investigated to identify the optimal CNT type. In
the second stage, the identified CNTs were combined with
PVA for cement mortar reinforcement and the effects of PVA

content on the compressive strength, flexural strength, dry
bulk density and water resistance of the resulting compo-
sites were investigated. The chemical interactions and
microstructural characterisation of CNT/PVA complexes
and the resulting mortar were also studied via Fourier
transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), Raman spectroscopy and scanning electron micro-
scopy (SEM) for understanding the mechanism underlying
the performance enhancement in composite materials.

2 Experimental program

2.1 Raw materials

The cement used in this study was P.O 42.5 R Portland
cement (produced by Guang dong Tapai Cement Co., Ltd.).
Its chemical composition is shown in Table 1. PVA (PVA-124
AR) with a molecular weight of 105,000 and a hydrolysis
degree of 97% was supplied by Xi-long Chemical Co., Ltd.,
China. The physicochemical characteristics of PVA are pre-
sented in Table 2. Three different types of multi-walled
CNTs, namely, pristine CNTs (without surface functionalisa-
tion, designated as p-CNTs), hydroxylated CNTs (with –OH
functional groups, designated as h-CNTs) and carboxylated
CNTs (with –COOH functional groups, designated as c-CNTs),
with average diameters of approximately 10–30 nm were
provided by Chengdu Organic Chemicals Co., Ltd., China,
and used in this study. The specific physical and chemical
properties of the CNTs are presented in Table 3. The surface
morphology of the three types of CNTs was observed by
using transmission electron microscopy (TEM, JEOL JEM-
F200, Japan), as presented in Figure 1. Figure 1 shows that
the walls of p-CNTs were smooth, whereas those of h-CNTs
and c-CNTs were rough owing to the grafting of –OH and
–COOH. The fine aggregate was China ISO standard sand

Table 1: Chemical composition of cement

CaO SiO2 Al2O3 MgO SO3 Fe2O3 K2O Na2O LOI

62.4 18.3 4.5 2.1 3.5 2.3 1.5 0.3 2.6

Table 2: Physicochemical characteristics of the PVA

Molecular
weight

Degree of
hydrolysis

PH Volatile
content

Ash
content

105,000 MW 97 mol% 5–7 5.0% 0.7%
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satisfying the criterion of BS EN 196-1 (from Xiamen ISO
Standard Sand Co., Ltd.). Its chemical composition and par-
ticle size are shown in Table 4. The defoaming agent, which
had a polydimethylsiloxane content of 52–90%, was pro-
duced by Guangdong Defong Chemical Industry Co., Ltd.

2.2 Mixing proportion and specimen
preparation

Two series of specimens were prepared to investigate the
synergistic effects of CNTs and PVA on the microstructure
and mechanical properties of cement mortars. Their mixing
proportions are given in Table 5. The specimens had a water/
cement (with the CNTs and PVA)/sand ratio of 0.4:1:1.5 and a
defoaming agent content of 0.14% of the mass fraction of
cement. In the first stage (Series 1), the single and combined
effects of different types of CNTs and PVA on the mechanical
properties of cement mortars were investigated. In the
second stage (Series 2), the effect of the incorporation of

different PVA contents (0–2 wt%) on the properties of h-
CNT-modified cement mortars was explored. The detailed
preparation of the CNT/PVA cement mortars is as follows
(Figure 2):
1) A weighed quantity of PVA powder was dissolved in

distilled water and stirred with a magnetic stirrer at
95°C for approximately 30 min to obtain a homogeneous
colloidal solution (Figure 2a).

2) A specific quantity of each type of CNT was added to the
prepared PVA latex and mixed by ultrasonic dispersion
in a bath-based sonicator for 1.5 h at 60°C to distribute
the nanocomposite uniformly (Figure 2b).

3) The weighed cement and sand were dry mixed for
approximately 3min in a rotary mixer. Afterwards, CNT/
PVA nanocomplexes and the remaining water were added
to the above mixture and wet-mixed at moderate speed for
2min. Finally, the mixture was added with the defoamer
and mixed at high speed for 2min (Figure 2c).

4) The mixture prepared in step (3) was poured into oiled
moulds, and an electric vibrator was used to ensure
good compaction (Figure 2d).

5) The curing method has a great influence on the mechan-
ical properties of mortar, and it is necessary to standar-
dise the curing process for all samples [21]. In the present
work, all specimens were demoulded after 1 day of
curing and then cured in air for 27 days (average annual
humidity was approximately 84–92% and temperature
was 22–28°C; Figure 2e).

Table 3: Properties of three types of CNTs

Raw material Unit p-CNTs h-CNTs c-CNTs

External diameter nm 2–5 2–5 2–5
Length μm 10–30 10–30 10–30
Ash wt% <1.5 <1.5 <1.5
Purity wt% >95 >95 >95
Special surface area m2 g−1 >350 >400 >400
Bulk density g cm−3 0.27 0.27 0.27
True density g cm−3 ∼2.1 ∼2.1 ∼2.1
Electric conductivity s cm−1 >100 >100 >100
−OH/−COOH content wt％ — 5.58 3.86

Figure 1: TEM images of (a) p-CNTs, (b) c-CNTs and (c) h-CNTs.

Table 4: Chemical composition and particle size of sand

SiO2 content Mud content Ignition loss Particle size

>96% <0.2% <0.4% 0.8–2 mm

Synergistic effect of carbon nanotubes and polyvinyl alcohol  3



2.3 Test methods

2.3.1 Mechanical performance

A universal testing machine (CMT-5105, China) was used to
measure the flexural and compression strengths of cement
mortar at 28 days of curing age. All tests were performed
according to the standard BS EN 1015-11:1999 [22]. Three
prismatic specimens with dimensions of 160 mm × 40mm
× 40 mm were used for three-point bending tests with a
supporting span of 100mm. Broken half prisms obtained
after these were used for compression tests. The compres-
sive strength test was performed with a standard sample
holder to ensure a loading area of 40 mm × 40mm. A servo-

hydraulic testing system was used in the displacement con-
trol mode to conduct three-point bending tests at a loading
rate of 0.1 mm min−1. The values for three specimens in
each group were averaged to obtain the experimental
result. The loading rate for the compression test was 1
kN s−1. Figure 3 schematically illustrates the loading device
used to test the mechanical properties of the specimens.

2.3.2 Dry bulk density and capillary water absorption

Dry bulk density (dimensions: 160mm × 40mm × 40mm) and
capillary water absorption (dimension: 80mm × 40mm ×

40mm) tests on cement mortars were performed in

Table 5: Mixing proportions of CNT/PVA modified cement mortar (unit: g)

Series Mix ID Cement Sand Water CNTs PVA Defoaming agent

Series 1 CM 100 150 40.00 0 0 0.14
NCM 100 150 40.20 0.5 (p-CNTs) 0 0.14
HCM 100 150 40.20 0.5 (h-CNTs) 0 0.14
CCM 100 150 40.20 0.5 (c-CNTs) 0 0.14
PCM 100 150 40.24 0 0.6 0.14
NPCM 100 150 40.44 0.5 (p-CNTs) 0.6 0.14
HPCM 100 150 40.44 0.5 (h-CNTs) 0.6 0.14
CPCM 100 150 40.44 0.5 (c-CNTs) 0.6 0.14

Series 2 HPCM0(HCM) 100 150 40.20 0.5 (h-CNTs) 0 0.14
HPCM1 100 150 40.28 0.5 (h-CNTs) 0.2 0.14
HPCM2 100 150 40.36 0.5 (h-CNTs) 0.4 0.14
HPCM3 (HPCM) 100 150 40.44 0.5 (h-CNTs) 0.6 0.14
HPCM4 100 150 40.06 0.5 (h-CNTs) 1.0 0.14
HPCM5 100 150 41.00 0.5 (h-CNTs) 2.0 0.14

PVA
powder

Water

Magnetic stirring
(95°C, 30min)

(a)

CNTs

Ultrasonic dispersion
(60°C, 90min)

(b)

(c)

Hand stirring
(1min)

Dissolution
(25°C, 10 min) DefoamerCement Sand

Dry-mixed (25°C,3min)①

Mid speed stirring (25°C,2min)②

High-speed stirring (25°C,2min)③

① ③

②

The remaining
water

+

(d)

(e)

Figure 2: Flow chart of sample preparation. (a) PVA latex. (b) CNT/PVA nanocomposite. (c) Mixing of cement mortar. (d) Pour into mold and vibrate.
(e) Specimens were demolded after 1 day and then curing in air for 27 days (22–28°C).
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accordance with BS EN 1015-10:1999 [23] and DIN 52617 [24],
respectively. Before testing, all samples were dried in a drying
oven (105 ± 2°C) for approximately 48 h. After drying, the
samples were cooled in an airtight container. For the capillary
water absorption test, a layer of paraffin wax was applied on
the four vertical surfaces of the sample. The sample was then
placed in water at a distance of 10mm between the height of
the water surface and the bottom edge of the specimen.

2.3.3 Mineralogical and micromorphological
investigations

The absorption spectra of pure PVA, CNTs and CNT/PVA
nanocomplexes were recorded in the wavenumber range
of 500–4,000 cm−1 by using a MAUNA-IR 750 infrared spec-
trometer (Nikolai, USA). Before testing, the samples were
ground into powder particles of approximately 45 μm and
mixed with KBr. The X-ray spectra of pure PVA, CNTs and
CNT/PVA nanocomposites were recorded by using a Bruker
D8 ADVANCE diffractometer (Germany). Radiation (40 kV,
40 mA; wavelength λ = 1.5406 nm) was sourced from a
copper target, and the diffraction angle ranged from 10
to 60°. The Raman spectra of the CNTs and CNT/PVA nano-
complexes were obtained through Raman spectroscopy
(HORIBA JobinYvon, HR800, France) with a confocal micro-
scope equipped with a solid-state crystal laser (λ = 532 nm)
as an excitation source. Field-emission SEM (FESEM; SU8010,
operated at 1.0 and 5.0 kV accelerating voltages) was used to
examine CNT/PVA nanocomplexes and cementmortar samples.

Thermogravimetric analysis (TGA) was performed to investi-
gate the thermal stability of the CNTs (TGA55, TA Instruments,
USA). All samples were heated from 30 to 800°C in a nitrogen
stream at a heating rate of 10°C min−1.

3 Results

3.1 Characterisation of functionalised CNTs

Figure 4a shows the FTIR spectra of p-CNTs, h-CNTs and c-
CNTs. FTIR spectroscopy was employed to confirm whether
hydroxyl or carboxyl groups were successfully attached to
the CNTs. The absorption peaks of p-CNTs mainly appeared
at 3,420, 2,905, 1,647, 1,455 and 1,069 cm−1. The absorption
peaks observed at 3,420 and 1,647 cm−1 could be attributed
to the stretching and bending vibrations of −OH, respec-
tively. The corresponding absorption peaks at 1,455 and
1,069 cm−1 were mainly ascribed to saturated and unsatu-
rated C]C vibrations, respectively, whereas the weak
absorption peak at 2,905 cm−1 appeared to be owing to
C–H stretching [17,25]. The positions of the FTIR absorption
peaks of h-CNTs were similar to those of p-CNTs. However,
the peak intensities of h-CNTs at 3,420 and 1,647 cm−1

showed remarkable enhancement, thereby confirming
that numerous hydroxyl groups had attached to the h-CNT
surfaces. In addition, the enhancement in the intensity of
the characteristic peak appearing near 2,905 cm−1 reflects an
increase in defects on the CNT surfaces owing to functiona-
lisation. In contrast to those of p-CNTs and h-CNTs, the FTIR
spectral profile of the c-CNT sample presented a new char-
acteristic absorption peak at 1,741 cm−1 that represented
C]O stretching vibration, indicating the successful attach-
ment of the carboxyl group to c-CNTs via functionalisation.
The attachment of abundant functional groups can promote
the uniform dispersion of nanoparticles and contribute
to enhanced interfacial bonding between CNTs and cement.
Figure 4b shows the X-ray diffractograms of p-CNTs, h-CNTs
and c-CNTs. In the diffractogram of p-CNTs, two distinct
characteristic peaks corresponding to the layer spacing of
carbon atoms (d002, representing the degree of graphitisa-
tion) and d100 reflection appeared at 2θ = 25.947 and 43.239°,
respectively [26]. The positions of the major diffraction
peaks of h-CNTs and c-CNTs remained unchanged in con-
trast to those of p-CNTs. However, the intensities of their
(d002) peaks enhanced considerably after functionalisation,
likely owing to the insertion of hydroxyl or carboxyl groups
that increased the interlayer spacing between the CNTs.
Figure 4c shows the Raman spectra of the CNTs. Raman
spectroscopy is widely used to analyse the extent of surface

Figure 3: Loading device used for testing flexural and compressive
strengths.
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defects in carbon nanomaterials [27–29]. The Raman spectra
of p-CNTs showed two strong peaks near 1,348 and 1,590 cm−1.
The D-band located near 1,348 cm−1 corresponded to the pre-
sence of defects in the CNTs and scattering of amorphous
carbon impurities, whereas the G-band near 1,590 cm−1 was
ascribed to the vibration of C–C bonds in the graphite struc-
ture [30]. Defect concentration on the CNTs is proportional to
the ratio of D- and G-band intensities (ID/IG) and can be used
to quantify the degree of functionalisation [31]. The spectra of
p-CNTs showed weak D-band intensity and a low ID/IG value
(0.58), indicating a graphite structure with high crystallinity
and few defects. Notably, the intensity of the D-band in the

Raman spectra of h-CNTs and c-CNTs was higher than that of
p-CNTs and their ID/IG values reached 0.68 and 0.63, respec-
tively, suggesting that functionalisation led to an increase in
defects on the CNT surfaces. The thermal degradation char-
acteristics of the three types of CNTs were quantified via
TGA; the results are shown in Figure 4d. In the first stage
(∼30–200°C), the weight loss of the CNTs is mainly due to the
evaporation of physically adsorbed water from the pores
[32]. The weight loss in the second stage (∼200–460°C) is
mainly due to the decomposition of oxygen-containing groups
on the CNT surface [33]. At this stage, p-CNTs show almost no
weight change (because there are almost no oxygen-
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Figure 4: Characterisation of p-CNTs, h-CNTs and c-CNTs. (a) FTIR spectra, (b) XRD spectra, (c) Raman spectra and (d) TGA results.
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containing functional groups on their surface), while h-CNTs
show the highest weight loss, indicating that they have themost
abundant oxygen-containing functional groups on the surface.
The weight loss in the third stage (∼460–800°C) is due to the
continuous decomposition of carbon chains in the CNTs [34].

3.2 Characterisation of CNT/PVA
nanocomposites

The interaction between CNTs and PVA molecules was
investigated through FTIR spectroscopy. The test results

are provided in Figure 5a. In the FTIR spectrum of pure
PVA, the characteristic absorption peak appearing near
3,282 cm−1 is owing to the stretching vibration of –OH;
that near 2,928 cm−1 is due to the asymmetric/symmetric
stretching vibration of –CH2; and those at 1,660, 1,413, 1,088
and 827 cm−1 are attributed to the C]O, C]C, C–O and C–C
stretching vibrations in PVA, respectively [35]. The FTIR
spectra of the CNT/PVA copolymer and pure PVA showed
similar features. However, their peaks had slightly shifted
to low wavelengths, indicating the presence of interfacial
interactions between the polymer and nanofillers. The
same conclusion has been reported by Jia et al. [36]. More-
over, the energy band intensity ratios between 1,088 and
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827 cm−1 of the three CNT/PVA copolymers had changed
compared with that of pure PVA, reflecting that nanofiller
doping altered the crystallinity of PVA chains. We deter-
mined the crystalline properties of pure PVA and CNT/PVA
copolymers using XRD to understand the effect of nano-
filler incorporation on the crystallinity of the polymers
further. Figure 5b shows the diffraction scans of pure
PVA and the three types of CNT/PVA copolymer samples.
Pure PVA exhibits a characteristic peak at 2θ = 19.68°.
This peak corresponds to the (110) reflection. This result
is consistent with previous findings [37]. The diffraction
intensity of the characteristic peak in the crystalline region
of PVA considerably reduced with the addition of nano-
filler, suggesting that the interaction of randomly distrib-
uted CNTs with PVAmolecules led to a substantial decrease
in crystallinity. Similar findings have been reported by
Aslan [38], who found that the peak diffraction intensity
associated with the crystalline region of PVA gradually
decreases as the CNT content in hybrids increases. Notably,
the decrease in the crystallinity of PVA contributes to the
increase in strength and elastic modulus and improvement
in the chemical and temperature resistance of polymers
[39,40]. Comparing the XRD diffraction curves of the three
CNT/PVA copolymers reveals that the intensity of the main
diffraction peaks of the complexes decreased considerably
after doping with functionalised CNTs (h-CNTs and c-CNTs).
This result indirectly indicates that the interactions between
the functionalised CNTs and PVA molecules strengthened.
Figure 5c summarises the Raman spectra of the three
types of the PVA-doped CNT samples acquired under
532 nm laser excitation. In the spectra of the CNT/PVA

copolymer, the D-band is located near 1,348 cm−1 and
the G-band is located near 1,593 cm−1. The G-band of the
CNT/PVA copolymer has shifted by 3 cm−1 shift compared
with that of pure CNT, further confirming the interaction
between CNT and PVA molecules. The ID/IG ratios of
p-CNT/PVA, h-CNT/PVA and c-CNT/PVA reached 0.69, 0.80
and 0.79, respectively, which were remarkably higher
than those of pure CNTs. This result suggests that the inter-
action with PVA induces additional surface defects in the
CNTs. It also implies that the increase in defect order is
more remarkable for functionalised CNTs (especially for
h-CNT/PVA nanocomplexes with the highest ID/IG values
amongst samples) than for non-functionalised CNTs. These
defects will play a key role in the formation of long-range
electrostatic and crystal orders in the cement matrix.

3.3 Effect of CNT/PVA incorporation on the
mechanical properties of cement
mortars

The individual and combined effects of three types of CNTs
and PVA on the mechanical properties of cement mortar
were investigated. The results are shown in Figure 6. The
incorporation of the CNTs was beneficial effect to the com-
pressive and flexural strengths of cement mortar with or
without functionalisation treatment. This observation was
consistent with the nanoenhancement effect observed by
Mohsen et al. The CNTs primarily improve the mechanical
properties of cement mortar through three mechanisms.

Figure 6: Synergistic effect of CNTs and PVA on the (a) compressive strength and (b) flexural strength of cement mortar.
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First, the CNTs can refine the internal pores of the matrix
through the filling effect and improve the compactness of
cementitious materials [41]. Second, the CNTs can delay
crack extension through the bridging effect [42]. Third,
their presence can enhance the hydration rate of cement
through the nucleation effect [43]. Notably, the addition of
functionalised CNTs led to a more remarkable enhancement
in the mechanical properties of cement mortar than those of
untreated CNTs. Amongst the CNT–cement mortar samples
without PVA, the HCM sample (containing h-CNTs) exhibited
the best mechanical properties. The compressive/flexural
strengths of the HCM sample increased by 16%/42% and
4%/4% than those of the reference (CM) and NCM (con-
taining p-CNTs), respectively. By contrast, the compressive/
flexural strengths of mortar samples containing c-CNTs
(CCM) were 14%/40% higher than those of the reference.
Notably, the surfaces of functionalised CNTs contain
numerous hydrophilic groups (–OH and –COOH), improving
their effective dispersion in the cement matrix and enhan-
cing their bonding effect through interfacial interactions
with cement hydrates (consistent with the results described
in Section 3.1). This interaction increased the efficiency of
load transfer between the functionalised CNTs and cement
matrix. Therefore, functionalised CNTs more effectively
enhanced the mechanical properties of cement mortar than
untreated CNTs. In addition, hydroxyl-functionalised CNTs
could better enhance the cement matrix than carboxyl-func-
tionalised CNTs likely because the high wettability of the
hydroxyl group on their surfaces resulted in high hydrophili-
city [44,45]. Therefore, functionalised CNTs with hydrophilic
groups, especially OH groups, were recommended for modi-
fying cementitious composites. The addition of PVA alone
could slightly increase the compressive/flexural strengths of
cement mortars by approximately 12%/16% than those of the
reference. This wasmainly owing to the pore-filling and crack-
bridging effects of the cured PVA film, as reported by Cao et al.
[46]. Furthermore, the results displayed in Figure 5 illustrate
that themechanical properties of the cementmortar incorporated
with the CNT/PVA complex are superior to those incorporated
with the CNTs or PVA alone. In particular, the compressive/flex-
ural strengths of HPCM (with h-CNTs and PVA) were 26%/58%,
22%/28% and 41%/82% higher than those of PCM, HCM and the
reference, respectively. The compressive/flexural strengths of
NPCM and CPCM increased by 30%/72% and 34%/75%, respec-
tively, than those of the reference. The above-combined effects
might be related to the formation of more uniformly distributed
nanocomposites and strong interfacial binding bonds in the
cement matrix owing to the interaction between the CNTs and
PVA. However, the specific strengthening mechanism must be
further confirmed through mineralogical and micromorpholo-
gical observations.

3.4 Effect of the PVA content on the
mechanical properties of HPCM

As can be concluded from the above results (Figure 6), the
combination of h-CNTs and PVA can maximise the mechan-
ical properties of cement mortars. The mechanical proper-
ties of cement mortars with six PVA contents (0–2%) were
determined to further investigate the suitable amount of
PVA in the HPCM system (containing h-CNTs and PVA,
Series 2). The results are presented in Figure 7. As shown
in Figure 7, the compressive and flexural strengths of
HPCM increased with increasing PVA content until peak-
ing at 1 wt% doping. The compressive/flexural strengths
of HPCM4 (containing 1.0 wt% PVA and 0.5 wt% h-CNTs)
had improved by 33%/42% relative to those of HPCM0
(containing only 0.5 wt% h-CNTs without PVA). The com-
pressive/flexural strengths of HPCM4 had increased by
approximately 53%/101% relative to those of CM; this result
is consistent with that reported by Sun et al. [47]. However,
when the polymer doping further increased to 2 wt%, the
excess PVA reduced the reinforcing effect. The compres-
sive/flexural strengths of HPCM5 had reduced by approxi-
mately 10%/8% compared with those of HPCM4. Excessive
incorporation of PVA weakens the enhancement effect
probably because the thick PVA film formed in the matrix
hinders the hydration of cement particles, a finding that has
been confirmed in our previous work [48]. The increased air
pore content of cementitious composites owing to high PVA
usage is another factor that contributes to the reduction in the
enhancement effect [49]. Therefore, a reasonable amount of
PVA content in h-CNT–cement mortar is suggested to be
0.6–1.0 wt%.
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Figure 7: Effect of PVA incorporation on the compressive and flexural
strengths of HPCM.
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3.5 Effect of PVA content on the dry bulk
density of HPCM

The effect of PVA content on the dry bulk density of HPCM is
depicted in Figure 8. The dry bulk densities of HPCM with
different PVA contents ranged from 2,032 to 2,191 kgm−3. The
28-day dry bulk density of HPCM increased with increasing
PVA content until the PVA content reached 1 wt% and then
decreased. Amongst samples, HPCM4 (with 1 wt% PVA)
exhibited the highest dry bulk density of 2,191 kg m−3. The
dry bulk density of HPCM4 increased by 7.8% compared
with that of HPCM0 (without PVA). Dry bulk density can
reflect the degree of densification inside the cement matrix;
this indicates that the incorporation of an appropriate
amount of PVA can improve the pore structure of HPCM.
Similar findings have been reported by Allahverdi et al. [50],
whose results showed that the filling effect of the PVA film
formed during cement hydration could result in a matrix
with dense internal microstructure and high dry bulk spe-
cific gravity. The improvement in the CNT dispersion state in
the matrix by PVA incorporation might be another reason
for the improved densification of HPCM. The dry bulk den-
sity of HPCM5 (with 2 wt% PVA) decreased by approximately
1.5% than that of HPCM4, suggesting that doping with high
amounts of PVA would have some negative effects on HPCM
densification. This phenomenon can be attributed to two
reasons. First, the strong cohesive forces generated by the
incorporation of excessive amounts of PVA can negatively
affect the workability of fresh mortar and consequently the
homogeneity of the mixture, a finding that was confirmed in
our previous work [48]. Second, air entrapment caused by

the incorporation of large amounts of PVA can reduce the
internal densification of the matrix, despite using a certain
amount of defoamer. It is well known that improving the
internal densification of cementitious materials contributes
to strength enhancement. Figure 8b illustrates that a strong
correlation with an R2 value of 0.82/0.91 exists between the
28-day compressive/flexural strengths and dry bulk density of
HPCM. In addition, the compressive and flexural strengths of
HPCM increase linearly with dry bulk density.

3.6 Effect of PVA content on the water
resistance of HPCM

The water resistance of cementitious materials is related to
their porosity and can provide useful information on pore
permeability within the specimen. Figure 9 depicts the
capillary water absorption exhibited by HPCM samples for
different PVA dosages. The experimental results showed
that the capillary water absorption curves of HPCM samples
with and without PVA comprised two phases: a rapid water
absorption phase (phase I) and water absorption saturation
phase (phase II). However, the 24-h water absorption rate
considerably reduced after the introduction of PVA into
HPCM. The incorporation of 1 wt% PVA (HPCM4) was the
most effective for improving the water resistance of
HPCM. The 24-h water absorption rate of HPCM4 was
3.21 kg m−2, which was 60% lower than that of HPCM0.
By contrast, the 24-h water absorption rate of HPCM5
was 25% higher than that of HPCM4. This experimental

Figure 8: (a) Dry bulk density and (b) its correlation with compressive/flexural strengths of HPCM with different PVA contents.
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phenomenon suggests that an appropriate concentration
of PVA can effectively improve the water resistance of
HPCM. The amount of absorbed water was proportional
to the square root of time, and the absorption coefficient
could be defined as the slope of the absorption curve
during the rapid absorption phase [52]. The water absorption
coefficients of HPCM specimens with different PVA contents
are shown in Figure 9b. The water absorption coefficients of
the PVA-modified mortars (HPCM1–HPCM5) were consider-
ably lower than that of HPCM0. Amongst samples, HPCM4
had the lowest water absorption coefficient of 0.30 kg m−2

min1/2, which was 68% lower than that of HPCM0. The main
reasons for the improved water resistance of HPCM samples
containing moderate amounts of PVA can be attributed to the
following two aspects. First, the uniformly distributed polymer
film formed in the cement matrix has a good confinement
effect, which significantly reduces the diffusion rate of water
in HPCM, a finding consistent with that reported by Kim and
Robertson [49]. Second, the relatively homogeneously dis-
persed nanofillers formed by PVA and h-CNTs filled perme-
able pores in the cement matrix, leading to improved water
resistance of the cement mortar [51].

3.7 Dispersion studies on h-CNTs in water
and PVA latex

As shown in Figure 10, SEM was used to observe the dis-
tribution morphology of h-CNTs in pure water and varying
concentrations of PVA latex and evaluate the effect of PVA

on the dispersion characteristics of the CNTs. Notably, in
pure water, h-CNTs tended to entangle and aggregate
owing to van der Waals forces, despite undergoing 1.5 h
of ultrasonic dispersion. By contrast, the CNTs showed a
relatively uniform distribution with increasing PVA doping
amounts in the solution, and their surface appeared to be
encapsulated by a polymer gel layer. In addition, some
profiles of the CNTs isolated from the polymer and several
encapsulated fillers could be easily observed in the h-CNT/
PVA system. These materials were connected together to
form an interpenetrating network. The SEM images clearly
showed that PVA could increase the spatial positional bar-
rier between h-CNTs through a coating effect, thereby
weakening the van der Waals forces between nanoparti-
cles and improving their dispersion. This phenomenon was
similar to that found by Naseem et al. [53].

Ensuring not only the good dispersion of the nanoparti-
cles but also the formation of long-term stable interfacial
bonding with the substrate is necessary to fully use the poten-
tial of the CNTs. Figure 11 shows the results of sedimentation
tests on h-CNTs in pure water and PVA latex. The initial state
of the sedimentation test was directly photographed after
1.5 h of ultrasonic dispersion, and the test solution was then
kept undisturbed for continuousmeasurements. The particles
in pure water almost completely precipitated after 5min. By
contrast, the dispersion of the CNTs in PVA latex was more
stable. In particular, in 1–3wt% PVA latex, the nanoparticles
remained stably dispersed even after 24 h without coagula-
tion or precipitation. This result fully demonstrated that the
appropriate concentration of PVA could effectively maintain
the dispersion state of h-CNTs.
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3.8 Macromorphology of CNT-modified
cement mortars with and without PVA

Figure 12 shows the typical macroscopic morphology of
different types of CNT- modified cement mortars with and
without PVA incorporation. By comparing these morpho-
logies, we can clarify the effect of PVA doping on the dis-
tribution and dispersion stability of nanoparticles in cement
mortars. When the CNTs were added alone (with or without
functionalisation), black particles aggregated on the surfaces
of the moulded specimen (top view) and nanoparticle layering
appeared on the side of the specimen. This phenomenon indi-
cates poor bonding between CNTs and cement, with nanopar-
ticles suspending and distributing in a layered manner during
vibration and moulding. The top and side views of the PVA-
incorporated samples showed a uniform grey–green colour
(the original colour of the cement mortar), suggesting that the
incorporation of PVA enhanced the adhesion between CNTs
and cement and fixed the uniform distribution of the nano-
particles in the cement matrix.

3.9 Microstructural analysis

The microscopic morphologies of PCM, HCM and HPCM4
are observed using SEM to deeply understand the internal
structural changes in the cement mortar and enhancement
mechanism after incorporating PVA, h-CNTs and h-CNT/
PVA composites. Representative SEM images are shown
in Figure 13. Figure 13a clearly reveals that PVA positively
affects the microstructure of cement mortar, given that
numerous polymer films are formed to bridge over cracks.
Polymer film formation is the main factor affecting the
strength enhancement of cement mortars with PVA. How-
ever, broken PVA films with irregular shapes are observed
in the SEM images, indicating the limiting load transfer
capacity of PVA films. Figure 13b shows defects in HCM
incorporated with 0.5 wt% h-CNTs after 28 days of curing,
wherein a large number of CNTs with smooth surfaces are
observed. Figure 13b shows that the agglomeration of h-
CNTs occurs because an h-CNT content of 0.5 wt% is exces-
sively high and cannot be uniformly dispersed in the

Figure 10: SEM images of h-CNT dispersion in (a) pure water and (b) 1 wt%, (c) 3 wt% and (d) 7 wt% PVA latex.
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CNT–cement system using only a sonicator. This figure also
shows the positive effect of the CNTs on the microstructure
of cement mortar, wherein some micropores are filled by
h-CNTs. The SEM images of HPCM4 are presented in Figure

13c, showing the interaction between PVA and h-CNTs. The
h-CNTs are coated by PVA film, and three-dimensional
h-CNT/PVA networks bridge cracks and fill pores, leading
to a dense microstructure. Furthermore, the h-CNT/PVA

Figure 12: Typical top and side macro views of CNT-modified cement mortars with and without PVA.

Figure 11: Dispersion state of h-CNTs in (a) pure water and (b) 1 wt%, (b) 3 wt% and (d) 7 wt% PVA latex vs time.
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hybrid modifier is uniformly dispersed within the cement
mortar. The formation of abundant h-CNT/PVA networks
and densified microstructure of HPCM4 are the key factors
for the enhancement in mechanical properties. Figure 13c
also shows that h-CNTs are embedded within PVA films
and form good bonds with the cement matrix. The network
structure comprising of h-CNT/PVA acts like long fibres
(which are considerably longer than h-CNTs) and can
bridge large cracks, thus improving the load transfer capa-
city of the cement matrix.

4 Discussion

The above results show that incorporating of appropriate
amounts of PVA and CNTs can remarkably improve the
mechanical properties and water resistance of cement
mortar. This improvement can be explained on the basis
of SEM, XRD, FTIR and Raman results as follows:
1) CNTs have high aspect ratios that lead to strong van der

Waals self-attraction, thereby causing them to disperse
uniformly and show a tendency to form agglomerates in
pure water [54]. When CNTs are combined with PVA
latex, PVA molecules improve the dispersion of the

nanoparticles in two ways (as shown in Figure 14a).
First, the PVA gel encapsulated on the CNT surface
can act as a spatial site barrier and increase the distance
between the nanoparticles (this is confirmed in Figure
10). The interaction with PVA molecules introduces addi-
tional surface defects in CNTs (especially, functionalised
CNTs). These defects helpweaken the van derWaals forces
between the nanoparticles, thereby further preventing the
agglomeration of CNTs. Second, the PVA gel effectively
maintains the dispersion stability of the nanoparticles
during the mixing of CNT/PVA complexes with cement
paste.

2) As the water content decreases during hydration, PVA
gel particles gradually come together to form cured
polymer films. These polymer films and CNT particles
are in contact with each other, forming a special CNT/
PVA network structure. The presence of the CNT/PVA
network is advantageous to the performance of cement
mortar in two ways (Figure 14b). First, the pure PVA film
has insufficient strength to bridge cracks (PVA film
breakage can be observed in Figure 13a), whereas the
CNT/PVA network containing CNT as a nanoreinforcing
agent enhances load transfer between cement matrices
more efficiently. In addition, nanoscale CNTs can only
bridge small cracks, whereas the long fibre-like

Figure 13: SEM images of (a) PCM, (b) HCM and (c) HPCM4.

14  Jie Fan et al.



structures formed by CNT/PVA can bridge large cracks.
Second, the uniformly distributed CNT/PVA network can
effectively reduce the number of large pores through the
filling effect, thereby improving the compactness of the
cement matrix. However, the excessive use of PVA can
have a negative impact on the performance of cement mor-
tars, which can be attributed to three main reasons. First, the
strong cohesion formed due to the excessive incorporation of
PVAnegatively affects theworkability of the freshmortar and
consequently the homogeneity of the mixture, a finding that
has been confirmed in our previous work [48]. Second, the
incorporation of excessive PVA can exert a gas-entraining
effect and produce numerous macropores, nega-
tively affecting the mortar’s properties [55]. Third, the thick
polymer film formed in the matrix by the excessive incor-
poration of PVA hinders the hydration of cement particles,
which is another factor contributing to its reduced
effectiveness in improving the properties of cement
mortar [48]. A reasonable PVA addition to CNT–cement
mortars systems (in the range of 0.6–1 wt%) is recom-
mended on the basis of the results of this study.

5 Conclusions

Herein, the microstructures and mechanical properties of
cement mortar containing CNT/PVA hybrids are investi-
gated. In addition, the chemical interactions and micro-
structural characteristics of the CNT/PVA composites and
their resulting mortars are determined via FTIR, XRD,
Raman and SEM analyses. The conclusions of this work
are summarised below:
1) The compound addition of appropriate amounts of PVA

to CNT-modified cement mortars, especially mortars
modified with functionalised CNTs, can synergistically
improve the mechanical properties of the mortars. The
combined use of 0.5 wt% h-CNTs and 1 wt% PVA in the
cement matrix provides the best mechanical properties
amongst all samples. This strategy increases the com-
pressive/flexural strengths of the modified cement by
53%/101% than those of the reference (without CNTs
and PVA).

2) The incorporation of PVA considerably increases the
resistance of the h-CNT-modified cement mortar to
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water capillary adsorption. This effect is most remark-
able at a 1 wt% dosage than at the other dosages.

3) The presence of PVA improves the dispersion unifor-
mity and interfacial adhesion of CNTs, enabling them
to be stably dispersed in the cement matrix.

4) The SEM analyses revealed that the use of the h-CNT/
PVA hybrids leads to the formation of h-CNT/PVA films
that bridge cracks and fill pores in the cement matrix,
thereby improving the mechanical properties, espe-
cially flexural properties, of the cement mortar.

5) The findings of this study highlight the potential of
CNT/PVA (especially h-CNT/PVA) hybrids as additives
to improve the mechanical properties of cementitious
materials. However, it is worth noting that PVA has
poor ageing resistance and low thermal stability; hence,
future research efforts should focus on the possible effects
of CNT/PVA hybrids on the long-term durability of cemen-
titious materials. In addition, the incorporation of PVA
may increase the water and heat sensitivity of cement-
based materials. Therefore, further investigations involving
dry–wet cycles, freeze–thawing cycles and high tempera-
tures should be conducted.
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