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Abstract

:

This paper is a study of the microstructure and other selected properties of solid-state, high-speed, rotary friction-welded tungsten and mild steel (S355) joints. Due to the high affinity of tungsten for oxygen, the welding process was carried out in a chamber with an argon protective atmosphere. Joints of suitable quality were obtained without any macroscopic defects and discontinuities. Scanning electron microscopy (SEM) was used to investigate the phase transformations taking place during the friction welding process. Chemical compositions in the interfaces of the welded joints were determined by using energy dispersive spectroscopy (EDS). The microstructure of friction welds consisted of a few zones, fine equiaxed grains (formed due to dynamic recrystallization) and ultrafine grains in the region on the steel side. A plastic deformation in the direction of the flash was visible mainly on the steel side. EDS-SEM scan line analyses across the interface did not confirm the diffusion of tungsten to iron. The nature of the friction welding dissimilar joint is non-equilibrium based on deep plastic deformation without visible diffusive processes in the interface zone. The absence of intermetallic phases was found in the weld interface during SEM observations. Mechanical properties of the friction-welded joint were defined using the Vickers hardness test and the instrumented indentation test (IIT). The results are presented in the form of a distribution in the longitudinal plane of the welded joint. The fracture during strength tests occurred mainly through the cleavage planes at the interface of the tungsten grain close to the friction surface.
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1. Introduction


Tungsten and its heavy alloys [1] have applications in several strategic industrial fields, especially due to the fact that these materials show a favorable combination of mechanical and thermal properties [2]. Tungsten is often used in aerospace, automotive, metalworking processes (tungsten inert gas [3,4] or plasma-transferred arc welding [5]) and military [6] and nuclear technologies [7]. Tungsten is also considered a plasma-facing material [8]. The range of tungsten applications is wide, including, e.g., ballistic applications specialized as kinetic energy penetrators [9] replacing conventional depleted uranium (DU) KEP, which is an extremely environmentally hazardous material [10]. Another crucial application of tungsten in joints is related to thermonuclear reactors, being the next step in the development of a commercial thermonuclear reactor [11]. The concepts of the blanket and the helium-cooled divertor require a connection between the reduced activation steel and tungsten [8].



Welds of tungsten–steel joints, being dissimilar materials with significantly different properties, are increasingly needed [12,13,14]. Direct welded joints between tungsten and steel are difficult to achieve due to the important differences in their physical properties, particularly the coefficient of linear thermal expansion (CTE)—(10.5–12.3) × 10−6 K−1 for steel and (4.3–6.0) × 10−6 K−1 for tungsten [13]—which can lead to large residual stresses during cooling of the joints after the joining process, and, consequently, a high risk of cracks in the joint [14]. One of the most used process for joining materials with disparate CTE values is diffusion bonding [15], in which materials with an intermediate CTE value (V, Ta, Cu, ceramics, etc.), or functionally graded interlayers [16,17], are used to reduce the residual stress level. In common opinion, the transient liquid phase bonding process [18] (also known as diffusion brazing [19]) is preferable because of its relative simplicity. The described methods, however, are based on heating up the entire volume of the joined objects, which, regardless of the physical properties of the joined materials, results in a high level of residual stress, which in the tungsten–steel configuration should be avoided by all possible means. Limiting the level of residual stress can be achieved by local heating with various methods only in a narrow area of the joint formation [20]. From this point of view, the friction welding process could be considered as preferable because of its advantages such as local heating [21,22], a narrow heat-affected zone (HAZ) [23], short operating time [24] and the real possibility of precise control [25] of the amount of heat introduced into welded materials [26,27]. Friction welding methods are often used to obtain joints of dissimilar materials [28,29]. Therefore, in this research, rotary friction welding (RFW) was used to weld tungsten with mild steel for advanced industrial applications.




2. Materials and Methods


Rotary friction welding was performed on bars made of technically pure tungsten (ø5 mm) and S355 steel (ø5 on a length of 20 mm). The chemical composition of S355 steel, in accordance with the EN 10204, is presented in Table 1.



A high-speed RSM210 friction welding machine by Harms & Wende GmbH (Hamburg, Germany) was used for processing the friction-welded joints of tungsten and S355 steel (Figure 1a). The machine consists of a few main components, including a precise control system equipped with a welding cycle parameter recorder and a high-speed rotation spindle with a pneumatic piston for creating pressure in the friction phase and the upsetting (forge) phase of the joint formation cycle. The main advantages of the welding machine include the wide operating range of the parameters that can be set—special attention should be paid to achieving a rotational speed above 20,000 RPM—and the ability to set the friction time in milliseconds, which is significantly supported by the efficient braking system.



Figure 1b shows the assembly of the friction welding rods. The rod in the spindle (tungsten) (1) rotates in relation to a common axis with the fixed rod (355 steel) mounted in a vice with a handle (2). The whole friction system of the specimens is enclosed by a shielding gas chamber (3), which enables friction welding in an argon shielding atmosphere (<10 ppm of O2). Table 2 presents a set of high-speed friction welding parameters as results of multi-stage tests of welding and, finally, optimization according to the criterion of interface strength. Cracks of the welded joints during tensile strength tests were located in the tungsten specimen not far (100–300 µm) from the interface. The welding parameters were set according to the criterion of the minimum friction (heating) time, which in turn leads to a large temperature gradient in the narrow zone of the joint formation. The narrow window of parameters was set at a level close to the limit of the possibility of dynamic torsion of a tungsten rod.



Characterization of the microstructure of the friction joint was performed using an optical (OM) and a scanning (SEM) microscope on the cross-section (along the rod axis). The metallographic observations were made under the optical microscope Olympus BX51M coupled with a digital camera and a computer with Olympus Stream Essentials software, with magnification from 50× to 1000×.



SEM studies were carried out on a JEOL JSM-7600F scanning electron microscope equipped with a Schottky emission gun (FEG). Measurements of the hardness distribution across the friction-welded joint in two characteristic areas were carried out using the Vickers method on a LEITZ MINILOAD 8375 hardness tester with a load of 100 g and a test period of 15 s. The sample, after inclusion in epoxy resin, was wet-ground with discs with grain size from 80 to 2500 until the axis of the bars was reached and polished on a polishing cloth with Al2O3 suspension. Finally, the samples were etched with Nital 5%, and in a second step, by Murakami reagent. Hardness measurements were also performed on the sample prepared in this way. For this joint, the instrumented indentation test (IIT) was conducted using Hysitron Ti 950 TriboIndenter with Berkovich tip. Load–depth curves were obtained for points across the friction-welded joint. Indentation hardness (HIT), reduced modulus of the indentation contact (Er) and the elastic part of the indentation work (ηIT) were determined based on the calculations in accordance with ISO 14577-1. A maximum load of 10 mN was used.




3. Results and Discussion


3.1. Observations of the Joint’s Microstructure


Figure 2a shows the welded tungsten–steel S355 joint. A clearly shaped asymmetrical flash is visible on the side of the steel rod. Figure 2a shows the microstructure of the joints in two characteristic areas near the surface of the welded bars (radius ~2 mm), where the linear velocity is the highest and where the most heat is released, and in the second area close to the sample rotation axis, where heating is limited to conduction from neighboring areas, because the linear velocity is close to 0. Figure 3 shows an image of the microstructure obtained without etching for two characteristic areas near the external surface of the bars and near the axis of the joint. A continuous interface is visible between the pair of welded materials. No incompatibilities in the form of voids, cracks or lack of connection were observed at this interface. On the other hand, the transition zone between the tungsten and the steel varies in width along the entire joint. In the axis of the welded bars, this zone is relatively narrow (Figure 3b), while wider in the radius about 2 mm from the axis (Figure 3). These characteristic areas were subjected to detailed microscopic analysis.



Microscopic examinations carried out at a higher magnification revealed the specific microstructure of the tungsten–steel transition zone (Figure 4). It is particularly visible in the area beyond the weld axis, i.e., at the radius where this zone is clearly wider. The microstructure of the tungsten–steel transition zone is two-phase and clearly banded (Figure 4a). The grains of first phase are visible as dark, uniformly colored and irregular, and between them is a second phase with a color and morphology similar to the welded steel.



The surface distributions of W and Fe in these two areas (radius close to the external surface and in the axis of the bars) of the joint (Figure 5 and Figure 6) confirm the dominant share of iron in the transition zone, but with a significant presence of tungsten. Figure 7 and Figure 8 show the linear distribution of elements along a perpendicular line to the W–steel interface. These studies document the participation of tungsten in dark, uniformly colored, irregular grains in the transition zone (Figure 7). The second phase is rich in Fe. The morphology state may be the result of mechanical (plastic) mixing of defragmented grains (on friction surface) of both welded materials and probably combined with the simultaneous occurrence of the phenomenon of diffusion through the interphase boundary in the solid state. Iron dominates in the transition zone. In the weld axis in the transition zone (Figure 8) and in the side part of the joint from the tungsten side (Figure 7), a gentle slope of the concentration profile of both W and Fe was observed. This could be indirect evidence of the interaction of tungsten with iron during the formation of joints.



Figure 9 shows the qualitative analysis of the EDS element share recorded in the characteristic areas of the transition zone marked in Figure 4a. The quantitative share of elements from these areas is presented in Table 3. The obtained results suggest the formation of a new phase in the transition zone at the boundary between tungsten and steel (area 3 in Figure 4a).



Most likely, it is a Fe-based α solid solution. During the friction welding process, in the zone outside of the axis of the joint, this phase defragmentation and ultrafine grains were mixed with grains of plasticized steel. The insignificant proportion of tungsten in area 2 in Figure 4a is a suitable justification of the above statement. On the other hand, in the middle zone (close to the axis), where the linear velocity is the lowest, the formed Fe-based phase is continuous and has not disintegrated (Figure 4b and Figure 8).




3.2. Hardness Distribution


The hardness HV0.1 measurement was conducted for two areas of the tungsten–S355 steel joint: the zone with ~2 mm radius and the center of the bars’ joint in the axis. For both zones, the microhardness distribution was determined along four measurement lines, from which mean values were calculated. The measurement results as a function of the distance from the W–steel interface are shown in Figure 10.



The average hardness of tungsten in the area out of the joint is about 500 HV0.1. Then, the hardness decreases; the lowest values for the joint on the tungsten side were recorded for the points closest to the interface. The values in this area are from approximately 450 HV0.1 for the axis of the joint to 465 HV0.1 for the edge zone (radius 2 mm). For the initial state of S355 steel, the hardness remains above 200 HV0.1. The value of hardness from the steel side starts to increase from a distance of 600 µm in the interface direction. The highest values of about 400 HV for the S355 steel were recorded at a distance of 25–75 µm from the interface. On the steel side, the grains were strengthened as an effect of plastic deformation and grain defragmentation in the area of the friction plane, while on the tungsten side close to the interface, a decrease in hardness was noted. Although there have been significant changes in the transition zone, the gentle course of the changes in hardness between physically different metals could have a positive stress-mitigating effect.




3.3. Instrumented Indentation Test


The HV0.1 hardness distribution revealed changes in the properties of the friction-welded joint. However, due to the size of the indentation and the transition zone, its properties have not been determined precisely enough. Therefore, to determine the properties of the transition zone, the IIT method with a lower test force was used. The results for the “0” area characterize the properties of the reaction zone. Additionally, this method made it possible to obtain values describing the elastic deformation coefficients: Er and the elastic part of the indentation ηIT.



The measurements were conducted in the area containing the transition zone in the axis of the friction-welded bars (Figure 3a). The distribution of mechanical properties was determined along four measurement lines, from which mean values were calculated. The measurement results as a function of the distance from the W–S355 interface are shown in Figure 11, Figure 12 and Figure 13. The depths of the indenter imprints were recorded from 162 to 303 nm. The hardness change tendency in the area near the W–S355 interface was confirmed. The average indentation hardness value of the transition zone was at the same level of steel on the section up to 150 µm from the border with tungsten. This value was ~5.7 GPa. At a distance of 200 µm from the interface, the indentation hardness value of the steel drops to about 5 GPa. The values for tungsten ranged from 6.5 to 6.8 GPa. The exception was the area 150 µm away from the interface, for which a value of ~5.9 GPa was recorded.



Er values for tungsten were 390 GPa. The area 150 µm away from the interface is an exception, for which a value of just over 350 GPa was recorded. For S355, the reduced modulus values ranged from 237 for the area 50 µm away from the interface to 284 GPa for the 800 µm distance. By contrast, Er for the reaction zone was 291 GPa.



While making imprints in the friction-welded sample, the plastic deformation work (Wplastic) was dominant. For tungsten, ηIT was about 14–15%, while for steel, it was about 13%. In the reaction zone, the Welastic part was 16%. It remained at an elevated level (14–18%) in the friction-welded zone at 400 µm from the interface on the S355 side.



The reaction zone was formed from the combination of W–S355 materials and is characterized by intermediate properties between them. Compared to W, lower indentation hardness, reduced modulus and a greater part of plastic deformation work during the indentation process were recorded. However, in relation to steel, higher values of HIT, Er and ηIT were registered. This tendency was also present farther away from the W–S355 interface. The gradual changes in the measured properties (HV0.1, HIT, Er and ηIT) are visible at the following distances from the interface: 550 µm for steel, and 150 µm for tungsten. It was also observed that the results for the reaction zone showed the greatest dispersion. This proves that the dynamic joining process caused greater heterogeneity in this area in relation to the base materials.




3.4. Tensile Strength of Welded Joints


The ultimate tensile strength of the W–steel welded specimens was measured in a calibrated universal tensile testing machine with a capacity of 40 tons, a type ZD-40 machine (Germany), at a rate of 1.5 mm/min ram speed. The asymmetrical flash of friction-welded joints on the side of the steel was not removed before tensile tests. Figure 14 shows the test specimen with crack localization on the tungsten side of the joints close to the interface.



The range of recorded UTS values for the population of 20 samples was relatively wide, from 150 to 330 MPa. In each case, the cracks were on the tungsten side close to the interface. The average strength value of the joint was significantly lower than the nominal values characteristic for tungsten. In the structure of the joint on the tungsten side, no instances of changes that could be responsible for this weakening were observed. The reason may be the high level of residual stresses [30] inherent in tungsten and steel joints.





4. Conclusions


The microstructure, hardness and tensile strength of joints between tungsten and S355 mild steel after high-speed rotary friction welding were investigated, with a focus on changes in physical properties, phase and chemical compositions at the interface. The following main results were obtained:




	
Friction welding of tungsten to S355 steel was successfully carried out directly and without any heat treatment under a shielding gas atmosphere. The maximum friction-welded joint strength of 330 MPa is about 30% of the tungsten base material. The average value of the strength of the joint was significantly lower than the nominal values characteristic for tungsten.



	
In the structure of the joint on the tungsten side, no instances of changes that could be responsible for this weakening were observed. The reason may be the high level of residual stresses inherent in tungsten and iron alloy joints.



	
The microstructure of friction welds consisted of fine equiaxed grains due to dynamic recrystallization. Moreover, plastic deformation in the direction of the flash is visible mainly on the steel side.



	
EDS-SEM maps and scan line analyses across the interface did not confirm the diffusion of tungsten to the iron alloy side. However, the EDS-SEM point analysis indicated a slight amount of tungsten in the Fe matrix close to the interface.



	
On the basis of EDS and fracture observation, it can be concluded that the nature of friction welding of dissimilar joint is non-equilibrium based on deep plastic deformation without visible diffusive processes in the interface zone.



	
The phase boundary of W–steel is not the weakest element of the joint; fractures during the tensile test propagated through tungsten grains close to the interface.



	
The tungsten was weakened by the welding process close to the W–steel interface.
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Figure 1. High-speed welding machine. (a) General view. (b) Assembly of samples to be welded in special argonium atmosphere chamber: (1) rotating sample, (2) stationary sample, (3) atmosphere chamber, (4) shielding gas supply nozzle. 
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Figure 2. Microstructure of a friction-welded joint (tungsten + S355) (a); in two characteristic areas, (b) near the surface of the welded bars (~2 mm radius), (c) close to the sample rotation axis. 
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Figure 3. OM microstructure of tungsten–S355 steel friction-welded joint in longitudinal section: (a) in the axis of the welded bars, (b) at ~2 mm radius of the welded bars sample (not etched). 
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Figure 4. SEM microstructure of friction-welded W with S355 steel bars: (a) zone in ~2 mm radius of specimens; (b) in the axis of the bars’ rotation. 
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Figure 5. Surface distribution of elements at the interface in the zone with ~2 mm radius of bars of W–steel welded joints. 
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Figure 6. Surface distribution of elements at the interface in the axis of W–steel welded joints. 
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Figure 7. Linear distribution of Fe and W in cross-section of the interface of the joints, outside of the bars’ rotary axis. 
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Figure 8. Linear distribution of Fe and W in cross-section of the interface of the joints, in the welded bars’ rotary axis. 
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Figure 9. EDS spectrum recorded in the characteristic areas of the W–steel transition zone indicated in Figure 4. 
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Figure 10. The hardness distribution as a function of the distance from the tungsten–S355 steel interface. 
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Figure 11. The indentation hardness distribution as a function of the distance from the tungsten–S355 steel interface. 
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Figure 12. The distribution of reduced modulus of the indentation contacts as a function of the distance from the tungsten–S355 steel interface. 
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Figure 13. The distribution of the elastic part of the indentation work as a function of the distance from the tungsten–S355 steel interface. 
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Figure 14. Macrograph in fracture area of (a) the friction-welded joint (tungsten + S355), non-etched; (b,d) micrograph of the fracture at the edge and axis (c) of the bars with higher magnification. 
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Table 1. Chemical composition (wt %) of S355 steel based on manufacturer specification—3.2 type quality certificate according to EN 10204.






Table 1. Chemical composition (wt %) of S355 steel based on manufacturer specification—3.2 type quality certificate according to EN 10204.





	C.
	Si
	Mn
	P
	S
	Cr
	Ni
	Mo
	Al
	V
	Cu
	Ti
	Fe





	0.171
	0.247
	1.005
	0.026
	0.0059
	0.038
	0.020
	0.003
	0.032
	0.003
	0.010
	0.0026
	rest
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Table 2. Process parameters of high-speed friction welding of tungsten + S355 steel.
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	Process Parameter
	Value





	Spindle rotational speed (in the friction phase) [RPM]
	10,000



	Friction phase duration [ms]
	900



	Forge phase duration [ms]
	2000



	Pressure on the front of the specimens in the friction phase [MPa]
	110



	Pressure on joint surface of the samples in the forge (upset) phase [MPa]
	137.5



	Shielding gas flow argonium [l/min]
	18
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Table 3. The quantitative share of elements in the areas of the reaction zone marked in Figure 4a.
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	Spectrum Label
	Spectrum 1
	Spectrum 2
	Spectrum 3
	Spectrum 4





	Mn
	-
	1.10
	0.88
	1.09



	Fe
	1.02
	93.70
	81.71
	97.91



	W
	98.98
	5.19
	17.40
	1



	Total
	100
	100
	100
	100
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