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CaSO
4
whiskers (CSW) can be used to reinforce PVCmatrix to produce light and strong composites. However, the weak interfacial

interaction between the smoothCSWandPVCmatrix limited the fabrication of PVCcompositewith perfectmechanical properties.
In this work, CaCO

3
nanoparticles were coated on CSW surface by wet modification of CSW in Na

2
CO
3
solution at 80∘C, which

increased the surface roughness of CSW from 56.8 nm to 115.6 nm.The use of the hierarchical CSW rather than the raw CSW in the
fabrication of CSW/PVC composite led to the increase of the flexural strength from 86.3MPa to 113.2MPa and the impact strength
from 56.7 kJ⋅m−2 to 82.5 kJ⋅m−2 owing to the enhanced mechanical interlocking between CSW and PVC matrix.

1. Introduction

Polyvinyl chloride (PVC) is one of themost commercially im-
portant polymers used extensively in various fields as pipes,
doors, windows, floors, packaging, electric cables, and so on,
owing to its high mechanical strength, high thermal stability
and corrosion resistance, excellent electrical insulation, and
relatively low cost [1–4]. The mechanical properties of PVC
can be significantly improved by using appropriate inorganic
fillers or reinforcing agents such as calcium carbonate, silica,
carbon nanotube, and calcium sulfate whiskers (CSW) [5–
7]. CSW are fiber-shaped single crystals with many desirable
properties such as high aspect ratio, high strength and
stiffness, nontoxicity, and low cost,making them the excellent
fillers for polymers [8–12]. For example, it was reported that
the frictional wear resistance of nitrile butadiene rubber-
(NBR-)modified phenol formaldehyde (PF)was improved by
adding CSW and aramid fibers [9]; the presence of 15 wt% of
CSW in the polycaprolactone composite led to the increase
of 21% of flexural strength and 22% of the impact strength
[10]; the tensile strength of polypropylene (PP) reached up
to 37.6MPa after filling 10wt% of CSW [11]; the breaking
strength, tensile modulus, and elongation of PVC composites

increased up to 53.5MPa, 1772MPa, and 225%, respectively,
after filling 5wt% of CSW [12].

The surface modification of CSW was usually adapted to
improve the compatibility between CSW and the polymer
matrix [13–16]. For example, the modification of CSW with
sodium stearate led to the increase of the tensile strength
of polypropylene (PP) composite containing 30wt% of CSW
from 19.2MPa to 35.2MPa [13]; the modification of CSW
with glutaraldehyde crosslinked chitosan (GACS) led to the
increase of the tensile strength and impact strength of the
PVC composite containing 12wt% of CSW by 17.5% and
40.4%, respectively [14].

Inorganic filler with high surface roughness (which can
be achieved by manymethods as plasma pretreatment, acidic
or alkaline corrosion, surface modification, etc.) favored the
interfacial interaction between the filler and matrix [17–20].
For example, it was reported that the coating of aramid
fibers with multiwall carbon nanotubes led to the increase of
the roughness of aramid fibers (AFs) from 3.2 nm to 21.3 nm
and the increase of the interfacial shear strength of the
AFs/polypropylene (PP) composite by 17% owing to the
enhanced mechanical interlocking between the coated AFs
and PP matrix [17]. Up to now little work was reported on
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Figure 1: SEM images of CSW before (a) and after (b) modification.

the preparation of hierarchical CSW and their application in
PVC composites was still unknown.

In this paper, hierarchical CSW, one-dimensional CaSO
4

whiskers coated by zero-dimensional CaCO
3
nanoparticles,

were prepared via wet modification of CSW in Na
2
CO
3

solution. The influences of the hierarchical CSW on the
interfacial and mechanical properties of the PVC composites
were investigated.

2. Experimental

2.1. Preparation of Hierarchical CSW. Commercial chemicals
with analytical grade were used in the experiments. 5.00 g of
CSW with diameters of 2–4 𝜇m and lengths of 150–350 𝜇m
was mixed with 500ml of 0.03mol⋅L−1 Na

2
CO
3
solution at

80∘C. After being stirred for 2.0 h, the slurry was filtrated,
washed with deionized water, and dried in the furnace at
105∘C for 12.0 h.

2.2. Preparation of CSW/PVC Composites. CSW/PVC com-
posites were prepared by the compression molding method.
5.00 g of CSW or hierarchical CSW was mixed at 60∘C
with 50ml of the solution containing 90wt% alcohol and
1 wt% APS. After being stirred at 60∘C for 4.0 h, the slurry
was filtrated, washed with deionized water, and dried in the
furnace at 105∘C for 12.0 h. Then the modified CSW, PVC
(with an average polymerization degree of 650–750), heat
stabilizer, and stearic acid were mixed with a weight ratio of
30 : 70 : 4 : 1 in the high-speed mixer (FFJ-05, Chuangjia,
China) at 5000min−1 for 5.0min. The powders were then
mixed at 175∘C for 6.0min in the torque rheometer (RM-
200A, Harpo, China). After being broken in a vibratory
crusher (FM-1, Yetuo, China), the particles were put into the
vulcanizing equipment (ZG-50T, Zhenggong, China) and
compression molded at 180∘C and 20MPa for 8.0min to
prepare the composite plate with a size of 200 × 150 × 10
mm3. Then the compression mold was cooled down to room
temperature at 20.0MPa.

2.3. Characterization. The morphology of the samples was
examined with the field emission scanning electron micro-
scope (FESEM, JSM 7401F, JEOL, Japan), the high resolu-
tion transmission electron microscopy (HRTEM, JEM-2010,

JEOL, Japan), and the atomic force microscopy (AFM, SPM-
9600, SHIMADZU, Japan). The structures of the samples
were characterized by the powderX-ray diffractometer (XRD,
D8 advanced, Brucker, Germany) using Cu K

𝛼
radiation (𝜆 =

1.54178 Å) and the Fourier transform infrared spectroscope
(FT-IR, Nicolet 670, Thermo Fisher, USA). The flexural and
impact strengths of the composites were measured by the
universal testing machine (ZWICKZ005, Jiuge, Shanghai).
Ten specimens were tested for each data point, and then the
average value was considered as the tested value.

3. Results and Discussion

3.1. Morphology and Composition of Hierarchical CSW. Fig-
ure 1 shows the SEM images of CSW before and after modifi-
cation. Compared with the smooth surface of the CSWwith-
out modification (Figure 1(a)), hierarchical CSW coated with
nanoparticles (with an average size of 50–100 nm) formed
after modification of the CSW in 0.03mol⋅L−1 Na

2
CO
3

solution at 80∘C for 2.0 h (Figure 1(b)). Figure 2 shows the
HRTEM image of the hierarchical CSW. The nanoparticles
were contacted closely with the CSW surface. Two kinds of
interpenetrating lattices occurred at the interface of CSWand
nanoparticles: the interplanar spacing of 0.174 nm which was
corresponding to (040) plane of CaSO

4
and the interplanar

spacing of 0.302 nm which was corresponding to (104) plane
of CaCO

3
, indicating the formation of CaCO

3
nanoparticles

on CSW surface. Figure 3 shows the AFM 3D images of CSW
before and after modification. The surface of the hierarchical
CSW was much rougher than that of the raw CSW without
modification, and the surface roughness values which were
calculated from the topography images using AFM software
increased from 56.8 nm for the raw CSW to 115.6 nm for the
hierarchical CSW.

Figure 4 shows the XRD patterns and FT-IR spectra of
the raw CSW and the hierarchical CSW, respectively. The
data in Figure 4(a) showed that, compared with the raw CSW
composed of sole CaSO

4
, CaCO

3
phase occurred in the hier-

archical CSW, which should be attributed to the coating of
the CaCO

3
nanoparticles on CSW surface. As shown in Fig-

ure 4(b), the FT-IR peak located at 2506 cm−1 was attributed
to the vibration of C=O in CO

3

2−, the peak at 1796 cm−1 was
assigned to the vibration of C-Ca, and the peak at 711 cm−1
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Figure 2: HRTEM of hierarchical CSW.
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Figure 3: AFM 3D images of CSW before (a) and after (b) modification.

was connected with the deformation vibration of CO
3

2− [21].
The peaks at 981 cm−1 and 1022 cm−1 were connectedwith the
symmetric stretchings of SO

4

2−. FT-IR analysis reconfirmed
the coexistence of CaCO

3
with CSW in hierarchical CSW.

Figure 5 shows the schematic drawing for the formation
of hierarchical CSW in Na

2
CO
3
solution. CaCO

3
nanopar-

ticles may be coated on CSW surface via surface reaction
or/and dissolution-deposition routes. That is to say, CO

3

2−

in Na
2
CO
3
solution may react with Ca2+ on CSW surface,

leading to the coating of CaCO
3
nanoparticles on CSW

surface: CaSO
4
+Na
2
CO
3
=CaCO

3
+Na
2
SO
4
; K
298K = 2.71×

103; CSWmay also dissolve partially in Na
2
CO
3
solution, and

then Ca2+ and CO
3

2− in solution reacted and formed CaCO
3

nanoparticles on CSW surface.

3.2. Mechanical Properties of PVC Composites. Figure 6
shows the effects of whisker content on the flexural strengths
and impact strengths of the rawCSW/PVCcomposite and the
hierarchical CSW/PVC composite. The reinforcing trend of
raw CSW and hierarchical CSW in the composites’ mechan-
ical properties showed an inflection point at 30wt% whisker
content. In this case, the flexural strengths of raw CSW/PVC
and hierarchical CSW/PVC composites were 86.3MPa
and 113.2MPa, respectively, and the corresponding impact
strengths were 56.7 kJ⋅m−2 and 82.5 kJ⋅m−2, respectively.
Compared with the raw CSW/PVC composite, the hierar-
chical CSW/PVC composite exhibited an increase of 31.2%

in the flexural strength and an increase of 45.5% in the
impact strength, which should be attributed to enhanced
interfacial interaction between the hierarchical CSW and
PVC matrix. Significantly, in this present work, the optimal
flexural strength and impact strength of hierarchical CSW
reinforced PVC composites showed a remarkable value com-
pared with that of the CSW modified by the glutaraldehyde
crosslinked chitosan (77.5MPa) [14] or the titanate coupling
agent (15.9 kJ⋅m−2) [15].

Themorphology of the fracture surfaces of the raw CSW/
PVC and the hierarchical CSW/PVC composites is shown in
Figure 7. The cracks and the debonding whiskers occurred
on the fracture surface of the raw CSW/PVC composite
(Figure 8(a)) due to the poor interfacial adhesion between the
smooth CSW and the PVCmatrix, while CSWwhiskers were
connected closely with PVC matrix on the fracture surface
of the hierarchical CSW/PVC composite (Figure 8(b)) owing
to the enhanced interfacial adhesion between the hierarchical
CSW and the PVC matrix.

3.3. Interfacial Analysis of CSW/PVC and Hierarchical CSW/
PVC Composites. Figure 8 shows the micromechanical mod-
els for CSW/PVC and hierarchical CSW/PVC composites.
The micromechanical model for CSW/PVC composite can
be described as a single cylindrical whisker surrounded by
PVCmatrix (Figure 8(a)).Thewhisker would be pulled out of
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Figure 4: XRD (a) and FT-IR (b) of raw CSW and hierarchical CSW.
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the PVC matrix if the crack extended through the composite
(Figure 8(b)).

Based on the stress balance, the stress for the pull-out of
the smooth whiskers can be expressed as follows:

𝑃
1
= 2𝜏𝑒𝑟 ℎ, (1)

where 𝑟was the radius of whisker, 𝜏
𝑒
was the interfacial shear-

ing strength between whisker and PVC matrix, and ℎ was
the pull-out length of the whisker.

In the case of hierarchical CSW/PVC composite, the
CaCO

3
nanoparticles were considered to be distributed

uniformly on the surface of the hierarchical CSW (Figures
8(c) and 8(d)). On the basis of Kelvin model in the elastic
mechanics, the pull-out stress of the hierarchical CSW from
the PVC matrix can be expressed as follows:

𝑃 = 𝑃
1
+ 𝑛𝑃
2
= 2𝜏𝑒𝑟 ℎ + 16𝑛𝜋 (1 − V𝑚) 𝐺𝑚𝑤𝐻,𝐻

= √𝑎2 − 𝑟2[(1/3) (√𝑎2 − 𝑟2/𝑎)3 + (3 − 4V𝑚) (√𝑎2 − 𝑟2/𝑎)] ,
(2)
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Figure 6: Flexural strength (a) and impact strength (b) of CSW/PVC and hierarchical CSW/PVC composites with different whisker content.
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Figure 7: Fracture surface of CSW/PVC (a) and hierarchical CSW/PVC composites.

where 𝑤 was the pull-out displacement along 𝑥-axis at point𝑂 as a result of the stress concentration 𝑃
2
, V
𝑚
and 𝐺

𝑚
were

Poisson’s ratio and shear modulus of PVC matrix, 𝑎 was the
distance between point𝑂 and point𝑀, 𝑟 was the horizontal
distance between point𝑀 and the central axis of the whisker,
and 𝑛 was the number of the CaCO

3
particles on CSW

surface. The CaCO
3
nanoparticles on CSW surface provided

an excess pull-out stress (16𝑛𝜋(1 − V
𝑚
)𝐺
𝑚
𝑤𝐻) compared to

the raw CSW, which improved the interfacial interaction
between the hierarchical CSW and the PVC matrix, favoring
the increase of mechanical properties of the composite.

The above experimental results and the interfacial anal-
ysis indicated that the hierarchical CSW with rough surface
favored the mechanical interlocking between CSW and PVC
matrix, producing CSW/PVC composite with high flexural
strength and impact strength.

4. Conclusions

Hierarchical CSW comprised of CaCO
3
nanoparticles and

CSW were prepared by modification of CSW in Na
2
CO
3

solution at 80∘C.The coating of CaCO
3
nanoparticles with an

average size of 50–100 nmonCSWsurfaces led to the increase
of the surface roughness of CSW from 56.8 nm to 115.6 nm.
The hierarchical structure of CSW favored the mechanical
interlocking betweenCSWandPVCmatrix and the use of the
hierarchical CSW rather than the raw CSW in the fabrication
of CSW/PVC composite led to an increase of the flexural
strength from 86.3MPa to 113.2MPa and the impact strength
from 56.7 kJ⋅m−2 to 82.5 kJ⋅m−2.
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