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Summary: 
Inter-yarns and inter-layers friction influences the capacity of high velocity impact energy 

absorption of multilayered fabrics composites. One of the alternatives to tune levels of 

friction and, consequently, levels of filament mobility in such composites is by modifying 

matrix by hard nanofillers addition. In this study we focused in investigating the effect of 

silicon carbide (SiC) nanoparticles (10 nm) on the crystallinity of aliphatic polyester 

polyurethane (PU) used as matrix for Kevlar laminated fabrics. The addition of the particles 

to semi-crystalline polymers may interfere in the degree of crystallinity, phase morphology, 

size and size distribution of crystalline phase depending on the polymer-particle interaction. 

The effect of the addition of ceramic nanoparticles on the crystalline phase of aliphatic 

polyester polyurethane (PU) was evaluated by differential scanning calorimetry (DSC) and x-

ray diffraction (XRD). Aqueous and acetone β-SiC slurry were introduced to a waterborne 

anionic dispersion of high molar weight PU, stirred and homogenized with ultrasonic power. 

Thin films with up to 0.5 wt% of SiC were prepared by casting method. Microscopy analysis 

suggested improvement in dispersion of organosilane surface modified nanoparticles 

compared to nanoparticles without treatment. Evaluation of both surfaces of casted 

nanocomposites film  by UATR/FT-IR evidenced more homogeneous films from acetone β-

SiC slurry, what might be a consequence of the smaller particles size distribution found in 

acetone detected by DLS and higher stability of nanoparticles suspension. Results shown that 

the addition of acetone to the neat waterborne PU (PU(acetone)) causes a delay in crystals 

formation and β-SiC nanoparticles act as nucleating agent favoring crystallization. A shift of 

crystallization temperature towards the crystalline phase melting temperature was observed 

for the nanoparticles filled polymer.  
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INTRODUCTION 

 

 Polymeric fibers with high modulus as ultra-high molecular weight polyethylene 

(UHMWPE) and p-aramid are capable of absorbing high impact energy [1, 2]. The main 

mechanism to absorb impact energy wave propagation in fabric laminates is fiber 

deformation and/or breakage. Another import factor that will influence the energy dissipation 

mechanism is the friction forces. Studies have shown that increasing friction between 

filaments of the fabrics might lead to increase energy dissipation efficiency [3-5]. Bazhenov 

and Goncharuk [4] studied the dissipation forces in p-aramid fabric and concluded that 

waving patterns that resulted in higher interyarn friction were more effective.  Karthikeyan et 

al. [5] noticed that different matrices result in different interlayer friction changing the 

dynamic shear of Ultra High Molecular Weight Polyethylene (UHMWPE) laminates. 

 Another way to improve the impact resistance is adding reinforcement on the matrix by 

incorporating nanoparticles [6-9]. Obradovic et al. achieved better impact properties by 

impregnating p-aramid fabric/polyurethane with carbon nanotube covered with silane [7] and 

aramid fabrics impregnated with 30% silane modified nanosilica [9] compared to the same 

systems without nanoparticles.  

 Incorporating nanoparticles in a polymeric system has been extensively studied in the last 

years. The microfillers are been replaced by nanofillers because particles in nano scale have 

higher interfacial polymer/filler area were interaction are established, therefore the 

contribution to improve the mechanical properties is more significant [10]. Since in 

semicrystalline polymers the crystalline phase plays an important role in mechanical 

properties, it is also import to evaluate how modification with fillers affects crystallinity. 

Blagojević et al. [10] investigated the mechanical properties of polyurethane rubber 

(PUR)/nanosilica without and with two types of silanes (methacrylsilane and octylsilane) by 

isothermal crystallization kinetic using DSC and they shown that the content of nanosilica 

affected the crystallization behavior of PUR. Das et al [11] observed more intense PU peaks 

in XRD analysis of PU/MWCNT nanocomposite due to the nucleation effect regarding to 

MWCNT presence. 

 For this study we selected beta silicon carbide (β-SiC) nanoparticles because of their 

excellent properties as high elastic modulus and hardness, good thermal and chemical 

stability making them an attractive alternative[12]. Hard particles may enable to modify the 

friction force in a fabric to improve impact absorption. Polyurethane (PU) matrix has 

resiliency and flexibility to encapsulate fibrous components what is an important requirement 

to prepare multilayered fabrics composites capable of absorbing high impact energy [13]. 

The aim of this work is testing different systems to effectively incorporate β-SiC 

nanoparticles to aliphatic polyester PU and investigating the effect of nanofillers on the 

crystallinity of the nanocomposite, used as matrix for Kevlar laminated fabrics. 

 

 

MATERIALS AND METHODS 

 

 Thermoplastic aliphatic polyurethane (PU) in water dispersion, Dispercoll U-54® 

produced by Bayer Germany, was used as matrix for preparation of the neat PU and 

PU(acetone) films and for preparation of polyurethane/-silicon carbide (PU/β-SiC) 

nanocomposites. Dispercoll U-54® has solid material content between 49 and 51%, viscosity 

ranging from 40 to 600 mPa.s, and pH between 6.0 and 9.0. 

Beta silicon carbide nanoparticles, β-SiC (cubic crystal structure [14]) manufactured by 
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Nanostructured & Amorphous Materials Inc., was used as filler. According to manufacturer 

specifications, the particles size is 10 nm (APS) and purity 97%.  

 The surface of silicon carbide nanoparticles was modified with the 3-

aminopropyltrimethoxysilane (APTS) organossilane coupling agent supplied by Aldrich. The 

reaction (1:2 APTS/SiC molar ration), was carried out in ethanol medium under reflux at 82 

°C for 5 hours. 

 

Dispersion preparation 

 

PU/β-SiC nanocomposites were prepared from two different methods. In the first (process 

1) β-SiC nanoparticles were dispersed in water under stirring and ultrasound bath 

simultaneously by 30 minutes. Dispercoll U-54® was added to the dispersion and the same 

previous homogenization procedure was repeated, followed by extra 30 minutes of stirring, 

without ultrasound.  

In the second process (process 2) used to prepare PU/β-SiC nanocomposites, β-SiC was 

dispersed in acetone; this suspension was stirred by 30 minutes, and after it was stirred and 

ultrasound bath simultaneously by 1 hour. The ceramic suspension was added to Dispercoll 

and the mixture was kept under stirring and ultrasonication simultaneously by 15 minutes, 

followed by extra 15 minutes of stirring. All formulations prepared are shown in Table 1. 

 

 

Table 1: Dispersion formulations used to prepare neat PU, PU (acetone) and PU/β-SiC nanocomposites. 
aThe same amount of acetone used to prepare DAcSiC 0.1% was also added the PU(acetone). 

Nanocomposite  Medium 
β-SiC 

(wt%) 

β-SiC silanized 

(wt%) 
Process 

Neat PU --- ---  ---  --- 

PU (acetone)
a Acetone  ---  ---  --- 

 DWSiC 0.1% Water 0.1  --- 1 

 DWSiC 0.5% Water 0.5  --- 1 

 DWSiC Mod 0.5% Water  --- 0.5 1 

 DAc SiC 0.1% Acetone 0.1  --- 2 

 

 

Film preparation 

 

Neat PU, PU(acetone) and PU/ β-SiC nanocomposites films were prepared by solvent 

casting. The dispersion was poured in silicone plates and after 3 hours the plates were placed 

under vacuum in desiccators, remaining for 24 hours. The resultant films were heated for 1 

hour at 100 °C to ensure solvents were removed.  

 

Characterization  

 

PU/β-SiC nanocomposite films surfaces were characterized by Fourier transform infrared 

spectroscopy (FT-IR) using spectrometer Perkin Elmer Spectrum One, resolution 4 cm -1, 

gain 1, spectral range 4000-550 cm-1, reflection techniques ATR with Ge crystal at 45° angle, 

https://www.google.com.br/search?q=aminopropyltrimethoxysilane&espv=2&biw=1024&bih=460&tbm=isch&tbo=u&source=univ&sa=X&ei=HDU0VYOpEqTksATm1oHwBA&ved=0CC0QsAQ
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universal accessory UATR containing ZnSe and diamond and force of 120 N. 

Micrographs were obtained by scanning electron microscopy (SEM) from the secondary 

electrons (SEI) using LEO 435 VPI- SE with accelerating voltage of 20 kV. 

Crystallinity of PU/β-SiC nanocomposite films were evaluated by X-ray diffraction 

(XRD) at room temperature (~25 ºC) with a Philips/PANalytical, model X'Pert PRO MPD 

3060, with scan from 5º to 90º, power 40 kV and 45 mA, CuK radiation, step size of 0.0167 

Å, step time of 5 seconds. The graphics were generated using software High Score Plus 

(Philips) and JCPDS-ICDD standards. 

PU/β-SiC nanocomposites films were evaluated by differential scanning calorimetry 

(DSC) in a DSC Q100 TA Instruments. These analysis were carried out from -90 °C to 

200 °C (heating rate 10 °C.min-1), under a nitrogen atmosphere (50 ml.min-1), in an 

aluminum crucible. The cooling was conducted from 200 °C to -90 °C (cooling rate of 

10 °C.min-1) and the second heating was from -90 °C to 200 ° C (heating rate of 10 °C.min-1). 

Nanoparticles size distribution was evaluated using the dynamic light scattering (DLS) 

analysis. The particles were dispersed in water or acetone, to understand the solvent 

influence. These dispersions remained under magnetic stirring for 30 minutes and extra 30 

minutes in an ultrasound bath to deagglomeration of the particles.  

 

 

RESULTS AND DISCUSSION 

 

Homogeneity evaluation of PU/β-SiC films from aqueous slurry -0.5 SiC % 

 

Figure 1 shows a comparison of the micrographs of PU/-SiC film prepared with -SiC 

(Figure 1-a) and silane-modified -SiC (Figure 1-b) water slurries. PU film obtained with -

SiC presented a large particle size distribution with agglomerates larger than 1μm, which 

indicates that water without dispersant was not efficient to promote the breakage of the β-SiC 

agglomerates. However, PU/β-SiC film containing silane--SiC, DWSiCMod 0.5% (Figure 1-b) 

shows better -SiC particles distribution in PU matrix when compare with DWSiC 0.5%. It can 

be attributed to the better interaction between polymer and filler due to the silanization of the 

surface of -SiC particles.  

 

  
(a) (b) 

Figure 1: SEM micrograph of PU/β-SiC nanocomposites films micrographs of dispersions (a) DWSiC 0.5%,  (b) 

DWSiCMod 0.5%, both 3000 times magnification.  

 

Due to the poor dispersion of β-SiC observed for the PU/β-SiC nanocomposites films by 
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SEM, their surfaces (front and back face) were also analyzed by UATR/ FT-IR to  investigate  

sedimentation and homogeneity of the film nanocomposite film. Figure 2 shows the FT-IR 

spectra of neat PU, β-SiC particles and PU/β-SiC nanocomposites films: DWSiC 0.5% and DWSiCMod 

0.5%. Absorptions related to PU are identified by NH bands between 3390-3330 cm-1; CN and 

NH between 1530-1520 cm-1; a carbonyl band (C=O) at 1726 – 1725 cm-1 attributed to free 

ester and/or urethane [15]; an absorption between 1260-1250 cm-1 assigned to ester; a band 

between 1120-1110 cm-1 attributed to (CO) from ether, indicating that PU may be a polyether 

or a mixture of both [16], although ether band intensity is higher than ester band. β-SiC 

spectrum presented bands in the region of 1052 cm-1 assigned to the Si-O-Si and at 

approximately 780 cm-1 attributed to Si-C [14]. SiC surface usually presents an oxygen-rich 

layer, chemically similar to the silica surface, which explain the presence of Si–O absorptions 

in β-SiC FT-IR spectrum [17]. 

Comparing PU/β-SiC nanocomposite films spectra of both sides, front and back face, a 

clear difference is observed. In the back face of nanocomposites, besides PU characteristic 

bands widening bands in the region of 770-900 cm-1 are also detected indicating the β-SiC 

presence. Another difference can be noticed at the 2330-1900 cm-1region, which presents 

interference due to refractive index of the crystal and the β-SiC, hence this region should be 

not used to characterize the material.  
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Figure 2: UATR/FT-IR spectra of film surface obtained from neat PU, β-SiC nanoparticles, back and front face 

of the PU/β-SiC nanocomposites DWSiC 0.5% and DWSiCMod 0.5%. 
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SEM micrographs and UATR/FT-IR spectra performed for PU/β-SiC films shown that β-

SiC agglomeration was not broken in water dispersion, which resulted in its poor dispersion 

in the PU films.  

 

Influence of solvent on dispersion stability and particle size - 0.1 SiC % 

 

Since the aqueous slurry process was not efficient to obtain homogeneous and stable 

nanocomposite films, dispersion another β-SiC slurry was prepared using acetone as an 

attempt to prevent the nanoparticles aggregation and sedimentation to promote better stability 

to the system.  

Dispersion stability was evaluated by visually monitoring sedimentation through time. 

Figure 3 compares pictures of dispersions, DWSiC 0.1% and DAcSiC 0.1%, prepared with water and 

acetone, respectively. The images were registered immediately (Figure 3-a, Figure 3-c) and 

24 hours after dispersion preparation (Figure 3-b, Figure 3-d).  The visual aspect suggests 

that the process 2, using acetone to prepare the β-SiC slurry (DAcSiC 0.1%) does not present any 

β-SiC sedimentation, which can be attributed to the better β-SiC dispersion in acetone. The 

opposite behavior was observed for DWSiC 0.1%, that the sedimentation is pronounced, as 

shown in the Figure 3-b, which can be attributed to the larger β-SiC agglomerate in water 

dispersion.  

   

    
 (a) (b)               (c) (d) 

 
Figure 3: Visual aspect of dispersions focusing on sedimentation. DWSiC 0.1% :(a) immediately and (b) after 24 

hours of preparation;  DAc SiC  0.1% :(c) immediately and  (d) after 24 hours of preparation. 

 

Particle size distribution analysis confirmed that β-SiC size was smaller in acetone than in 

water dispersion, which was observed in D50, D10 and D90 indicating that 10%, 50%, 90%, 

respectively, of particle sizes will be found below the value described in the Table 2.  

 
Table 2: Particle size distributions of β-SiC in water and acetone 

 

Suspension medium D50 (nm) D10 - D90 (nm) 

Water 1114.4 359.5 - 3729.0 

Acetone 179.5 67.3 - 545.7 

 

 

Homogeneity evaluation of PU/β-SiC films from acetone slurry - 0.1 SiC % 

 

From the  previous results it was expected that acetone slurry with 0.1% of SiC would 

sedimentation no sedimentation 
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result in homogeneous nanocomposite films. For confirm that PU/β-SiC nanocomposites, 

DAcSiC 0.1%, were analyzed by UATR/FT-IR (Figure 4). To compare PU film to PU/β-SiC 

nanocomposites, the same amount of acetone that was used to prepare DAcSiC 0.1% was also 

added to neat PU (PUacetone). DAcSiC 0.1% film presented similar absorptions observed for PU 

film prepared only by the solvent casting. It was not possible to detect spectrometric 

alterations influenced by the β-SiC presence. However, the FT-IR spectra of front and back 

face were similar and β-SiC characteristic absorptions were not observed. This result 

indicates better incorporation of filler into PU dispersion, due to the initial more efficient β-

SiC particles dispersion in acetone preventing particles sedimentation, in accordance with 

DLS measurements and the stability evaluation.  
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Figure 4: UATR/FT-IR spectra of front and back face of film obtained from dispersion of PU (acetone) and DAcSiC 

0.1%. 
 

Crystallinity study of neat PU, PU(acetone), PU/β-SiC nanocomposite ( DAcSiC 0.1%) films  

 

Polyurethane is a semi crystalline polymer with hard segment that provide strengthens to 

material and soft segment imparting elastomeric characteristics to these polymers. Generally 

in PU, organized microdomains are formed due to the chemical incompatibility between 

these segments [18]. These regions might be crystalline exhibiting spherulites in varied sizes 

according as found by Xu et al. [19]. The effect of acetone and β-SiC particles in PU 

crystallinity was evaluated by DSC and XRD, however, only the nanocomposite DAcSiC 0.1% 

was studied due to its more homogeneous dispersion and because this nanocomposite does 

not presented β-SiC sedimentation. 

DSC results are presented in Figure 5 and Table 3. Comparing neat PU and PU(acetone) 

films, the addition of acetone causes a delay in crystals formation, resulting in a partial 
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crystallization during the cooling. The crystallization is completed during the second heating 

(Figure 5-a and 5-b), however, the enthalpy values of melting and crystallization were 

similar to the neat PU and the PU(acetone) films, showing that the degree of crystallinity was 

not affected by addition of acetone (Table 3). When comparing the neat PU and PU(acetone) 

films with DAcSiC 0.1%, it was observed that crystallization occurs during cooling as observed 

for neat PU film, which suggests that the presence of the β-SiC nanoparticles acts as a 

nucleating agent favoring the PU crystallization even in presence of acetone. Blagojević et al. 

[10] investigated the influence of silica nanofiller added to linear hydroxyl polyester urethane 

(PUR) by isothermal crystallization kinetic (DSC) and noticed that the particles in content up 

to 1% vol. acted as nuclei and accelerated PUR crystallization.  
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Figure 5: DSC curves of (a) cooling and (b) second heating of neat PU, PU (acetone) and DAcSiC0.1% films. 

 

 

Table 3: DSC results for Neat PU, PU(acetone) and DAcSiC 0.1% films. 

 aThe enthalpy of crystallization and melting were corrected in relation to PU content. 

  COOLING HEATING 

  Neat PU PU (acetone) DAcSiC 0.1% Neat PU PU (acetone) DAcSiC 0.1% 

ΔHc (J/g)a 34.1  ± 1 27 ± 3 33 ± 1  --- 2.6 ± 2.4  --- 

Tc (°C)  -2.3 ± 0.5  -6.4 ± 0.8  -1 ± 3  ---  -17.9 ± 0.3  --- 

ΔHm (J/g)a  ---  ---  --- 36 ± 1 38 ± 1 38 ± 1 

 

 

Figure 6 shows the X-ray diffraction curves of β-SiC, neat PU, PU(acetone) and DAcSiC 0.1% 

films. The XDR of β-SiC shown a characteristic pattern peaks at 2θ = 35.7 °, 2θ = 41.5 °, 2θ 

= 60.0 °, 2θ = 71.8 °and 2θ = 75.5 °.  The neat PU film presented peaks at 2θ = 21.3° and 2θ 
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= 24.3°. The addition of acetone to neat PU, PU(acetone), caused a shift in peaks in relation to 

that observed for neat PU, which were observed at 2θ = 21.8º and 24.1º. Moreover, the 

relative peaks intensity was changed as can be observed in Figure 6. Another difference 

observed in X-ray diffraction curve of PU(acetone) film was the presence of a peak at 2θ = 

22.4º, which was not observed in the neat PU film. This modification in PU(acetone) XRD 

difratogram shows the interference caused by the acetone addition in neat PU crystallinity, in 

accordance with it was observed by DSC results. The DAcSiC 0.1% XRD presented 

characteristic peaks at the same 2θ observed for PU(acetone), however, the intensity of the peak 

at 2θ = 21.8º was remarkable increased, indicating that the β-SiC particles acted as a 

nucleating agent for PU chains. A similar behavior was observed by Das et al. [11]. These 

authors incorporated multi-walled carbon nanotube (MWCNT) in PU matrix, and the 

nanocomposite did not present MWCNT peaks in XRD, but a higher intensity PU peaks was 

found by nucleating effect. 

Comparing the XRD of DAcSiC 0.1% and PU(acetone) is not possible to find β-SiC peaks, 

confirming the homogeneity of β-SiC particles dispersion in PU matrix.  

 

0 15 30 45 60 75 90

 21.3 º 

 75.5 º 
 71.8 º 

 60.0 º 
 41.5 º 

 35.7 º 

SiC

 

 21.8 º 

Neat PU

 24.1 º 

 22.4 º 

 21.8 º 

 24.1 º 

 22.4 º 

In
te

n
s
it
y
 (

c
o

u
n

ts
)

PU
(acetone)

 24.3 º 

2 Theta

D
AcSiC 0.1%

 
 

FIGURE 6: XRD curves of β-SiC, PU (acetone), DAcSiC 0.1% and neat PU films. 
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CONCLUSIONS 

 

PU/β-SiC nanocomposites were prepared using β-SiC particles dispersed in water or in 

acetone. SEM micrographs and UATR/FT-IR spectra shown agglomeration and 

sedimentation of β-SiC particles in PU/β-SiC nanocomposites obtained with β-SiC water 

suspension. The addition of acetone to neat PU, PU(acetone), changed the behavior of PU 

crystallization, however, the crystallization and melting enthalpy were similar to that 

observed for neat PU. Homogeneous and more stable dispersion of β-SiC were reached with 

acetone as dispersant, which results in homogenous PU/β-SiC nanocomposite film. The 

influence of β-SiC particles in this nanocomposite was monitored by DSC and XRD, which 

shown that crystallization was changed in presence of β-SiC particles, which acted as a 

nucleating agent. 
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