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Abstract:



The most challenging task in the preparation of poly(dimethylsiloxane) composites is to control the curing time as well as to enhance their thermal and swelling behavior. Curing rate can be modified and controlled by a range of iron powder contents to achieve a desired working time, where iron is used as self-heating particles. Iron under alternative current magnetic field (ACMF) is able to generate thermal energy, providing a benefit in accelerating the curing of composites. Three types of iron-Poly(dimethylsiloxane) (Fe-PDMS) composites were prepared under ACMF with iron content 5, 10, and 15 wt %. The curing process was investigated by FTIR, while the morphology and the thermal stability were examined by SEM, DMA, and TGA. The heating’s profile was studied as functions of iron content and induction time. It was found that the time required to complete curing was reduced and the curing temperature was controlled by varying the iron content and induction time. In addition, the thermal stability and the swelling behavior of the prepared composites were enhanced in comparison with the conventional PDMS and thus offer a promising route to obtain thermally stable composites.
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1. Introduction


Poly(dimethylsiloxane) (PDMS) composites have a wide range of applications as elastomers, adhesives, microfluidic chips, lubricating fluids, and in bio applications [1,2,3]. PDMS based systems are fabricated by molding, casting or soft lithography [4]. PDMS have been shown to be very useful to generate shear fields to align block copolymer patterns [5,6,7]. PDMS is a highly viscous flowing liquid, which also possesses optical transparency, non-flammability, non-toxicity, and biocompatibility for biological assays [8]. PDMS is a heat promoted curable polymer which always comes in a two-part kit consisting of a prepolymer component and a cross-linker component. The curing agent is added to PDMS to obtain elastomeric materials. In the case of PDMS elastomers, one of the main methods of their vulcanization is the hydrosilation reaction, which proceeds between vinyl terminated PDMS chain ends with silicon-hydride cross-linker. There are several catalysts as palladium, peroxides, and azodinitriles are used to activate the curing reaction. In addition, acceleration of the hydrosilation reaction occurs by heating, ultraviolet (UV), or by gamma ray irradiation [9]. Curing by UV has been prepared to avoid exposure to high curing temperatures, but overall the penetration of UV cured system is low compared to heat cured systems, which remain the preferred system [10,11]. Heating is normally used in the fabrication process, including curing and bonding. Currently, the curing techniques of PDMS elastomers by the hydrosilation reaction are very well developed. The curing condition for the pristine PDMS is approximately two days at room temperature, 45 min at 100 °C, 20 min at 125 °C, or 10 min at 150 °C [12]. It has been reported that, cross-linked PDMS elastomers were fabricated at different temperatures [13,14,15]. The PDMS matrix does not need stabilizer because of its low glass temperature and intrinsic stability. Although unmodified PDMS has good flexibility, it still has a low initial temperature for thermal degradation and cannot meet the service requirement in the industry as heat resistance elastomers. To overcome this defect, iron reinforcing filler was introduced into the PDMS matrix by physical blending. Modification by iron as magnetic filler into PDMS matrix has been used in different application as magneto rheological fluids and electromagnetic wave absorbers [16,17,18]. The interest in magnetic induction heating in solving many of the problems facing curing has been rapidly growing, boosted by the search for minimizing the energy required, time consumed, and cost, so that the curing process can be completed with minimal energy in shorter time for large production runs [19]. Materials based on silicon oxide show high thermal protective behavior [20,21]. Magnetic iron particles transform the energy of the magnetic field into heat, which is consequently used as thermal source for the curing process as a simple and more cost-effective approach and for the cure of polyurethane rubbers, plastics, and silicone rubbers [22]. Magnetite-PDMS composites were prepared within 6 min by magnetic induction heating process, where magnetite nanoparticles were used as self-heating particles [23]. Controlling and following the reactions involved in the curing process of iron-PDMS composites has not been previously studied using induction heating. Additionally, inexpensive micron-scale iron powders are commercially available and do not require any additional preparation. Hence, it is important to study the effect of induction heating on the curing rate for composites to fill gaps in our knowledge. The aim of this work is to investigate the impact of iron as self-heating particles in the curing control of Fe-PDMS composites by induction heating. The effect of gas atmosphere type and iron content on the thermal degradation of PDMS were studied and the morphology of the prepared composites was characterized by dynamic mechanical analysis (DMA), thermogravimetric analysis (TGA), and scanning electron microscopy (SEM), respectively. In addition, the specific absorption rate (SAR) and heating rate were measured as a function of iron content and time of induction.




2. Material and Methods


2.1. Materials


PDMS Sylgard 184 is supplied as a two-part kit consisting of pre-polymer (silicone elastomer base) and cross-linker (184 silicone elastomer curing agent) components (Dow Corning Corporation, Midland, MI, USA) and iron powder (size 5–9 μm) with CAS no. 7439-89-6 was purchased from Sigma-Aldrich (St. Louis, MO, USA).




2.2. Preparation of Cured PDMS at Room Temperature


Pre-polymer (silicone elastomer base) and cross-linker (184 silicone elastomer curing agent) were stirred uniformly with a 10:1 weight ratio. The air bubbles were removed by placing the mixture in vacuum and curing at room temperature for 48 h.




2.3. Preparation of Fe-PDMS Composites via Induction Heating


The same mixture procedure of PDMS is followed. Then 5, 10, and 15 wt % of iron powder was added to PDMS to form homogenous mixtures of 5%, 10%, and 15% Fe-PDMS respectively. These mixtures were then stirred uniformly and bubble removal by vacuum was carried out. The curing process takes place under a certain time of induction with constant frequency (142 kHz) and power (1 kW). The temperature of a composition under curing was measured by infrared thermometer.




2.4. Swelling in PDMS Samples


The weight of the prepared PDMS was recorded before immersion into a solvent of triethylamine. Then, the weight gain of the PDMS samples was recorded after 1 h, after removal from the solvent and rapid drying, they were weighed on a mass balance.



Degree of swelling (S) = wt1 − wt2/wt1, where wt1 and wt2 are the weights of dry and swollen PDMS, respectively.




2.5. Characterizations


Fourier transform infrared (FTIR) spectroscopy was performed by a Tensor 27 Infrared spectrometer (Bruker, USA). Thermogravimetric analysis (TGA) was measured by TA Instruments Q500at a heating rate of 10 °C/min. Microscopy images were obtained through scanning electron microscopy (SEM) using a Zeiss ULTRA Plus field-emission SEM equipped with a Schottky cathode. The images were analyzed using Smart SEM software v5.05 (Zeiss, Oberkochen, Germany) for imaging operated at 1.5 kV. Strain temperature was measured by Q800 dynamic mechanical analyzer (DMA) (TA Instruments, Elstree, UK). The dimension of the films used for the measurements of mechanical and swelling behaviors was 2 ± 0.1 mm wide and 0.2 ± 0.08 mm thickness.





3. Results and Discussion


3.1. Heating Properties


Under of an alternating magnetic field, iron is observed to heat as a result of losses occurring as a result of the internal rotation of the magnetization and the rotation of the particles in a viscous medium. Uniform is necessary to ensure an even heat distribution within the polymer matrix during the curing procedure [24]. The heat generated from samples was evaluated by exposing iron in PDMS to an alternating current (AC) magnetic field for certain time. The reaction of hydrosilation was started by the addition of a Si-H bond across a double bond and the crosslinked silicone polymers become formed. The comparative iron concentrations (5, 10, and 15 wt %) against the exposure time in an AC field with a frequency (142 kHz) and power (1 kW) were investigated (Figure 1). In induction heating curves of samples, it is seen that the heating temperature rises with increasing time until reaches equilibrium temperature, saturated temperature, which is basically after 3 min. It is observed that the maximum temperature induced in the composites increased with the concentration of iron particles. At a saturated temperature, the heating rate (temperature (°C)/time (min)) becomes equal to the cooling rate. The saturated temperatures measured for mixtures with iron contents of 5, 10, and 15 wt % were 85, 115, and 130 °C, respectively. In Figure 1, as the amount of iron increases, the heating rate also increases and the samples are getting heated faster by magnetic field. The rates of heat were 12.91, 15.65, and 16.45 °C/min for iron content 5, 10, and 15 wt %, respectively.


Figure 1. (a) Heating properties and (b) SAR (W·g−1) and heating rate (°C/min) of samples, S1 (PDMS composite with 5 wt % of Fe), S2 (PDMS composite with 10 wt % of Fe) and S3 (PDMS composite with 15 wt % of Fe).
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Specific absorption rate (SAR) is the energy amount converted into heat per time and mass (watt per gram) [25]. SAR is calculated using the following Equation (1).


SAR = (C/m) × (dT/dt)



(1)




where dT/dt is the initial slope of the time-dependent temperature curve, Linear relations in 0–3 min intervals are assumed. C is the volumetric specific heat capacity of the sample solution (4.186 J/(g·°C) for water) and m is the mass fraction of Fe particles in composites (wt). The SAR of iron particles in an external AC magnetic field can be attributed to two kinds of power loss mechanisms; Néel relaxation and Brownian relaxation. It was observed that the highest SAR was 432.33 W·g−1 and obtained with lower iron content 5 wt %. Additionally, the lowest SAR was 120 W·g−1 for iron content 15 wt % (Figure 1). This can be attributed to increasing the amount of iron would decrease the distance between adjacent particles. Néel relaxation is affected by the interaction of inter-particle and the behavior of the inter-particle dipole–dipole interactions. Brownian relaxation is not much sensitive to the concentration of iron moments because the hydrodynamics in the nature of inter-particle force, which leads to reducing the SAR value [26]. In another report the highest SAR value was 36.78 W·g−1 for Fe3O4/PDMS composite. The contribution of heating capacity was 66.67% of Brownian loss obtained with magnetite content 20 wt % [23].




3.2. Curing Process of PDMS Composites


Conventional PDMS is prepared by mixing a 10:1 weight ratio of pre-polymer and cross-linker at room temperature, the liquid mixture of these two parts will become a solid, cross-linked elastomer in two days. The curing and crosslinking of PDMS system is based on the reaction between silicon-hydride groups (Si–H) in the cross-linker and terminal vinyl groups (Si–CH=CH2) in the monomer to form an end-linked network with no leaving groups or by-products [27].



The effect of the induction heating process on the cross-linking and curing of PDMS systems was investigated by FTIR. IR fingerprint regions for functional groups of interest in hydrosilation curing silicone matrix are followed. It shows the conversion curves of the consumed (–Si–H) groups of the cross-linker as a function of time. Therefore, it is of great interest to follow and control the reactions involved in the curing processes. The impact of iron content and induction time via magnetic induction heating were studied. In Figure 2, the main two peaks are observed at 910 and 2160 cm−1, denoting the presence of the crosslinker (–Si–H) that is used to monitor and control the cross-linking reaction and the curing process. Additionally, the low toughness of PDMS lets the microsphere rupture and release the cross-linker into the surrounding medium, thereby initiating the resin cure reaction when enough magnetostrictive force is applied. The cross-linking reaction shows the gradual decrease of the total integrated area of the (–Si–H) by time. This reveals that (–Si–H) groups are getting consumed during the formation of PDMS composites. In Figure 2, it can be seen that the peak for curing PDMS is nearly linear, which means the complete consumption of cross-linker is obtained. In addition, a higher rate of conversion paired to a high percentage of iron is observed. When the reaction is performed via induction heating with the lowest amount of iron for 6 min using 5 wt % of Fe, the conversion levels of almost 94.1% virfication effect hindered the mobility of the polymeric chains. A large number of untreated vinyl groups are trapped in the polymer network. In contrast, by increasing the iron content to 15 wt %, the reaction becomes faster and a higher vinyl group conversion is reached 2 min later, a vinyl group conversion of 92.6% is obtained. It becomes evident that the presence of iron as a filler leads to a progressive increase of the hydrosilation reactivity. The total cure time depends on the vulcanization temperature. As the iron content in the composite increases, the heating rate of the samples increases and, as a consequence, the rates of PDMS vulcanization increase. In this study, it is found that the rate of curing can be modified and controlled by a variety of iron content to achieve a desired working time. In addition, the time required for complete curing for Fe-PDMS is reduced compared with the conventional PDMS.


Figure 2. IR of consuming crosslinker at peaks 910 and 2160 cm−1 with iron content in the composites (a) 5 wt %; (b) 10 wt %; and (c) 15 wt %.
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For the distribution of Fe in polymer matrices to have a great effect on thermal properties of resultant composite systems, it is necessary to know the dispersions of Fe in our composites. The morphology of the prepared 10% Fe-PDMS composites, which were prepared by magnetic induction heating, are analyzed by scanning electron microscopy (SEM). The distribution of iron particles as filler and light particles were studied in the PDMS matrix (Figure 3). Heating by application of a magnetic field lead to appreciable variation in the structure of composites. The images show that the iron particles disperse randomly in the PDMS matrix. It is remarkable that, by applying a magnetic field, the particles of iron tend to move to minimize the magnetostatic energy into a stable configuration. In addition, iron particles are aligned parallel quickly in the direction of the magnetic field. Sphere columns are magnetized in the same direction and the magnetic pole interactions between the spheres chain cause them to repel each other until an equilibrium spacing is reached. Finally, it forms long chain-structured particles, which then aggregate to form columns as illustrated in Figure 4. This behavior of formation columns was previously reported by Calabro et al. [28]. In another report, the PDMS shell allows the magnetically responsive particles to respond to an applied magnetic field by distorting the shape of the microsphere such that the shell stretches in the direction of the applied magnetic field [29]. The aggregation and an orientation of Fe particles affect the mechanical property and the swelling behavior of the obtained PDMS elastomer, in good agreement with that of the literature [30].


Figure 3. SEM of Fe-PDMS composites.
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Figure 4. Illustrated schematics and photo of Fe-PDMS composite.
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3.3. Swelling Behavior towards Triethylamine


Investigation of the swelling of PDMS with solvents is crucial in designing PDMS based microfluidic devices. A solvent with solubility parameter close to that of PDMS is a good solvent and can cause a higher degree of swelling. For example, triethylamine has a solubility parameter of 7.5, while the solubility parameter for PDMS is 7.3 cal1/2 cm−3/2. PDMS is commonly known as a polymer that swells with non-polar solvents due to empty networks in the polymer. The behavior of PDMS towards triethylamine is highly interesting. The swelling (%) behavior of the prepared composites towards triethylamine was investigated. The swelling percentages were found to be 34.7%, 43.2%, 63%, and 75% for pure, 5, 10, and 15 wt %, respectively. Fe content affect the degree of crosslinking of the obtained PDMS films and consequently, the swelling behavior might be also affected by the degree of crosslinking of PDMS films.




3.4. Effect of Temperature on the Strain Rate


The effect of temperature on the strain rate was studied by dynamic mechanical analyzer (DMA). Strain-temperature curves of pure PDMS and Fe-PDMS composites were shown in Figure 5. Pure PDMS shows highest deformation by increasing of temperature. In contrast, with Fe-PDMS composites, the large interaction between PDMS and iron particles restricted the heat deformation of PDMS. It was obvious that, as the amount of iron increases, the strain decreases and the samples see a reduction in deformation by temperature.


Figure 5. Strain-temperature of (1) pure PDMS; (2) 5% Fe-PDMS composite; (3) 10% Fe-PDMS composite; and (4) 15% Fe-PDMS composite.
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3.5. Thermal Stability of PDMS Composites


3.5.1. Effect of Iron Content on Thermal Stability of PDMS Composites


The evaluation and the impact of iron content on the thermal stability of Fe-PDMS composites in comparison with the pure PDMS were investigated by thermogravimetric analysis (TGA). Typical TGA weight loss of pure PDMS and Fe-PDMS at different ranges of temperatures when heated from 25 to 900 °C under nitrogen (Figure 6). Weight loose until 400 °C is mainly related to loss of water and physical adsorbed layer. Filling of Fe could hinder the movement of volatiles to enhance the thermal stability of PDMS composites. Above 400 °C, it can be observed that the temperatures of initial decomposition for Fe-PDMS composites shifts to higher values compared with pure cured PDMS, which indicates the presence of iron as a filler enhances the thermal stability of the PDMS matrix in Fe-PDMS composites. In addition, the quantity of the residue increases with the increase of iron content in the composites. The residue values were 61%, 72.5%, 81%, and 83.5% for pure, 5, 10, and 15 wt % composites, respectively. The higher quantity of the residue of Fe-PDMS composites could be attributed to the presence of inorganic compound of iron in the samples which sustain even at high temperatures.


Figure 6. TGA of cured PDMS and PDMS composites as a function of iron content under nitrogen.
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3.5.2. Effect of Gas Atmosphere Type on Thermal Stability of PDMS Composites


The thermal behavior of the prepared composites in the presence of a different gas atmosphere, namely, nitrogen, and air were studied (Figure 7). In the presence of air, the degradation of PDMS starts at lower temperatures. It was observed a sharp weight loss at 450–600 °C due to the presence of the catalytic effect of oxygen, which increase the de-polymerization of PDMS [31]. In the case of nitrogen, the samples showed continuous slight weight loss in stages till reaching a temperature of 750 °C. It was reported that thermal degradation occurs through the de-polymerization of PDMS with the solid residue of SiO2 [32,33]. In another report, it was suggested that the de-polymerization of PDMS through the breaking of Si-O bonds in the PDMS polymer chain [34]. Above 750 °C, the samples become stable and the quantity of the residue increases with the increase of iron content in the composites. Evaluation of composites stabilities of with respect to the iron content and to the type atmosphere has confirmed the thermal stabilizing impact of iron and the catalytic activity of oxygen, respectively. The enhanced thermal stability of the composites compared with the conventional PDMS shows promise as a thermally stable elastomer. High stability PDMS is suitable for processing various biochemical reaction chips. For this purpose, it is important to obtain homogeneous with fully cross-linked PDMS, which will have good stability when subjected to high temperatures.


Figure 7. TGA of cured PDMS and PDMS composites as a function of gas atmosphere.
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4. Conclusions


In this work, we have investigated the curing behavior and the heating properties in the preparation of Fe-PDMS by magnetic induction heating. We have established that the curing rate can be controlled by a variety of iron contents and induction times. The thermal stability of the composites has revealed that the increase of the decomposition onset temperatures is associated with PDMS degradation strongly depend on the iron particle. The thermal stability, strain, and swelling behavior of the prepared composites are enhanced in comparison with the conventional PDMS. Thus offering a promising route for their use as thermal composites in applications where higher heat resistance is required.
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