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Abstract A novel technique is developed in this study to
modify the surface of calcium sulfate whisker (CSW) for the
preparation of high-performance CSW/poly(vinyl chloride)
(PVC) composites. The CSW coated with poly(vinyl alcohol)
(PVA) and then cross-linked by glutaraldehyde is used to
strengthen PVC, and the surface morphology and mechanical
properties of CSW/PVC composites are investigated. It shows
that the mechanical properties of the cross-linked PVA modi-
fied CSW/PVC (cPVA@CSW/PVC) composites are signifi-
cantly improved, their yield strength, breaking strength, ten-
sile modulus and elongation at break are 65.7MPa, 53.5MPa,
1772 MPa and 225 %, with an increase of 7.2, 13.1, 7.6 and
8.2 % as compared with that of the unmodified CSW/PVC
composites, respectively. The improvement in the mechanical
properties can be attributed to the strong interfacial adhesion
between cPVA@CSWand PVC matrix, because the modified
CSW has abundant hydroxyl groups that can produce a strong
interaction with PVC. This method is simple and inexpensive,
and can be applied in large scale.

Keywords Poly(vinyl chloride) composites . Calcium sulfate
whisker . Cross-linked poly(vinyl alcohol) .Morphology .
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Introduction

Calcium sulfate whisker (CSW) is a kind of fiber-shaped sin-
gle crystal with many advantageous properties, such as large
length-to-diameter ratio, high strength and stiffness, good
thermal stability, and few internal defects such as dislocations
[1], which make it a preferred filler over many conventional
fillers, such as calcium carbonate and natural fiber. Another
particular advantage of CSW is its lower price than the other
high performance fillers, such as carbon nanotubes and
graphene. Therefore, CSW has gained increasing interest
due to its potential applications in a myriad of polymer com-
posites [2].

Extensive studies have been conducted on the preparation
of organic CSW. Wang et al. [1] have successfully prepared a
series of CSWs using carbide slag as raw material by the
hydrothermalmethod. The prepared gypsumwas hemihydrate
calcium sulfate and the formation of CSWs was influenced by
the preparation conditions. Lü et al. [3] investigated the effect
of calcium monohydrogen phosphate on the morphology of
CSW prepared by hydrothermal synthesis. CSWs were main-
ly applied to strengthen polypropylene (PP) [4], PA-66 [5],
and non-metallic friction materials such as phenolic resin [6].

There are many difficulties in preparing high-performance
CSW/polymer composites. For instance, challenges remain to
guarantee a homogeneous dispersion of whiskers in the poly-
mer matrix [7], and a good interfacial interaction between the
whiskers and the surrounding matrix [8–10]. The incompati-
bility results in a poor load transfer between the hydrophilic
whiskers and the hydrophobic polymer matrix, and thus the
whiskers can be easily pulled out from the polymer matrix,
resulting in a limited reinforcement. A variety of physical
methods, such as solution blending [11] and high shear mixing
[12], and chemical methods, such as covalent [13] and non-
covalent [14] modification of the filler surface, have been used

* Shiai Xu
saxu@ecust.edu.cn

1 Shanghai Key Laboratory of Advanced Polymeric Materials, Key
Laboratory for Ultrafine Materials of Ministry of Education, School
of Materials Science and Engineering, East China University of
Science and Technology, Shanghai 200237, China

2 The Chemical Engineering College of Qinghai University,
Xining 810016, China

J Polym Res (2015) 22: 173
DOI 10.1007/s10965-015-0813-4

http://crossmark.crossref.org/dialog/?doi=10.1007/s10965-015-0813-4&domain=pdf


to improve the dispersion of the fillers in the polymer matrices
and the interfacial interaction [15]. However, most of these
methods are either of low efficiency, especially for the phys-
ical methods, or quite inconvenient (e.g., grafting [16] and
using coupling agent [17]) during the modification process.
This highlights the need for a more efficient and simple meth-
od to modify the whisker surface for the preparation of high-
performance whisker/polymer composites.

Poly(vinyl chloride) (PVC) is an important polymer with
versatile physical-chemical (e.g., easy fabrication and long
lasting) and biological properties. Many polymer composites
have been prepared using PVC as the matrix and natural fibers
(e.g., wood [18], rice hull [19] and kenaf [20]), nanoparticles
[21, 22], graphene [23, 24], and whiskers (e.g., potassium
titanate whiskers [25] and cellulose whiskers [26]) as the
fillers. However, to the best of our knowledge, CSW has rare-
ly been used to reinforce PVC.

In this study, a simple yet effective method was proposed
for the preparation of CSW/PVC composites with excellent
mechanical and thermal properties. This method is based on

the cross-linking reaction of PVA to cladding to the whisker
surface. The hydrophilic PVA can easily spread out on the
whisker surface and be tightly bonded to CSW after cross-
linking reaction, and the polar functional group of the
acetalized PVA has a strong interaction with the polar PVC,
resulting in a significant improvement in the compatibility
be tween cPVA@CSW and PVC. The r e su l t an t
cPVA@CSW/PVC composites show better strength, stiffness,
elongation at break, dynamic mechanical and thermal proper-
ties than the unmodified CSW. The effect of the dispersion
and interfacial interaction of CSWon the performance is also
investigated.

Experimental

Materials

PVC (SG-5) was purchased fromDongguanDansheng Plastic
Materials Co., Ltd. (Dongguan, China); CSW was purchased

Fig. 2 Surface morphology and
EDS spectra of uncoated CSW (a
and c) and cPVA@CSW (b and
d)

Fig. 1 The cross-linking
mechanism of PVA
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from Shanghai Fengzhu Trading Co., Ltd (Shanghai, China);
Organic tin, dioctyl phthalate (DOP), glyceryl monosterate
(GMS), acrylic processing aid (ACR) and paraffin wax were
commercially available, all of them were of technical grade;
and PVA (PVA1750) and glutaraldehyde solution were pur-
chased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China).

Fig. 5 Typical stress–strain curves for PVC and its composites

Fig. 4 Effects of concentration of cross-linked PVA on mechanical
properties of cPVA@CSW/ PVC

Fig. 3 SEM images of tensile fracture surfaces of a CSW/PVC (5 wt.%
whisker), b 0.1 % cPVA@CSW /PVC (5 wt.% whisker), and c 1 %
cPVA@CSW /PVC (5 wt.%whisker)

Table 1 The EDS results of CSW and cPVA@CSW

Sample CSW cPVA@CSW

Weight (wt.%) Atom (at.%) Weight (wt.%) Atom (at.%)

O 42.9±2.6 62.9±2.4 48.5±2.1 68.0±1.9

Ca 33.0±1.1 19.4±1.0 29.8±0.7 16.7±0.7

S 24.1±1.5 17.7±1.4 21.7±1.4 15.3±1.2
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Preparation

Preparation of cross-linked PVA coated CSW (cPVA@CSW)

cPVA@CSWs were prepared as follows: 1 g of 1 wt.% PVA
aqueous solution, 30 mL of deionized water and 10 g of dried
CSW were added sequentially into a 100 mL three-necked
round-bottom flask fitted with a mechanical overhead stirrer.
Then, 1 drop of 25 % glutaraldehyde solution and 5 drops of
0.5 mol/L sulfuric acid solution were added, which served as
the cross-linking agent and pH adjuster, respectively. The
mixture was stirred at room temperature for 1 h, and the ob-
tained products were dried under vacuum at 80 °C for 2 h to
complete the cross-linking reaction and remove excess water.
The cross-linking mechanism was outlined in Fig. 1. Different
amounts of 1 wt.% PVA aqueous solution were applied to
modify CSW to investigate their effects on the mechanical
properties of cPVA@CSW.

Preparation of CSW/PVC and cPVA@CSW/PVC composites

PVC resin (100 phr) was mixed with CSW (5 phr), using
organic tin (2 phr) as the heat stabilizer and DOP (4 phr) as
the plasticizer. GMS (0.6 phr), ACR (4 phr) and paraffin wax
(0.4 phr) were then added. All PVC constitutes were mixed

uniformly and processed using a two-roll mill at 170 °C. The
resultant compound was molded into rectangular sheets by
compression molding at 170 °C and 10 MPa for 5 min using
a plate vulcanizing press.

The cPVA@CSW/PVC composites were prepared by the
same procedures.

Characterization

Scanning electron microscopy

The whisker surface and fracture surface of the tensile sam-
ples, coated with a thin gold layer before testing, were char-
acterized by scanning electron microscopy (SEM, S-4800,
Hitachi), and the element content on the surface of CSW
was calculated using an EDS system (QUANTAX 400–30).

Tensile testing

The mechanical properties were determined using a MTS E44
universal testing machine in accordance with ISO 527, and the
average values and standard deviations were derived from at
least five independent tests for each sample.

Fig. 6 The interfacial interaction
between the cross-linked PVA
and the CSW/PVC composites

Table 2 Mechanical properties of the composites

Sample Yield strength (MPa) Breaking strength (MPa) Tensile modulus (MPa) Elongation at break (%)

Pristine PVC 67.9±1.6 44.6±1.0 1551±33 214±6

CSW/PVC 61.3±1.5 47.3±3.4 1647±39 208±13

PVA@CSW/PVC 62.6±0.2 42.3±1.9 1654±25 158±42

cPVA@CSW/PVC 65.7±1.0 53.5±3.6 1772±59 225±16
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Dynamic mechanical analysis

The dynamic properties of the composites were determined
using dynamic mechanical analysis (DMA) on a TA
Instruments Q800 in a three-point bending mode. The speci-
mens were heated from 25 to 140 °C at a heating rate of
3 °C/min and then tested at a vibration frequency of 1 Hz.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was carried out at a
heating rate of 10 °C/min to 600 °C under a nitrogen atmo-
sphere using a Netzsch STA 409PC thermogravimetric
analyzer.

Results and discussion

Interfacial morphology

Figure 2a and b show the SEM images of CSW and
cPVA@CSW, and Fig. 2c and d show their corresponding
EDS spectra, respectively. It is clear that the uncoated CSW
has a smooth surface (Fig. 2a), and is composed of O
(42.9 wt.%), Ca (33.0 wt.%) and S (24.1 wt.%) (Fig. 2c and
Table 1), which is approximately consistent with the formula
of CaSO4. The surface of cPVA@CSW is coarse, indicating
that a thin film is coated on the surface of cPVA@CSW
(Fig. 2b). The diameter of the whisker decreases after modifi-
cation, because cross-linked PVA coated on CSW can prevent
the agglomeration of CSW. The modified whisker is com-
posed of O (48.5 wt.%), Ca (29.8 wt.%) and S (21.7 wt.%)
(Fig. 2d and Table 1). The formation of the organic layer
results in an increase in the content of O and a decrease in
the contents of Ca and S.

Figure 3 shows the SEM images of the fracture surface of
tensile specimens, where the content of whisker in all com-
posites is 5 wt.%. In untreated CSW/PVC composite, some
whisker pullouts and gaps between whiskers and matrix are
observed, as indicated by the arrow. Moreover, the edges and
ends of the untreated CSW in the composite are very smooth
(Fig. 3a). cPVA@CSW hybrid seems to be sticky with the
PVC matrix and the interface is rough and adhesive
(Fig. 3b). The enhanced interfacial interaction between the
CSW and the polymeric matrix should be due to the coating
of cross-linked PVA. The hydrophobic polymer does not wet
or interact with the hydrophilic fillers because of the differ-
ences in surface energy [27]. For the cPVA@CSW/PVC com-
posites, the abundant hydroxyl and ether groups formed on the
surface of modified whiskers during the cross-linking process
have a strong electrostatic interaction with the PVC matrix,
thus leading to excellent compatibility and interfacial adhe-
sion between whiskers and PVC [28].

Figure 3b and c show the effect of the concentration of
cross-linked PVA on the morphology of the composites. As
the PVA concentration increases, the whiskers tend to stick to
each other, which leads to the formation of agglomerates and
finally impacts the performance of the composites. This may
be ascribed to the cohesiveness of PVAwhich will bond whis-
kers together after exceeding a certain threshold level, leading
to the poor performance of the composites.

Mechanical performance

Figure 4 shows the effect of the concentration of cross-linked
PVA on the mechanical properties of cPVA@CSW/PVC com-
posites. It is found that the yield strength, tensile modulus,
breaking strength and elongation at break of the composites
increase with the increase of PVA concentration from 0.05 to
0.1 wt.% of CSWs, and then decrease with further increase of
the concentration, indicating that too high or too low

Fig. 8 Loss modulus as a function of temperature for PVC and its
composites at a constant frequency of 1 Hz

Fig. 7 Loss tangent (tanδ) as a function of temperature for PVC and its
composites at a constant frequency of 1 Hz
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concentration of PVA is unfavorable to the mechanical prop-
erties of the resulting cPVA@CSW/PVC composites. If the
concentration of PVA is too low, PVA cannot completely coat
the surface of CSWs, resulting in weak interfacial interaction
between the whiskers and PVC matrix. However, too high
concentration of PVA may make the whiskers stick together
and result in a high stress concentration in PVC matrix, thus
leading to a poor mechanical performance. This is especially
true for 1 wt.% cross-linked PVA, as the elongation at break
for the corresponding composite decreases significantly. It can
be concluded from Fig. 4 that the optimal concentration of
PVA is 0.1 wt %. D. Metin et al. [29] also showed that there
was an optimal concentration of the coupling agent for the
mechanical behavior of the polypropylene/natural zeolite
composite. It appears that the thickness of the organic coating
on the surface of inorganic filler plays a key role in improving
the mechanical properties of the composites.

Figure 5 shows typical stress–strain curves for PVC and its
composites, and Table 2 summarizes the mechanical proper-
ties of the samples. The mechanical properties of the compos-
ites have been improved upon coating the CSW with the
cross-linked PVA, and the yield strength, breaking strength,
tensile modulus and elongation at break of cPVA@CSW/PVC
are 65.7 MPa, 53.5 MPa, 1772 MPa and 225 %, with an
increase of 7.2, 13.1, 7.6 and 8.2 % as compared with the
unmodified CSW/PVC composites, respectively. Thus,
cross-linked PVA makes a significant contribution to improv-
ing the interfacial adhesion between whisker and PVCmatrix.

This can be attributed to the fact that the hydrophilic PVA can
easily spread out on the surface of whiskers and produce
strong interaction with CSW. PVA tightly encases CSWs
after being cross-linked by glutaraldehyde. The polar func-
tional groups of the acetalized PVA can form strong interac-
tion with the polar PVC, including hydrogen bonding, which
can significantly improve the interfacial strength between
CSW and PVC. Figure 6 shows the interfacial interaction
mechanism of the cPVA@CSW/PVC composites. The me-
chanical properties of uncross-linked PVA@CSW/PVC com-
posite are also tested and compared. The yield strength of
uncross-linked PVA@CSW/PVC composite is higher than
that of CSW/PVC. This can be attributed to the fact that there
are many hydroxyl groups on the surface of uncross-linked
PVA@CSW, which can improve the interaction between
whiskers and PVCmatrix, and thus lead to a better mechanical
behavior. However, it is lower than that of cPVA@CSW/PVC
composite, because PVA tightly encases CSWs after being
cross-linked by glutaraldehyde. Thus, the interfacial interac-
tion of cPVA@CSW/PVC composite is much stronger than
that of uncross-linked PVA@CSW/PVC composite, leading
to a much better mechanical performance.

Dynamic mechanical properties

DMA is a reliable method used to characterize the relaxation
behavior of materials. In this study, the thermomechanical
properties of the PVC composites, including loss tangent
(tan δ), loss modulus (E^) and storage modulus (E’), were

Fig. 10 TGA curves of PVC and its composites

Table 3 Glass transition temperature of PVC and its composites

Sample Pristine PVC CSW/PVC 1 % cPVA@CSW/PVC 0.1 % cPVA@CSW/PVC

Tg(°C) 70.3 70.4 70.7 71.6

Fig. 9 Storage modulus as a function of temperature for PVC and its
composites at a constant frequency of 1 Hz
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determined by DMA, and the results are shown in Figs. 7, 8
and 9, respectively.

Table 3 shows that the glass transition temperature (Tg) of
the composite hardly changes after filling with CSWs.
Because of the interfacial interaction between PVC and the
modified whiskers, the Tg values of cPVA@CSW/PVC com-
posites are slightly higher than that of untreated CSW/PVC,
and 0.1 % cPVA@CSW/PVC composite has the highest Tg.
The similar trend is also observed in loss modulus curves
(Fig. 8).

Figure 9 shows that storage modulus decreases slowly with
increasing temperature in the range of <50°C and >80 °C, and
more rapidly in the range of 50-80 °C, which agrees well with
the relaxation behavior of polymer chains in the glass transi-
tion zone. The 0.1 % cPVA@CSW/PVC composite shows a
higher storage modulus than the untreated CSW/PVC at a
temperature lower than Tg, indicating that the strong interac-
tion of cross-linked PVA coated CSWs with PVC could re-
strain the motion of PVC chains. Thus, the applied stress can
be transferred from the matrix to the whiskers, resulting in an
improvement of the mechanical properties. The 0.1 %
cPVA@CSW/PVC composite also has a much higher storage
modulus than the 1 % cPVA@CSW/PVC composite, indicat-
ing that PVA concentration has a significant effect on the
property of the composites.

It is interesting to note that modified CSW exhibits differ-
ent reinforcement effects at different temperature ranges. At
low temperatures, 0.1 % cPVA@CSW/PVC has the highest
storage modulus, while 1% cPVA@CSW/PVC has the lowest
storage modulus, indicating that a too thick PVA coating is
detrimental to the modulus of the composites. However, at
h igh temperatures , the s torage modulus of 1 %
cPVA@CSW/PVC composite is generally higher than that
of CSW/PVC composite, and 0.1 % cPVA@CSW/PVC com-
posite has the highest modulus. The elastic modulus and glass
transition temperature of PVA are lower than those of PVC,
indicating that PVA is softer than PVC below the glass tran-
sition temperature of PVC. Therefore, a thick PVA coating on
the surface of CSW results in decrease in storage modulus.
When the temperature increases to the glass transition zone of
PVC, the matrix in rubber state becomes soft. CSWs have no
reinforcement effects in this case because of the poor interfa-
cial interaction between the whiskers and the matrix [30, 31],
thus CSW/PVC composite has the lowest storage modulus.

Thermal properties

The TGA curves of pure PVC resin and its composites loaded
with CSW and cPVA@CSW are shown in Fig. 10. It shows
that there are two weight loss stages (I and II) for both the
pristine PVC and the composites. The decomposition of pris-
tine PVC starts at about 276 °C and ends at about 298 °C
(stage I) with 61 % of weight loss, which corresponds to the

dehydrochlorination (HCl evolution) [32]. At high tempera-
tures, chlorine radicals resulting from the cleavage of -C-Cl
labile bonds take off a hydrogen radical from adjacent -C-H
groups to form a covalent H-Cl bond. This chemical process
induces double bonds along the polymer chain and may lead
to conjugated polymeric chains. From 298 to 435 °C, the
sample becomes thermally stable again due to the formation
of conjugated double bonds after HCl evolution. A new poly-
mer, polyacetylene, which is more heat stable than PVC, is
formed [33]. A second decomposition stage (stage II) occurs
from 435 to 489 °C, which is corresponding to the
polyacetylene cracking (scission of covalent and multiple
bonds). Above 489 °C, a stable residue, i.e., carbon black, is
formed [34].

Similar to pure PVC, the composites also show a two-stage
degradation. The two peaks in the derivative thermograms
(Fig. 11), indicative of the maximum weight loss rate of the
degradation, correspond to the rapidest degradation tempera-
ture of each stage [35]. The temperatures of onset decompo-
sition (Tonset), the rapidest decomposition (Trpd) and the 50 %
weight loss residue (T50) are summarized in Table 4. It shows
that both Tonset and Trpd of the CSW/PVC composite are
slightly increased as compared to the unfilled PVC. After
modification, Tonset and Trpd of the cPVA@CSW/PVC com-
posite are further increased. This may be ascribed to the

Table 4 Degradation temperatures of PVC and its composites obtained
from TGA and DTG curves

Sample Temperature (°C)

Tonset Trpd T50

Pristine PVC 276 285 314

CSW/PVC 277 286 325

0.1 % cPVA@CSW/PVC 279 288 325

*The content of CSW in all composites is 5 wt. %

Fig. 11 DTG curves of PVC and its composites
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physical barrier effect of CSWs which can retard the decom-
position of the composites and create more tortuous pathways
in the PVC matrix for the penetration of volatile degradation
products [36, 37]. The further increase in Tonset and Trpd of the
cPVA@CSW/PVC composite is indicative of an enhance-
ment of the interfacial adhesion between whiskers and PVC
matrix, which can improve the performance of the compos-
ites. The results of T50 clearly show that the presence of filler
increases the thermal stability of the PVC composites [34, 38].
However, on the whole, the incorporation of CSW has no
significant impact on the thermal degradation behavior of
the composites.

Conclusions

CSW surface can be effectively modified by coating a layer of
PVA cross-linked by glutaraldehyde, which can prevent the
aggregation of CSW, and the modified CSW can be dispersed
very well in the PVC matrix. There exists a strong interaction
between themodified CSWand the PVCmatrix, which results
in a significant improvement of the mechanical properties of
the composites. The optimal concentration of PVA is 0.1 wt.
% relative to CSW, and too low or too high PVA concentration
is detrimental to the reinforcement of CSW. The yield
strength, breaking strength, tensile modulus and elongation
at break of 0.1 wt.% cPVA@CSW/PVC composite are
65.7 MPa, 53.5 MPa, 1772 MPa and 225 %, with an increase
of 7.2, 13.1, 7.6 and 8.2 % as compared with that of unmod-
ified composite, respectively. The new method developed in
this study is simple and effective, and is suitable for large-
scale industrial applications. Another particular advantage of
this method is that it needs no toxic solvent or complex
grafting procedure.
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