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Abstract
Silicon carbide whiskers (SiCw) have many excellent properties such as high strength, high elastic modulus, and high
temperature resistance. In this paper, by using water reducer as dispersant, a stable SiCw dispersion was obtained,
and SiCw-modified cement-based composites were prepared. Tensile strength tests for 8-shaped specimens were
carried out on the materials. The fracture properties of the materials were measured using a three-point bending test
with pre-cracks based on the digital image correlation method. The microstructure of the SiCw-modified mortar was
observed by SEM. The results showed that the SiCw improved the tensile strength of the cement-based materials, and
the addition of SiCw effectively improved the fracture toughness of mortar. The SiCw caused crack deflection during
crack propagation, accompanied by whisker pull-out and bridging phenomena. The SiCw bridging effect and pull-out
mechanism effectively controlled the crack propagation and played a toughening role, thus enhancing the crack
resistance of mortar.
Keywords: silicon carbide whiskers, cement-based materials, tensile strength, fracture toughness, microstructure
1 Introduction
Silicon carbide whiskers (SiCw) are a kind of material
with high strength, a high elastic modulus, high temperature resistance, and good corrosion resistance (Becher
et al., 2005; Peng et al., 2012). They are mostly used to
modify ceramic-based (Silvestroni et al., 2010; Zhang
et al., 2008) and metal-based (Zhang et al., 2006) materials, but have seldom been used in cement-based materials. Previous studies showing that the improvement of
compressive strength with the addition of SiCw was not
as great as that observed for the flexural strength, and
hydration of the cement was accelerated by SiCw due to
the higher number of nucleation sites, which results in
a greater amount of nucleus formation (de Azevedo &
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Gleize, 2018; de Azevedo et al., 2021). Li studies demonstrated that the SiCw has a minor effect on the compressive strength of oil-well cement, but has great effect on
the flexibility, spilt tensile strength and microstructure of
oil-well cement (Li et al., 2019).
Cement-based materials are quasi-brittle materials,
and their compressive strength is higher than their tensile strength (Bentur & Mindess, 2006). For such materials, a common shortcoming is brittle cracking. To solve
this problem, there have been many studies on modifying
cement-based materials, such as adding various organic
materials or inorganic fibers (i.e., carbon nanomaterials or whiskers). (Chandrasekaran & Ramakrishna, 2021;
Saulat et al., 2020; Shi et al., 2019; Yang et al., 2021; Zhan
et al., 2020; Zhou et al., 2021). Whiskers are micro- and
nano-sized short fibers grown from single crystals. Calcium carbonate whiskers (Cao et al., 2016; Saulat et al.,
2020) and calcium sulfate whiskers (Li et al., 2017; Pan
et al., 2019) are common whiskers used to improve
the mechanical properties of cement-based materials.
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However, the strength and hardness of these whiskers
are far lower than those of SiCw. Combining SiCw and
cement-based materials to construct a new material system is a new idea for solving the brittleness problem in
cement-based materials.
Herein, the preparation of an SiCw dispersion was
explored. A stable and homogeneous SiCw dispersion
was prepared and added to cement mortar. Mechanical property tests on cement mortar containing different dosages of SiCw were carried out to determine the
influence of SiCw addition on the tensile and fracture
properties of cement-based materials. The strengthening mechanism was analyzed based on scanning electron
microscopy (SEM) imaging.
Fig. 1 SEM image of the SiCw.

2 Materials and Methods
2.1 Materials
2.1.1 SiCw

The SiCw used in this test were produced by Beijing
Huawei Ruike Chemical Co., Ltd. The properties of the
whiskers are shown in Table 1.
The whiskers were observed using scanning electron
microscopy, and their microscopic morphology is shown
in Fig. 1. The X-ray diffraction (XRD) pattern of the
whiskers is shown in Fig. 2.
2.1.2 Cement and Other Materials

P·II52.5 grade Portland cement was used in this experiment, and the chemical composition of the cement is
listed in Table 2. The fine aggregate used in the experiment was China ISO standard sand according to ISO679
and EN196-1 specifications manufactured by Xiamen
ISO Standard Sand Co., Ltd.
The needle-like shape of the SiCw leads to poor fluidity (Lv et al., 2019), and the specific surface area of
SiCw is large. Thus, there is a large van der Waals force
between the whiskers, which makes it difficult to disperse the SiCw. The ZWL-PC series polycarboxylate

superplasticizer produced by Zhejiang Wulong New
Material Co., Ltd. was selected as the dispersant for the
SiCw. Moreover, in order to better disperse the SiCw in
the cement-based materials, in addition to adding the
dispersant, the pH value of the dispersion solution was
adjusted to optimize the dispersion (Xiong et al., 2008).
In this experiment, calcium hydroxide was used to adjust
the pH.
2.2 Methods
2.2.1 Preparation of the SiCw Dispersion

The SiCw dispersion was composed of SiCw, deionized
water, dispersant, and pH regulator. The effectiveness of
the dispersion was related to various factors such as the
magnetic stirring time, ultrasonic dispersion time, pH

Table 1 Properties of the SiCw.
Crystal type

Beta

Average diameter

600 nm

Length

10–20 μm

Specific surface area

30 m2/g

Particle morphology

Fibrous

Color

Greyish-green

Density (15 °C)

3.216 g/cm3

Bulk density

0.74 g/cm3

Hardness (Mohs)

9.5

Compressibility

0.21 × 10–6

Fig. 2 XRD pattern of the SiCw.
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Table 2 Chemical compositions of the cement/wt%.
Material

CaO

SiO2

Al2O3

Fe2O3

SO3

MgO

Loss

Cement

64.47

22.18

4.51

3.15

2.56

1.2

1.36

Table 3 Factors and levels used in the orthogonal experimental
design.
Factor level Factor
Dosage of
water reducer
(%)
A

Magnetic
stirring time
(min)
B

Ultrasonic
dispersion time
(min)
C

pH
D

1

0.3

5

1

7

2

0.4

10

2

9

3

0.5

15

4

11

value of solution, and dosage of the water reducing agent
(Zhao et al., 2018). Considering there are many influencing factors, an orthogonal test with four factors and
three levels was designed to optimize the SiCw dispersion (Kang et al., 2021), and the factors and their levels
are shown in Table 3.
The L9 (34) orthogonal table is shown in Table 5 (in
Sect. 3.1). The dispersion rate of the SiCw measured by
the relative settlement method was used as the index to
perform the quantitative analysis of the results of the
nine test groups. Based on the analysis results, the optimal dispersion scheme and the influence of the various
factors on the dispersion (the primary and secondary
subsequences) were determined.
The dispersion rate of the SiCw was measured by the
relative sedimentation method. In the relative sedimentation method, the SiCw dispersion was left to set for a
scheduled time period, and then the stratification phenomenon was analyzed. The specific order of operations
was as follows. For each group, the SiCw dosage was
0.4%. After dispersion, 40 mL of the SiCw dispersion was
poured into a test tube immediately, and the initial dispersion height (H0) was measured. After the solution was
left standing for the scheduled time period, the dividing line height (Hl) (Ding et al., 2020) of each group was
measured. Thus, Hl/H0 was the dispersion rate and was
taken as the test index. A higher dispersion rate corresponded to a better SiCw dispersion.
2.2.2 Homogeneous Stability Test of SiCw Dispersion

The homogeneous stability of the SiCw dispersion is the
most important characteristic of dispersed materials.
In this paper, the factors that have significant influences
on the dispersion were taken as variables, and the Zeta

potential method and turbidimetry method were used
to characterize the homogeneous stability of the SiCw
dispersions and were used to verify the accuracy of the
orthogonal test results.
2.2.2.1 Zeta Potential Method The surface Zeta potential of the SiCw was measured by placing the SiCw dispersion in a Nano ZS90 Malvern nano-particle analyzer.
According to the Stern double-layer structure principle
(Greenwood, 2003), the greater the absolute value of the
surface Zeta potential, the greater the repulsion force
between the whiskers and the more difficult it is for the
whiskers to agglomerate, corresponding to a more stable
the dispersion (Mutsuddy, 1990).
2.2.2.2 Turbidimetry When ultraviolet light passes
through a suspension, it is scattered or absorbed by the
suspended particles, thus reducing the light transmittance (Wang et al., 2019). Based on this phenomenon, the
measured absorbance can be used to compare the turbidity of the suspensions. In our experiment, the absorbance
of the supernatant of the SiCw dispersion after standing
for the specified time was measured using a UV spectrophotometer, and the measured absorbance reflected the
amount of SiCw in the superliquid of the dispersed liquid
after standing.
Generally, performing a full band scan with the UV
spectrophotometer requires a long time. In order to
improve the experimental efficiency, a full band scan of
a SiCw dispersion was carried out with the UV spectrophotometer to determine the peak wavelength of the
absorbance curve. As shown in Fig. 3, the peak wavelength was about 198 nm. Then, only a partial band scan
over a wavelength range from 150 to 250 nm was carried
out on the samples.
2.2.3 Preparation of the SiCw‑Modified Cement Mortar

First, the SiCw dispersion was prepared. The SiCw dispersion was composed of SiCw, water, dispersant, and
the pH regulator. The preparation process was as follows.
According to the optimal scheme, calcium hydroxide (pH
regulator) was added to water to change the pH value of
the aqueous solution, and then the water reducer (dispersant) and SiCw were added to the solution. Afterwards,
the suspension was subjected to magnetic stirring and
ultrasonic treatment to obtain a stable dispersion. Second, the cement and well-graded sand were dry-blended
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Fig. 4 8-shaped specimen size/mm.

Fig. 3 SiCw dispersion scanned with a UV spectrophotometer.

Table 4 Mix proportions of mortar with different dosages of
SiCw.
Specimen
group

SiCw/wt% Water
reducer/
wt%

CH solution Cement Sand

SiC-0

0

0.5

SiC-0.1

0.1

SiC-0.2

0.2

SiC-0.3

0.3

0.15

1

3

to a homogeneous state, and then the prepared dispersion was added to the homogeneous mixture. The mixture was blended evenly using a glue sand mixer and then
poured into a mold. After 24 h, the mold was removed,
and the specimens were put into a curing room at a temperature of 20 ± 2 °C with a humidity of 95% for different
ages (7, 14 and 28 days). The specific mix proportions for
preparing the cement mortar are shown in Table 4.
2.2.4 Tensile Tests for 8‑shaped Specimens

Fig. 4 shows a schematic of the 8-shaped mortar specimens (with a thickness of 22.2 mm) designed for this
experiment. The 8-shaped specimens are easier to use
during the tensile test, and the measured tensile data
are less discrete and are more reliable (Ou, 2012). Considering the middle cross-sectional area of 8-shaped
specimens is small, theoretically, the specimens should
fracture in the middle during the loading process. In the
pre-test, it was confirmed that the 8-shaped specimens
had a consistent fracture positions, i.e., in the middle of
the specimens, when they fractured.
Tensile tests were conducted on the cement-based
composites with different SiCw dosages (ASTM C307-18,

Fig. 5 Tensile test device.

2018; Meng et al., 2019). A WDW-50KN testing machine,
as shown in Fig. 5, was used for the displacement loading with a loading rate of 1 mm/min. In order to avoid
the influence of the relative slip between the fixture and
the specimens on the displacement measurement at the
initial stage of loading, preloaded to the load of 100 kN,
zeroed the displacement, and then continued to load
until the specimens were broken. For each group, the
arithmetic mean of the measured values of five specimens was taken as the tensile strength value of the group.
2.2.5 Three‑Point Bending Beam Test Based on the DIC
Method

The
dimensions
of
the
specimens
were
40 mm × 40 mm × 200 mm. As shown in Fig. 6, the width of
the midspan pre-crack was 1 mm, and the spacing between
supports was 160 mm.
The Digital Image Correlation (DIC) method was
used to obtain the relevant parameters during the
fracture process (Baietti et al., 2020; Zhang et al.,
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by grey processing and then analyzed with MATLAB
software (Kumar et al., 2019).

3 Results and Discussion
3.1 Optimal Preparation Scheme of the SiCw Dispersion

Fig. 6 Schematic diagram of specimen (mm).

Fig. 7 Surface treatment of the specimens.

2018). The surface of the test specimens needed to be
pretreated. As shown in Fig. 7, in order to obtain the
digital speckle images required for DIC, a speckle pretreatment was performed on an area 20 mm × 40 mm
in size in the fracture process zone (FPZ) on the front
surface of the specimens (Yao et al., 2020). To obtain
the initial crack load of the specimens, resistance strain
gauges were pasted on the reverse surface of the specimen, and the pasted position was as close as possible to
both sides of the crack tip. To measure the crack mouth
opening displacement (CMOD) of the test specimens,
steel sheets were affixed to both sides of the pre-crack
at the bottom of the specimen to attach a YC10/2 cliptype extensometer. The clip-type extensometer and
resistance gauges were connected with a TDS303 static
strain data acquisition instrument to obtain the relevant data. There were four specimens in each group in
order to ensure that each group obtained at least three
valid data.
A WDW-50KN testing machine was used for the displacement loading, and the loading rate was 0.1 mm/
min. The FPZ was imaged using a high-speed camera at
a rate of 10 fps. In the test process, a strong light source
was required to ensure clear images were captured of the
specimens. The captured speckle images were pretreated

Table 5 gives the analysis results of the orthogonal experiment designed to determine the influencing factors of
the SiCw dispersion.
In Table 5, Ki value represents the sum of test index values corresponding to the i level of a factor, and ki = Ki/3.
According to the characteristics of orthogonal design, an
example is as follows: if factor A has no effect on the test
index, k1, k2 and k3 corresponding to A should be equal. If
not, the optimal level of factor A can be obtained by comparing the sizes of k1, k2 and k3. The optimal level combination of each factor can obtain an optimal combination.
R represents the range of a factor, which is calculated
as follows: R = max (ki) − min (ki) reflects the variation
range of the test index when the factor fluctuates. The
greater the R corresponding to the factor, the greater
the impact of the factor on the test index. By comparing the range, R, the influences of the various factors on
the dispersion of SiCw were determined as follows: pH
value of solution > water reducer dosage > magnetic stirring time > ultrasonic dispersion time. According to the
experimental results, a solution pH value of 11 and a
water reducer dosage of 0.3% was the most conducive for
dispersing the SiCw. After the addition of SiCw, the optimal treatment method was magnetic stirring for 15 min
and then subsequent ultrasonic stirring for 4 min.
3.2 Influences of Solution pH Value and Water Reducer
Dosage on the SiCw Dispersion

In order to further verify the accuracy of the orthogonal
test results, the two most important factors affecting the
effectiveness of the dispersion, i.e., the solution pH value
and water reducer dosage, were tested by a single control
variable experiment. The influences of the solution pH
value and water reducer on the dispersion of SiCw were
studied.
According to the results in Sect. 3.1, the solution pH
value had the greatest influence on the dispersion of the
whiskers. Fig. 8 shows the absorbance and Zeta potential
of SiCw dispersions prepared in solutions with different
pH values.
When the pH value of the solution was 11, the absolute value of the Zeta potential on the surface of the SiCw
was the largest. According to Stern double electric layer
structure principle (Greenwood, 2003), when the solution pH value was 11, the repulsive force between the
SiCw was large, and it was not easy for the whiskers to
agglomerate, thus producing the best dispersion effect of
the SiCw. This result was consistent with the absorbance
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Table 5 Analysis of the orthogonal experiments.
Parameter group number

Factor

Dispersion
rate (%)

Dosage of water
reducer (%)
A

Magnetic stirring time
(min)
B

Ultrasonic dispersion
time (min)
C

pH
D

1

0.3

5

1

7

78.1

2

0.3

10

2

9

82.7

3

0.3

15

4

11

89.7

4

0.4

5

2

11

80.6

5

0.4

10

4

7

77.5

6

0.4

15

1

9

77.4

7

0.5

5

4

9

77.7

8

0.5

10

1

11

84.5

9

0.5

15

2

7

81.3

K1

250.5

236.4

240

236.9

K2

235.5

244.7

244.6

237.8

K3

243.5

248.4

244.9

254.8

k1

83.50

78.80

80.00

78.97

k2

78.50

81.57

81.53

79.27

k3

81.17

82.80

81.63

84.93

R

5

4

1.63

5.97

The primary and secondary subsequence

D>A>B>C

Optimal level

A1

B3

C3

D3

Optimal condition

A1 B3 C3 D3

6

8

10

12

-0.15

1.6

pH
Fig. 8 Zeta potential and absorbance of SiCw as a function of pH.

results. When the pH value was 11, the absorbance was
the highest because the superliquid of the SiCw dispersion prepared in a solution with a pH value of 11 had
the highest whisker dosage which scattered or absorbed
more UV light and led to low light transmission and a
high UV absorbance value. In other words, after standing, it was more difficult for the SiCw dispersion prepared in a pH 11 solution to stratify and precipitate.

1.4

absorbance

-0.10

1.2
1.0

-0.05

0.8
0.00

0.6
0.4

0.05
0.10

Absorbance /Abs

absorbance

2.2
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

/mv

0.06
0.04
0.02
0.00
-0.02
-0.04
-0.06
-0.08
-0.10
-0.12
-0.14
-0.16

Absorbance /Abs

/mv

The dosage of SiCw in each group is 0.4%.

0.2
0.0

0.1

0.2

0.3

0.4

0.5

0.0

Dosage of water reducer
Fig.9 Zeta potential and absorbance of SiCw as a function of the
water reducer dosage.

The influence of the water reducer dosage on the dispersion of SiCw is second only to the solution pH value.
Similarly, we took the water reducer dosage as the variable to determine the absorbance and Zeta potential,
and the results are shown in Fig. 9. As can be seen, the
dispersion effect is the best when the dosage of the water
reducer was 0.3%.
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3.3 Influence of SiCw Addition on the Tensile Properties
of Cement Mortar

Fig. 10 shows the tensile strength of the cement mortar
at different curing ages. The addition of SiCw improved
the tensile strength of the cement mortar, the content
of SiC whiskers with the content of 0.1%, 0.2% and 0.3%
increased by 8.1%, 4.5% and 2.2%, respectively, at 28 days.
There was an optimal SiCw dosage. The overall tensile
performance of the cement mortar was best with a SiCw
dosage of 0.1%. With an increase in the whisker dosage,
the tensile performance of the cement mortar was not
enhanced significantly. The reasons are summarized as
follows. When the whisker dosage was low, the whiskers
were dispersed evenly, and the toughening effect was significant (Wang et al., 2008; Zhu et al., 2021). As the SiCw
dosage increased, the original defects in the material and
the agglomeration entanglement of the SiCw had adverse
effects on the tensile strength of mortar (Hambach et al.,
2016). When the whisker dosage reached 0.3%, on the

4.5

SiC-0

Tensile strength /MPa

4.0

SiC-0.1

SiC-0.2

SiC-0.3

3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

7d

14d

28d

Curing age /d
Fig.10 Tensile strength of mortars with different SiCw dosages.

Stress /MPa

3.0

3.5
3.0

2.5
2.0
1.5

2.0
1.5
1.0

0.5

0.5

0.0

0.5

1.0

Displacement /mm

1.5

0.0

3.5
3.0

2.5

1.0

4.0

(b)

SiC-0
SiC-0.1
SiC-0.2
SiC-0.3

Stress /MPa

3.5

4.0

(a)

SiC-0
SiC-0.1
SiC-0.2
SiC-0.3

Stress /MPa

4.0

contrary, the tensile strength decreased significantly at
7 days, which may have been because the hydration products only wrapped the surface of the aggregates at an
early age, but did not fill the gaps between the whiskers
(Bentur & Mindess, 2006; Cuixiang et al., 2011).
From tensile tests of the 8-shaped mortars, the stress–
displacement curves for different whisker dosages were
obtained, and the results are shown in Fig. 11. For the
blank group, with an increase in the curing age, the displacement of the stress peak increased first and then
decreased. For the 7-day specimen group, the mortar
strength was still very low, and the specimens broke easily. For the 14-day specimen group, further hydration of
the cement enhanced the mortar strength to some extent,
and the tensile strength also improved, so the displacement corresponding to stress peak value increased. After
28 days, the strength of mortar was further enhanced,
and the mortar was significantly more brittle, so the
displacement corresponding to the stress peak value
decreased slightly.
The addition of SiCw delayed the specimens from
reaching their peak stress value and increased their tensile strength to a certain extent. It can be seen that the
tensile strengths of the test groups with dosages of 0.1%
and 0.2% both improved to a certain extent, of which, the
tensile performance for the specimen with a SiCw dosage of 0.1% was slightly better than that with 0.2%. However, due to the progress of the cement hydration, the
mortar became more and more brittle, and the displacement corresponding to the peak stress value also gradually decreased. For the test group with an SiCw dosage
of 0.3%, the strength deteriorated, and the peak displacement increased significantly. This may have been due to
the high dosage of SiCw in the cement matrix leading to
the formation of agglomerates and entanglements (Ren
et al., 2013).
The work done during the tensile test was obtained by
integrating the stress–displacement curves, as shown in

(c)

SiC-0
SiC-0.1
SiC-0.2
SiC-0.3

2.5
2.0
1.5
1.0
0.5

0.5

1.0

1.5

0.0

Displacement /mm

Fig. 11 Stress–displacement curves of cement mortar modified by SiCw at different age: a 7 days, b 14 days, c 28 days.

0.5

1.0

Displacement /mm

1.5
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Fig. 12. The experimental results showed that the addition of SiCw increased the energy consumption during
the tensile process and effectively played a role in toughening the cement-based materials. For the 28-day specimens, the energy consumption of the experimental group
with the SiCw dosage of 0.1% was 67.9% higher than that
of the blank group.
At an age of 7 days, for SiCw dosages of 0.2% and 0.3%,
the whisker entanglement caused by the higher SiCw
dosage significantly contributed to the energy consumption during the tensile tests at the initial stages of cement
hydration. In contrast, for the SiCw dosage of 0.1%, at the
initial stage of cement hydration, the whisker dispersion
was relatively homogeneous, but the insufficient cement
hydration led to a weak holding force on the whiskers. As
a result, the whiskers were pulled out easily rather than
breaking, and their energy consumption was not obvious.
At 14 days of aging, for the SiCw dosages of 0.2% and
0.3%, the adverse effects of cement hardening on the
toughness were much higher than the improvements
from the inhomogeneous dispersion of the whiskers.
For the SiCw dosage of 0.1%, with further cement hydration, the hydration products filled the gaps between the

whiskers, and the whiskers were wrapped by the cement
matrix, significantly enhancing the toughness.
3.4 Influence of SiCw Addition on the Fracture Properties
of Cement Mortar

Table 6 shows the results of the three-point bending tests
on the specimens. The addition of the SiCw effectively
increased the initial cracking load (Pini) of the material
and delayed cracking of the crack tip. The Pini value of the
specimen with 0.1% SiCw dosage was 9.8% higher than
that of the blank group, and the deformation of the specimen with 0.1% SiCw dosage before the crack tip cracked
was much higher than that of the blank group (Fig. 13).
It can also be seen from the CMOD of the group with
0.1% SiCw content increased by 78.7%. Obviously, the
brittleness of the cement mortar modified with the SiCw
decreased. The maximum load (Pmax) at fracture did not
significantly increase. The specimen with 0.1% SiCw
was only 6.1% higher than that of the blank group, but
un ) and CMOD were
the unstable fracture toughness ( KIC
significantly enhanced, compared with the blank group,
the group with 0.1% SiCw increased by 31.88% and
78.7%, respectively, which indicating that the addition
of SiCw had an obvious effect on increasing the fracture

650

Area /N·m

600
550
500
450

SiC-0
SiC-0.1
SiC-0.2
SiC-0.3

400
350

7

14

28

Curing age /d
Fig. 12 The work done on specimens with different SiCw dosages
that were loaded to the point of failure.

Fig. 13 P-strain curves.

Table 6 Three-point bending beam test results for cement mortars modified with SiCw.
Group

E/GPa

Pini/kN

Pmax/kN

CMOD/μm

ac/mm

ini /MPa · m1/2
KIC

un /MPa · m1/2
KIC

SiCw-0

8.23

0.41(0.12)

0.49(0.03)

25.87(3.25)

20.75

0.11

0.69

SiCw-0.1

7.15

0.45(0.10)

0.52(0.01)

46.23(1.91)

22.69

0.12

0.91

SiCw-0.2

7.67

0.42(0.07)

0.50(0.03)

31.50(3.06)

21.52

0.12

0.75

SiCw-0.3

8.57

0.45(0.06)

0.51(0.03)

27.00(1.82)

21.05

0.12

0.74

The data are arithmetic mean of each group, and corresponding standard deviation is in brackets.
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toughness of the cement mortar. Among the different
addition dosages of SiCw, the toughening effect was the
best when the SiCw dosage was 0.1%.
The P-CMOD curves of all test groups are shown in
Fig. 14. When the whisker dosage was 0.1%, the discreteness of the Pmax values decreased significantly, which may
have been due to the whiskers being evenly dispersed,
and their filling effect improved the initial defects in the
cement-based materials. With an increase in the whisker
dosage, the discreteness of the Pmax values also increased.
When the whisker dosage reached 0.3%, the Pmax value
decreased, indicating that too high of a whisker dosage led to an inhomogeneous SiCW dispersion, which
affected the strength of the material. The addition of
SiCw improved the CMOD, and the specimens achieved
an increased maximum deformation during failure, indicating that the whiskers improved the brittleness of the
cement-based materials and thus consumed more energy
during the fracture process.
In order to further study the fracture process of the
specimens, the displacement and strain cloud of the
FPZ measured during the DIC treatment are provided
in Fig. 15. Since the mechanical properties of the SiCw

600

and cement-based materials were different, and SiCw
have bridging, deflection, and pull-out effects on the
cement-based materials (Becher et al., 2005), the stress
state of the cement-based materials tended to be more
complicated after the addition of the SiCw. It can be seen
from Fig. 15 that, compared with the blank group, the
specimens with added whiskers had more complex crack
propagation paths and consumed more energy during the
fracture process.
The images from left to right correspond to
P = 0.6Pmax, P = 0.9Pmax, P = Pmax, P = 0.8Pmax, and
P = 0.2Pmax, respectively. As can be seen from the
SiCw-0 group, at P = 0.9Pmax, even though the loading
force was close to the maximum load that the specimen could bear, there was no obvious crack propagation at the tip of the pre-crack, but obvious cracks
suddenly appeared at the tip of the pre-crack at
P = Pmax. However, after the addition of SiCw, there
was an obvious toughening effect. Taking the SiCw0.1 group with the best toughening effect as an example, the crack began to develop at P = 0.9Pmax, and the
deformation was more obvious than that of the blank
group. When the load reached P = Pmax, although the
600

0-1
0-2
0-3

500

500
400

P /N

P /N

400
300

300

200

200

100

100

0
0.0

0.1-1
0.1-2
0.1-3

0.1

0.2

0.3

0
0.0

0.4

0.1

CMOD /mm

600

300

400
300

200

200

100

100
0.2
CMOD /mm

0.4

0.3

0.4

0.3-1
0.3-2
0.3-3
0.3-4

500

P /N

P /N

400

0.1

0.3

600

0.2-1
0.2-2
0.2-3
0.2-4

500

0
0.0

0.2
CMOD /mm

0
0.0

0.1

0.2
CMOD /mm

Fig. 14 P-CMOD curves (the label is in x–y form: “x” means the dosage of SiCw is x%, y is sample number).
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(a) Lateral displacement of FPZ: SiCw-0

(b) Lateral strain of FPZ: SiCw-0

(c) Lateral displacement of FPZ: SiCw-0.1

(d) Lateral strain of FPZ: SiCw-0.1

(e) Lateral displacement of FPZ: SiCw-0.2

(f) Lateral strain of FPZ: SiCw-0.2

(g) Lateral displacement of FPZ: SiCw-0.3

(h) Lateral strain of FPZ: SiCw-0.3
Fig. 15 Digital image processing results (from left to right are: P = 0.6Pmax, P = 0.9Pmax, P = Pmax, P = 0.8Pmax, P = 0.2Pmax).
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crack continued to develop, the crack length was far
smaller than that of the blank group under the maximum load. As the loading process continued, the crack
development in the blank group was basically stable
at P = 0.8Pmax, but at this moment, the height of the
unfractured zone of the specimen doped with SiCw
was still very large, and the crack almost ran through
the specimen until P = 0.2Pmax. These results indicated
that the addition of SiCw obviously improved the brittleness of cement-based materials. Because cementbased materials are quasi-brittle materials, there was
no significant deformation under stress, and fracture
failure occurred suddenly once the stress surpassed
the tensile strength. However, after the addition of
SiCw, the deformation of the specimens under stress
increased obviously. From the point of view of crack
development, the cracks in the specimen modified
by the SiCw developed slowly, and the failure was no
longer sudden.
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3.5 Microstructure Observation of Cement Mortar
Modified by the SiCw

Fig. 16 shows the SEM results and EDS spectra measured
at the crack in the SiCw-modified cement mortar. As can
be seen, there were needle-like structures in the fractured
positions of the specimens, which were confirmed to be
SiCw by the EDS results.
The effectiveness of whiskers in enhancing the mechanical performance of mortar is dependent to a large extent
on the whiskers–mortar interactions. There were bridging (Fig. 16a) and pull-out (Fig. 16b) phenomena from
the SiCw in the fractured surface of the material. The
pulled out SiCw surface was not bonded with a lot of
cement matrix, the adhesional and frictional bonding
between a SiC whisker and cementitious matrix may be
relatively weak. They had however significant contribution and practical significance because of SiCw have a
large surface area (Bentur & Mindess, 2006).When there
was a shear stress at the interface between the cementitious matrix and SiCw, the crack deflected significantly,

Fig. 16 SEM images of the morphology of the cement mortar modified by SiCw and EDS spectrum: a bridge effect, b pull-out.
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and the whiskers fractured or pulled out of the matrix,
thus consuming extra strain energy during the stress process. When the cement mortar was under tension, bridging of the whiskers effectively prevented the micro-crack
propagation. This may have been the main mechanism of
the SiCw reinforcement of the cement-based materials.

4 Conclusions
In summary, a new cement-based composite, i.e., a SiCwmodified cement-based composite, was prepared in this
paper. The main conclusions are as follows:
(1) The solution pH and dispersant dosage were the
main factors that affected the dispersion of the
SiCw into an aqueous solution. When the solution
pH value was about 11 and the dosage of water
reducer was 0.3%, the dispersion of the SiCw was
the best.
(2) The SiCw improved the tensile strength of the
cement-based materials, and the optimal dosage
was 0.1wt%.
(3) The fracture properties of the cement-based materials were effectively improved after the addition of
un
SiCw. The values of Pini, KIC
, and CMOD increased
to a certain extent, which provided a new way to
decrease the brittleness of cement-based materials.
(4) Based on the results from the microstructural
observations and mechanical tests, it was speculated that the improvement in the tensile and fracture properties of cement-based composites by
adding SiCw was due to the bridging effects of the
SiCw, and the energy dissipation through the pullout of the whiskers during crack propagation in the
cement-based composites.
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