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Abstract: The effect of CNTs on the mechanical and damp-
ing properties of macro-defect-free (MDF) cements was
studied, and polyvinyl alcohol (PVA) fibers were also
studied as a contrast. It was found that the compressive
strength of MDF cements was not significantly affected by
the two types of fibers. The CNTs enhanced the flexural
strength of MDF, while PVA fibers made negative contribu-
tion. The strengthening mechanism of flexural strength of
MDF cements by CNTs can be summarized as fiber bridg-
ing, crack deflection and fiber slippage. For the damping
properties, the proper contents of CNTs and PVA fibers im-
proved the loss factor significantly. The interface transition
zone (ITZ) between the PVA fibers and matrix was large,
which was favorable for fiber slippage. The damping prop-
erty of MDF cements with CNTs wasmainly due to the slip-
page between the inner tubes of the CNTs rather than the
slippage between the CNTs and matrix.

Keywords:Macro-defect-free cements; Carbon nanotubes;
Mechanical property; Damping property

1 Introduction
Macro-defect free (MDF) cements are ultra-high perfor-
mance cement-based materials developed by Birchall [1]
in the early 1980s. The flexural strength of MDF cements
can reach up to 300MPa. MDF cements are composite ma-
terials obtained by mixing, high shear and hot pressing.
Because of the high-speed shear and mixing in the manu-
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facturing process, MDF cements avoid the large pores and
defects caused by the residual air and insufficient mixing,
whichmakesMDF cements have unique properties [2]. Cal-
cium aluminate cement (CAC) and polyvinyl alcohol (PVA)
are the most widely utilized materials for the production
of MDF cements, and the flexural strength can generally
reach 150-300 MPa. Ordinary Portland cement and poly-
acrylamide can also be used for the production of MDF ce-
ments, and the flexural strength is only 60-120 MPa [3].

Since the appearance of MDF, many scholars have
studied MDF cements. It was found that the significant
increases in flexural strength achieved in MDF cements
were attributed to a reduction in the density of defects
in the materials as well as to chemical reactions occur-
ring between the organic constituent and inorganic ions
coming from the hydration products of the cement. The
high shear stress produced by the open mill can break
the C-C bond in the polymer chain into two active macro-
molecular functional groups with equal molecular weight.
Themacromolecular functional groups canbe cross linked
with CAC hydration products to formmetal carboxylate [4–
7]. The addition of silica fume can effectively improve the
strength of ordinary cement-basedmaterials, but it had an
adverse effect on MDF cements. It was suggest that silica
fume did not react with calcium hydroxide and worked
as an inert filler in MDF cements [8]. In addition, it was
found that the addition of fiber could improve the flexu-
ral strength and fracture toughness of MDF cements. The
fibers formed a network structure in theMDF cements that
limited the volume change of the material and improved
the mechanical properties. And the surface-modified fiber
could strengthen the bonding with the matrix to further
enhance the bending strength [9].

With the rapid development of nanotechnology,
nanometer materials have been widely used in various
industries, and it is the most dynamic research direction
in the field of new materials research. Nanotechnology
involves a wide range of subject areas, including physics,
chemistry, biology, medicine, materials science, informa-
tion science, energy science, etc. It is a highly interdis-
ciplinary and comprehensive discipline [10]. At present,
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Table 1: Chemical composition of the cement.

Component SiO2 Al2O3 Fe2O3 CaO K2O TiO2 MgO Na2O SO3 P2O5 Cl NiO
Content
(mass%)

53.968 31.148 4.16 4.012 2.035 1.133 1.011 0.888 0.727 0.673 0.134 0.109

many researchers have added nanometer materials to or-
dinary concrete and ultra-high performance concrete. The
conclusions showed that the mechanical properties and
damping properties were improved [11–15]. The Koratkar
team [16] combined the CNTs with the polymer and found
that the loss modulus was increased by more than 10
times while maintaining the stiffness of the composite.
MDF cements are similar to polymers because their in-
ternal structures are uniform and dense. But up to now,
there is no research on adding nanometer materials to
MDF cements. Moreover, the internal structure of MDF ce-
ments is dense, the porosity is low, and the pore size is
small. Therefore, the influence of nanometer materials on
the mechanical and damping properties of MDF cements
may be completely different from that of ordinary cement-
based materials. The addition of nanometer materials can
even play many unknown functions.

Since CNTs were discovered in 1991, they have be-
come ideal reinforcements for various matrix materials
due to their excellent mechanical properties, chemical sta-
bility and electrical conductivity [17]. Therefore, CNTswere
added to MDF cements to study the effects of nanometer
materials on the mechanical and damping properties of
MDF cements in this study. In order to compare the differ-
ent effects of nanometer fibers and micrometer fibers on
MDF cement, PVA fibers were added as a contrast. The ad-
dition of fibers of different scales can make a more com-
prehensive understanding of the influence of fibers on the
mechanical and damping properties of MDF cements.

In the experiment, MDF cements with three different
content of CNT (0.05, 0.1, 0.15 wt.%) and two different con-
tent of PVA fiber (0.5, 1 vol.%) were prepared by a twin
roller mill. The compressive strength and flexural strength
of the specimens were measured, and the damping prop-
erty of the specimens at different frequencies was mea-
sured by dynamic thermomechanical analyzer. At last, the
microstructure and interface transition zone (ITZ) between
the two fibers and the matrix were observed by Thermal
Field Emission Scanning Electron Microscope (TFE-SEM),
and the influencemechanism of the two fibers onmechan-
ical properties and damping property was analyzed.

Table 2: Properties of the MWCNT used in this study.

Outer
diameter

Length Purity Specific surface area

50nm >10µm >95% 40-300 m2/g

Table 3: Properties of PVA fiber.

Norminal
strength

Fiber
diameter

Fiber
length

Young’s
modulus

Fiber
elongation

1600MPa 40µm 12mm 40GPa 6%

Table 4:Mix proportions of the test specimens(g).

Test
Specimen

cement Water PAM CNT water
dispersion

PVA
fiber

Control 400 60 32 0 0
C1 400 58.2 32 2 0
C2 400 56.4 32 4 0
C3 400 54.6 32 6 0
P1 400 60 32 0 0.84
P2 400 60 32 0 1.69

2 Experimental program

2.1 Raw materials

The cement used in this experiment was White Portland
Cement type 52. 5, purchased from Jiangxi Yin ShanWhite
Cement Co., Ltd. The chemical composition of the cement
is listed in Table 1. The Specific surface area of the cement
is 3800 cm2/g and the specific gravity is 3.11 g/cm3. Non-
ionic polyacrylamide (PAM) with molecular weight of 2~14
million was used as the polymer, supplied by Shanghai Al-
addinBio-Chem. TechnologyCo., Ltd.Multi-walled carbon
nanotubes (MWCNTs) water dispersion with mass fraction
of 10%were used, manufactured by Nanjing XFNANOMa-
terials Tech Co., Ltd. The physical properties andmorphol-
ogy of MWCNTs are shown in Table 2 and Figure 1(a). PVA
fiber type REC15 was offered by Japan Kuraray Co. Its prop-
erties and microscopic morphology are shown in Table 3
and Figure 1(b), respectively.
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(a) CNT (b) PVA fiber

Figure 1:Micro-morphology of CNT and PVA fiber.

Figure 2: Basic steps to produce MDF cements with CNTs.

2.2 Mix proportion design

In this experiment, series C and P were designed. Series
C is the sample with CNTs. 0.05, 0.1 and 0.15 wt.% CNTs
were added to C1, C2 and C3, respectively. Series P is the
sample with PVA fibers. 0.5 and 1.0 vol.% PVA fibers were
added to P1 and P2, respectively. A control group was set
up, inwhich therewere no CNTs and PVAfibers. Thewater-
cement ratio of all samples was 0.15. The composition of
all mixtures is shown in Table 4. Four samples were pre-

pared for each group to avoid accidental errors in the ex-
periment.

2.3 Preparation procedure

The key stages involved in the MDF cements manufactur-
ing process are shown in Figure 2. The specific steps are
described as follows. (1) Firstly, water and CNT water dis-
persion were mixed evenly, and the mixed liquid was then
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Figure 3: The twin roller mill.

Figure 4: The flat vulcanizer.

treated by ultrasonic for 10 min. The temperature was set
to 30∘C. (2) The cement and the polymer were mixed uni-
formly, and stirred at high speed for 1 min. (3) The mixture
of water and CNT were poured into the mixture of cement
and polymer, stirred at high speed for 2 min. (4) The mix-
ture was added to a twin roller mill (ZB-902, as shown in
Figure 3). After a high-speed shearing for 5-8 min, sheet
material in a plastic state with a thickness of about 7 mm
was obtained. (5) The MDF cement sheet was cut accord-
ing to the size of the mold. (6) The sheet was placed in the
mold and themold was put on a flat vulcanizer (ZB-910, as
shown in Figure 4) in hot press for 20 min. The tempera-
tures of the upper and lower platen of the vulcanizer were
80∘C and the pressurewas 20MPa. (7) Themoldwas taken
out after hot pressing and placed at room temperature for
15min. (8) The specimens were cured in the oven at 80∘C
for 24 hours.

(a) The mold of specimens for mechanical test

(b) The mold of specimens for damping test

Figure 5: The molds for the preparation of MDF cements.

The preparation of MDF cements with PVA fibers is
simpler than thatwith CNTs, and the ultrasonic dispersion
step is omitted. The other steps are the same as that with
CNTs. Specimens had a size of 6×40×160 mm for the com-
pressive and flexural strength test and 2.5×10×50 mm for
the DMA test. The molds were shown in Figure 5.

2.4 Material characterization tests

2.4.1 Microstructure

To view the surface morphologies of the CNT/PVA fiber-
reinforced MDF cementitious composites, Thermal Field
Emission Scanning Electron Microscope (TFE-SEM) (JSM-
7600F) manufactured by Japan Electronics Co., Ltd. was
performed. The resolution of TFE-SEM was 3.5 nm and the
accelerating voltage is 15 KV.

After 28 days of standard curing, the specimens were
broken into small pieceswith adiameter of about 5mmand
a thickness of no more than 3mm. Then, the specimens
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were soaked in absolute alcohol for one day to terminate
the hydration. Finally, those specimens were dried to con-
stant weight at 60∘C. In order to improve the electrical con-
ductivity, the surface of the samples was coated by gold
before the electron microscopic test. The temperature of
TFE-SEM test is 20∘C.

2.4.2 Mechanical properties

Because there is no uniform standard for the mechanical
properties of MDF cements, the tests of this experiment
were carried out by electronic compressive and flexural
testing machine according to the Chinese standard for me-
chanical properties of concrete (GB/T 50081-2002) [18]. The
loads were measured and recorded by software connected
to the machine and then converted to compressive and
flexural strength according to Eqs. (1) and (2). Four repli-
cates of each test were conducted and average values are
reported.

Pc = F/b2 (1)

Pf = 3FL/2bh2 (2)

where F is themaximum force in a bent beamat the instant
of failure, Lis the span between two supports (100 mm), b
is the width (40 mm), and h is the height (7 mm).

2.4.3 Damping property

The damping performance test was conducted by the dy-
namicmechanical analysis (DMA) 242E Artemis (as shown
in Figure 6), manufactured by NETZSCH in Germany. The
test principle of the DMA is shown in Figure 7.

DMA test is a technique to obtain the dynamic mod-
ulus or loss factor of the sample varying with the temper-
ature and frequency. These data were obtained by apply-
ing a sinusoidal alternating stress to the specimen at pro-
grammed temperature and measuring the change of its
strain at the same time. The storage modulus (E′), the loss
modulus (E′′) and the loss factor (Tan δ) of the material
can be obtained simultaneously by DMA test, and calcu-
lated according to the Eqs. (3) - (7):

ϵ = ϵ0sinωt (3)

σ = σ0 sin (wt + δ) (4)

E′ = σ0 cos δ/ϵ0 (5)

Figure 6: DMA 242 E Artemis.

Figure 7: The functional principle of DMA 242 E Artemis.

E′′ = σ0 sin δ/ϵ0 (6)

tan δ = E′/E′′ (7)

Where ω is the angular frequency; δ is the phase angle;
t is time; ϵ0 is the strain peak; σ0 is the stress peak; E′

is the storage modulus, which refers to the energy stored
by the material due to elastic deformation during the de-
formation process, reflecting the elastic component of the
viscoelasticity of the material, and characterizing the stiff-
ness of the material; E′′ is the loss modulus, which refers
to the energy dissipated in the form of heat due to the vis-
cous deformation of the material during the deformation
process, reflecting the viscous component of the material
and characterizing the damping property of the material;
tanδis the loss factor (E′′/E′), which is the ratio of the en-
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(a)MDF cements with CNTs (b)MDF cements with PVA fibers

Figure 8: Flexural strength and compressive strength of specimens at 28 days.

ergy dissipated by the material during deformation to the
maximum storage modulus [19].

The deformation modes of DMA include three-point
bending mode, single/double cantilever beam mode, ten-
sion mode, compression/penetration mode and shear
mode. Because the stiffness of cement-based materials is
very large, the three-point bending mode was chosen. In
this experiment, the span of the two supports in the three-
point bending mode was 50 mm. The sample was sub-
jected to periodic deformation with an amplitude of 7 µm,
and the frequencies were 0.5 Hz, 1.0 Hz, 1.5 Hz, 2.0 Hz, 2.5
Hz. Since most cement-based materials work at room tem-
perature, all tests were carried out at 25∘C.

3 Results and discussion

3.1 Mechanical properties

3.1.1 Compressive strength

The results of the compressive strength of CNT/PVA fiber-
reinforcedMDF cementitious composites are shown in Fig-
ure 8. It can be found that the addition of CNTs and PVA
fibers had little contribution to the compressive strength.
The compressive strengths of the C1, C2, and C3 groups
was increased by 0.48%, 0.27%, and 0.69%, respectively.
The compressive strength of the P1 and P2 groups was in-
creased by 0.43% and 0.53%, respectively. Because of the
transverse expansion and cracking during compression,
most of the CNTs and PVA fibers were in the compressive
state and could not play a bridging role in the crack.

3.1.2 Flexural strength

The results of the flexural strength of CNT/PVA fiber-
reinforcedMDF cementitious composites are shown in Fig-
ure 8. The results show that the addition of CNTs and PVA
fibers had a significant effect on the flexural strength. As
shown in Figure 8(a), the flexural strength was increased
first and then decreased with the increase of CNT content.
The critical threshold of the CNT content in MDF cements
was 0.10 wt.%, and the flexural strength was increased by
5.14%.When the CNT content was less than 0.10 wt.%, the
flexural strength was increased with the increase of CNT
content.

The enhancement mechanism of the flexural strength
of MDF cements by the addition of CNTs can be explained
as follows: MDF has a very low water-cement ratio with
polymer. After roll milling and hot pressing, it forms a very
dense and uniform matrix [20]. CNTs can be evenly dis-
tributed in the matrix when a proper amount of CNTs is
added. After the rolling of the openmill, CNTs are strongly
connected with the matrix and polymer through mechan-
ical interlocking, chemical bonding and van der Waals in-
teractions [21]. Therefore, CNTs can form a strong three-
dimensional space connection when they are uniformly
dispersed inMDF,which can improve the flexural strength.
The strengthening mechanism of flexural strength of MDF
cements byCNTs canbe summarized as threemechanisms,
includes of fiber bridging, crack deflection and fiber slip-
page [22]. (1) Fiber bridging: When the cement-based ma-
terial is subjected to external force, it will deform. And the
concrete will crack in tension when the external force ex-
ceeds its stress limit. When the crack propagates to the
area where the CNTs are located, the CNTs can restrain the
crack propagation by bridging, as shown in Figure 10(a).
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Hunashyal et al. believe that the CNTs can bridge the
cracks, so that crack development can be effectively con-
trolled, and these cracks will not continue to develop until
the CNTs are destroyed or pulled out by the increasing ex-
ternal stress [23], as shown in Figure 10(b). (2) Crack deflec-
tion: Compared with the matrix, the mechanical proper-
ties of the interface transition zone (ITZ) between the CNTs
and the matrix are very poor. The ITZ is a weak link in the
composite materials. When the crack reaches the region
where the CNTs are located at a small angle (less than 90∘),
the crack will develop along the direction of the weak ITZ.
Therefore, the change of the pathwill increase the develop-
ment path of the crack in the matrix and delay the failure
process. (3) Fiber slippage: With the increase of the crack
width, the CNTs at the crack will slip because of the high
strength of the CNTs. When the shear force completely ex-
ceeds the bonding force between the CNTs and the cement
matrix, the CNTswill be pulled out. This process consumes
a great deal of external energy and slows down the crack
propagation.

However, when the CNT content was between 0.10%
and 0.15%, the flexural strength decreased with the in-
crease of the CNT content. CNTs have small scale and large
specific surface area, so there is a strong van der Waals
force between the CNTs and it is prone for CNTs to adsorp-
tion and agglomeration [24]. When the content is too high,
the CNTs wound into agglomerates cannot play a reinforc-
ing role in the extremely dense MDF, but form weak de-
fects. Therefore, the addition of defects in the extremely
dense matrix made a negative contribution to the flexural
strength.

Luo [25] found that the flexural strength of the con-
crete was the highest when the CNT content is 2 wt.% in
the ordinary cement systems. In this experiment, the opti-
mum content of CNT is 0.10 wt.%. When the content was
more than 0.10 wt.%, the flexural strength began to de-
crease. The ordinary cement matrix contains 25-30 vol.%
of poreswith diameter ranging fromnanometer tomicrom-
eter. In the ordinary cement matrix, when the CNT content
exceeds the effective value, the excess CNTs will agglomer-
ate in the pores andmake thematrix denser. Therefore, the
mechanical properties can be improved after the content
is higher than the effective value in the ordinary cement-
basedmaterial. However,MDFcement-basedmaterials are
extremely dense (as shown in Figure 9), in which the diam-
eter of the largest pore is less than 10 µm. When the CNT
content reach the effective value, the excess CNTs agglom-
erate to form defects in the MDF. The flexural strength of
thematerial is sensitive to its internal defects, so toomuch
CNTs will reduce its flexural strength.

As shown in Figure 8(a), the addition of PVA fibers
had a negative contribution to the flexural strength, which
was completely opposite to the regularity of thatwith CNTs.
The flexural strength of the MDF cements was decreased
with the increase of the PVA fiber content. The flexural
strength of the MDF cements was 62.2 MPa without fibers.
While the flexural strength was 61.5 MPa with 0.5 vol.%
PVA fibers and 60.3 MPa with 1.0 vol.% PVA fibers, which
was decreased by 1.13% and 3.05%, respectively. There are
three reasons: (1) The diameter of the PVA fiber is 40 µm
and the length is 12 mm. The scale of the PVA fiber is much
larger than the pores in the MDF cements. Therefore, the
addition of PVA fibers formed internal defects. (2) The PVA
fiber is a kind of soft fiber with a length-diameter ratio of
300,which is difficult to dispersewhen stirring. (3) Kuraray
REC15 PVA fibers used in the experiment were coated with
oil to reduce the bonding between the fibers and cement
matrix. The smooth surface made it easy to slip, so the
addition of PVA fibers cannot prevent the development of
cracks, as shown in Figure 11. Therefore, the addition of

Figure 9: The microstructure of the MDF cements.

(a)Microcrack (b) crack growth

Figure 10: Crack bridging of CNTs.
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(a)Microcrack (b) crack growth

Figure 11: Crack bridging of PVA fibers.

PVA fibers to such a dense MDF cement-based material re-
duced its flexural strength.

However, it was found that the flexural strength of
the ordinary cement-basedmaterialswas greatly improved
with the addition of the PVA fibers in the previous stud-
ies. Peyvandi [26] found that adding 1.0 vol.% PVA to con-
crete increased the flexural strength by 50%. The ordinary
cement-based materials have a lot of defects and the flexu-
ral strength is very low, so the addition of fibers plays the
role of bridging cracks without additional defects. There-
fore, PVA fibers can improve the flexural strength of the
ordinary cement-based materials.

3.2 Damping performance

The loss factor of CNT/PVA fiber-reinforced MDF cemen-
titious composites is shown in Figure 12. All the loss fac-
tors decreased with the increase of frequency. When the
frequency was low, the vibration speed and the deforma-
tion were also slow, so the fibers had the process of slip-
page. When the frequency was high, the vibration speed
was fast and the deformation time was short. The slippage
distance of the fibers was reduced and the energy dissipa-
tion capacity was reduced. The samples of Control, C1, C2,
C3, P1, P2 all showed this regularity.

The addition of CNTs and PVA fibers had a positive
contribution to the damping performance of the material.
The damping property of MDF cements with PVA fibers
was much higher than that with CNTs. The damping prop-
erty of C2 was the best among the CNT-reinforced cementi-
tious composites, and the loss factor of C2 was increased
by 43.7% at 0.5 Hz. The loss factor of P2 was increased by
76.9%,which is nearly twice greater than the improvement
caused by 0.1 wt.% CNTs.

Generally, the damping property of cement-based ma-
terials decreases with the increase of mechanical prop-

Figure 12: Loss factors of MDF cements obtained by DMA test.

erties. However, the MDF cement based composites have
high compressive and flexural strength with brittle failure,
and the damping property is better than that of ordinary
cement based composites. In the experiment of Liew et
al. [27], the flexural strength of the reference group was
about 7MPa, and the highest loss factor was only 0.029.
However, the flexural strength of the reference group in
this experiment was 62.2 MPa, and the highest loss fac-
tor was 0.036 because the polymer was added to MDF
cement-based composites. As a kind of viscoelastic ma-
terial, polymer can convert the absorbed mechanical en-
ergy into heat energy and volatilize it, which improves the
damping property. And viscoelastic materials have good
toughness. Adding polymer into cement-based materials
can not only fill the void but also restrict the generation
anddevelopment ofmicro-cracks in concrete. Polymer can
significantly improve the pore structure characteristics of
concrete, and increase the friction of particles in the con-
crete, which plays a role in energy dissipation and im-
proves the damping performance.

The addition of CNT can improve the damping prop-
erty of MDF cement-based materials, mainly for the three
reasons. (1) The strength of CNT is very high, which is
much higher than that of cement matrix. When there were
cracks in the regionwhere the CNTswere located, the CNTs
would not break, so theremust be slippage. (2) The specific
surface area of CNT is 40-300 m2/g, so it has a large con-
tact area with the matrix. As more interfaces were formed,
more slippage displacements were generated andmore en-
ergy was consumed. (3) A single MWCNT contains several
concentric tubes. The interface slippage and friction be-
tween tubes results in energy dissipation [28]. In addition,
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Figure 13: The interfacial transition zone between the PVA fibers and
matrix.

the nano-pores in MWCNTs could also produce resonance
and reduced the impact in the process of vibration.

Thedampingproperty ofMDFcementswithPVAfibers
ismuch higher than that with CNTs. The surface of the PVA
fibers was oiled and very smooth, which weaken the bond
strength between the fibers and matrix. The ITZ between
the fibers and matrix was large (as shown in Figure 13),
which was favorable for fiber slippage. In the process of
crack growth, PVA fibers slipped to achieve energy dissi-
pation, as shown in Figure 14(b). However, the bond be-
tween the CNTs and matrix was jagged and almost inte-
grated [21]. When the crack grew, it was very difficult for
the CNTs to slip because the bond between the CNTs and
matrixwas too strong, andonly a limited slippage distance
could be generated, as shown in Figure 14(a). Therefore,
the improvement of the damping property of MDF cement-
based materials with CNTs was mainly due to the slippage
between the inner tubes of the CNTs rather than the slip-
page between the CNTs and matrix [29]. The main reason
for the improvement of damping property of composite
materials is the slippage friction between different mate-
rials. Therefore, the contribution of the CNTs to the damp-
ing property of MDF cement-basedmaterials was far lower
than that of the PVA fibers.

However, the previous studies have shown that the
PVA fibers have no significant effect on the damping prop-
erty of the concrete. Noushini et al. [30] added 0.25 vol.%
and 0.5 vol.% PVA fibers to the concrete and measured
the damping ratio through impact resonance test. It was
found that addition of PVA fibers in low volume fraction
had no significant effect on concrete material damping
ratio. There are two reasons for this. (1) PVA fiber is hy-

(a)MDF cements with CNTs

(b)MDF cements with PVA fibers

Figure 14: Energy dissipation mode of MDF cements with (a) CNTs
and (b) PVA fibers.

Figure 15: Tan δ of MDF cements as a function of the dynamic strain
at 1Hz.

drophilic. Due to the presence of hydroxyl groups in its
main chain, PVA fibers formed a strong bond with cement
matrix [31]. The bond between the fibers and matrix was
so strong that it was difficult to slip. Therefore, if the fibers
were not coated with oil, it could not play the role of en-
ergy consumption without slippage. (2) The internal struc-
ture of MDF cements was very compact. When the exter-
nal stress caused small deformation, the fibers were easy
to slip.

The relationship between the strain and loss factor of
MDF cements at 1 Hz was shown in Figure 15. By observ-
ing the strain corresponding to the loss factor peak of each
sample, it was found that the strain corresponding to the
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(a) C2 (b) C2

(c) C3 (d) C3

Figure 16: SEM image of CNT-reinforced MDF.

loss factor peak of the CNTs was about 0.05h. The strain
corresponding to the loss factor peak of the PVA fibers was
about 0.08h. The strain corresponding to the loss factor
peak reflected the slippagedistancebetween thefibers and
matrix. So the slippage of PVA fibers in the matrix was
longer than that of CNTs.

3.3 Microscopy

Themorphologies of hydrated CNT-reinforcedMDF cemen-
titious composites with a CNT content of 0.10 wt.% and
0.15 wt.% after 28 days of curing are shown in Figure 16.
From the morphologies of C2, it can be seen that the CNTs
were well mixed in the cement matrix and the microstruc-
ture is uniform and dense. When CNTs are uniformly dis-
persed in the paste, they provide nucleation sites for the

growth of hydration products owing to their high surface
energy. CNTs played a role of crack bridging in the ma-
trix, as shown in the Figure 16(a) and (b). The CNTs sewed
up the cracks like threads, which effectively prevented
the cracks from developing until the CNTs were broken
or pulled out. In the process of CNTs being pulled out or
destroyed, the energy brought by the external destructive
stress was effectively consumed. As shown in Figure 16(c)
and (d), the CNTs were embedded in the cement matrix,
and the bonding was so strong that the CNTs and matrix
were almost integrated. When the crack propagated, the
bonding force between the CNTs and the matrix was too
strong to slip. This also verified the reason why the damp-
ing property ofMDF cement-basedmaterial with CNTswas
lower than that of PVA fibers.

The morphologies of hydrated PVA fiber-reinforced
MDF cementitious composites with 1.5 vol.% PVA fibers
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(a) complete pull-out and intact (b) pull-out with sever surface abrasion

(c) fiber rupture (d) hole after fiber pullout

Figure 17: SEM image of different failure phenomenon of PVA fibers in MDF.

after 28 days of curing are shown in Figure 17. The PVA
fiber in Figure 17(a) was completely pulled out with slight
abrasion on the surface, and this type of fiber was weakly
bonded to the matrix. The surface of the fiber in Fig-
ure 17(b) was severely worn after pullout, and this type
of fiber was strongly bonded to the matrix. The diame-
ter of the fiber in Figure 17(c) was reduced, and it could
be inferred that they have been broken. This type of fiber
was strongly bonded to the matrix. Figure 17(d) shows the
holes left after the fiber was pulled out. When the bond-
ing strength between the fibers and matrix was weak, the
fibers were easy to slip. The process of sliding could dissi-
pate energy and improve the damping performance.When
the bonding strength between the fibers and matrix was
strong, the fibers would break directly without slippage,
which had no contribution to damping property.

4 Conclusion
In this paper, the effect of multi-scale fibers on mechani-
cal and damping Properties of MDF cements were studied,
and the following conclusions were drawn:

1. The addition of CNTs and PVA fibers had little con-
tribution to the compressive strength of MDF ce-
ments. Because of the transverse expansion and
cracking during compression, most of the CNTs and
PVA fibers were in the compressive state and could
not play a bridging role in the crack.

2. The flexural strength of MDF cements was increased
first and then decreased with the increase of CNT
content. The critical threshold of the CNT content
in the MDF cements was 0.10 wt.%, and the flexu-
ral strength was increased by 5.14%. The CNTs en-
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hanced the flexural strength by fiber bridging, crack
deflection and fiber slippage. When the content was
too high, the CNTs wound into agglomerates formed
weak defects, which led to the decrease of flexural
strength.

3. Theflexural strength ofMDF cementswas decreased
with the increase of the PVA fiber content. The size
of PVA fiber is larger than that of the pores in the
MDF cement, so the fibers were easy to agglomerate
and form internal defects. Moreover, the oiled fibers
had poor adhesion to the matrix, which could not
prevent the development of cracks.

4. The 0.10 wt.% CNTs and 1.0 vol.% PVA fibers im-
proved the loss factor by 43.7% and 76.9%, respec-
tively. The addition of CNTs and PVA fibers had a
positive contribution to the damping performance
of the material. The damping property of MDF ce-
ments with PVA fibers was much higher than that
with CNTs. The main reason for the improvement of
damping property of composite materials was the
slippage friction between different materials. The
bonding between the PVA fibers and matrix was
weak, so it was easy for the fibers to slip to dissipate
energy.However, the bondingbetween theCNTs and
matrix is too strong to slip, so the CNTs had smaller
contribution to the MDF cements.
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