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Abstract

:

A diffusion bonding system to fabricate long tubular parts by joining of two- or more-unit tubes made of tungsten heavy alloys (THAs) is proposed and characterized in this study. The difficulty of powder processing of THA originates from the weak strength of the green compact and the high weight of the THA powders. The long tubular green compact is difficult to handle due to its weak structural integrity. Furthermore, gravity-induced slumping during liquid phase sintering induces dimensional distortion and degrades the mechanical performances. As a clue for solving these problems, the unit tubes are fabricated. However, the mass of green compacts for unit tubes is not sufficiently great as to cause problematic slumping; tubular unit tubes can be obtained without significant difficulty. Fabricated unit tubes are stacked in a furnace chamber and diffusion-bonded to produce a long tubular part having bond strength substantially equal to that of a monolithic tube. The proposed diffusion bonding system was well characterized and successfully applied to the industrial production line. The feasibility was also confirmed by investigating the bond quality, which can be assessed by metallographic microstructure and mechanical property.
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1. Introduction


Tungsten heavy alloys (THAs) are a typical class of multi-phase composites consisting of tungsten powders embedded in a ductile matrix phase with lower melting point binder metals such as Ni, Fe, Cu, and Co. As the melting point of tungsten is excessively high, binder metals have been mixed to form a liquid phase when heated to a moderate temperature. The melted binder metals induce wetting of the tungsten grains, leading to the attainment of full density through the tungsten grain densification and rearrangement [1,2]. As tungsten is the practical element for a wide range of uses in density driven applications, THAs have been widely used in making counterbalance for vibration dampening, parts for military defense, such as missile weapons and fire arms, and in many applications that require long tubular or hollow shapes.



In general, conventional plastic forming processes, such as roll forming [3,4,5,6] and seamless tube manufacturing [7] methods, have been usually used to produce tubular parts. For relatively complex shaped products, hydroforming [8,9,10,11] and electromagnetic forming [12,13] have been used.



As tungsten is tough and difficult-to-form material, the application of the conventional plastic forming method to the fabrication of long tubular parts is hard to achieve. Furthermore, THAs have low machinability because it is abrasive and produces short chips [14]. Therefore, although a variety of possible fabrication technologies exist for specific applications, almost all THA manufacture utilizes the powder metallurgy approaches.



The processing sequence of THAs includes the mechanical blending of the elemental powders and high- pressure powder compaction by cold pressing, followed by liquid phase sintering to obtain dense products [15,16]. The size of a green compact that can be produced using conventional powder metallurgy approaches can be limited by the relatively low green compact strength and the heavy weight of THA powders. As the green compact is easily broken, the shape of the green compact significantly influences its structural rigidity. Especially, long tubular compacts are hard to press in shaped tooling and challenging to handle. Another difficulty in producing a large THA compact through liquid phase sintering is gravity-induced slumping [17]. Even with the structural support of the compact, slumping is hard to prevent during liquid phase sintering. Accordingly, dimensional changes due to slumping need to be taken into account by considering the dimensional change of the compact after liquid phase sintering [18].



A method for fabricating long tubular parts by inductively bonding multiple unit tubes has been developed and industrially implemented [19]. To reduce the handling weight of green compacts, the unit tubes of small sintered compacts have been used for fabricating long products. The mass of unit tubes was not sufficiently high as to cause problematic slumping, long tubular products have been successfully obtained. However, as an inductive bonding typically present narrow stability windows [20,21,22], it demands tremendous efforts to control the processing parameters, such as temperature, vacuum level, pressing weight, and alignment positioning of the unit tubes to achieve high quality bonding.



Therefore, a useful diffusion bonding system has been proposed in this study to overcome the difficulties of the inductive bonding method. Unlike the local inductive bonding method, which requires multi-control of respective joints between unit tubes, the proposed diffusion bonding system heats entire unit tubes for easy and unified control. Multiple unit tubes are stacked in a specially designed heating chamber and diffusion bonded to produce a monolithic tube. In the optimization of the diffusion bonding process, the effect of processing factors, the tube positioning, temperature, and environment gas atmosphere on the bonding quality has been investigated. The feasibility of developed system has been confirmed by metallographic analysis of microstructures and mechanical testing.




2. Materials and Methods


2.1. Materials and Fabrication of Unit Tubes


The investigated THAs were fabricated from high pure elemental powders of 93.10 wt% W, 4.83 wt% Ni, and 2.07 wt% Fe. The raw powders were mechanically mixed to form a homogeneous blend. The blended tungsten alloy powders were ball-milled for 5 h in a jar filled with 1.0–1.5-inch balls in an argon environment to break up the agglomerates, provide intimate mixing, and uniformly disperse the elemental powders. For the homogeneous distribution, the blended powders were crushed again using a Fitz mill. Then, the powders were subjected to cold isostatic pressing (CIP) in order to obtain denser green compacts [23,24,25,26]. The assembly was pressurized hydrostatically in a chamber at 195 MPa for 20 s.



In this study, unit tubes have been fabricated by diffusion bonding of semicircular tubes shown in Figure 1a. Semicircular tubes were produced by liquid phase sintering of THA green compacts having semicircular shapes [27]. The sintered semicircular tubes were subsequently joined by solid state diffusion bonding at 1427 °C for 3 h, as shown in Figure 1b [28]. The outer diameter, wall thickness, and length of the unit tube are 205.0 mm, 20.0 mm, and 208 mm, respectively. Then, diffusion bonded tubes were machined to unit tubes having target shapes, as shown in Figure 1c. The process sequence for fabricating the unit tube is summarized in Figure 2.




2.2. System Design to Fabricate Long Tubular Products


In the fabrication of long tubular parts, a vertical type diffusion bonding system has been specially designed to conduct the following functions. Accurate measurement and control of temperature in high temperature processes are crucial and must be prioritized to maintain system performances [29,30,31,32,33]. Figure 3 schematically shows the diffusion bonding system developed in this study. The unit tubes are vertically positioned in a chamber of the diffusion bonding system. The unit tubes are stacked on a non-reactive firebrick cart to prevent possible contaminations, and then inserted into the chamber. The stacked unit tubes are diffusion bonded in the heating zone under a controlled gas atmosphere. As the junctures of the stacked unit tubes are heated to a solid-state sintering temperature, the alignment control of the stacked unit tubes to limit distortion and slumping is critical to obtain acceptable long tubular products. After the diffusion bonding process, the bonded products are cooled in the cooling zone under a controlled gas atmosphere.



Figure 4 provides schematic drawings of the vertical diffusion bonding system. Figure 4a shows stacked tubes before diffusion bonding. For diffusion bonding, stacked tubes are first loaded in the cooling zone, and then, the loading gate is closed. To evacuate air in the heating and cooling zones, nitrogen purging is performed to achieve a nitrogen atmosphere. Then, the stacked tubes are elevated and positioned at the heating zone and heated under controlled atmosphere for diffusion bonding, as shown in Figure 4b. The diffusion-bonded product is moved to the cooling zone and cooled by nitrogen circulation, as shown in Figure 4c. The product in the cooling zone is still at a high temperature, and thus, to prevent oxidation and surface deterioration, cooling by nitrogen circulation is continued until the temperature of the product reaches 150 °C. The product is then extracted from the system and air-cooled.





3. Results and Discussion


3.1. System Development to Fabricate Long Tubular Products


The diffusion bonding system developed in this study consists of an upper heating zone and a lower cooling zone. Figure 5 shows installed heating and cooling chambers on the shop floor. The total height of the system is 8.3 m, and spaces of heating and cooling chambers are 2.0 m × 2.0 m × 2.5 m, and 2.5 m × 2.0 m × 2.5 m, respectively.



In the heating zone, the stacked tubes are diffusion bonded by heating under a controlled atmosphere. Figure 6 provides photographs of the upper heating zone and 180 KW moly heating elements. As the moly heating element in nitrogen atmosphere can be deteriorated at high temperature, the environmental control in the heating zone is mainly required at temperatures above 760 °C.



In the cooling zone, the bonded tubular products are rapidly cooled by circulating nitrogen gas. Figure 7 provides photographs of the lower cooling zone. The diffusion-bonded product is moved to the cooling zone and cooled by nitrogen circulation. The stacked tubes positioned at the heating zone are moved to the cooling zone and cooled by nitrogen circulation.



During diffusion bonding, the stacked tubes are heated and cooled under a controlled atmosphere. For the control of the workpiece movement and environmental atmosphere, the refractory valve seat, which is a movable gate valve that mates with the valve face, was used.



The unit tubes are stacked by directly putting them together “face-to-face.” For tight joining, the surfaces to be joined are machined so that the outside diameter of one (protruded) is equal to the inside diameter of the other (sunken). Figure 8 shows joint preparation for best fit of contacting tubes. Unexpected power unbalances, vibrations, biased stacking, and non-uniform temperature distribution during diffusion bonding may cause distortion or buckling in stacked tubes. Figure 9 shows a sample of process-induced distortion and buckles in stacked tubes observed during preliminary tests.



Therefore, proper alignment or location needs to be secured with suitable support, or by applying light pressure. In this study, special supports are designed and applied to maintain the straightness and concentricity of the long tubular part. As shown in Figure 10, three round molybdenum bars are located inside of the stacked tubes, and the alignment of the bars is maintained by triangular alumina cores.




3.2. Fabrication of Long Tubular Products


The estimation of the bonding performances of tubes formed by diffusion bonding processes, was made in long tubular parts by joining three-unit tubes. Diffusion bonding is subject to a time–temperature relationship. In this study, the diffusion bonding was performed under the condition of 5 h in holding time. For a given holding time, the optimal temperature to achieve the desired bonding quality was determined through the results obtained at the five different temperatures, 1427 °C, 1438 °C, 1441 °C, 1443 °C, and 1454 °C.



Two of the most important factors are the uniformity of temperature and the gas atmosphere in the heating zone. With too rapid heating to the designated temperature for diffusion bonding, the refractory brick and heating coil could be damaged. Figure 11 shows the controlled heating schedule proposed for the diffusion bonding of stacked unit tubes. If the nitrogen atmosphere is maintained at temperatures above 760 °C, the moly heating elements in the heating system become nitrided, which shortens the heating element life span. At temperatures above 760 °C, the circulating hydrogen gas in the heating zone does not deteriorate the heating system and is safely emitted and burned at the outlet.



Therefore, the constant heating rate in the heating zone is maintained until 760 °C, under a nitrogen atmosphere. Above 760 °C, the nitrogen atmosphere is substituted with a hydrogen atmosphere to activate the heating zone. During atmospheric change, the temperature of the heating zone is reduced about 30 °C, but the temperature can be stabilized with an increasing content of hydrogen gas. When the hydrogen content exceeds 99%, the temperature increases linearly to the designated temperature for diffusion bonding.



Figure 12 shows the microstructural evolution with diffusion bonding temperatures. From the microstructures shown in Figure 10, the temperature for the diffusion bonding has been determined.



Table 1 shows the test result of diffusion bonding experiments obtained at various temperatures. At temperatures below the designated temperature for diffusion bonding, joining between tubes is insufficient and tubes can easily separate due to insufficient joining. At the designated temperature for diffusion bonding, joining of binder metals starts and the joining line between binders starts to decrease due to the self-weight of the tubes. Then, the movement of tungsten powder becomes active and joining lines disappear. Perfect joining can be accomplished at this stage. At temperatures above the designated temperature for diffusion bonding, tungsten powders coalesce, and irregular tungsten powders also increase. Furthermore, the binder starts to disappear and pores are generated. The microstructures obtained from the diffusion bonding test clearly show the evolution of the microstructure.



If the designated temperature is well-maintained during diffusion bonding, the surfaces pressurized by self-weights start to join by using applied thermal energy. A sound product was obtained at 1443 °C (Case D), as shown in Figure 13a. When the applied temperature exceeds the designated temperature for diffusion bonding (Case E), the liquid phase induces dimensional distortion and degrades the bonding qualities, as shown in Figure 13b. If the temperature is lower than the designated temperature for diffusion bonding, insufficient junctures are observed. After heating for diffusion bonding, bonded tubular products are slowly cooled in the furnace to prevent thermal shock. Rapid cooling can damage the heating coils and cause failures of the refractory bricks in the heating zone. In the product extract, the hydrogen atmosphere is substituted with nitrogen atmosphere. Then, the product is moved to the cooling zone and cooled by nitrogen circulation.



Figure 14 shows a diffusion bonded tube obtained using controlled the heating schedule shown in Figure 11. The outer diameter, wall thickness, and length of the tube are 205.0 mm, 20.0 mm, and 832 mm, respectively.



In the stabilization of the material properties of the diffusion bonded tube, a post heat treatment was performed at 1150 °C for 8 h [34,35]. The bonding quality of diffusion bonded products was estimated in terms of mechanical properties such as the hardness, tensile strength, and elongation.



Table 2 shows the mechanical properties of the diffusion bonded tube after heat treatment. As shown in Table 2, no remarkable differences in mechanical properties are observed, and the bonded zone has the characteristics of the non-bonded base zone. As shown above, the proposed method was successfully implemented, and its feasibility has been well confirmed.





4. Conclusions


A useful system to fabricate long tubular parts of THAs by diffusion bonding of two- or more-unit tubes was developed and the following conclusions were obtained:



(1) The developed system in the present study is a novel one for producing a monolithic long tubular part for a wide variety of uses. This industry-applicable tube manufacturing system was well characterized, and its feasibility was demonstrated by bond quality, which was assessed by optical metallography and mechanical testing.



(2) The diffusion bonding performance was found to be significantly influenced by the uniformity of temperature and the gas atmosphere in the heating furnace. To protect the heating furnace and to minimize distortion of products, heating and cooling rates with their respective gas atmospheres must be precisely controlled.



(3) The machining of protruded/sunken surfaces, and the three molybdenum round bars maintained by triangular alumina cores were helpful to maintain the straightness of the long tubular products.



(4) Monolithic long tubular products were successfully manufactured by diffusion bonding of the unit tubes stacked in a furnace consisting of heating and cooling zones.



(5) The microstructural evolution during diffusion bonding has been sequentially characterized at various temperatures.
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Figure 1. Unit tube manufacturing: (a) sintered and machined semicircular tubes; (b) diffusion bonded tube; (c) final machined tube. 
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Figure 2. Process sequence for fabricating the unit tube. 
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Figure 3. Schematic drawing of the diffusion bonding system. 
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Figure 4. Schematic drawing of vertical diffusion bonding system: (a) Tube loading; (b) Heating zone—diffusion bonding; (c) Cooling zone—nitrogen circulation. 
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Figure 5. Vertical diffusion bonding system: (a) Upper heating zone; (b) Lower cooling zone. 
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Figure 6. (a) Upper heating zone; (b) Moly heating elements. 
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Figure 7. Workpiece movement; (a) workpiece in the upper heating zone; (b) move down to lower cooling zone; (c) workpiece in the lower cooling zone. 
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[image: Applsci 10 02988 g007]







[image: Applsci 10 02988 g008 550] 





Figure 8. Joint preparation for best fit: (a) protruded; (b) sunken. 
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Figure 9. Sample of distortion and buckles in stacked tubes. 
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Figure 10. Supporting device to maintain straightness of stacked tubes: (a) conceptual view; (b) three round molybdenum bars are located inside of the stacked tubes; (c) set-up view. 
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Figure 11. Processing cycle for diffusion bonding to make long tubular parts. 
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Figure 12. Microstructural evolution with diffusion bonding temperatures: (a) joining of binder metals starts; (b) width of binder layer decreases due to self-weight; (c) further decrease in the width of binder layer; (d) creation of a bonding line; (e) diffusion bonding of tungsten powder along with the bonding line; (f) bonding line disappears; (g) growth of tungsten powder (optimal bonding); (h) over-growth of tungsten; (i) pore generation with binder disappearance. 
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Figure 13. Diffusion bonded long tubular tubes: (a) sound tube; (b) tube that has been distorted due to overheating. 
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Figure 14. (a) Diffusion bonded tube (front view); (b) diffusion bonded tube (top view); (c) defect inspection. 
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Table 1. Diffusion bonding test result.
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	Case
	Temp (°C)
	Microstructure
	Bonding Quality





	A
	1427
	Figure 12a,b,c
	Bad



	B
	1438
	Figure 12d,e
	Bad



	C
	1441
	Figure 12f
	Acceptable



	D
	1443
	Figure 12g
	Good



	E
	1454
	Figure 12h,i
	Overheat (distortion)
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Table 2. Mechanical properties of the diffusion bonded tube after heat treatment.
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Position

	
Hardness (HRC)

	
Tensile Properties (ASTM E8M)




	
Tensile Strength (kg/mm2)

	
Elongation (%)






	
Bonded Zone

	
29.75

	
95.2

	
29.1




	
Non-bonded base

	
29.69

	
95.9

	
28.3
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