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Abstract

Traditionally solid propellants are manufactured using casting and molding techniques. The effective burning rate of solid propellants is strongly depended on its cross section and geometry. The preparation of mold and mandrel for the manufacturability of various geometric profiles are tedious, time consuming, increases the cost and more human efforts are needed. In order to mitigate these issues, a disruptive technology called additive manufacturing (AM) is in the verge of development. Although the method is effective, additional study must be conducted to improve the flow characteristics of slurries for the high solid loading and there is a huge necessity to reduce the prolonged curing time. The present study focuses on preliminary investigations of extrusion of high viscosity slurry using a pneumatically driven extrusion system. The slurry was prepared with a 80 wt.% solid loading of NaCl having particle sizes of 45 µm and 150 µm, 15.6 wt.% HTPB, 2.2 wt.% TDI, 2.2 wt.% DOA and 0.03 wt.% of ferric acrylacetonate. The slurry was extruded with an aid of pneumatically controlled extruder and each layer was formed. Formed by extruding the slurry using 1.65 mm internal diameter nozzle. Infrared (IR) heater was utilized to transfer the radiational energy for partial curing of each layer and thereby adhesion of other layer was guaranteed. Simulation is performed to determine the temperature distribution using ANSYS platform for comparing the curing temperature of the printed part top surface. Preliminary experiments confirm that extrusion of slurry and heating of each layer can be effectively achieved with the proposed 3D printing technique. Three tensile specimens were produced in accordance with ASTMD 412-C and their corresponding mechanical properties are evaluated. The printed parts have the tensile strength of 0.7 MPa, elongation of 4.85 % and modulus of elasticity of 18.5 MPa which are comparable with the properties of conventional casted part.
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1 Introduction
Solid propellants [1] are made out of various chemical ingredients such as oxidizing agent, fuel, binder, plasticizer, hardener, stabilizer, and cross-linking agent. Different chemical ingredient proportion leads to altered physical and chemical properties. The chemical ingredient proportion is specified based on the intended applications. Traditionally solid propellants are manufactured [2] using casting and molding techniques. The preparation of mold and mandrel for various geometric profiles to achieve effective burning rate are tedious, increases the cost and more human efforts are needed. In order to alleviate these issues a disruptive technology namely additive manufacturing (AM) is in the verge of development. AM technologies [3] have changed the prospective of material processing in different fields. This technology is equipped with an ability to create complex 3D parts without the use of tooling, which can reduce up to 50% of the product lead time. Due to the strange feature of AM techniques such as time efficient, cost-effective and can print wide range of materials such as ceramics [4–6], metals [7–9], food [10–12] and thermoplastics [13–15]; the AM process attracted a great deal of attention in the areas of automotive [16], aeronautical [17], medical [18], robotics [19], electronics [20], construction [21] and consumer goods manufacturing [22]. Recently, the additive manufacturing of solid propellant has gained interest due to the ability to form complex and intricate shapes. Solid propellants can generate high heat output and energy density upon ignition. However, in order to attain an effective solid propellant, suitable material composition and geometry are the crucial parameters which influences the propulsion performance characteristics. The printing process can control the burning rate of reactive materials. The geometric flexibility provided by the AM process allows precise control of the solid propellant burning rate.
Due to the above mentioned advantages, recently researcher around the globe used different AM techniques to manufacture solid propellants. Murray et al. (2017) [23] successfully used the combinatorial inkjet printing for the deposition of nanoaluminum (nAl) and nanocopper (II) oxide (nCuO) energetic materials. In this technique, the materials can be mixed and stored as inert components, which improves safety and self-stability. However, they used low solid loading (>6 vol.%) which may affect the reactivity of energetic material. McClain et al. (2018) [24] printed propellant composition slurry with 85% of AP as solid loading and UV-curable polyurethane along with hydroxyl-terminated polybutadiene (HTPB) as a binder. The slurry was extruded through the nozzle tip with the help of ultrasonic vibration at 30.3 KHz frequency and 8 µm amplitude. Study conducted by Chandru et al. (2018) [25] on AM of solid rocket propellant grains shows that the feasibility of using extrusion based 3D printing for the development of different part geometries. They successfully printed slurry composed of AP, HTPB and iron oxide. However, they have not mentioned about the solid loading and viscosity of the prepared ink as well as the combustion performance between printed and traditionally manufactured grains. Fleck et al. (2017) [26] developed printable reactive filament slurry consisting of 20% mass loading of aluminums (Al) and polyvinylidene fluoride (PVDF) used as a binder. The slurry was printed using a commercial filament extruder. The performance of the printing process of was evaluated through comparing the quality of printed energetic samples with the standard 3D printed materials. All the research focused on AM of energetic materials and solid propellants with low solid loading which may affect the reactivity and burning rate of the materials.
The application of AM process has not been leveraged by Indian research groups for manufacturing various prototypes and functional components. However, 3D  Printing (3DP) of solid propellants is novel research and especially minimizing the curing time of solid propellants using low cost IR/UV heaters are not addressed in the literature. This work is oriented towards fulfilling the above-mentioned need and hence it is justifiable.
Development of a 3DP process has following characteristics can be of definitive use to High energy materials groups of Defense Research & Development Organization (DRDO):
	
Compatibility with wide range of chemical compositions.



	
Ability to produce parts layer-by-layer without support structures



	
Non usage of high power lasers and utilizing low cost heating systems for curing.





By referring to the published body of literature on the topic of manufacturing solid propellant, it has been affirmed that proposed 3DP process offers excellent scope to align with above functionalities. In India, IISc has started using direct extrusion technique to deposit layer-by-layer of prepared slurry. After completion of all the layers, the 3D printed structure is kept in the oven for 6–7 days at 60 °C. In order to reduce the curing time, proposed work focuses on incorporation of IR/UV heating systems in the 3DP process after deposition of each layer. Hence a significant need exists for conducting of the proposed research studies. Commercial AM processes like stereo lithography [27], Selective laser sintering [28] and electron beam melting [29] produces the parts by infusion of laser energy which are very costly. But in the case of proposed 3DP process, fusions of slurry through low cost heaters tremendously reduce the cost of machine and subsequently manufacturing cost is reduced. The proposed 3DP process can pose several challenges to the researchers with reference to layer curing, precise delivery of high viscous slurry, geometric and dimensional fidelity and also examining mechanical strength characteristics.
As this process has potential ability to produce solid propellants without the use of lasers or part specific tools, jigs and fixtures, it is inferred that proposed 3DP technology would be highly relevant to manufacture solid propellants in a cost effective manner. Also the openness of 3DP process would enable the proposers to investigate wide array of chemical composition beyond the initial set of compositions thereby opening new vistas in manufacturing of solid propellants. In addition, various geometric profiles or patterns of solid propellants can be visualized swiftly as per the requirement of High Energy Materials Research Laboratory (HEMRL).
2 Materials and methods
2.1 Synthesis of slurry
The main intention of this work is to prepare high solid slurry that can be extruded through small-diameter nozzle and to examine the feasibility of uniform heating of each layer of the cured part that cure layer by layer fashion using full trough element (FTE) ceramic infrared heater. Owning to high cost and flammable nature of the solid propellant, an extraordinary safety measures during curing is necessary. Therefore, ordinary home salt viz. NaCl was used as solid loading powder during the preparation of printer slurry, which tremendously minimize the raw materials and process cost of experimental investigation of this work. The slurry has been prepared by gently mixing 15.6% of Hydroxyl-terminated polybutadiene (HTPB) as fuel/binder, 2.2% Toluene Diisocyanate (TDI) as curing agent and 0.03% of Ferric acetylacetonate as a catalyst for 15 min. Then, 80% of NaCl has been added in the mixture and the mixing process continue to another 15 min. In general, the burning rate of printed grain solid propellant is improved by increasing the amount of solid loading on the propellant composition slurry. Therefore, preliminary extrusion experimental studies were conducted at different percentage of solid loading (70–85%) to obtain the printable slurry composition. However, as per our experimental analysis, if the solid loading is greater than 80%, the slurry composition has obtained more viscosity and unable to extrude the slurry during the printing process. The clogging also occurs at the nozzle of 1.65 mm diameter. Hence, through iterative studies, the following composition: 80% NaCl, 15.6% HTPB, 2.2% TDI, 2.2 % DOA and 0.03% Ferric acetylacetonate was arrived that has obtained good dispersion of slurry at maximum solid loading. The slurry composition was tuned by considering the extrusion ability from the 3DP nozzle and to keep shape precision during deposition of one layer over the previously printed layer.
2.2 Set-up for printing and heat treatment process
Two separate experimental setups such as slurry printing and heating systems were arranged as depicted in Figures 1 and 2 respectively. The printing system was developed by modifying a desktop type fused deposition modeling (FDM) printer and the extrusion of the slurry was driven by compressed air supply by means syringe through a 1.65 mm internal diameter nozzle.
The heating system was built from ceramic infrared heater and closed loop temperature controlling system was implemented that consists of Tcn4s temperature controller (i.e. PID controller), RTD P100 temperature sensor and solid state relay. In addition, single phase variable AC supply in conjunction with watt matter was equipped with heating system to control the heater input power precisely and stop watch has been used to measure the curing time. The printing process was carried out through printing single layer on the substrate and heating the printed slurry at 60 °C for 15 min and subsequently the second layer was printed over the first cured layer. The printing and heating process continues until the entire layers have been printed and cured.
	[image: thumbnail]	Fig. 1
3D printer system.




	[image: thumbnail]	Fig. 2
IR heating system.




2.3 Temperature distribution measurement
The capability of the heater to produce uniform temperature distribution over the printed part was measured with FLIR Duo Pro R thermal camera, which is shown in Figure 3. In the present work, firstly the thermal images were taken using FLIR Duo Pro R thermal camera immediately after heating each layer of printed part using ceramic infrared heater. The obtained thermal images were further analyzed with FLIR-tool software. In order to measure the temperature distribution over the top printed surface, three lines were drawn. Along each line, the maximum, minimum and average temperature were determined. Moreover, thermal module of ANSYS 19.2 version software was used to develop a numerical model based on the control volume method and to simulate the temperature distribution of the part.
The irradiance, which is the absorbed heat flux by the cured surface of printed part is considered as the source of heat for the simulation in ANSYS platform. At the beginning of the numerical work, a three-dimensional part with dimensions of 3.2 × 12.7 × 125 mm was modelled using the geometric modelling tool of ANSYS. Since approximately 80% of the printed parts were made of NaCl, the engineering material properties of the modeled parts were considered to be NaCl material properties alone (see Table 1). The steady-state thermal simulation was carried out by applying heat flux boundary conditions of 60 kW / m2 at the top of the part surface, and the rest of the surface was exposed to an ambient temperature of 26 °C.
	[image: thumbnail]	Fig. 3
FLIR Duo Pro R thermal camera.




Table 1

Material properties of NaCl.


2.4 Tensile strength measurement
Three ASTM D412-C standard tensile strength test sample, shown in Figure 4b, were additively fabricated from 80% solid loaded slurry composition using direct extrusion based printer. During the fabrication of each specimens, the slurry was printed with a linear infill pattern at 1 mm/s printer feed rate, the printing direction is kept along the length of the specimen and the extrusion of the slurry is achieved through 1.65 mm diameter nozzle which was driven with 7 MPa compressed air supply. The curing of each layer of the test sample was carried out heating the each layer by using the FTE serious ceramic infrared heater for 15 min at a temperature of 60 °C. Tensile test was performed on the WDW-100 universal computer control electronic testing machine shown in Figure 4a. The fractured tensile specimen during the course of experiments is shown in Figure 4c.
	[image: thumbnail]	Fig. 4
Tensile strength testing. (a) WDW-100 computer control electronic universal testing machine; (b) tensile strength specimen (ASTMD 412-C); (c) Fracture generation during the test.




3 Results and discussion
The main intention of the present work is to check the feasibility of using 3DP techniques to fabricate propellant grain directly from CAD models without much regard to its geometric complexity. The printing of composite grain was done by curing of layer by layer instead of doing bulk curing of the entire printed composite slurry layers at ones, which radically reduce the time required for curing. In order to increase the burning rate of solid propellant, the slurry composition must be prepared with a maximum solid loading. Therefore, extrusion experiments were done at different solid loading percentage to get printable slurry composition as depicted in Figure 5. Due to the scarcity and the need of special handling precaution of propellant, NaCl was used in place propellant composite during this study and the final experimentally determined composite slurry ratio that was capable to extrude from the extrusion system is 80% NaCl, 15.6% HTPB, 2.2% TDI, 2.2 % DOA and 0.03% Ferric acetylacetonate. The instantaneous viscosity of the final slurry composition was determined using Bohlin Gemini II Rheometer and with respect to shear rate is depicted in Figure 6. It is observed that the slurry compositions exhibited shear thinning behavior, which means the viscosity of the slurry decrease with the increase of shear rate.
The state of curing has been checked by pulling out the cured sample using a needle after heating a certain amount of time at 60 °C which is controlled by PID controller. The curing time required to cure single layer is depicted in Figure 7. As observed from the figure, the viscosity of the slurry increase as the heating time increases and the slurry has been successfully changed into composite grain at 15 min of heating. However, no feasible change has been observed on the properties of cured grain with further heating. As shown in Figure 8, the multilayer composite grain fabrication was possible by heating the slurry at 60 °C constant temperature for 15 min duration and strong bond between the grain layers was achieved.
The temperature distribution over the surface of cured parts was measured at different heating time using the high-resolution thermal camera and the thermal images were analyzed with FLIR-tool software as shown in Figure 9. In order to measure the temperature distribution over the top printed surface, three lines were drawn. Along each line, the maximum, minimum and average temperature were determined. It is found that the measured average temperature difference between the three lines that are found at a different location of the surface of the part was insignificant. A small temperature variation between the lines asserted that the printed slurry layer was cured by ceramic infrared heater to achieve uniform temperature. This might be happened due to the heat transfer rate through radiation is fast which made the FTE serious ceramic infrared heater was capable to deliver its heat energy with minimum temperature variation (i.e. 59.7 ≈ 60 °C). In addition, the variation of temperature over the printed slurry layer after 8 and 15 min was observed as almost negligible.
The thermal analysis results are compared with cured layer. The temperature distribution of the FE simulation results is shown in Figure 10. Based on the energy absorption of the simulation result of the cured part, the temperature distribution over the cured surface becomes uniform and the upper surface has obtained uniform temperature of 57.22 °C and gradually decreases from the top to bottom surface. Swift heat transfer by infrared radiation and low thermal conductivity of parts played a significant role in achieving uniform temperature on the upper surface. The FE model validation is crucial to validate the simulation results. Minimum measurement error (i.e. 4.2 %) was observed between the numerical and average experimental values.
In addition, the tensile strength characteristics of the printed part were examined and the results are given in Table 2. The average of those three specimens results were considered and the corresponding stress-strain curve is depicted in Figure 11. The layer-by-layer curing process using FTE serious infrared heater was able to produce part with maximum tensile strength of 0.63 MPa and elastic modules of 16.45 MPa. These strength values show significant improvement over the tensile strength characteristics of previously manufactured solid propellant [25] through conventional cast (i.e. tensile strength of 0.34 MPa) and 3D printed (i.e. tensile strength of 0.32 MPa) process.
	[image: thumbnail]	Fig. 5
Slurry composition with different solid loading (NaCl) percentage.




	[image: thumbnail]	Fig. 6
Shear rate vs instantaneous viscosity curve.
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The effect of time on curing.
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Printed multi-layer.
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Temperature distribution contour measured by thermal camera.




	[image: thumbnail]	Fig. 10
Temperature distribution contour simulated by ANSYS.




Table 2

Mechanical properties of 3D printed tensile test specimens.


	[image: thumbnail]	Fig. 11
Stress–strain diagram of 3DP sample under uniaxial tensile load.




4 Conclusion
The fabrication of composite grain was demonstrated directly from CAD file using additive manufacturing method without the help of mandrels or other tooling. The printer extrusion system, which is driven by compressed air supply, was viable to extrude the slurry composite trough at 1.65 mm internal nozzle diameter with 80% solid loading. The novel and simple approach of layer by layer heating technique (15 min for each layer) using low cost ceramic infrared heater could significantly minimized the curing time (from 7 days to 3 days of bulk curing) and cost of grain composite production.
The temperature distribution over the cured surfaces, heated at 60 °C using a ceramic infrared-based fast heating system, was investigated by experimental measurement and surface temperature was compared with thermal analysis of ANSYS simulation. Based on the simulation result, a uniform temperature of 57.22 °C was observed on the upper surface of the model and was gradually reduced from the upper to the lower surface. Furthermore, the temperature distribution on the top surface of the cured part was measured with a high-resolution thermal camera, and about 4.2% deviation is observed with respect to simulation results. Therefore, the experimental and simulation results clearly shows that the FTE serious ceramic infrared heater is feasible to heat the printed slurry with almost the targeted (i.e. 60 °C) temperature during the curing process.
In addition, tensile specimens were successfully manufactured and tensile strength was measured. A maximum tensile strength of 0.63 MPa and elastic modulus of 16.45 MPa were achieved with current printing process and layer-by-layer curing scheme. Therefore, the present heating approach introduced in this work can be extended to fabricate composite solid propellant grain using additive manufacturing techniques. In future, instead of pneumatic driven extrusion system, the use of screw driven extrusion system can solve the issue of extrusion of propellant composition slurry with very high solid loading.
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    Table 1 

Material properties of NaCl.




	Properties
	Values





	Coefficient of thermal expansion (°C−1)
	4.45 × 10−5




	Thermal conductivity [W/m °C]
	6.15



	Specific heat [J/kg °C]
	871



	Young's modulus [Pa]
	3.27 × 1010




	Poisson's ratio
	0.203



	Bulk modulus [Pa]
	1.83 × 1010




	Shear modulus [Pa]
	1.3591 × 1010
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Tensile strength testing. (a) WDW-100 computer control electronic universal testing machine; (b) tensile strength specimen (ASTMD 412-C); (c) Fracture generation during the test.



    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
Slurry composition with different solid loading (NaCl) percentage.



    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
Shear rate vs instantaneous viscosity curve.



    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
The effect of time on curing.



    

  
    
      Fig. 8 

      
        [image: thumbnail]
      

      
Printed multi-layer.



    

  
    
      Fig. 9 

      
        [image: thumbnail]
      

      
Temperature distribution contour measured by thermal camera.



    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
Temperature distribution contour simulated by ANSYS.



    

  
    Table 2 

Mechanical properties of 3D printed tensile test specimens.




	Test specimens
	Tensile strength (MPa)
	Elastic modulus (MPa)
	% of elongation





	Sample 1
	0.63
	13.42
	6.97



	Sample 2
	0.70
	18.50
	4.85



	Sample 3
	0.57
	17.36
	5.15



	
Average

	0.63
	16.45
	5.66
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Stress–strain diagram of 3DP sample under uniaxial tensile load.
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