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Abstract

:

The effect of clay and chemical cross-linking on the dynamic mechanical properties of polyurethane reinforced with different concentrations of organically modified montmorillonite clay is investigated in this study. The polyurethane matrix is constituted of polytetrahydrofuran soft segment and 4,4′-methylenebis(phenyl isocyanate) hard segment. Glycerin was used as the chemical crosslinking agent, while Cloisite 30B clay was the reinforcing filler. The nanocomposites containing up to 1 wt.% clay showed a uniform dispersion of clay; however, the nanocomposites containing higher concentrations of clay showed the presence of heterogeneities. Dynamic mechanical spectroscopy, DMS revealed that the nanocomposites containing between 2 and 10 wt.% clay had two glass transition temperatures, Tg,1 and Tg,2. The higher-temperature glass transition temperature, Tg,2 increased with increasing clay concentration, while the low-temperature glass transition temperature, Tg,1 decreased with increasing clay concentration. The nanocomposites containing low clay concentrations up to 1 wt.% showed only one glass transition temperature with a narrow glass transition region. The crosslink density for the nanocomposites increased with increasing wt.% clay.
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1. Introduction


Polymer–clay nanocomposites have been extensively studied because of the superiority of their material properties in comparison to those of conventional polymers. These properties include improved chemical resistance, reduced gas permeability, and thermal stability [1]. Prior studies have investigated polymer–clay systems based on epoxy [2], polyamide [3], polystyrene [4], polyethylene [5], polycarbonate [6], and polyurethane (PU) [7].



PUs are widely used materials exhibiting a wide range of physical and chemical properties [8]. Their versatile nature allows the easy diversification of their structure to achieve formulations that meet the demands of various applications, such as coatings, adhesives, and foams [9]. However, PUs have some disadvantages, which can be overcome by reinforcement with montmorillonite (MMT) clay [10,11,12,13,14].



Montmorillonite (MMT) clay, consists of 1-nanometer-thick aluminosilicate sheets that are stacked upon one another and held together by Van der Waal forces. Because of the weak interactions between clay platelets, the layers from the aggregate easily delaminate [15,16]. To increase the dispersibility of the layers in a polymeric matrix, clays are often treated with organic complexes that exchange sodium metal cations with organic alkyl ammonium ions [17,18].



Pioneering work on PU–clay nanocomposites was first reported by Wang and Pinnavaia [19], who demonstrated that polyols were compatible with organically modified clay; the addition of clay led to significant improvements in strength, toughness, and strain-at-break. Recently, Joulazadeh and Navarchian [20] discussed the compatibility between Cloisite 30B (a MMT clay modified with alkyl ammonium cation bearing two hydroxyl groups) and crosslinked PU and the resulting changes in the elastic modulus.



In the present study, the focus of our paper is on establishing the correlation between the dynamic mechanical properties of crosslinked polyurethane reinforced with montmorillonite clay and the weight fraction of clay.




2. Experimental Procedure


2.1. Materials


Polytetrahydrofuran (PTHF, Mn~1000 g/mole) (Sigma-Aldrich Co. (Milwaukee, WI, USA)), 4,4′-methylenebis (phenyl isocyanate) (MDI) (Sigma-Aldrich), N,N-Dimethylformamide (DMF) (Sigma Aldrich) and certified A.C.S. grade glycerin (Fisher Scientific (Waltham, MA, USA)) were used as received. Organically modified natural montmorillonite, CloisiteTM 30B clay (C30B) (Southern Clay Products), was dried at 100 °C for 24 h prior to use.




2.2. Synthesis of Crosslinked Polyurethane (Neat XPU)


Neat XPU was formed through a two-step route under mechanical stirring. A PU prepolymer was first formed by reacting 10 g of PTHF and 5 g of MDI in DMF for 1 h at 60 °C under N2 atmosphere. Glycerin (0.55 g) was added dropwise to the mixture to react with excess –NCO groups for 10 min at 60 °C, followed by an additional 30 min at ambient temperature. The whole solution was poured into a Teflon mold and solvent-evaporated at 70 °C for 24 h to obtain films of thickness between 0.5 mm and 0.7 mm.




2.3. In Situ Preparation of XPU–Clay Nanocomposites


PTHF was dissolved in DMF and specified amounts of clay (0.25 wt.% (XPU-C025), 0.5 wt.% (XPU-C05), 1 wt.% (XPU-C1), 2 wt.% (XPU-C2), 5 wt.% (XPU-C5), and 10 wt.% (XPU-C10)) were dispersed into the solution with mechanical stirring for 2 h, followed by sonication for 1 h. The whole mixture was heated to 60 °C and the same polymerization procedure as described previously for neat XPU was carried out.




2.4. Characterization


Fourier transform infrared spectroscopy (FTIR) was performed by using a Thermo Scientific Nicolet 6700 spectrometer to elucidate chemical structure. A total of 32 scans were collected in the wavenumber range of 4000 cm−1 to 400 cm−1. FTIR was also used to determine the mechanism of crosslinking reaction. X-ray diffraction (XRD) was performed by using a PANalytical X’Pert Pro Diffractometer to study clay dispersion. The instrument operated with Cu-K alpha radiation wavelength of 0.154 nm between 2° and 7° 2θ angles. XRD results provided evidence about the dispersion of clay in the chemically crosslinked polyurethane matrix. Dynamic mechanical spectroscopy, DMS was performed in tensile mode using Seiko Instruments SII EXSTAR 6000 Spectrometer to evaluate elastic behavior of nanocomposites. Films were tested at a length of 20 mm, width ranging between 8 mm and 9 mm, and thickness between 0.5 mm and 0.8 mm. Specimens were analyzed between −100 °C and 50 °C at a heating rate of 5 °C/min and frequency at 1 Hz. Data from the dynamic mechanical spectroscopy provided a useful insight into the morphology, damping behavior and the elastic properties of the nanocomposites.





3. Results and Discussion


3.1. Chemical Characterization


Figure 1 represents the IR spectra of the monomers, neat XPU, and XPU-C10 nanocomposite. In the spectra of the monomers, the reactive isocyanate group belonging to the MDI can be observed at 2280 cm−1 and the reactive hydroxyl groups from the PTHF and glycerin can be observed at 3346 cm−1 and 3457 cm−1, respectively. In the neat XPU and XPU-C10, the isocyanate and hydroxyl peaks disappeared, indicating that the monomers reacted to completion during curing. The presence of new peaks occurring at 3309 cm−1, 1730 cm−1, and 1223 cm−1, corresponding to the N-H, C=O, and C-O stretches, respectively, shows that urethane groups were formed. This demonstrated that clay did not limit the formation of polyurethane. Furthermore, the addition of clay led to the appearance of new peaks at 522 cm−1 and 461 cm−1, which are related to the inorganic moieties present in the clay structure.




3.2. Analysis of Chemical Crosslinking Process


The reaction of trifunctional glycerin (glycerol) with isocyanate-terminated prepolymer formed from the reaction between polytetrahydrofuran, PTHF, 4,4′methylenebis (phenyl isocyanate), MDI gives a chemically crosslinked polyurethane, XPU [21]. Figure 2a,b show the FTIR spectra of XPU as a function of glycerin concentration. The variation in glycerin concentration from 3 to 10 mmol resulted in a corresponding increase in the intensity of the C-O-C ether stretch at 1072 cm−1 (Figure 2a), as well as a proportionate increase in the secondary amine N-H absorption at 3309 cm−1 (Figure 2b). The ratio of the absorption peak intensity for the hydrogen-bonded carbonyl C=O peak at 1710 to free C=O absorption peak at 1730 cm−1 (Figure 2c) increased with the increasing glycerin concentration. The occurrence of the hydrogen bonding interaction is shown in the carbonyl absorption peak at a lower wavenumber, around 1710 cm−1. It is shown that the hydrogen bonding interaction was greatest at higher glycerin concentrations. An analysis of the intensity of the 3309 cm−1 absorption peak (Figure 2b) also shows that higher glycerin concentrations resulted in the formation of proportionate N-H bonds. In all the spectra shown, there is little or no hydroxyl-OH absorption peak at 3400 cm−1, since both the PTHF and the glycerin reacted to completion, resulting in the formation of a crosslinked network structure.




3.3. Clay Dispersion


Figure 3 shows the diffractograms of the neat XPU, XPU-C1, XPU-C2, and C30B. The pristine C30B shows a broad diffraction peak at 2θ angle of 4.78°, which corresponds to a d-spacing of 18.5 Å. The reinforcement of the XPU with Cloisite 30B clay of up to 1 wt.% showed no peak in the diffractogram, indicating that the clay was well dispersed in the XPU matrix and that the clay may be exfoliated. Figure 3 also indicates that the clay platelets were well dispersed within the XPU matrix. Furthermore, the reinforcement of XPU with 2 wt.% clay showed a weak diffraction peak at 2θ angle of 4.55°, corresponding to a d-spacing of 19.4 Å. It was shown that at a high weight fraction of clay 2 < wt.% clay < 10, an intercalated structure of clay predominated [22,23].



The results of the transmission electron microscopy (TEM), as well as of the wide angle X-ray diffraction, WAXD studies of the polymer–clay nanocomposites, were reported by Wang et al. [16], Zhu et al., and Peng et al., [22,23]. It was shown that the d-spacing of nanoclay can be increased from 31.5  Å  to 40  Å  and that the nanocomposites contained well-dispersed clay stacks, each with about 2–3 layers [16] for the polyimide matrix nanocomposites reinforced by Cloisite 15A montmorillonite clay.




3.4. Storage Modulus


Figure 4 shows the storage modulus of the neat XPU and XPU nanocomposites as a function of temperature. The first feature of the storage modulus is the glassy region, which characterizes the stiffness of a material. To further observe this area, the change in the glassy region modulus (EG) as a function of the clay concentration is shown in Figure 5. At low concentrations of clay of <1 wt.% clay, a sharp increase in EG was observed, demonstrating that good physical interactions took place between the surface of the clay and the PU matrix, which is partly due to the formation of hydrogen bonding. Additionally, this type of interaction can alter chain mobility and enhance the stiffness of the nanocomposite substantially. As the clay concentration approached 10 wt.%, a slight decrease in EG was observed. It is likely that this behavior is due to the inability of the clay to fully disperse throughout the matrix and agglomerate as a consequence. The reduction in the clay and PU interactions would therefore yield a lower modulus.




3.5. Glass-Transition Region


The glass-transition region refers to the temperature range within which the onset of long-range molecular motion in polymer chains occurs. At clay concentrations between 0.25 wt.% and 1 wt.%, a narrow glass-transition region was observed, which is similar to what was shown for the neat XPU. This suggested that a homogenous nanocomposite was achieved, such that molecular motion occurred at approximately the same temperature as for the matrix. It is assumed that the homogeneity was due to the good dispersal of the clay layers and their high compatibility with the PU. However, at clay loading between 2 and 10 wt.%, a broad transition region was observed, indicating that a heterogeneous nanocomposite was produced. Additionally, this result shows that due to the phase separation within the nanocomposite, there was incompatibility between the two components. This behavior is potentially due to the high concentration of rigid clay filler, facilitating micro-phase separation by means of increasing the hard segment content in the polyurethane [24]. Additionally, the disparity in the behavior of the soft and hard segments is believed to have arisen from the clays ability to chemically react with the free isocyanato groups through the organic modifier’s hydroxyl end groups, as well as to physically interact with the urethane groups through hydrogen bonding (Figure 6).




3.6. Rubbery Plateau Modulus


The rubbery plateau modulus (ER) is the third region of the storage-modulus-temperature curve, which characterizes the elasticity of polymeric materials. The change in ER as a function of the clay’s concentration can be observed in Figure 7. The observed increase in the modulus in this region can be attributed to the rigidity of the silicate layers, which restricted the chain motion and promoted physical crosslinking between the filler and the matrix.



Two micromechanical models were used to predict the elastic properties of the composites. The first model is the rule of the mixture (Equation (1)) with which the upper bound of this model was calculated [25]:


   E c  =  E f   ϕ f  +  E m   ϕ m   



(1)




where Ec, Ef, and Em are the modulus of the composite, filler, and unfilled matrix, and ϕf and ϕm are the volume fractions of the clay and matrix.



Additionally, the lower bound was calculated by using the iso-stress model or the inverse rule-of-mixture Equation (2) [25]:


   1   E c    =    ϕ f     E f    +    ϕ m     E m               



(2)







The second model is the Halpin–Tsai (H–T), equation (Equation (3)) which diverges from the rule-of-mixture by taking into consideration the geometry of the filler.



To calculate the values for this theoretical model, a modified H–T equation was used, in Equations (3)–(5) [26].


   E C  =  E m   [    1 + ξ η  ϕ f    1 − η  ϕ f     ]     



(3)






  η =  [     (     E f     E m     )  − 1    (     E f     E m     )  + ξ    ]     



(4)






  ξ = 2  [   l t   ]       



(5)




where Ec, Em, and Ef are the composite modulus, matrix modulus, and filler modulus, respectively, ϕf is the volume fraction of the clay filler, and [l/t] is the aspect ratio of the filler (in this case ~100) [26,27].



Figure 8 compares the experimental modulus with the modulus calculated from the micromechanical models. The rule-of-mixture model did not fit the experimental modulus as well as the H–T model; this could have been due to the model not taking into account the morphology of the composite material [25]. At low volume fractions of clay, the H–T model closely fits the experimental data; however, at higher volume fractions (ϕf > 1), the model began to deviate significantly. Because the H–T model is generally used for fillers that are exfoliated, this demonstrates that at loading up to 1 wt.%, the clay platelets were possibly exfoliated and may have achieved uniform dispersion [28]. This assertion would support the results observed in the XRD test such that the nanocomposite containing ≤1 wt.% of clay did not show any clay peaks. At higher concentrations, it is suspected that the clay platelets were non-exfoliated aggregates and that filler–filler interactions occurred as a result.




3.7. Tan δ Curve


The location of the tan δ peak is a convenient way to obtain the glass-transition temperature (Tg), and the tan δ peak height is associated with the damping ability of a polymer. Figure 9 shows the temperature dependence of tan δ peaks for the nanocomposites at different clay concentrations. For up to 1 wt.% clay, a narrow peak displaying one Tg (denoted as Tg,1) was observed. Exceeding this clay wt.% led to peak broadening and the appearance of a second Tg (denoted as Tg,2). The variation of Tg with composition for the nanocomposites can be observed in Figure 10. The neat XPU containing 0 wt.% clay shows a single Tg,1 at −39 °C. As the clay content increased, a shift in Tg,1 to lower temperatures was observed. This phenomenon could be attributed to the limitation of the curing of the nanocomposites by the clay, which may have resulted in lower amounts of chemical networks being formed in the matrix. For the nanocomposites containing 2 to 10 wt.% clay, a second Tg was observed (Tg,2), which shifted to a higher temperature as the clay concentration increased. It is assumed that the latter Tg could be attributed to the restriction of the movement in the clay–urethane interface or the motion occurring in the clay due to the platelets twisting or rotating.



Damping properties can provide information on how well materials can absorb and dissipate energy upon impact. The damping abilities can be obtained by integrating the area under the tan δ curve. Figure 11 shows the variation in the tan δ peak height and the damping peak area, with the composition of the nanocomposites. The neat XPU exhibited the highest damping ability and the addition of the clay dramatically decreased the damping by up to 43% for the composite containing 10 wt.% clay, XPU-C10. Additionally, the height of the tan δ peaks decreased with the increased clay concentration indicating that the flexibility of the chains was reduced. The rigidity of the fillers and the molecular interactions in the matrix can contribute to a decrease in tan δ height.




3.8. Crosslink Density


For coating applications, the crosslink density is an important factor, since denser materials are more prone to becoming brittle [29]. An approximation of the crosslink density in polymers can be correlated with the rubbery plateau modulus, as observed in Equations (6) and (7) [30].


  C r o s s l i n k   D e n s i t y    (  mols /  m 3   )  =   E ′   3 R T      



(6)






  n    (  mols  )  = c r o s s l i n k   d e n s i t y × V  



(7)




where E′ represents the elastic storage modulus above Tg, T is the absolute temperature at the selected modulus, R is the universal gas constant, n is the moles of the crosslink, and V is the volume of the polymer sample measured by using dynamic mechanical spectroscopy.



In Figure 12, it can be observed that the moles of the crosslinks increased as the clay concentration increased. At lower crosslink densities, the molecular weight between the crosslinks was high and the polymer experienced more chain mobility. Because the moles of the crosslink increased after the addition of clay, a denser network was formed within the material and, therefore, the chain mobility was limited. Furthermore, clay can impose restrictions on the motion of polymers as a result of the reduced free volume in a system. Moreover, intermolecular forces, such as physical crosslinking and chain entanglements, can act within nanocomposites, thereby increasing the stiffness of the matrix. The crosslink density at 0 wt.% clay is due to chemical crosslinking and the contribution from the molecular weight of the polymer.





4. Conclusions


Nanocomposites based on crosslinked polyurethane and organoclay were studied by investigating the variation in the storage modulus and tan δ with changing compositions and test temperatures. The addition of clay at low concentrations enhanced the storage modulus of the nanocomposite and produced only one glass-transition temperature, demonstrating that good interfacial interactions took place between the clay and the polyurethane. The addition of clay increased the rigidity of the nanocomposites, thereby decreasing their damping ability and increasing their stiffness. Furthermore, it was observed that the concentration and dispersion of the clay directly affected the homogeneity of the nanocomposite, such that exceeding 1 wt.% clay led to micro-phase separation within the nanocomposites. This study can perhaps provide a foundation for future studies to utilize dynamic mechanical spectroscopy to characterize the compatibility between the filler and the matrix in other nanocomposite systems.



At a low clay weight fraction of <1.0 wt.%, the Halpin–Tsai (H–T) model fitted the experimental storage modulus accurately. It was noted that this range of concentration of clay was characterized by only one major α-transition peak, suggesting a homogenous nanocomposite with uniform filler distribution.
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Figure 1. FTIR spectra of the monomers (MDI, glycerin, and PTHF), neat XPU and XPU-C10. 
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Figure 2. (a): FTIR spectra of PU crosslinked with varying concentrations of glycerin at low wavenumbers, showing variation in the ether, C-O-C and carbonyl, and C=O absorption peak with glycerin concentration. (b): FTIR spectra of PU crosslinked with varying concentrations of glycerin at high wavenumbers, showing variation in the secondary amine and N-H absorption peak with glycerin concentration. (c): Effect of glycerin concentration on the ratio of hydrogen-bonded carbonyl absorption at 1710 cm−1 to free carbonyl absorption peak at 1730 cm−1. 
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Figure 3. Diffractograms of Cloisite 30B and nanocomposites at varying clay concentrations. 
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Figure 4. Variation in the storage modulus of the nanocomposites with temperature and composition. 
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Figure 5. The glassy region storage modulus of the nanocomposites at −90 °C as a function of clay concentration. Showing a slight decrease in EG at 10 wt.% clay due in part to clay agglomeration and poor dispersion. 
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Figure 6. Representation of the interactions between quaternary ammonium-treated clay and polyurethane. 
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Figure 7. Effect of clay wt.% on the rubbery plateau modulus at 40 °C. The rubbery plateau modulus, ER increases with increasing clay wt.% due to increasing concentration of entanglement and physical crosslinks which increases chain rigidity and stiffness. 
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Figure 8. Comparison of the experimental storage modulus with those calculated by using the rule-of-mixture and Halpin–Tsai theoretical model, respectively. 
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Figure 9. The variation of tan δ peak height with temperature and composition. Blue dashed line—XPU-C10. 
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Figure 10. Dependence of the glass-transition temperature of nanocomposites on the wt.% clay, showing the variation of the two Tgs with composition. At lower clay wt.% of <2. Tg,1 predominates and it is attributed to the neat matrix and matrix containing well dispersed clay. At higher wt.% clay, ≥2, both Tg,1 and Tg,2 are present. Tg,2 is attributed to nanocomposite aggregates and clay-matrix interfacial phenomenon. 
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Figure 11. Effect of clay wt.% on the damping ability (tan δ peak area) of the nanocomposites. 
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Figure 12. Dependence of the moles of crosslinks in XPU and XPUC on wt.% clay. Increasing wt.% clay increases the physical crosslink density denoted as the moles of crosslinks. At the y-axis intercept (0 wt.% clay), the contribution to the total crosslink density from chemical crosslinking due to the reaction of glycerin with isocyanate, MDI is determined to be about 2 × 10−3 moles. This model predicts the magnitude of both chemical and physical crosslinking in a chemically crosslinked polyurethane-clay nanocomposites. 
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