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SUMMARY 
The change of diameter length scale from micrometer to nanometer in carbon fibres 
provides opportunities for innovative approaches in the preparation and characterization 
of a new generation of composite materials. Poly (phenylene sulfide) (PPS) is a high 
performance semi-crystalline thermoplastic that a priori seems a good candidate to be 
strengthened by carbon nanofibers for engineering applications.  
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1. INTRODUCTION 

CNFs can be obtained by thermolysis of hydrocarbons like benzene or methane with the 
presence of a metallic catalyser around 1100ºC [1-2].The development of carbon 
nanofiber (CNF) composite materials provides a new and interesting alternative in 
regard to the use of traditional micron sized carbon fibers when it is aimed to improve 
the physical and mechanical properties of polymeric matrices for structural applications. 
Previous studies conducted on poly (ether ether ketone) (PEEK), polycarbonate (PC) or 
poly (ethylene terephtalate) (PET) have proved the validity of the nano-scale paradigm 
to improve the mechanical behaviour of engineering thermoplastics [3-6]  
 
Conventional micron-sized carbon fibres have been applied in a wide range of 
applications in combination with polymeric matrices and particularly for high 
mechanical performance [7]. Compared to CNFs conventional micron-sized carbon 
fibres (CF) fabrication involves several steps, using either polyacrylonitrile (PAN) or 
pitch as starting materials, which increases their price and limits their application. As a 
comparison, CNFs are obtained by only one step which dramatically reduces their 
production cost. 
 
The efficiency of CNFs as reinforcing material for composites as well as the ability to 
improve the mechanical, electrical and thermal properties of polymeric materials is not 
sufficiently determined, yet it is expected it will be lower than that of carbon nanotubes 
(CNTs). However, CNFs are obtained in a much higher yield than CNTs, which makes 
their production very attractive for the industry. Further benefits of CNFs are their better 
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availability and their lower price compared to CNTs which are decisive factors for the 
composite industry. 
 
In this work PPS/CNF composites were prepared by melt mixing 0.3, 0.6, 1, 3 and 5 wt. 
% CNF with PPS and then conformed in sheet form by compression molding. The 
sheets were water quenched to initially prevent PPS crystallization and then thermally 
treated by annealing to develop crystallinity. Glass transition, crystallization and 
melting behavior were determined by differential scanning calorimetry (DSC). 
Mechanical properties were determined by tensile tests and dynamic mechanical 
analysis (DMA). The effect of thermal treatment and CNF content on PPS thermal and 
mechanical properties is discussed.  

 

2. MATERIALS AND METHODS 
 
Poly (phenylene sulphide) (PPS), Fortron®0320, was supplied by Ticona Engineering 
Polymers. Carbon nanofibers were supplied by Grupo Antolín Carbon Nanofibras 
(GANF, Spain). The structure of these fibers consists of a spiral alignment of a 
graphene layer along an axis forming an array of truncated cones with a wide hollow 
core [8]. CNF fibers were observed by AFM giving diameters ranging from 30 nm 300 
nm, lengths longer than 30 μm and a proper dispersion into the PPS matrix.  
 
PPS/CNF composites were prepared in a Brabender Plasticolder PL 2000 by melt 
blending at 300ºC during 20 min. Pure PPS and 0.3, 0.6, 1, 3 and 5 wt.% CNF 
composites were prepared and stored to avoid humidity. The materials were afterwards 
compression moulded in a Dr Collin press, in sheet form of 1 mm thickness, by melting 
at 300ºC and subsequent rapid cooling in a water bath. Finally, the sheets were cut in 
the required dimensions for subsequent analysis and mechanical testing. 
 
Differential scanning calorimetry (DSC) was conducted on a DSC 2920 from TA 
Instruments, calibrated with indium and under argon conditions, at a heating rate of 20 
ºC/min. The glass transition temperature (Tg), cold-crystallization temperature (Tc) and 
melting temperature (Tm) of PPS and those of the composite compositions were 
determined together with their corresponding crystallization and melting enthalpies 
(ΔHc and ΔHm). The crystalline fraction of PPS (χc) was determined by means of the 
following equation taking the value of the standard melting enthalpy for PPS 

=76.5 J/g [9]. WΔH0
m m is the weight fraction of the polymeric matrix in the composite. 
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Tensile tests were conducted in a Zwick Z010 universal testing machine according to a 
ISO 527 type 5A standard, at 23 ºC and 5mm/min. Young’s modulus (E), yield strength 
and strain (σy, εy) and stress and strain at break (σb, εb) were determined as the mean 
value of at least 5 determinations. 



 

Dynamic mechanical analysis (DMA) of PPS and its CNF composites was conducted on 
rectangular specimens in shear mode at a heating rate of 3ºC/min and a frequency of 1 
Hz. Storage modulus (G’), loss modulus (G’’) and loss tangent (tan δ) were determined 
between 0ºC and 175 ºC. A range of isothermal temperatures from -30ºC below Tg to + 
30ºC above Tg, every 3ºC was also chosen to conduct the DMA at different frequencies. 
The time-temperature superposition principle was used to compose the master curve for 
PPS and to obtain the Angell’s dynamic fragility parameter in the framework provided 
by the Williams-Landel-Ferry theory. 

 

3. RESULTS AND DISCUSSION 
 

DSC analysis 
Figure 1 shows the DSC curves of unreinforced PPS as-quenched and after annealing at 
1min, 5min and 15min. The heat capacity change denoting the glass transition in the 
quenched sample occurs at 90ºC. This is followed by a cold crystallization at 133 ºC and 
a melting endotherm at 285 ºC; the analysis of the PPS quenched sample revealed the 
existence of a 14.5 % crystalline fraction. Annealing of PPS at 120 ºC for 5 min. or 
higher times revealed a suppression of the cold crystallization peak and a broadening 
and increase of the Tg position of about 10 ºC. The crystalline fraction determined from 
eq. 1 revealed a continuous increase with annealing time, from 14.5 % in the as 
quenched sample until reaching a plateau level at approximately χc =43% for annealing 
times higher than 5 min (Figure 2). 
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Figure 1 DSC curves at 10ºC/min for neat PPS with different annealing times.  
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Figure 2. Evolution of PPS crystalline fraction (χc) with annealing time at 120ºC. 

 

The results of thermal parameters measured by DSC in pure PPS and its composites 
after quenching are presented in Table 1. It should be remarked here that the presence of 
CNF broadens the Tg transition increasing the value of Tg from 90 ºC in neat PPS to 
97.5 ºC in its 5wt. % CNF composite. In addition a progressive reduction of cold 
crystallization (χcc) is observed suggesting that during conformation CNFs may be 
acting as nucleating agents of PPS crystallization. This observation is confirmed by the 
results obtained in crystalline fraction attaining χc=30% for the as-quenched sample of 5 
wt. % CNT, a value 50 % higher than that obtained in neat PPS after quenching. 

 

Table 1 Thermal properties and crystalline fraction in PPS/CNF composites 

 
 

        MATERIAL Tg ΔHm ΔHc χc χcc 

    (ºC) (J/gr) (J/gr) (%) (%) 

PPS, unreinforced 90 34.6 23.5 14.5 30.7 

PPS-1% CNF 96 34.1 15.8 24.1 20.7 

PPS-3% CNF 97 32.6 12.6 26.9 16.5 

PPS-5% CNF 97.5 30.9 8.6 30.6 11.5 

 

 

 

 

 

Dynamic Mechanical Analysis 
Figure 3 shows the dynamical mechanical curves of unreinforced PPS as quenched and 
after annealing for 1min, 5 min and 15min. At temperatures below its Tg PPS shows 
typical G’ values corresponding to the glassy state of the polymer. It also shows 
increasing thermal stability for higher annealing times, which is attributed to the higher 
crystalline fraction developed during annealing. The tan δ behaviour shows a double 
transition for the as quenched and the sample annealed for 1min, with a prominent 
dissipation first peak at 96.8 ºC and a smaller second peak at about 120ºC. However 



PPS samples annealed longer than 5min show a single broadened glass transition with 
the dissipation peak centred at the same Tg position of the high temperature peak 
observed in low crystallinity samples. These results suggest the existence of a mobile 
and rigid amorphous fractions coexisting with the crystalline fraction in PPS. 

 

0 50 100 150 200
0,01

0,1

1

10

100

1000

0 50 100 150 200
0,0

0,5

1,0

1,5

2,0

2,5

3,0

 pure PPS
 1min
 5min
 15minLo

g 
 G

´(M
Pa

)

Temperature (ºC)

 ta
n 

δ

 

 
Figure 3. DMA curves of neat PPS before and after annealing at 120 ºC. 

 

Figure 4 shows the storage modulus and loss tangent evolution with temperature in 
PPS/CNF composites, as-quenched. Below Tg, PPS composites show increasing G’ 
values with increasing CNF content, in regard to neat PPS. Additionally, the thermal 
stability of PPS around the Tg is radically improved since the fall of storage modulus at 
Tg is reduced not only because of the presence of a non dissipative CNF component in 
the composites but also by the CNF induced effect leading to crystalline fraction 
enlargement. The tan δ behaviour shows in composites a typical reduction in lost 
tangent peak values at Tg with increasing fiber compositions. This is attributed to the 
existence of a smaller amount of dissipative amorphous material composed of CNF and 
an enlarged PPS crystalline fraction derived from the nucleation effect of carbon 
nanofibers.  

 

The tan δ behaviour in as quenched PPS composites also evidences double glass 
transition behaviour with a prominent dissipation peak around 100 ºC and a smaller 
second peak around 125ºC, yet the second peak decreases in height with increasing 
CNF contents and suppresses for compositions exceeding 1 wt.% CNF. These results 
should be interpreted by the rearrangement of a mobile and rigid amorphous fraction 
coexisting in PPS with a crystalline fraction and carbon nanofibres, the later two being 
components that do not participate in glass transition dissipative processes. 
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Figure 4. DMA curves of as-quenched PPS/CNFcomposites  

 

Semicrystalline polymers for long time have been described consisting of two phases 
with different structures and properties. One of them is the crystalline phase, where 
molecules are arranged into lamellae further associated into larger objects, e.g. 
spherulites, and the other is the amorphous phase represented by disordered molecules 
or their parts situated in both inter-spherulitic and intra-spherulitic amorphous regions 
[10]. However it has been demonstrated in many polymers the existence of a third 
fraction denoted as a rigid amorphous fraction of the amorphous phase, RAF. RAF can 
be quantitatively determined by thermal calorimetric analysis since a deficiency in the 
difference in heat capacity, ΔCp, at glass transition temperature is often observed 
indicating the existence of an amorphous phase not contributing to typical relaxation of 
chains [11]. 

 

Since macromolecules are longer than the thickness of the crystal lamellae, thus they 
can cross the phase boundaries and cause various degrees of coupling; on weak 
coupling, the dynamics of the non-crystalline segments shows usually a broadening of 
the glass transition region, yet on stronger coupling the non-crystalline material may 
also show a distinct glass transition, at a higher temperature of the bulk amorphous 
phase due to a rigid amorphous phase, and also a complete suppression of it if the 
cooperativity of chain motion is impeded when the dimension of the topological 
constraint (d) is smaller than the cooperative segment length (ξ) [12]. Restricted 
dynamics due to crystalline confinement and the presence of a rigid amorphous phase 
have been reported previously in semicrystalline polymers such as poly (phenylene 
sulphide) (PPS) [13,14],. poly (ether ether ketone) (PEEK) [15], syndiotactic 
polystyrene [16], polycarbonate [17], or biodegradable poly (L-lactide) [18]. 
 
In this work two Tg dynamics were observed by DMA in PPS and its composites; the 
high Tg dynamics can be attributed to the hindered motions of the amorphous phase 
within the lamellar stacks (or within inter spherulitic regions) due to a rigid amorphous 



phase; while the low Tg corresponds to the bulk like mobile amorphous phase. The 
progressive reduction of the high glass transition peak and the subsequent suppression 
for CNT compositions higher than 1 wt. % CNF suggests a strong interaction between 
CNF with RAF and MAF in PPS and a change in the dimension of the topological 
constraint (d) that attains a value smaller than the cooperative segment length due to an 
additional confining effect of carbon nanofibers. 

 

Master curve of PPS and segmental dynamics around the Tg 
The glass transition of supercooled polymer liquids is a kinetic process in which the 
relaxation time of the constituent molecules can increase by many orders of magnitude 
in a narrow temperature range. The glassy state is unstable because a glass is 
continually relaxing towards equilibrium and therefore the different related properties 
are also changing. The dynamic fragility [19] accounts for the easy with which the glass 
transition is completed. According to Angell [20], a polymer is defined dynamically 
fragile when there is little impediment for segmental relaxation of chains, carrying 
rapidly a drastic change in properties (viscosity, modulus, etc.) at the Tg. During the last 
years the fragility dilemma of liquids has raised research interests and particular efforts 
have been carried out to systematize the different polymers according to the fragility 
parameter [20-25]. 
 
Master curves were built for PPS using the DMA results obtained at different 
temperatures and frequencies, according to the WLF theory (equation 8). C1 and C2 
constants were deduced by fitting the shift values (at) experimentally obtained to the 

WLF equation 2: 
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Figure 7. Master curve of unreinforced PPS. Frequency range at a given temperature: 

20-0.01 Hz.  

 



The dynamic fragility parameter of polymers has been reported to fall inside a m=40-
200 range [24]. If m has a high value, then the material is classified as a fragile liquid, 
whereas when m is low it is a strong glass former. Using the Williams-Landel-Ferry 
(WLF) equation to adjust the experimental values of Fig 7, a m=84 value was obtained. 
This relatively low value of the fragility parameter denotes a difficulty of PPS as a 
polymer glass former to change its conformational state and relax on cooling around the 
Tg as compared to other engineering polymers such as polyetherimide (m=214), 
polysulfone (m=141), or polycarbonate (m=132) [21]. 
 

Tensile behavior 
Figure 5 shows the stress-strain behaviour of PPS and its CNF composites, as-quenched. 
The mechanical properties are presented in Table 1.Unreinforced PPS shows a typical 
tensile stress-strain curve of a ductile engineering polymer with a linear elastic region 
(E=2.2 GPa), yield point (σy=50.2 MPa) and an extensive deformation before break 
(εb=233.7 %). Composites with 0.3 and 0.6 wt. % CNF show similar behaviour. 
However composites presenting 1 wt.% or higher CNF content present higher stiffness 
and show brittle behavior breaking just after the yield point.  
 
Although the degree of dispersion of the nanofibres in the polymeric matrix and the 
adhesion of the nanofibres must be playing a role (Figure 8), the ductile-brittle transition 
in PPS/CNF composites could be explained in terms of confinement of PPS chains. In 
fact, the ductile-fragile transition occurs at 1 wt. %, a composition giving a suppression 
of the second Tg peak in DMA, hence it is proposed that carbon nanofibers and 
crystalline lamellae are acting as additional topological constraints suppressing the 
transition attributed to the rigid amorphous phase and restraining the shear deformation 
mechanisms needed for ductile behaviour. 

         

0 50 100 150 200 250
0

10

20

30

40

50

60

70

0 5 1 0 1 5 2 0 2 5 3 00
1 0
2 0
3 0
4 0
5 0
6 0
7 0

 

 

S
tr

e
s

s
 (

M
p

a
)

S t r a i n  ( % )

 

 

S
tre

ss
 (M

pa
)

S tra in  (% )

 P ure  P P S
 P P S /0 .3  w t%
 P P S /0 .6  w t%
 P P S /1  w t%
 P P S /3  w t%
 P P S /5  w t%

 
Figure 2. Stress-Strain curve for PPS/CNF composites with different compositions. 

 
 



Table 2. Mechanical properties of PPS/CNF composites 
        

Material 
PPS/CNF (wt. %) E (GPa) σy (MPa) εy (%) σb (MPa) εb (%) 

PPS/0   2.2 ± 0.2 50.2 ± 2.0 3.0 ± 0.2 39.4 ± 4.0 233.7 ± 33.0 

PPS/0.3   2.2 ± 0.1 51.1 ± 1.0 3.2 ± 0.2 38.9 ± 1.3  212.7 ± 12.6 

PPS/0.6   2.3 ± 0.1 53.9 ± 1.1 3.6 ± 0.2 40.8 ± 4.9 172.8 ± 90.0 

PPS/1   2.7 ± 0.1 58.6 ± 3.4 3.3 ± 0.3   38.5 ± 2.0    6.9 ± 1.3  

PPS/3   2.8 ± 0.2 61.0 ± 1.5 3.0 ± 0.2   47.6 ± 2.4       4.1 ± 1.8 

PPS/5   2.7 ± 0.1 52.1 ± 2.2  2.5 ± 0.1    41.6 ± 3.7       5.5 ± 1.7 
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Figure 9. AFM image showing a good dispersion of CNF in PPS/1wt.% composite: a) 
height mode, 20 μm; b) height mode, 5 μm; c) phase imaging mode, 20 μm; d) phase 

imaging mode, 5 μm. 
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