Effects of copper insert layer on the properties of friction welded joints between TiAl and AISI 4140 structural steel
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Abstract
Friction welding characteristics between TiAl and AISI 4140 have been investigated in this study. In spite many trials were applied to achieve the sound weld zone of direct bonding between TiAl and AISI 4140 without crack under various friction welding condition, a micro and large crack occurred through the interface due to the brittle nature of reaction products and the martensite transformation resulted in volume expansion near the weld zone. The formation of crack resulted in a lower tensile strength of joints relative to those of other welding technique. Therefore, to prevent crack formation at the interface, pure copper was used as insert metal for stress relief buffer layer. In the view point of tensile strength, the highest tensile strength between TiAl and AISI 4140 was acquired by using pure copper as insert metal. Fracture occurred at the TiAl base metal under optimum friction welding condition.
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1. Introduction

In various intermetallic compounds, TiAl (γ-TiAl base) alloy has been focused on as the most practical lightweight and heat-resistant material. With highly attractive properties, TiAl alloys have an excellent potential to become one of the most important high-temperature structural materials [1]. Recently, the property of TiAl alloys has been remarkably improved through alloy design and microstructure control to meet requirements for some gas-turbine and automobile engine components [2]. However, appropriate joining techniques are indispensable for the full utilization of these materials. In the point view of the practical application of TiAl to the components, technology developments not only in the alloy design but also in processing, surface modification and joining techniques are necessary[3]. 

The ability to join TiAl itself and to other materials opens up the possibility to produce more complex parts as dual properties components. Conventional fusion welding process such as gas tungsten arc (GTA), laser, electron bean (EB) welding and brazing are possible to use when joining TiAl. However, the low ductility of the material in combination with high residual stresses makes fusion welding complicated. Moreover, due to the high reactivity of TiAl and the tendency to form fragile intermetallic and oxide phase across the joint interface, the bonding of TiAl is more difficult than most other structural alloys.
Solid state bonding such as friction welding and diffusion bonding avoid many of these problems and are attractive for relatively brittle intermetallic materials like TiAl [4-8].

Reported joining techniques concerning similar TiAl are brazing or vacuum brazing, infrared welding, diffusion bonding, electron beam welding and friction welding [9]. However, the techniques applied to the joining of dissimilar TiAl and steels are brazing (induction and vacuum brazing), diffusion bonding and friction welding [10]. Although rather good joint properties can be obtained by brazing [3, 5], these welding method should need vacuum equipment and shield gas and this method resulted in a low tensile strength. TiAl and steel has been also successfully joined by diffusion bonding [8], however, long process time and the high corresponding operation cost may render this joining method non-ease for practical application.
Friction welding has represented the specific joint characteristic when joining dissimilar material [11-12]. In the friction welding process, heat is generated by the conversion of mechanical energy into thermal energy at the interface of the workpieces without use the electrical energy or heat from other sources during the rotation workpieces under pressure. Some of the advantages of friction welding are high material save, low production time, and being possible of welding of different metals or alloys. However, in spite of many operational advantages, the friction welding of TiAl and structural steel was not successful because cracking occurred at the brittle interface of the joint due to the internal stress induced by the martensite transformation of the steel during air cooling after joining [10]. As similar as brazing technique, to prevent crack formation, the weld design is absolutely needed to acquire defect free weld zone when friction welding method is intended to join TiAl and structural steel.

In this study, friction welding was applied to join the investment cast TiAl and commercial AISI 4140 steel. Interface phenomena, microstructure variation near the weld zone and mechanical properties were evaluated with various friction welding conditions. This paper also aims to demonstrate the feasibility of friction welding of TiAl alloy to AISI 4140 steel using a pure copper as interlayer in order to prevent crack formation at the interface.

2. Experimental procedure

The materials used in the present work were as investment cast TiAl alloy (Ti-47at%Al) without post HIP treatment and commercial available AISI 4140, which were machined to a rod shape 20mm in diameter and 120mm in length and 24mm in diameter and 120mm in length, respectively. The steel grade selected for shaft components in thermal machinery is usually quenched and tempered steel, as like AISI 4140, because of its high tensile strength and wear resistance. The pure copper as buffer for stress relief was 22mm in diameter and 50mm in length. 

The friction welding parameters are rotating speed N, friction time t1, upset time t2, friction pressure P1 and upset pressure P2 when welding with brake type machine. In this present work, t2 and N were fixed at 5sec, 2000 rev/min, respectively. When TiAl were directly bonded to AISI 4140, t1 was varied from 30 s to 50 s. P1 and P2 were changed from 130 to 170MPa and form 300 to 460MPa, respectively. 
In case pure copper was used as insert layer, two steps joining of friction welding were carried out to complete the joints. The joining of the AISI 4140 to pure copper was carried out in a routine manner with condition of t1=0.5s, t2=1.0s, P1=100MPa and P2=300MPa. After removal of the weld bead and cutting pure copper to be constant 5mm thickness, the resultant pure copper/AISI 4140 body was positioned in the friction welding machine with the interlayer end facing the TiAl surface to be joined with various P2 (220MPa-250MPa) to control the layer thickness of insert metal with fixed condition of t1=0.5s, t2=1.0s and P1=75MPa as represented Fig.1. 

The resultant welds sliced using an electron discharge machine were ground with SiC paper, and finally micro polished using 0.3(m Al2O3 powder. The microstructures of friction welded interfaces were observed by OM (optical microscopy), and SEM (scanning electron microscopy). Elements and phases near the weld zone were analyzed using EDS (Energy Dispersive Spectroscopy) and X-ray element mapping method.
Tensile testing was performed at room temperature using an Instron type testing machine with 0.83(10-2mms-1 cross head speed. Hardness distribution of each material in the vicinity of the weld interface was measured with a load of 1.96N, for 10sec.

3. Results and discussion
Fig.2 represented the macro cross sectional view of direct joint of TiAl and AISI 4140 steel with various welding condition. In the case of dissimilar materials joints by friction welding, the formation of the flash depends on two parent materials mechanical properties. The flashes were symmetrically formed around the weld interface on AISI 4140 side. The amount of flash increased with increasing t1, P1 and P2, while TiAl side was not macroscopically deformed because TiAl has brittle nature and thus was more resistance to deformation. The deformation range on the AISI 4140 side was obviously varied with welding conditions. 

Cross sectional optical macrostructures and related SEM microstructures in case of direct joints of TiAl and AISI 4140 with friction time are shown in Fig.3. In the central region of joints (a) a very thick reaction layer was formed. The reaction layer represented very complex feature which was characterized by the metal flow of two different layers. The width of reaction layer increased as increasing friction time and showed a 300 ㎛ for 30s friction time and 600 ㎛ for 50s friction time, respectively. There exited some microcrack across the reaction layer. The mid-interface region (b) also represented some reaction layer which was about 40-50 ㎛. The crack was formed between reaction layers. And, at the peripheral region (c), reaction layer was not observed and the crack was formed between TiAl and AISI 4140. Regardless of friction time, the crack was formed across a thicker reaction layer in the central region, between reaction layers in the mid-interface region and between TiAl and AISI steel in the peripheral region, respectively. 
The width of crack increased from the central region to the peripheral region. The possibility of crack formation may be higher at the peripheral region, since the relative region velocity varies initially from zero at the central region to maximum of 3m/s at the peripheral region of the joint [11], the peripheral region might be reached a higher temperature and experienced rapid cooling after friction welding. 
Fig. 4 represents the SEM microstructures of the central interface and EDS results of each reaction layer. BE (backscattered electron) image confirmed two kinds of reaction layer (b, c) were formed between TiAl and AISI 4140 steel. These reaction layers were characterized by irregular stacking of two different layers. These layers had a different fraction of Fe element with same compositional ratio between Ti and Al. From the EDS analysis, the reaction layer b was consisted of 37.8 at % of Al, 45.6 at % of Ti and 15.6 at% of Fe. In spite there were some compositional variation, this layer was roughly estimated by Fe rich-γ TiAl phase. Region c has more Fe than region b and was identified by FeAl and Fe2Ti intermetallic compounds.
Fig. 5 shows the SEM microstructure of interface between reaction layer and AISI 4140 indicated at region e in Fig.4a and X-ray mapping result of Ti and C. Ti has known for a higher chemical reactivity rather than other element and well combined with carbon. Because of a strong reactivity between Ti and C, TiC layer and a decarbonized region were formed between reaction layer and AISI 4140 steel [8]. A faster diffusion rate of carbon than other element in AISI steel made a ferrite region at the nearest interface compared to the pearlite structure of AISI 4140 steel. X-ray element mapping result confirmed the TiC layer and carbon rich or poor region near the interface. Therefore, the interface between reaction layer and AISI steel was composed of reaction layer, TiC, decarbonized layer (ferrite region) and slightly coarsened pearlite. 
The AISI 4140 side was greatly deformed by the severe plastic deformation and frictional heat near the weld zone. Fig. 6 shows the microstructural variation at the AISI 4140 side and SEM images of the two layer structure. The black region (c) was mainly composed of the coarsened pearlite. The white region (b) showed a lath-like structure, which may be martensite structure. The area of white region increased close to the interface. During the friction welding process, the temperature near the interface would be reached between A3 temperature and the melting point of AISI 4140 steel. Therefore, the microstructure of AISI 4140 steel was transformed to the austenite. The austenite microstructure was changed to the other phases due to the diffusion of carbon to the grain boundary and rapid cooling rate [13]. When exposed to cooling from elevated temperatures, the AISI 4140 steel experienced a martensite transformation at the surface in contact with the TiAl. The nucleation of the martensite phase was accompanied by a volume expansion. A direct joining between the TiAl and the AISI 4140 steel components results in a high residual stress on the TiAl at the TiAl/martensite interface due to this volume expansion, causing cracking and failure of the joints.

Fig.7 shows the cross-sectional hardness profile near friction welded joints. Hardness of the reaction layer and AISI side near the interface remarkably increased and reached approximately 600-900HV. This hardened region could be attributed to the brittle intermetallic layer and martensite structure. This region reached approximately 4mm from the weld interface to AISI 4140 steel side. However, there was no hardness variation at TiAl side.

The average tensile strength of friction welded joint shows 120MPa which was lower value relative to those of the other bonding process due to a large cracking exited in the interface. To apply the friction welding to join brittle TiAl alloy and AISI 4140, it is absolutely needed to prevent the formation of the crack at the peripheral region, such as use of buffer layer for stress release. In this present study, pure copper was used to insert layer between TiAl and AISI 4140 steel. 
The reason for choice of pure copper for interlayer as follow: (1) Pure copper has a higher ductility with low elastic modulus and a linear expansion coefficient; therefore, can absorb and minimize the residual stress near the directly bonded interface between the TiAl and the AISI 4140 steel. (2) Because pure copper has a higher thermal conductivity, therefore, it can transfer the weld heat from the interface. It can minimize the width of heat-affected zone on the steel side such as brittle martensite phase formation during the welding thermal cycle. (3) From previous our study [14], pure copper showed a higher joinability with carbon steel by friction welding and a brittle intermediate phase was not formed between pure copper and carbon steel. And pure copper was also used as interlayer diffusion bonded Ti alloy to stainless steel [15].
Fig.8 shows the microstructure near the weld zone inserted by pure copper between TiAl and AISI 4140 steel and SEM microstructure (SE (secondary electron) image) of each interface. Layer thickness can be controlled by the adjusting friction welding parameters such as friction time and upset pressure. In this study, the layer thickness of the insert metal (pure copper) between TiAl and AISI 4140 joints was controlled below 1 mm by changing P2 ranged from 220 MPa to 250 MPa under fixed other welding conditions, such as P1=75 MPa, t1=0.5 sec and t2=1.0 sec.

Defects such as crack and cleavage were not observed at both interfaces of TiAl/pure copper and pure copper /AISI 4140 within applied welding conditions in this study and this result meant that joints between TiAl and AISI 4140 can be successfully achieved using insert metal. Though some reacted phase less than 1 ㎛ was observed at the interface between pure copper and AISI 4140, it was not an intermediate phase. However, at the interface of TiAl and pure copper, two kinds of intermediate phases (AlCu2Ti and TiCu4) were formed. At the peripheral region of the joints between TiAl and pure copper, interface was composed by TiAl/AlCu2Ti/TiCu4/AISI 4140. However, at the central region of the interface, only AlCu2Ti phase was formed. Because of a higher regional velocity at the peripheral region, temperature at the peripheral side was higher than that of the central region. It accelerated the interdiffusion of Ti, Al and Cu at the interface. The formation of two kinds of intermetallic compound at peripheral region could be explained by a higher temperature. The phase transformed region observed at the AISI 4140 side remarkably decreased and was limited less than 0.5 mm from the weld interface. 
Fig.9 shows the hardness distribution near the interface using insert layer. At AISI 4140 side, a remarkable hardened region due to the martensite structure was formed within 0.3 mm from the AISI 4140 / copper interface. This hardened region was very narrower compared to that of interface of direct bonding of AISI 4140 and TiAl due to a shorter t1 and high thermal conductivity of pure copper. In the copper region, slightly softening occurred due to recrystallization and annealing effect caused by welding heat. 

Fig.10 shows the room temperature tensile strength variation, SEM fractured surface and EDS result acquired on fracture surface with various layer thicknesses of insert metal. The tensile strength increased as decreasing layer thickness and it meant a higher P2 (=250MPa) positively affected on the joint strength. At the 600 (m of layer thickness, the tensile strength was about 250 MPa. The fracture mainly occurred at the interface of TiAl/pure copper and was partially introduced at the central interface of pure copper/AISI 4140. However, when the layer thicknesses were controlled by 200 or 300 (m, the average tensile strength showed 345 MPa or 375 MPa, respectively. Generally, in friction welding process, mechanical property increases as increasing P2 till it reached critical strength due to introducing a higher compressive force to the interface and the repulsion of the brittle intermediate phase outside the interface [12]. In spite fracture occurred at the TiAl base metal in case of 200 and 300 (m, a lower tensile strength of 200 (m interlayer thickness than that of 300 (m didn’t result from lower joint strength, but from the microstructural irregularity in as cast TiAl base metal. SEM fracture surface also represented the interface failure at 600 (m of insert layer thickness and TiAl base metal fracture 200 and 300 (m interlayer thickness. Especially, some cracks were observed at grain boundary on fracture surface with of 200 (m interlayer thickness.
Fig. 11 represents average tensile strength of friction welded TiAl/AISI 4140 compared to those of other welding methods (Induction brazing, Diffusion bonding, Vacuum brazing). Crack formation due to brittle intermetallic compound and formation of martensite phase resulted in a remarkable lower tensile strength in case of friction welding without insert metal. Noda et al. reported that joints strength between TiAl and AISI 4340 by induction brazing method using Ag-Cu-Ni filler metal reached 320 MPa at room temperature [3]. In case of diffusion bonding between TiAl and steel (0.95 at %Cr, 0.65at % Mn), 185 MPa of tensile strength was acquired under optimum bonding parameter [8]. Vacuum brazing using Ag-Cu-Ti filler achieved 175 MPa of tensile strength [5]. The highest tensile strength, 375 MPa was acquired by friction welding method using pure copper for insert metal. 
Pure copper will be one of candidate materials for insert metal of friction welded TiAl and steel if it achieves good joint properties at higher temperature because copper experienced a thermal softening over 573K. In order to overcome mechanical properties at high temperature, copper alloy with higher mechanical properties and thermal conductivity must be applied as insert materials. Friction welding method using insert metal will be most attractive in the fabrication industry in the standpoint of tensile strength at room temperature in spite of troublesome of two steps joining.

4. Conclusion

The joints between TiAl and AISI 4140 were successfully achieved by the friction welding method using insert metal. In case of direct bonding between TiAl and AISI 4140, the crack was formed through the interface due to the brittle reaction products, brittle nature of TiAl alloy and volume expansion of martensite transformation. The formation of crack and a wide range of martensite transformation were prevented using insert metal. Use of pure copper as insert layer also attributed to minimize the width of  heat affected zone in AISI 4140 side. The highest tensile strength, 375MPa, at room temperature was acquired relative to those of other welding methods. Fracture occurred at the TiAl base metal under optimum friction welding conditions.
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Lists of figure captions.

Figure 1 Schematic illustration of direct friction welded TiAl and AISI 4140 (a) and friction welding of TiAl and AISI 4140 using pure copper as insert metal (b)
Figure 2 Macrograph of cross section with various welding conditions in case of direct bonding between TiAl and AISI 4140 (left : AISI 4140, right : TiAl)

(a) P1=130MPa, P2=360MPa, t1=50s, (b) P1=130MPa, P2=460MPa, t1=50s, 
(c) P1=170MPa, P2=360MPa, t1=30s, (d) P1=170MPa, P2=360MPa, t1=50s 

Figure 3 Macroimage of the weld and SEM microstructures of each region in case of direct bonding of TiAl and AISI 4140 under fixed condition of P1=160MPa, P2=360MPa
(1) t1=30 s (2) t1=50s 

Figure 4 SEM microstructures of reaction layer and result of EDS analysis at b and c layer.

Figure 5 SEM microstructure of interface between reaction layer / AISI 4140 side and X-ray mapping result of Ti and C.

Figure 6 Macrostructural variation of AISI 4140 side near the interface and SEM microstructures of each region. (b) white region, (c) black region and (d) AISI 4140 base metal.

Figure 7 Hardness distribution near the weld zone in case of direct bonding of TiAl and AISI 4140.
Figure 8 Microstructure near the weld zone and result of EDS analysis of reaction layer between TiAl and pure copper. (b) interface of TiAl/pure copper at peripheral region , (c) interface of TiAl/pure copper at central region (d) interface of pure copper/AISI 4140 steel 

Figure 9 Hardness distribution near the weld zone using pure copper for inset metal.

Figure 10 Tensile strength variations with various insert layer thickness, SEM fracture surface (a) 600 ㎛ (b) 300 ㎛ (c) 200 ㎛ and EDS analysis.
Figure 11 Tensile strength comparisons between friction welding and other welding method. (FW I : without inset metal, FW II : with insert metal) 
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