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1. Introduction
PPS is a semi-crystalline thermoplastic with a symmetrical 

rigid backbone chain consisting of recurring para-substituted 
rings and sulphur atoms 1,2. This high-performance polymer 
exhibits a glass transition temperature (Tg) of about 90°C 
and a melting temperature (Tm) around 285°C 3. It presents 
outstanding physical and chemical properties such as 
high‑temperature stability, inherent flame resistance, good 
chemical resistance, anti-aging, high hardness and rigidity 
and excellent friction properties 2,4. Due mainly to its low 
melt viscosity (~200 Pa.s), the PPS thermoplastic polymer 
can be molded with high filler or reinforcement contents 
3,5. Most PPS products are reinforced with carbon or 
glass fibers for high‑performance applications, including 
electronic, automotive and aerospace ones 6. Carbon fiber 
reinforced PPS (CF/PPS) is mainly used in aircraft structural 
applications, such as in J-Nose wing substructures of the 
Airbus A340-500/600 7.

PPS is also well known for being able to attain a high 
level of crystallinity, with the commercial grades achieving 
crystallinities of 60% 8. Crystallinity degree in high performance 
thermoplastics is important, because it has a strong influence 
on chemical and mechanical properties: the crystalline 
phase tends to increase stiffness and tensile strength, while 
the amorphous phase is more effective in absorbing impact 
energy 9. When a semi-crystalline thermoplastic is cooled 
from the melt state, it normally forms spherical structures 
so called “spherulites”. Spherulites have been described as 
approximately radially symmetric semi-crystalline structures. 

Considered from a central point, each spherulite consists 
of a radial assembly of thin crystalline lamellae which are 
separated by amorphous layers. The crystalline domain is 
formed by regularly ordered molecular chains, while the 
amorphous phase consists of an assembly of disordered 
macromolecules, which are morphologically constrained by 
the neighboring crystalline lamellae10. The dimension range of 
spherulites varies from micrometers to millimeters, depending 
on the structure of the polymer chain and the crystallization 
conditions, such as cooling rate, crystallization temperature, 
and the content of the nucleating agent 11. When  these 
structures are viewed between cross polarizers, they exhibit 
a characteristic “Maltese cross” extinction pattern12.

For semi-crystalline polymer composites, the fillers can 
have the potential to induce or alter polymer crystallization, 
acting as nucleating agents. Thus, an increase in crystallization 
rate and crystallization temperature as well as a decrease in 
crystal size is generally observed 13. The crystalline formation 
at the interphase region depends on a number of factors, such 
as matrix morphology, substrate surface condition, as well 
as the presence of reactive functionalities 14.

Some fibers may induce crystallization along the 
polymer/fiber interface due to the high density of active 
nuclei on its surface, which hinder the full extension of 
spherulites and force the crystal growth in the perpendicular 
direction 13. This particular behavior can results in a columnar 
crystalline layer, known as transcrystallinity (TC) 15. Since it 
was first reported, TC has attracted tremendous attention, 
because it may be an effective and economical method to 
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improve the interfacial adhesion between polymer matrix 
and fiber. To  date, TC has been reported to occur at the 
interface between several semi-crystalline polymers, such 
as PPS and PEEK 13.

Several different routes have been developed for 
manufacturing continuous fiber-reinforced thermoplastic 
composites. These composite materials can be obtained 
by using pre-impregnation techniques, such as hot-melt 
impregnation, fluid/bed impregnation and solvent-based 
impregnation; or post-shaping impregnation techniques, 
such as powder suspension impregnation, film stacking 
and commingling of thermoplastic fibers with reinforcing 
fibers 16-18. Hot compression molding process is a widely 
used technique to produce thermoplastic-matrix-composite 
laminates from these raw materials. The consolidation is 
achieved by placing the plies with proper sequence into 
the die cavity, heating it up and keeping the material under 
pressure at temperatures higher than the thermoplastic 
melting/softening point until the impregnation process 
between the plies is completed. Finally, the composite is 
cooled down to the room temperature 7. For non-flat dies, the 
post-shaping impregnation techniques are more suitable due 
to the drapeability of the fabrics obtained by this process.

The aim of this work is to bring a better understand of 
the crystallization process, under three different cooling 
rates, of PPS polymer on the carbon fiber (CF) surfaces and 
evaluate the mechanical properties of CF/PPS composites. 
The influence of crystallinity on the laminates was evaluated by 
thermal and mechanical characterization applying differential 
scanning calorimetry (DSC), dynamic mechanical analysis 
(DMA), interlaminar shear strength (ILSS) and acoustic 
vibration damping.

2. Material and methods
2.1 Material

Thermoplastic laminates were processed by PPS films 
(supplied by Curbell Plastics) and plain weave carbon fiber 
fabric (provided by Hexcel) film stacking technique. The  final 
laminates were produced with 2.5mm of thickness, attending 
the reinforcement/matrix volume content of 60/40 (v/v). 
In order to obtain this result, 15 layers of reinforcement and 
polymer films were required.

2.2. Polarized light optical microscopy
The crystallization process of PPS around a microfilament 

of carbon fiber was observed on thin films using a polarized 
light optical microscope (Laica-DMLS) with automatic 
heating and cooling stages (Linkam THMS600). The samples, 
placed between two glass covers, were heated up from room 
temperature to 315 °C at 10 °C.min-1, kept in this temperature 
during 10 min and cooled down in the following different 
rates: 0.5, 1, 5, 10 and 20 °C.min-1.

2.3. Rheology
Rheological tests were performed on PPS film samples 

using a parallel plate rheometer with controlled deformation 
(Thermo Scientific HAAKE MARS CTC), in order to establish 
the maximum period of time that the material could be kept 
inside the die before cooling. The linear rheological response 

was obtained from one hour long analysis by heating the 
polymer (10 °C.min-1) until 315 °C with frequency of 1Hz 
and 1% of deformation.

2.4. Hot compression molding process
The composite laminate consolidation process was carried 

out in a steel die with dimensions of 300 mm x 300 mm. 
Firstly, the material was heated from room temperature 
(~25 °C) up to 315 °C at approximately 10 °C.min-1, held in 
this temperature for 30 min under 1.2 MPa of pressure and 
then cooled down to room temperature. These parameters 
were stipulated according to the literature found on this 
subject 1,3-7,19,20 and preliminary performed tests. In this 
work, three different cooling rates were applied in order to 
vary the final degree of crystallization, a fast rate of about 
10 °C.min-1, a slow rate of approximately 1°C.min-1 and an 
air cooling, obtained by leaving the press, die and laminate 
cool naturally in air. Figure 1 shows the processing cycle 
used to obtain the PPS/carbon fiber laminates.

2.5. Differential Scanning Calorimetry (DSC)
The crystallization of the processed composites was 

investigated by DSC using a Seiko Exstar 6000 - DSC 
6220  differential scanning calorimeter operating under 
nitrogen flow. Samples (10mg) were cut from CF/PPS 
laminates and sealed in aluminum pans. A heating rate of 
10 °C.min-1 was used to heated the samples from room 
temperature (25 °C) up to 315 °C.

The melting enthalpy of each sample was obtained from 
the area under the melting peaks. The levels of crystallinity 
were calculated by dividing the melting enthalpy of the 
samples by the melting enthalpy of PPS 100% crystalline 
is 80 J.g-1 3. However, since the specimens contain polymer 
and carbon fiber, the reinforcement mass had to be subtracted 
from the total. Therefore, the levels of crystallinity of PPS 
composites were determined according to Equation 1:
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∆

= ×
∆ ° −

	 (1)

where: XC is the degree of crystallinity, ΔHC is obtained by 
the melting peak area, ΔH°M is the melting enthalpy of PPS 
100% crystalline, and x is fiber weight fraction.

Figure 1. Consolidation cycle used for laminate manufacturing.
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2.6 Dynamic Mechanical Analysis (DMA)
The dynamic mechanical performance of the composite 

samples was analyzed using a Seiko SII Exstar 6000 dynamic 
mechanical analyzer. Experiments were performed in dual 
cantilever bending mode at frequency of 1 Hz. A dynamic 
force of 2 N was used at fixed frequency and amplitude 
of 10 μm. The results were recorded in the temperature 
range of 30 to 200°C, at a heating rate of 3 °C.min-1. 
The dimensions of the specimens analyzed were approximately 
of 50 mm x 14 mm x 2.5 mm.

2.7 Interlaminar Shear Strength (ILSS)
Interlaminar shear strength measurements were carried out 

using a Shimadzu autograph AG-X series precision universal 
machine at room temperature, using a constant cross-speed of 
1 mm.min-1 and a load cell of 5 kN. The tests were performed 
according to ASTM D2344 standard, using at least five 
specimens with dimensions of 15 mm x 5.5 mm x 2.5 mm.

2.8 Determination of Young’s modulus
The impulse excitation of vibration was used to determine 

Young’s modulus from the natural frequency, using a 
rectangular specimen under flexure mode. At the technique 
applied, the specimen is lightly stroked, the acoustic response 
is captured and this is processed by software, which calculates 
the Young’s modulus. The impulse excitation technique was 
applied using Sonelastic® equipment, developed by ATCP 
– Physical Engineering, at Brazil. This non-destructive test 
was performed according to ASTM 1876 standard, using 
specimens with dimension of 50 mm x 14 mm x 2.5mm.

3. Results and discussion
3.1 Crystallization morphology

It is well known that the crystallization process plays a 
crucial role on the properties of semi-crystalline polymers 12-14 
and that the presence of carbon fibers as reinforcement may 
also influence this process 15-17. However, the images obtained 
by polarized light optical microscopy in this work do not 
show any evidence of nucleation under the cooling rates 
performed, when analyzed in the range of 0.5 to 20 °C/min. 
The crystal growing seemed to take place in a homogenous 
manner, even for the slowest cooling, as it can be observed 
in Figure 2.

Although the PPS crystallites formation was highly 
homogeneous, a different behavior was observed for the 
cooling performed at 5 °C/min. Due to the formation of a 
bubble on the surface of a carbon fiber microfilament, the 
very low thickness of the created polymer film allowed the 
visualization of crystallites nucleation on the microfilament 
surface, as shown in Figure 3. As mentioned, it is believed 
that the observation of nucleation was only possible owing 
to the thickness of the film, since there were no crystallites 
overlapping. Moreover, the crystal growing continues to 
develop as before, in a very homogenous manner.

In addition to nucleation, a transcrystalline layer can 
also be seen on the carbon fiber surface (Figure  4(a)). 
Such phenomenon was not visualized on the bubble boundary 
far from the fiber, as showed in Figure 4(b), which excludes 

the possibility that the layer formed was a result of the 
bubble presence.

3.2. Rheological investigation
The rheological analysis performed on the PPS films 

(Figure 5) revels that before 30 min, at a constant temperature 
of 315°C, no significant increase on the viscosity is observed. 
This behavior not only facilitates the polymer percolation 
during the consolidation process, but also indicates that 
thermal degradation is not likely to occur in this period of 

Figure 2. Polarized light optical micrographs of melted PPS cooling 
at 0.5 °C/min in the presence of a carbon fiber microfilament: 
(a) 277°C; (b) 276°C and (c) 275°C.
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time. Therefore, the crystallization process would not be 
affected by thermal degradation.

3.3. Melting behavior and crystalline content
The DSC melting curves of the different manufactured 

laminates, concerning the cooling rate, are displayed in 
Figure 6. The melting peak area of the DSC curves increases 

with the decrease of the cooling rate due to the higher 
crystalline content into the PPS matrix. This behavior can 
be better observed in Table 1, where the melting enthalpy 
(or melting peak area) is used to obtain the crystallinity 
percentage of PPS in the PPS/carbon fiber composite.

In addition to the alteration in the area, two other 
differences in the peak are observed. Firstly, it is observed that 

Figure 3. Polarized light optical micrographs of melted PPS cooling at 5 °C/min in the presence of a carbon fiber microfilament: (a) 250 °C; 
(b) 235 °C; (c) 230 °C and (d) 225 °C.

Figure 4. Polarized light optical micrographs of crystallized PPS cooled at 5 °C/min in the presence of a carbon fiber microfilament: 
(a) transcrystallinity formation; (b) superior boundary limit of the formed bubble.
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the melting temperature increases from fast to in air cooling, 
which indicates that the solid polymer matrix resulting from 
the latter cooling rate has better ordered crystallites resulted 
from the longer cooling time. Therefore, longer cooling 
time favors the alignment and folding of the polymer chains 
forming regions more orderly. Secondly, the curve shape 
for the fast cooled samples also differs from the others, 
not showing the shoulder observed in the other two curves. 
The two-steps melting observed in the DSC curves suggest 
the presence of two different ordering of the crystallites. 
Probably one refers to the melting of the crystallites in the 
polymer bulk and the other to the transcrystallinity phase, 
respectively. Therefore, it is possible to conclude that the 
surface of the carbon fiber favored the crystallites nucleation 
when slowly cooled.

3.4. Dynamic mechanical properties
DMA tests were performed in order to evaluate the 

viscoelastic behavior of the composites as a function of 
temperature. Dynamic mechanical tests are sensitive to 
several transitions and relaxation processes of the polymer 
in the composite, and provide information about the fiber/
matrix interface 18. Figure  7(a) shows the temperature 
dependence of the storage modulus (E’). The storage 
modulus is indicative of the elastic energy stored in the 

Figure 5. Viscosity behavior of melted PPS at 315°C.

Figure 6. Effect of the cooling rate on the DSC curves of CF/PPS 
composites.

Table 1. Effect of the cooling rate on the crystallinity content of 
PPS matrix in the composite.

Cooling mode Xc%
Fast 51.1±1.0
Slow 58.5±0.8
In Air 61.9±1.9

Figure 7. Effect of the cooling rate on the: (a) storage modulus; 
(b) loss modulus; and (c) tan δ values of PPS/carbon fiber composites.
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material and it is affected by changes in the morphology 
of the material, induced, for example, by the crystalline 
content. Regarding the different laminates, significant E’ 
increments are found for the samples with higher crystalline 
content. This result shows that slower cooling rates favored 
the stiffness increasing. Furthermore, it can be concluded 
that different cooling rates affected the crystallinity content 
of PPS matrix and consequently the mechanical behavior 
of the PPS/carbon fiber composite.

Figure 7(b) shows the variation of the loss modulus (E”) 
with the temperature. The loss modulus is related to the 
energy dissipation mechanisms in the material. Therefore, 
composites with poor interfacial bonding tend to dissipate more 
energy. The experimental data indicates that the composite 
laminates with higher crystalline content (cooled slowly and 
in air, respectively) display lower loss modulus, suggesting 
that an improvement on the fiber/matrix interface occurred 
mainly as a result of PPS polymer crystallites nucleation 
on the carbon fibers.

The ratio between loss modulus and storage modulus 
is defined as tan δ and it is an indicative parameter of the 
mechanical damping ability of the material. The damping 
properties provide the balance between the elastic and 
viscous phases in a polymeric structure. The evolution of 
tan δ as a function of temperature is shown in Figure 7(c). 
In comparison with the fast cooled CF/PPS, the height 
of tan δ peak decreases for both the slow cooled and in 
air cooled laminates, respectively. Therefore, the results 
reveal a decrease of the damping ability with the increase 
of the crystalline content. As the damping is an indicative 
of the amount of energy used to deform the material that 
is directly dissipated into heat, these results are found to 
be coherent.

3.5. Young’s modulus measurements
The Young’s modulus (E), measured by impulse excitation 

vibration, was also investigated. The results obtained are 
shown in the summary of the mechanical test results (Table 2). 
The Young’s modulus of the laminates cooled slowly and 
in air experience a raise of about 5% and 9%, respectively, 
when compared with the fast cooled. These increments are 
attributed to the higher stiffness promoted by the increase 
of the crystallinity content. This result is in agreement with 
the behavior observed for E’, obtained by DMA. Thus, the 
increase of crystallinity corroborates to a higher modulus, 
storage and Young’s, and, consequently, to an improvement 
on the mechanical resistance.

3.6. Interlaminar shear strength
To evaluate the fiber/matrix interface of the laminates, 

ILSS tests were performed and the quantitative results 
included in Table 2. The interlaminar shear strength of the 

CF/PPS laminates increased about 14% when the cooling 
mode changed from fast to in air. However, statistically 
speaking, no variation in strength was observed concerning 
the cooling change from fast to slow. Thus, the cooling 
in air probably favored the nucleation of crystallites on 
the surface of the carbon fibers and the crystallization 
formation along the polymer/fiber interface, also known 
as transcrystalline layer. Comparing the slow and in air 
cooling curves on Figure 1, it is possible to suppose that 
the transcrystallinity formation was not only due to the 
low cooling rate, since both profiles did not present a 
significant variation in the first 30 min of temperature fall. 
The absence of the cooling system utilization probably 
contributed to promote a stable environment, favoring 
the transcrystallinity formation. A similar behavior was 
observed by polarized light microscopy, as depicted in 
Figure  3, when the bubble on the surface of the fiber 
provided not just a thinner layer of polymer but also a more 
stable environment, favoring the crystallites nucleation 
and growth. As a result of the transcrystalline layer, the 
interface of the laminates was enhanced, leading to an 
improvement in the ILSS values. This result is in line 
with previous E” analysis, where an improvement in a 
mechanical property caused by the fiber/matrix interface 
enhancement was also inferred.

Overall, this study has shown the determinant effect of 
the cooing rate on the degree of crystallinity of PPS matrix in 
CF/PPS laminates and, as a consequence, its fundamental role 
on the improvement of the mechanical and thermo-mechanical 
performances of the processed composite laminates.

4. Conclusions
The morphological aspects and the thermal and 

mechanical properties of CF/PPS laminates with different 
crystalline degrees have been investigated. Previous 
works have discussed about transcrystallization in CF/
PPS composites and the degree of crystallinity influence 
on the mechanical properties 21-24. In the present work, 
morphological observations revealed a highly homogeneous 
crystallization process for PPS, which posed some difficulties 
in the visualization of crystallites nucleation on the surface 
of the carbon fiber. Thus, the identification of nucleation 
and transcrystalline layer formation was only possible in 
a more stable environment with a considerably thinner 
polymer film. DSC results confirmed the increase of the 
crystallinity contents for the samples obtained with lower 
cooling rates and showed that the crystallization occurred 
in two steps for the specimens with higher crystalline 
degree (slower cooling rate). This  result indicates the 
presence of different ordering of the crystallites, probably 
due to the presence of them in the polymer bulk and also 
the transcrystalline layer formation. DMA experiments 
showed an increase in the storage modulus and a decrease 
in both the loss modulus and tan δ with the increment of the 
crystalline degree. This behavior was a result of the stiffness 
increase and the improvement of the fiber/matrix interface. 
The Young’s modulus and the ILSS also increased mainly due 
to the improvements in stiffness and fiber/matrix interface, 
respectively. Overall, by changing only one parameter of 

Table 2. Young’s modulus and ILSS values of the CF/PPS composites 
obtained with different cooling rates.

Cooling mode E (GPa) ILSS (MPa)
Fast 63.8±0.6 27.5±2.1
Slow 67.2±0.7 28.1±3.3
In Air 69.7±0.9 31.4±1.9
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the PPS/carbon fiber processing, the cooling rate, it was 
possible to induce a significant improvement in the laminate 
mechanical resistance. The mechanical tests demonstrated 
enhancements in stiffness, strength and fiber/matrix interface 
for the laminates processed with lower cooling rates.
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