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Abstract

:

Aluminium (Al) powders of micron size are widely applied to energetic materials as a high energy fuel. However, its energy conversion efficiency is generally low due to low oxidation activity. In this paper, a polytetrafluoroethylene (PTFE) coating layer with both protection and activation action was successfully introduced onto the surface of Al via adsorption and following heat treatment. The preparation conditions were optimized and the thermal activity of this core-shell composite material was studied. The potential enhancement mechanism for Al oxidation was proposed. The results showed that PTFE powders deformed into membrane on the surface of Al after the sintering process. This polymer shell could act as an effective passivation layer protecting internal Al from oxidation during aging. The reduction in metallic Al of Al/PTFE was decreased by 84.7%, more than that in original spherical Al when the aging time is 60 days. Moreover, PTFE could react with Al resulting in a thin AlF3 layer, which could promote the destruction of Al2O3 shell. Thus, PTFE could enhance oxidation activity of micro-Al. The conversion of Al was increased by a factor of 1.8 when heated to 1100 °C. Improved aging-resistant performance and promoted oxidation activity of Al could potentially broaden its application in the field of energetic materials.
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1. Introduction


Al powders have been widely applied to energetic materials especially for solid propellant as a high energy fuel [1,2]. The specific impulse of propellant could be increased as high as 15%, which is attributed to the addition of Al [1]. However, its combustion efficiency is always a problem in aluminized propellant. During combustion, Al spheres cannot be ignited immediately due to the dense Al2O3 passivation layer with high boiling point. They often accumulate and agglomerate at the burning surface. Consequently, large agglomerates form, the so called coarse oxidation products in condensed combustion products (CCPs) [1,3,4,5]. Many researchers [3,6,7] have focused on the CCPs of propellant. They have found that it determines the values of two phase losses, which can reduce examined Isp as high as 3–5% [5]. Thereby, activation of Al is worth exploring.



Reducing its size down to nano-scale is the main direction for increasing reaction activity of Al. However, nano-Al powders are much more expensive than micro-Al and possess processing, safety and environmental issues [8]. The aging resistant performance is also a problem of nano-Al. For the foregoing reasons, nano-Al are barely used in fielded propellant formulations. Thereby, activation of micro-Al in a variety of ways such as ball milling [9,10,11], pre-stressing micro-Al [8], coating [12,13], and tailoring surface conditions [14] has gained the interest of researchers. Among these works, coating is considered an effective way.



Many materials such as nickel (Ni) [15,16], glycidyl azide polymer (GAP) [17], nitrocellulose (NC) [18], polyvinylidene fluoride (PVDF) [19,20,21] and so on have been used as shell on Al. The results showed that these shell materials could activate the metallic Al to some extent. Among these materials, fluoride shells stand out due to their excellent activation effect on the Al reaction activity. For example, Gromov et al. [22] studied nano-Al powders passivated by fluoropolymer. They found that the fluoropolymer shell could not only maintain its Al content during aging but also increase the conversion efficiency up to 94% heating to 1400 °C. However, polytetrafluoroethylene (PTFE) with fluorine content as high as 75% have seldom been introduced onto the surface of Al due to its insoluble nature. In fact, the Al/PTFE system is known for its remarkable theoretical reaction enthalpy (21 GJ/m3, ~9.7 kJ/g) [1,23]. In addition, PTFE has proven to be an effective polymer on activation of Al in different ways. Levitas and Pantoya [24,25] studied the pre-ignition reaction of Al. It was found that hydrogen bonding had an influence on the reactivity of Al/PTFE. Dreizin et al. [10] and Dolgoborodov et al. [26] studied mechanically activated Al/PTFE and stated that oxidation activity of Al could be dramatically increased in Al/PTFE. There are still many other meaningful works [27,28,29] concerning Al/PTFE system. They proved the obvious activation effect of PTFE on Al. We also studied the Al/PTFE system and similar results were achieved [30,31,32]. However, these Al/PTFE composite materials aforementioned are not spheres, which is important to the mechanical performance of energetic materials. Therefore, coating PTFE onto the surface of micro-Al is a meaningful direction worth exploring.



Yang et al. [13] prepared core–shell type nano-Al/PTFE with largely increased reaction activity. However, the preparation process, in situ polymerization, cannot be extended to micro-Al readily. Kim et al. [12] proposed a facile way to prepare micro-Al/PTFE core-shell composite. The results showed that PTFE coatings could largely promote the oxidation activity of 45 μm Al. This is very important for potential application in the energy field. However, the preparation conditions and oxidation mechanism were not investigated in detail. Inspired by Kim [12], we introduced PTFE onto the surface of Al as a coating via sintering process in this paper. At the same time, something new has been brought in. The preparation conditions were optimized and the potential oxidation mechanism was studied. The prepared PTFE shell could not only decrease the reduction in metallic Al content during aging but also facilitate Al oxidation when heated. The conversion efficiency of micro-Al increased by 1.8 times in a relatively low temperature range. This significantly enhanced oxidation activity of Al could potentially improve the combustion performance of energetic materials.




2. Experimental


2.1. Materials


Al powders (22 μm) were obtained from Angang Group Aluminium Powder Co., Ltd (Anshan, China). 3M Dyneon TF 5050Z PTFE emulsion (200 nm) was purchased from Minnesota Mining and Manufacturing Co. (St. Paul, MN, USA).




2.2. Al/PTFE Composites Preparation


The passivation layer of Al powders was corroded via 1g/L NaOH solution with magnetic stir. Then the pH value of this aqueous solution was adjusted to 9~10. After that, PTFE emulsion was added to this aqueous with stirring at 600 rpm. The PTFE nano particles could be adsorbed onto the surface of Al due to the Van der Waals force between Al and surfactants. After 30 min adsorption of PTFE particles, the solution stood for 5 min followed by filtration. The obtained product was dried for 12 h in vacuum at room temperature. Then, it was heated step by step in a SK-G08123K tube furnace (Tianjin Central Electric Furnace Co., Ltd., Tianjin, China) in argon (Ar) atmosphere. The curve of programed temperature is shown in Figure S1 (in supplementary materials). The total heating time (th) is 4 h. The obtained product was ground in mortar followed by sieving with a 300 mesh griddle. Then the final PTFE coated Al powders were obtained. A diagram of the preparation process is shown in Figure 1.




2.3. Characterization


2.3.1. FTIR


Fourier transform infrared (FTIR) spectra of Al/PTFE were recorded with a Nicolet 8700 FTIR spectrometer (Thermo Fisher Scientific Co., Waltham, MA, USA). Before determination, the prepared samples were ground with potassium bromide (KBr) and pressed at 40 psi pressure. Then the spectra were recorded using a computerized recorder. The FTIR spectra of pure PTFE in emulsion was also determined as a control. Before determination, PTFE was washed with deionized water and dried in vacuum at 80 °C.




2.3.2. SEM Analysis


The morphology characteristics of Al/PTFE was achieved with a scanning electron microscopy (SEM) (Hitachi, S4800, Tokyo, Japan). Prior to analyzation, conductive coating was deposited on the surface of the powders.




2.3.3. Thermal Performance


The reaction performances of PTFE coated Al was studied with thermal gravimetric analyzer (METTLER TOLEDO, TGA STARe System, Zurich, Switzerland). The heating rate is 10 K/min. The determination was conducted in simulated air conditions (N2/O2 79/21 volume%), N2 and O2. The flow rate is 40 mL·min−1.




2.3.4. XRD Pattern


To study the oxidation processes of Al, oxidation products recovered at selected temperatures were analyzed by a X-ray diffractometer (XRD) (PANalytical, Eindhoven, Netherland). The recycle operation is similar to Dreizin’s work.




2.3.5. Aging Resistant Test


To determine the aging resistant performance of Al/PTFE powders, accelerated aging was conducted in a GDSJ-100 constant temperature and humidity equipment (Beijing hengtai garfunkel test equipment Co., LTD, Beijing, China). The conditions were: 80 °C, relative humidity 70%.






3. Results and Discussion


3.1. FTIR


The FTIR spectra of PTFE in the emulsion and PTFE-coated Al is shown in Figure 2. Three characteristic peaks at 1250, 1150 and 640 cm−1 [33] can be observed in the FTIR graph of PTFE. The peaks at 1250 and 1150 cm−1 could be attributed to the absorption of CF2 asymmetrical stretching and CF2 symmetrical stretching, respectively. The peak at 640 cm−1 could be attributed to the absorption of CF2 wagging. These peaks appeared in the spectra of Al/PTFE composite powders as well, which signify that PTFE have been combined with Al. However, from this observation, it was not enough to determine whether PTFE is coated onto the surface of Al. Thereby, some more characterizations on the morphology of Al/PTFE composites were conducted as follows.




3.2. SEM Graphs of Al/PTFE Composites.


The SEM graphs of original Al and Al/PTFE composite materials before & after heat treatment are shown in Figure 3.



It is obvious that original Al powders are spheres of 20–30 um with a smooth surface. After being stirred in aqueous solution, a large amount of PTFE particles was adsorbed onto the surface of Al. There might be two main kinds of interaction forces contributing to this adsorption. One is the electrostatic interaction between Al and F atom. The other is the Van der Waals force between Al and surfactants on the surface of PTFE particles. Based on the fact that the polarity of PTFE molecule is very low due to the symmetrical structure, the Van der Waals force between Al and surfactants dominates the interaction force. The particles are of hundreds of nanometers in accordance with the size from the supplier (200 nm). After heat treatment, these nano particles melted and deformed to film as shown in Figure 3c,f. Al/PTFE powders before heated were contacted and could hardly flow when the container was tilted. Those PTFE particles are sensitive to shear forces. They would be large flakes if they were ground at this time. After the sintering process, no obvious changes occurred in their external morphology. However, these joined Al/PTFE powders became a little bit hard and brittle due to the deformation and crystallization of PTFE during heat treatment. After they were ground and sieved by a 300 mesh griddle, most agglomerates were separated to independent spheres. Then Al/PTFE core-shell materials with evenly PTFE coatings were achieved. Some more SEM graphs of Al/PTFE composites are shown in Figure S2. Energy dispersive spectrometer (EDS) analysis was also conducted to prove the film on Al surface is PTFE as shown in Figure 4.



Figure 4 indicates that F signals dispersed similarly to that of Al. In addition, the signals of F and Al coincide with the distribution of Al/PTFE composites. Based on the results of SEM, EDS and FTIR analysis, it could be concluded that nano PTFE particles in emulsion were adsorbed onto the surface of Al and deformed to film during heat treatment.




3.3. Process Optimization of Al/PTFE Composites


According to the results of morphology characterization, it could be inferred that the temperature of heat treatment is of vital importance for the morphology of the Al/PTFE core-shell material. Thereby, the optimal process temperature was investigated via varying it from 280–360 °C by increasement of 20 °C. The SEM images of prepared Al/PTFE are shown in Figure 5.



Figure 5 shows that PTFE nano particles cannot change their shape when the maximum temperature of treatment is 280 °C. When it increased to 300 °C, some of PTFE particles deformed while the others retained their shape. Most of those particles melted and joined when they reached 320 °C, which is similar to the morphology characteristic of Al/PTFE at 340 °C. Some accumulated PTFE particles coalesced forming an obvious cap on Al if they were treated at a relatively high temperature (360 °C). There are similarities between the phenomena mentioned above and Kitamura et al.’s work [34]. The accumulated PTFE particles on the Al surface could act as nodes. Below 310 °C the PTFE particles hardly change their shape due to the Van der Waals force and the accumulation microstructure remained. The adhesion of the neighboring particles in a node takes place at 320 °C near the melting point [34]. In addition, at 330 °C the original shape of the particles is almost completely lost forming threadlike structures. During heat treatment, a fibril is formed from a number of these threadlike structures bunched together and these fibers tends to coalesce, forming a membrane [34]. When heated up to 360 °C, PTFE particles could completely melt. However, the fluidity of PTFE molten is relatively low due to the super high molecular weight [35,36]. Thereby, not all the Al/PTFE agglomerations combined together. Overall, the preferred temperature is between 320–340 °C. After some more determination on its morphology, we consider 335 °C to be the best process temperature. This is a little higher than the determined melting point of PTFE (~330 °C) in the TGA/DSC analysis of the PTFE as shown in Figure S3. While the heat treatment temperature reported by Kim et al. [12] is 300 °C. Obviously, it is a little lower than the best temperature.



In addition, we found the drying condition could also influence the oxidation of Al/PTFE core-shell materials. The same batch Al/PTFE powders were separated to two parts. One was dried at 80 °C in Ar and the other in vacuum at 20 °C. Figure 6 shows the TGA curves of the Al/PTFE materials in air atmosphere.



Figure 6 shows that the thermal behaviors are different when they are dried at different conditions. When dried at 80 °C in Ar, it is likely to result in mass loss below 300 °C. For the same sample dried in vacuum, the TGA curve is similar to that of original Al powders at low temperature. Thereby, some components may have been included into Al/PTFE samples, and they had not been removed during drying in Ar. To determine the potential components, TGA-IR analysis was conducted. The FTIR spectra at 50, 150 and 250 °C for the sample dried in Ar are shown in Figure 6b. They showed characteristic peaks around 1500 and 3600 cm−1, which might be attributed to absorption of the water steam. In addition, the absorption intensity decreased along with increasing of the temperature. It infers that drying in Ar at 80 °C cannot remove all the moisture in Al/PTFE materials readily. This might be caused by the structural hydration on the surface of Al. During preparation of Al/PTFE core-shell structure materials, the Al2O3 shell was removed by NaOH. H2O molecules could be adsorbed at the Al-PTFE interfaces. It is well known that metallic Al with high reaction activity could react with Al resulting in Al(OH)3. In addition, this reaction could be facilitated when dried in Ar due to the relatively high temperature (80 °C). Therefore, structural hydration might occur at the surface of Al during preparation of Al/PTFE. This bound water cannot break away from Al readily and stepwise dehydration reaction could occur as illustrated elsewhere [37]. When dried in a vacuum, little structural hydration could occur due to the lower temperature and higher volatilization rate of H2O. Thereby, drying in vacuum is preferred for its high efficiency. This is a difference between our work and that of Kim et al. [12].



In addition, from Figure 6 we can see that the mass gains of Al/PTFE were largely promoted by the PTFE compared to that of original Al. That is to say PTFE coatings could enhance the reactivity of Al obviously at low temperature. However, moisture decreased the mass gain of Al/PTFE sample dried in Ar. Two factors may contribute to this reduction in reaction activity. On one hand, the products that resulted from structural hydration would finally form an Al2O3 layer on the Al surface. This Al2O3 layer could act as passivation shell and influence the oxidation process of Al. The details could be found in the discussion of thermal properties of Al/PTFE composites (Section 3.4). On the other hand, it was found that chemisorbed H2O could stabilize the surfaces of Al2O3 polymorphs [38]. That is to say the transition between Al2O3 polymorphs, which is of vital importance in the Al oxidation process, might be suppressed. Thus, the chemisorbed H2O may also influence the Al oxidation process. Overall, vacuum drying is preferred.




3.4. Thermal Properties of Al/PTFE Composites


To determine the reaction activity of PTFE coated Al, thermal analysis was conducted in air atmosphere at elevated temperatures. It is worth noting that Al-Al2O3/PTFE sample in which the Al2O3 shell on Al powders was not removed was also prepared and analyzed as a control. Figure 7 shows that Al powders oxidize in three distinct stages in 30–1100 °C similar to Dreizin’s work [39].



The first stage is in 30–550 °C during which the thickness of natural amorphous alumina layer on Al surface increases [40]. No obvious heat flow was observed in this stage due to the slow oxidation. At about 550 °C, amorphous alumina layer transformed into γ-Al2O3, which could not cover all of the aluminum surface. Thus, the oxidation of Al is obvious in stage II. Then the oxidation rate decreases when the Al2O3 shell becomes continuous [39]. A little exothermic peak can be found in this stage as shown in Figure 7b. The third stage refers to the temperature range 650–1100 °C. In this stage, the oxidation rate continuously increases. This stage can be divided roughly into two parts: 1) below 960 °C γ-Al2O3 partially transformed into θ-Al2O3 and δ-Al2O3. Little Al was oxidized, resulting in about 4% mass increase along with little heat release; 2) different polymorphs of Al2O3 transformed into stable α-Al2O3. Driven by the force resulted from shell shrinkage and expansion of inner Al [40], molten Al could penetrate outside through the flaws. Then, it was oxidized immediately. This stage ended when a dense oxide shell formed and oxidation rate reduced abruptly. The oxidation process for Al-Al2O3/PTFE in the first stage was the same with that of pure Al. In the second stage, the oxidation for Al-Al2O3/PTFE was delayed due to the carbon residue produced during PTFE pyrolysis. The exothermic peak was also delayed from 620 °C to 650 °C. In the third stage, the oxidation of Al was largely promoted by the PTFE shell. The conversion of Al was increased from 10.5% to 24.8% when temperature elevated to 1100 °C. However, the amount of reacted Al in Al-Al2O3/PTFE is similar to pure Al below 960 °C. This phenomenon may be due to the inhibition of AlF3 layer that resulted from the fluorination of Al [16]. Then the molten Al was oxidized obviously when it was contacted with air at about 1020 °C. As for Al/PTFE, the oxidation process is similar to Al-Al2O3/PTFE. However, the mass increase and the output of heat are more obvious. It may be caused by the influence of Al2O3 layer thickness. It was thinner for Al/PTFE powders when they were heated to about 960 °C since the original Al2O3 shell was removed. When transforming into α-Al2O3, the thinner Al2O3 layer could provide more pores or cracks. In addition, the molten Al could overflow more readily. Thus, the reaction activity of Al/PTFE powders are a little higher than that of Al-Al2O3/PTFE sample. The conversion ratio of Al (heated to 1100 °C) in Al/PTFE powders increased by 1.8 times from 10.5% to 29.8% when compared with that of pure Al. This result demonstrates that coating of Al with PTFE layer is an effective way of promoting reaction activity of micro-Al.



In addition, N2 may also participate in the reaction of Al when it is heated in air. It is not taken into account in the discussion of the reaction process due to the low reactivity [41]. To confirm the correctness of this idea, both Al/PTFE and pure Al were heated in N2 and O2. The TGA/DSC curves and corresponding parameters are shown in Figure 8 and Table S1, respectively. From Figure 8 we can see that the conversion ratio of pure Al increased by 1.6 times from 4.8% (in N2) to 12.6% (in O2). That is to say oxidation dominates the reaction in air for pure Al. It may be caused by the difference in diffusion coefficient [42]. O2 molecules are smaller, and the polarity of O atoms are closer to Al2O3 shell. These two factors make O2 diffuse into Al2O3 shell more readily. Thus, the oxidation of Al dominates the reaction. Moreover, the heat release of Al oxidation is higher than that of nitration. This may also contribute to the higher activity of Al oxidation. It is worth noting that the AlN could be transformed to Al2O3 [41]. Therefore, oxide is the main reaction product. For Al/PTFE powders, PTFE layer slightly increased the conversion ratio of Al in N2 from 4.8% to 6.6%, while it was increased by 1.9 times from 12.6% to 37.1% in O2. This may be mainly caused by the activation effect from AlF3 evaporation. The molten Al oxidizes vigorously when it overflows through α-Al2O3 shell at about 1020 °C. At this time, the temperature is close to the sublimation point of AlF3 (1277 °C) [1]. The vigorous oxidation of Al promotes AlF3 sublimation. As a possibility, the AlF3 may vanish at this temperature. It will promote Al oxidation largely in return. Consequently, the conversion ratio of Al in Al/PTFE powders is dramatically increased. Overall, the activity of Al nitration is relatively low and oxidation dominates the reaction in air.




3.5. Oxidation Mechanism of Al/PTFE Composites


Kim et al. [12] proposed a potential oxidation promotion mechanism at 2016. However, there is not much practical evidence to support their idea. In order to study the reaction process of Al/PTFE further, partially oxidized Al was recovered and analyzed. The SEM images of recovered samples are shown in Figure 9. At about 550 °C, pure Al began to oxidize, while the PTFE layer had not decomposed completely. That is why the oxidation in Al/PTFE powders was delayed in thermoanalysis. At about 650 °C, PTFE on Al surface disappeared. In addition, suspected diffraction peaks of aluminum fluoride appeared as shown in Figure 10. It infers that PTFE reacted with Al. This is because the CFx and COFx radicals resulting from PTFE are very active [24,43,44], and the fluorination of Al could occur readily accompanied by exothermic processes. At about 960 °C, molten Al overflowed through the voids and flaws forming particle oxide products on the surface [40,45]. It is worth noting that the particle oxide products for Al/PTFE are smaller than that of Al. In addition, it is consistent with the DSC result that the heat release of Al/PTFE is not as obvious as that of pure Al at 800–960 °C. This may be due to the AlF3 phase, which may hinder the overflow of molten Al. At about 1100 °C, stick oxide products covered the Al surface. This is due to the voids and cracks on the surface of Al resulting from shell shrinkage and expansion of molten Al. As for Al/PTFE, the oxide shell was completely broken as shown in Figure 11. That is to say molten Al overcame the restriction of Al2O3. Then, it could oxidize vigorously in accordance with the TGA/DSC results. Diffraction peaks of aluminum fluoride disappeared at this temperature. Based on the SEM images, TGA/DSC results and XRD pattern, a potential oxidation promotion mechanism could be raised as shown in Figure 12. For micro-Al, oxidation occurs mainly due to the voids, drawbacks and cracks resulting from the transformation of different polymorphs of Al2O3 [39]. For Al/PTFE, the early stage oxidation mainly depends on the same reasons. However, the Al2O3 shell may be broken completely at 900–1100 °C under the influence of shell shrinkage due to Al2O3 transformation [40,45], expansion of molten aluminum [45], and AlF3 sublimation. Molten Al could be immediately oxidized when contacting with air. Consequently, the conversion ratio of Al could be largely increased and the heat release could be dramatically promoted. Overall, Al powders could be activated, caused by the PTFE layer, which is of significant importance to its application in energetic materials.




3.6. Aging Resistant Performance of Al/PTFE


Aging resistant property is a key performance for Al powders in energetic formulations. Thus, artificial accelerated aging of Al was carried out at 60 °C for 60 days with humidity level of 70%. The active Al content as shown in Figure S5 was determined by oxidation-reduction titration. The pure Al was blocked after just 10 days of aging. In addition, the active Al content was decreased 18.9% from 99.2% to 80.5%. This is related to the polarity of the Al2O3 shell. H2O and O2 molecules can form ions on the Al2O3 shell surface due to the strong polarity. Driven by the electric field of Al shell, charged ions could diffuse through lattice defects forming an ion current. Then inner Al could be oxidized along with the ion current diffusing inward through the oxide layer. Therefore, the active Al content declined obviously along with aging. As for Al/PTFE, the PTFE layer could form a polymer insulation due to its low polarity nature. It could interdict the ion current effectively. Thus, the active Al content in Al/PTFE was decreased only 2.9%, which is 84.7% lower than that for pure Al after aging 60 days. This is a further study and development for Al/PTFE material compared to that of Kim et al. [12].



At present, micro-Al powders are applied to energetic materials such as propellants, pyrotechnics and explosives. It can be used up to 18% in composite solid propellant. However, the low combustion efficiency limits its broader application. In Al/PTFE core-shell structured material, the PTFE layer could largely increase the oxidation activity of Al. The agglomeration of Al could be decreased during combustion. Based on this advantage, the combustion performance of aluminized propellant could be improved. The energy output efficiency of aluminized explosive could also be increased. Higher percentage application of Al in energetic materials becomes possible in future. Moreover, the PTFE polymer layer could promote the aging-resistant performance. It makes the application of Al possible in some special energetic formulas in which Al cannot be used due to the reaction between Al and H2O.





4. Conclusions


In this work, PTFE shell layer was coated onto the surface of micro-Al powders. The reaction characteristics were studied based on which potential oxidation mechanism was proposed. Nano PTFE particles could be adsorbed onto the surface of Al with Al2O3 shell removed in an aqueous solution. During sintering, the PTFE particles could form a thin layer on the surface of Al. This polymer shell acts as an effective passivation layer protecting internal Al from oxidation during aging. The reduction in metallic Al of Al/PTFE was decreased by 84.7% more than that in the original spherical Al when they are aged for 60 days. In addition, the decomposition products of PTFE are very active. They react with Al resulting in a thin AlF3 layer, which can concentrate the oxidation of Al below 1100 °C. Then, the Al2O3 shell can be completely broken under the influence of shell shrinkage due to Al2O3 transformation, expansion of molten aluminum and AlF3 evaporation. Molten Al could be immediately oxidized when it is contacted with air. Consequently, the conversion ratio of Al could be largely increased and the heat release could be dramatically promoted. That is to say the reaction activity of micro-Al is largely increased. The conversion of Al was increased by a factor of 1.8 when it was heated to 1100 °C compared to control. Overall, this polymer shell acts as an effective passivation layer as well as an activation agent for oxidation. Improved aging-resistant performance and promoted oxidation activity of Al may potentially broaden its application in energetic materials.








Supplementary Materials


The following are available online at https://www.mdpi.com/1996-1944/13/15/3384/s1, Figure S1: The curve of programed temperature in the heat treatment of Al/PTFE, Figure S2: SEM images of core-shell structure Al/PTFE composite materials, Figure S3: TGA (a) and DSC (b) curve of PTFE nano particles in aqueous solution, Figure S4: The active Al content in pure Al and Al/PTFE powders during aging, Table S1: Parameters of TGA/DSC curves of Al and Al/PTFE.





Author Contributions


Conceptualization, Y.L. and Y.C.; Data curation, B.Z. and S.S.; Formal analysis, B.Z.; Investigation, B.Z. and S.S.; Methodology, Y.L.; Project administration, Y.L.; Writing—original draft, B.Z. and S.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


Shanxi Northern Xing’an Chemical Industry Co., Ltd. offers technical support. We are grateful for that.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sippel, T.R.; Son, S.F.; Groven, L.J. Aluminum agglomeration reduction in a composite propellant using tailored Al/PTFE particles. Combust. Flame 2014, 161, 311–321. [Google Scholar] [CrossRef]

	



Miller, T.; Herr, J. Green rocket propulsion by reaction of Al and Mg powders and water. In Proceedings of the 40th AIAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit, Fort Lauderdale, FL, USA, 11–14 July 2004; p. 4037. [Google Scholar] [CrossRef]

	



Zarko, V.E.; Glotov, O.G. Formation of Al oxide particles in combustion of aluminized condensed systems. Sci. Technol. Energ. Mater. 2013, 74, 139–143. [Google Scholar] [CrossRef]

	



Gany, A.; Caveny, L.H.; Summerfield, M. Aluminized solid propellants burning in a rocket motor flowfield. AIAA J. 1978, 16, 736–739. [Google Scholar] [CrossRef]

	



Sippel, T.R.; Son, S.F.; Groven, L.J.; Zhang, S.; Dreizin, E.L. Exploring mechanisms for agglomerate reduction in composite solid propellants with polyethylene inclusion modified aluminum. Combust. Flame 2015, 162, 846–854. [Google Scholar] [CrossRef]

	



Fedotova, T.D.; Glotov, O.G.; Zarko, V.E. Chemical analysis of aluminum as a propellant ingredient and determination of aluminum and aluminum nitride in condensed combustion products. Propellants Explos. Pyrotech. 2000, 25, 325–332. [Google Scholar] [CrossRef]

	



Glotov, O.G.; Zarko, V.E.; Karasev, V.V. Problems and perspectives of investigating the formation and evolution of agglomerates by the sampling method. Combust. Explos. Shock Waves 2000, 36, 146–156. [Google Scholar] [CrossRef]

	



Levitas, V.I.; McCollum, J.; Pantoya, M. Pre-stressing micron-scale aluminum core-shell particles to improve reactivity. Sci. Rep. 2015, 5, 7879. [Google Scholar] [CrossRef]

	



Valluri, S.K.; Schoenitz, M.; Dreizin, E.L. Metal-rich aluminium-polytetrafluoroethylene reactive composite powders prepared by mechanical milling at different temperatures. J. Mater. Sci. 2017, 52, 7452–7465. [Google Scholar] [CrossRef]

	



Dreizin, E.L.; Schoenitz, M. Mechanochemically prepared reactive and energetic materials: A review. J. Mater. Sci. 2017, 52, 11789–11809. [Google Scholar] [CrossRef]

	



Sippel, T.R.; Son, S.F.; Groven, L.J. Altering reactivity of aluminum with selective inclusion of polytetrafluoroethylene through mechanical activation. Propellants Explos. Pyrotech. 2013, 38, 286–295. [Google Scholar] [CrossRef]

	



Kim, K.T.; Kim, D.W.; Kim, C.K.; Choi, Y.J. A facile synthesis and efficient thermal oxidation of polytetrafluoroethylene-coated aluminum powders. Mater. Lett. 2016, 167, 262–265. [Google Scholar] [CrossRef]

	



Wang, J.; Qiao, Z.Q.; Yang, Y.T.; Shen, J.P.; Long, Z.; Li, Z.Q.; Cui, X.D.; Yang, G.C. Core-shell Al-polytetrafluoroethylene (PTFE) configurations to enhance reaction kinetics and energy performance for nanoenergetic materials. Chem. Eur. J. 2016, 22, 279–284. [Google Scholar] [CrossRef]

	



Padhye, R.; Smith, D.K.; Korzeniewski, C.; Pantoya, M.L. Tailoring surface conditions for enhanced reactivity of aluminum powders with solid oxidizing agents. Appl. Surf. Sci. 2017, 402, 225–231. [Google Scholar] [CrossRef]

	



Andrzejak, T.; Shafirovich, E.; Varma, A. Ignition mechanism of nickel-coated aluminum particles. Combust. Flame 2007, 150, 60–70. [Google Scholar] [CrossRef]

	



Hahma, A.; Gany, A.; Palovuori, K. Combustion of activated aluminum. Combust. Flame 2006, 145, 464–480. [Google Scholar] [CrossRef]

	



Zeng, C.; Wang, J.; He, G.; Huang, C.; Yang, Z.; Liu, S.; Gong, F. Enhanced water resistance and energy performance of core–shell aluminum nanoparticles via in situ grafting of energetic glycidyl azide polymer. J. Mater. Sci. 2018, 53, 12091–12102. [Google Scholar] [CrossRef]

	



Liu, S.; Ye, M.; Han, A.; Chen, X. Preparation and characterization of energetic materials coated superfine aluminum particles. Appl. Surf. Sci. 2014, 288, 349–355. [Google Scholar] [CrossRef]

	



Huang, S.; Pan, M.; Deng, S.; Jiang, Y.; Zhao, J.; Levy-Wendt, B.; Tang, S.K.Y.; Zheng, X. Modified micro-emulsion synthesis of highly dispersed Al/PVDF composites with enhanced combustion properties. Adv. Eng. Mater. 2019, 21, 1801330. [Google Scholar] [CrossRef]

	



Huang, C.; Jian, G.; DeLisio, J.B.; Wang, H.; Zachariah, M.R. Electrospray deposition of energetic polymer nanocomposites with high mass particle loadings: A prelude to 3D printing of rocket motors. Adv. Eng. Mater. 2015, 17, 95–101. [Google Scholar] [CrossRef]

	



Kim, D.W.; Kim, K.T.; Min, T.S.; Kim, K.J.; Kim, S.H. Improved energetic-behaviors of spontaneously surface-mediated Al particles. Sci. Rep. 2017, 7, 4659. [Google Scholar] [CrossRef]

	



Gromov, A.; Ilyin, A.; Förter-Barth, U.; Teipel, U. Characterization of aluminum powders: II. Aluminum nanopowders passivated by non-inert coatings. Propellants Explos. Pyrotech. 2006, 31, 401–409. [Google Scholar] [CrossRef]

	



Koch, E.-C. Metal—Fluorocarbon Based Energetic Materials; Wiley-VCH: Weinheim, Germany, 2012; pp. 42–65. [Google Scholar] [CrossRef]

	



Watson, K.W.; Pantoya, M.L.; Levitas, V.I. Melt-dispersion mechanism for fast reaction of aluminum particles: Extension for micron scale particles and fluorination. Appl. Phys. Lett. 2008, 92, 201917. [Google Scholar] [CrossRef]

	



Mulamba, O.; Pantoya, M.L. Exothermic surface chemistry on aluminum particles promoting reactivity. Appl. Surf. Sci. 2014, 315, 90–94. [Google Scholar] [CrossRef]

	



Dolgoborodov, A.Y.; Makhov, M.N.; Kolbanev, I.V.; Streletskii, A.N.; Fortov, V.E. Detonation in an aluminum-teflon mixture. J. Exp. Theor. Phys. 2005, 81, 311–314. [Google Scholar] [CrossRef]

	



Gaurav, M.; Ramakrishna, P.A. Effect of mechanical activation of high specific surface area aluminium with PTFE on composite solid propellant. Combust. Flame 2016, 166, 203–215. [Google Scholar] [CrossRef]

	



Zheng, X.; Curtis, A.D.; Shaw, W.L.; Dlott, D.D. Shock initiation of nano-Al + Teflon: Time-resolved emission studies. J. Phys. Chem. C 2013, 117, 4866–4875. [Google Scholar] [CrossRef]

	



Conner, R.W.; Dlott, D.D. Ultrafast emission spectroscopy of exploding nanoaluminum in Teflon: Observations of aluminum fluoride. Chem. Phys. Lett. 2011, 512, 211–216. [Google Scholar] [CrossRef]

	



Sun, S.; Ma, S.; Zhao, B.; Zhang, G.; Luo, Y. A facile way to prolong service life of double base propellant. Materials 2018, 11, 2236. [Google Scholar] [CrossRef]

	



Sun, S.; Zhao, B.; Zhang, G.; Luo, Y. Applying mechanically activated Al/PTFE in CMDB propellant. Propellants Explos. Pyrotech. 2018, 43, 1105–1114. [Google Scholar] [CrossRef]

	



Sun, S.; Zhang, T.; Zhao, B.; Zhang, G.; Luo, Y. Influence of polytetrafluorethylene on the mechanical and safety properties of a composite modified double base propellant. Cent. Eur. J. Energ. Mat. 2018, 15, 468–484. [Google Scholar] [CrossRef]

	



Liang, C.Y.; Krimm, S. Infrared spectra of high polymers. III. Polytetrafluoroethylene and polychloro-trifluoroethylene. J. Chem. Phys. 1956, 25, 563–571. [Google Scholar] [CrossRef]

	



Kitamura, T.; Okabe, S.; Tanigaki, M.; Kurumada, K.; Ohshima, M.; Kanazawa, S. Morphology change in polytetrafluoroethylene (PTFE) porous membrane caused by heat treatment. Polym. Eng. Sci. 2000, 40, 809–817. [Google Scholar] [CrossRef]

	



Clark, E.S. The molecular conformations of polytetrafluoroethylene: Forms II and IV. Polymer 1999, 40, 4659–4665. [Google Scholar] [CrossRef]

	



Clark, E.S.; Muus, L.T. Partial disordering and crystal transitions in polytetrafluoroethylene. Z. Kristallogr. Cryst. Mater. 1962, 117, 119–127. [Google Scholar] [CrossRef]

	



Peng, Z.H.; Li, Q.F.; Zhou, Q.S. Studies on dehydration kinetics of aluminium hydroxide. Light Met. 2010, 19–21. [Google Scholar] [CrossRef]

	



McHale, J.M.; Navrotsky, A.; Perrotta, A.J. Effects of increased surface area and chemisorbed H2O on the relative stability of nanocrystalline γ-Al2O3 and α-Al2O3. J. Phys. Chem. B 1997, 101, 603–613. [Google Scholar] [CrossRef]

	



Trunov, M.A.; Schoenitz, M.; Zhu, X.; Dreizin, E.L. Effect of polymorphic phase transformations in Al2O3 film on oxidation kinetics of aluminum powders. Combust. Flame 2005, 140, 310–318. [Google Scholar] [CrossRef]

	



Hasani, S.; Panjepour, M.; Shamanian, M. The oxidation mechanism of pure aluminum powder particles. Oxid. Met. 2012, 78, 179–195. [Google Scholar] [CrossRef]

	



Coulet, M.; Rufino, B.; Esposito, P.; Neisius, T.; Isnard, O.; Denoyel, R. Oxidation mechanism of aluminum nanopowders. J. Phys. Chem. C 2015, 119, 25063–25070. [Google Scholar] [CrossRef]

	



Jacob, R.J.; Jian, G.; Guerieri, P.M.; Zachariah, M.R. Energy release pathways in nanothermites follow through the condensed state. Combust. Flame 2015, 162, 258–264. [Google Scholar] [CrossRef]

	



Watson, K.W.; Pantoya, M.L.; Levitas, V.I. Fast reactions with nano- and micrometer aluminum: A study on oxidation versus fluorination. Combust. Flame 2008, 155, 619–634. [Google Scholar] [CrossRef]

	



McCollum, J.; Pantoya, M.L.; Iacono, S.T. Activating aluminum reactivity with fluoropolymer coatings for improved energetic composite combustion. ACS Appl. Mater. Inter. 2015, 7, 18742–18749. [Google Scholar] [CrossRef] [PubMed]

	



Jeurgens, L.; Sloof, W.; Tichelaar, F.; Mittemeijer, E. Thermodynamic stability of amorphous oxide films on metals: Application to aluminum oxide films on aluminum substrates. Phys. Rev. B 2000, 62, 4707–4719. [Google Scholar] [CrossRef]








[image: Materials 13 03384 g001 550] 





Figure 1. The diagram of the preparation process of aluminium/polytetrafluoroethylene (Al/PTFE) core-shell material. The red spots refer to PTFE particles. The bottom half of the diagram crop from scanning electron microscopy (SEM) images of prepared Al/PTFE. 
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Figure 2. Fourier transform infrared spectroscopy (FTIR) spectra of PTFE coated Al. The PTFE was pressed into a transparent sheet. The Al/PTFE sample was mixed with potassium bromide (KBr) and pressed. 
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Figure 3. SEM images of Al/PTFE composites: (a,d) original Al powders; (b,e) Al/PTFE before heat treatment; (c,f) Al/PTFE after heat treatment. The maximum heating temperature (Th) is 335 °C, the total heating time (th) is 4 h. 
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Figure 4. SEM images and elemental maps of Al/PTFE core-shell materials. (a) SEM image, (b) F, (c) Al. The preparation conditions of Al/PTFE were Th = 335 °C, th = 4 h. 
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Figure 5. SEM images of Al/PTFE composites heated at different temperatures: (a) 280 °C; (b) 300 °C; (c) 320 °C; (d) 340 °C; (e,f) 360 °C. th = 4 h. 
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Figure 6. Thermogravimetric analysis (TGA) curves of PTFE coated Al (a) and the FTIR spectra of the components in the early stage mass loss (b). The testing conditions were, air atmosphere, 10 K/min. The preparation conditions of Al/PTFE were Th = 335 °C, th = 4 h. 
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Figure 7. TGA/DSC curves of pure Al, Al-Al2O3/PTFE and Al/PTFE in air atmosphere, (a) TGA; (b) Differential scanning calorimetry (DSC). The testing conditions were air atmosphere, 10 K/min. 
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Figure 8. TGA/DSC curves of Al and Al/PTFE in N2 and O2 atmosphere, (a) TGA; (b) DSC. The heating rate is 10 K/min. 
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Figure 9. SEM graphs of recovered Al (a,c,e,g) and Al/PTFE (b,d,f,h) powders at different temperatures. (a,b) 550 °C; (c,d) 650 °C; (e,f) 960 °C; (g,h) 1100 °C. The samples were recovered from TGA analysis. 
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Figure 10. XRD patterns of recovered Al and Al/PTFE powders. (a) recovered Al; (b) recovered Al/PTFE 
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Figure 11. SEM graphs of recovered Al (a) and Al/PTFE (b) powders at 1100 °C. The samples were recovered from TGA analysis. 
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Figure 12. The diagram of potential oxidation promotion mechanism. The dark gray parts refer to Al2O3. The yellow parts refer to molten Al. The light blue parts refer to aluminum fluoride. 
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