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This paper reports on investigations of solid state formability and weldability of Ti-6Al-4V titanium alloy sheets with nanocrystalline structure and submicrocrystalline (grain size 0.1…0.8 µm) under superplastic conditions at temperatures of 600-800°С. It has been established that the nanocrystalline and submicrocrystalline condition of the sheet material reduces the temperature of superplastic forming (SPF) and pressure welding (PW) by 300°C, compared to the conventional superplastic forming Ti-6Al-4V material with microcrystalline structure (grain size 3 µm). Unlike commercially available sheet, the nano and submicron grained sheet is characterized by isotropic formability. Nanocrystalline and submicrocrystalline processed Ti-6AL-4V sheets can be successfully used in SPF/PW processes. The temperature range of superplastic forming can be between 600 and 800°C. As a result, a model of the hollow blade has been produced.

INTRODUCTION

Section Materials Superplastic forming and pressure welding (SPF/PW) is one of the most efficient methods for processing sheet materials promoting the most full application of basic advantages of superplastic deformation Along with the known and essential advantages of the SPF/PW process compared to conventional technologies, this method of producing light rigid hollow structures possesses a number of disadvantages, namely, high working temperature of the process, relatively low productivity, non-uniform thickness distribution of walls in the parts processed. Nanocrystalline (NC) and submicrocrystalline (SMC) structure processing provides conditions for increasing temperature-strain rate interval of superplasticitity (SP) [START_REF] Salishchev | Valiakhmetov Low Temperature Superplasticity of Submicrocrystalline Titanium Alloys[END_REF][2][START_REF] Salishchev | Kaibyshev Development of Ti-6Al-4V sheet with low temperature superplastic properties[END_REF]. That contributes to manifestation of the effect of low temperature superplasticity. The practical application of this effect provides new advantages for techniques based on SP deformation. The goal of the present work is to study the processing properties of model sheets with nanocrystalline and submicrocrystalline structures as well as their formability and solid state weldability under SP conditions for further application in SPF/PW processes.

EXPERIMENTAL FACILITY

Experimental Ti-6Al-4V alloy sheets of 0.5-0.8 mm thickness with specified nanocrystalline and submicrocrystalline structures were used as basic materials for investigations. Two types of experimentally processed VT 6 alloy sheets were investigated: processed sheets with a grain size of 0.2 and 0.8 µm and hydrogenated processed sheets (VТ6-0,53%Н) with a grain size of about ∼100 nm.

The processed sheets of 0.6-0.8 mm thickness out of the commercial titanium alloy VT6C with a grain size of 1-3 µm were used as additional material for investigations. Sheet formability was evaluated using the technique of superplastic forming detailed in [START_REF] Safiullin | Determination of thinning characteristics during superplastic sheet forming processes[END_REF][START_REF] Kaibyshev | Astanin On the Model of Solid State Joint under Superplastic Forming Conditions[END_REF]. Forming of processed sheets was performed in rectangular and cylindrical dies according to the scheme shown in Fig. 1.

Fig. 1 Scheme of superplastic forming

The temperature of SPF was 600-900°С. To attain different strain values the depth H of forming was set at 5, 10 and 15 mm. The die dimensions were L = 120 mm and b = 40 mm for the rectangular die and D = 30 mm for the cylindrical one. After SPF experiments (Fig. 2) the thickness and strain distribution in longitudinal and cross sections was evaluated and the microstructure and deformation relief were studied. The samples formed in the rectangular die were used for mechanical tests and microstructural studies. Mechanical tensile tests were performed on an universal testing machine "Instron-1185" using flat samples cut from the doom portion of the processed sheets. The studies of solid state weldability under SP conditions were performed at temperatures 600-900°С using pre-deformed and non-deformed processed sheets (Fig. 3) [START_REF] Kaibyshev | Astanin On the Model of Solid State Joint under Superplastic Forming Conditions[END_REF][START_REF] Kaibyshev | Saha Advanced superplastic forming and diffusion bonding of titanium alloy[END_REF]. In the first case (Fig. 3а) forming of processed sheets is performed by turning one polished surface against another. The working gas pressure is varied in the range from 0 to 6 MPa , the vacuum from 1,3…0,13 Pa.. According to the second scheme (Fig. 3.b) the polished processed sheets are put one on another and sealed in a metallic container [START_REF] Salishchev | Valiakhmetov Low Temperature Superplasticity of Submicrocrystalline Titanium Alloys[END_REF]. For supplying pressure to the sheets to be welded membrane (2) and punch (3) are used. The working pressure P is 16 and 68 MPa and vacuum ranges from 1.3 to .0.13 Pa. The specific feature of these schemes is their realization in the SPF/DB technology.

That is why they were used to study solid state weldability of experimentally processed sheets under conditions of low temperature superplasticity. The welding pressure is regulated by means of automated control system for SPF/PW process being specially developed for mastering the low temperature SPF/PW process. (Fig. 4).

Fig. 4 Automated control system for SPF/PW process.

The tools is meant for controlling the process of superplastic forming and pressure welding by stabilization or computer software regulation of such processing parameters as working gas pressure, temperature, gas volume forced out at pressure forming and vacuum depth .

RESULTS AND DISCUSSION

INVESTIGATION OF FORMABILITY

The results of superplastic forming experiments established that none of the samples failed. All samples have a right cylindrical shape and are characterized by good filling of the die. The evaluation of thickness and equivalent strain distribution in samples with an initial grain size of about 0.5 и 0.8 µm, subjected to SPF at Т=700ºС, showed that thickness and equivalent strain distribution for longitudinal and transverse sections were almost similar. (Fig. 5 and6). This testifies that macrodeformation in longitudinal and transverse sections for all depths of forming occurs more uniformly in nanocrystalline samples. The investigation of microdeformation in the central portion of the sample surface also confirms a more uniform character of deformation in the samples with the SMC structure. It is known that in the samples with the MC structure the microdeformation transverse to the rolling direction is greater than in the longitudinal direction by 5% on average [START_REF] Kaibyshev | Astanin On the Model of Solid State Joint under Superplastic Forming Conditions[END_REF]. In the samples with the SMC structure the microdeformation is uniform in all directions. The decrease in the initial grain size of processed sheets leads to a more uniform development of deformation [START_REF] Kaibyshev | Saha Advanced superplastic forming and diffusion bonding of titanium alloy[END_REF]. The evaluation of thickness and equivalent strain distribution of samples with the initial grain size of about 0.2 mm has revealed their sufficient formability at the temperature 650ºС.

It is known that under appropriate deformation conditions hydrogen alloying of titanium alloys not only decreases their strength properties and increases ductility but also provides conditions for processing SMC structure with a grain size of about 0.1 µm. [START_REF] Senkov | Thermohydrogen processing of titanium alloys[END_REF][START_REF] Salishchev | Formation of nanocrystalline structure in two-phase titanium alloys by warm severe plastic deformation // TSM[END_REF][START_REF] Murzinova | Superplasticity of hydrogenised titanium alloys with submicrocrystalline structure[END_REF]. Note that the hydrogenated alloy is superplastic within the temperature range 500-650°С and its flow stress is higher by a factor of three as compared the basic SMC alloy. In this connection, the application of samples out of hydrogenated titanium alloy VT6-0,53%Н, (a mean grain size is about 0.1 µm ) in SPF experiments is very interesting in terms of further decrease of the temperature of their processing under conditions of low temperature superplasticity. The carried out investigations of samples after SPF at T=600ºC revealed their good formability (Fig. 7). The comparison of the results of forming of experimentally processed sheets with NC structure revealed that the processed sheets out of hydrogenated titanium alloy VT6-0.53%H were characterized by the best formability. The available literature data and our results testify that in most cases of superplastic forming the upper limiting value of deformation does not exceed 300% [START_REF] Safiullin | Superplastic Forming of Sandwich Cellular Structures from Titanium Alloy[END_REF][START_REF] Stephen | Designing For Superplastic Alloys[END_REF][START_REF]Safiullin SPF/DB of Multilayer Hollow Structure[END_REF]. Analysis of the obtained results shows that nanocrystalline processed VT6 alloy sheets possess sufficient formability for the production of various types of complex profile hollow articles using the SPF process under conditions of low temperature superplasticity. The use of nanocrystalline processed sheets not only decreases the temperature of the SPF process by 200-300°С but also reduces the thickness variability of the processed articles improving their service life.

INVESTIGATION OF SOLID STATE WELDABILITY

PRESSURE W E L D I N G W I T H P R EL I M

I N A R Y S U P E R P LA S T I C D E F O R M A T I O N .
The scheme of pressure welding with preliminary superplastic deformation (Fig. . 3 а) is realized in the SPF/PW technology for producing four-layer cellular structures applied for fabricating loadbearing units of airframes. The specific feature of all these structures out of commercial alloys is application of relatively low working gas pressure (2-3 MPa) for forming and solid state welding of processed sheets. Fig. 8 shows samples after pressure welding with preliminary deformation. The results of investigations of solid state weldability of processed sheets with initial SMC structure (a grain size is 0.5 and 0.8 µm) under superplastic conditions testify that joints are not formed in all samples at forming temperatures of 700 and 750°С. Only the increase in the temperature to 800°С provides solid state joining. The application of the material with the initial SMC structure allows decreasing the temperature of solid state welding by 100°С. Moreover, the quality of the joint is improved with decreasing grain size of the initial material. In particular, for the samples with an initial grain size of 0.5 µm a relative long range area of pores in the joint is 16%, while for the samples with an initial grain size of 0.8 µm it is 40%. Fig. 8 Samples after pressure welding with preliminary superplastic deformation. Fig. 9 shows microstructure of a solid state joint of processed sheets with an initial grain size of 0.5 µm and a relative long range area of pores L p =16%. Fig. 9 Microstructure of solid state joint of processed sheets with an initial grain size of 0.5µm T=800°С (х1000).

The investigation of solid state weldability of processed sheets out of titanium alloy VT6-0.53%H was performed at temperatures 600 and 650ºС. The microstructural studies have revealed the formation of a solid state joint at these temperatures. It has been established that with increasing pressure and temperature the quality of the joint is improved significantly. Fig. 10 shows the microstructure of the solid state joint of titanium alloy VT6-0.53H with a relative long range area of pores L p = 16 %.

Fig. 10 Microstructure of solid state joint of titanium alloy VT6-0.53%H , Т=600 °С, (х 3000)

PRESSURE W E L D I N G W I T H O U T P R E L I M I N A R Y D E F O R M A T I O N

This scheme of pressure welding is also used in the SPF/PW technology for producing two and three-layer gopher type structures applied for manufacturing load-bearing units of a plane or aircraft engine. The specific feature of the method is a possibility to regulate a welding pressure up to high values about 150 MPa. The investigations of weldability were performed using VT6 alloy samples of three types: samples with MC structure (1-3 µm), samples with SMC structures (0.2 -0.3 µm) and ones with SMC hydrogenated structure (0.1 µm). The sample thickness was from 0.6 to 0.8 mm. The welding temperature was 650 °С, time under pressure was 2 hours, welding gas pressure -16 and 68 MPa. The quality of welded joints was studied using a scanning electron microscope JXA-6400. Measurements of a mean grain size, relative long range area of pores and strain value were made by means of software KSLite. The microstructural studies of solid state joints allowed determining a mean grain size and relative long range area of defects in joints of all types under study. Table 1. One should note that in both joint types, independently on a value of the pressure applied, the sheets with SMC structure and the hydrogenated sheets with SMC structure are characterized by the best weldability (Fig. 12) and the quality of the joint formed by solid state welding at Т = 650 °C, P = 68 MPa is much better. The results of microstructural studies testify that with decreasing grain size of the welded sheets the quality of the joint is improved. 

MECHANICAL P R O P E R T I E S O F EX P E R I M E N T A L L Y P R O C E S S ED S H E E T S A F T E R SPF

Fig. 13 shows the scheme of cutting of samples from the doom portion of the processed sheets subjected to SPF.

Fig. 13 Scheme of cutting of samples

The results of mechanical tests of samples with MC and SMC structures subjected to SPF are shown in Table 2. Fig. 14 shows dependencies of mechanical properties of samples with different structures on a strain value after SPF. The obtained results allow concluding that a mechanical properties decreases with increasing strain value. This tendency is apt to all types of samples. In particular, in samples with MC structure a value of σ в decreases from 992 MPa in the initial state to 792 MPa after the strain 34 %. And in samples with SMC structure it decreases from 1234 MPa in the initial state to 1031 MPa after the strain 55 %. The decrease in strength is attributed to grain growth occurring in the process of SPF [START_REF] Kaibyshev | Saha Advanced superplastic forming and diffusion bonding of titanium alloy[END_REF].

3.2.4 MICROSTRUCTURE O F EX P E R I M E N T A L L Y P R O C E S S E D S H E ET S A F T E R SPF.
The microstructural studies of SMC samples with a grain size of 0.5 (1) and 0.8 µm (2) after SPF (Т=700ºС) testify that grains have an equiaxed shape (Figs. 15 and16). The structure of type 1 samples is characterized by a distinct banded contrast on grain boundaries and rather low density of dislocations. The microstructure of type 2 samples is characterized by essential internal stresses, high density of dislocations and the absence of a distinct banded contrasts on grain boundaries that testifies to a non-equilibrium state of grain boundaries. Fig. 15 Microstructure of VT6 alloy after SPF to a depth of 15 mm (ε eq. =220%). Type 1 samples. Fig. 16 Microstructure of VT6alloy after SPF to a depth of 15 mm (ε eq. =220%). Type 2 samples.

The dependencies of grain size after SPD on the equivalent strain value are similar for samples of both types (Fig. 17). Note the growth of grains after SP deformation. The character of this growth is most intense during the initial stage of SP deformation until a strain value of 50%. As the strain is increased further, grain growth continues but is less intense. At strain values of about 100% the SMC structure transforms to the MC one and at strain values about 200% the grain size is about 1.2 µm in both sample types [START_REF] Kaibyshev | Saha Advanced superplastic forming and diffusion bonding of titanium alloy[END_REF]. The microstructural studies of VT8-0.53% H alloy samples after SPF (Т=600°С) have revealed the influence of the equivalent strain value on the grain size. Fig. 18 shows the dependence of a mean grain size on the equivalent strain value during SPF for the alloy VT6-0,53%Н. One should note that with increasing equivalent strain value at the forming temperature 600°С a mean grain size grows. The mean grain size increases from 0,1 µm in the initial state to 0,33 µm after SPF to a depth of 5 mm, and then increases slightly to 0.34 µm and 0.35 µm after SPF to a depth of 10 mm and 15 mm, respectively. After SPF at Т=600 °С at the equivalent strain value above 500% the SMC structure is preserved in the hydrogen alloyed processed sheets. TEM studies of the microstructure after SPF show that grains have an equiaxed shape. The microstructure is characterized by a distinct banded contrast on grain boundaries and rather low density of dislocations.

The carried out investigations of formability and solid state weldability of SMC VT6 alloy processed sheets under superplastic conditions provided realizing the effect of low temperature superplasticity in the technology of superplastic forming and pressure welding for manufacturing multi-layer cellular structures. For the first time a model of a hollow blade with a cellular filler was produced from SMC VT6 titanium alloy at temperatures 750 and 800°С (Fig. 20).

Fig. 20 Hollow blade models produced from SMC VT6 titanium alloy at T=750 and 800°C.

CONCLUSION

1. The SPF process for experimentally processed sheets of VT6 titanium alloy with an initial grain size of 0.1, 0.2, 0.5, 0.8 µm, using a cylindrical die has been studied at temperatures 600-700°С and a strain value from 20% to 600%. Investigations of thickness and strain distribution along the profile of forming samples have revealed a more uniform cross-section distribution of thickness and strain for SMC samples than for commercial alloy with MC structure. Material with starting SMC structure gives a reduced thickness variation in formed articles, and decreases the temperature required for SPF by 200-300°С.

2. The solid state weldability of SMC processed sheets of VT6 titanium alloy under conditions of low temperature superplasticity has been investigated using different schemes of pressure welding. It has been established that the processed sheets out of hydrogenated VT6 -0.53%H titanium alloy demonstrate the best solid state weldability. It has also been established that with decreasing grain size of welding sheet samples, the quality of joint is improved at pressure welding under conditions of low temperature superplasticity.

3. The technique of mechanical tests has been developed and mechanical properties of processed sheets after SPF have been evaluated. The mechanical tests have shown that with increasing strain value the point of maximum load reduces for all samples with different structure types. 4. The carried out investigations of formability and solid state weldability of SMC VT6 titanium alloy processed sheets under superplastic conditions demonstrate successful realization of the effect of low temperature superplasticity in the SPF/PW technology. The temperature of SPF can be reduced by 200-300°С, and the temperature of pressure welding by 100-300°C as compared the conventional technology. The SPF/PW process can be performed at 600-650°С. For the first time it has been established that performance of SPF at these temperatures allows maintaining SMC structure in the samples under study. Consequently, this material can be recommended for practical application in the SPF/PW technology that can provide producing articles with unique physical, mechanical and service properties.
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 2 Fig. 2 Investigated samples after SPF to the depth 5, 10, 15 mm

а b Fig. 3

 3 Scheme of pressure welding with preliminary superplastic deformation (a) and without preliminary deformation of processed sheets (b)

5

 5 Thickness distribution along the profile of the sample formed to a depth of 15 mm for longitudinal and transverse sections а -with initial SMC structure (d -0.5 µm, b -with initial SMC structure (d-0.8 µm), в -with MC structure (d-3 µm). a b c Fig. 6 Equivalent tensile strain distribution along the profile of the sample formed to a depth of 15 mm for longitudinal and transverse sections, а -with SMC structure (d-0.5 µm), b -with SMC structure (d-0.8 µm), c -with MC structure (d-3 µm).

  a b Fig. 7 Thickness (a) and equivalent tensile strain (b) distribution along the profile of the sample out of titanium alloy VT6-0.53%H for longitudinal and transverse sections.

Fig. 11

 11 shows the scheme of joining of samples (a) and the general view of samples welded (b). а b Fig. 11 а-the scheme of joining of samples, b-the general view of samples welded
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 212 Fig. 12 Solid state joint of processed sheets out of VT6 alloy with SMC structure and hydrogenised VT6 alloy with SMC structure (Т = 650 °C, P = 68 MPa) (х3000)

Fig. 14

 14 Fig. 14 Dependencies of mechanical properties on a strain value after SPF: a -samples with initial MC structure, b -samples with initial SMC structure

Fig. 17

 17 Fig. 17 Dependence of grain size after SPF on the equivalent strain value for type 1 (a) and type 2 (b) samples.

Fig. 18

 18 Fig. 18 Change in grain size of VT6-0.53%H SMC sheet during SPF.

Fig. 19

 19 Fig. 19 Microstructure of the sample after SPF to a depth of 15 mm.

Table 1

 1 The mean grain size and relative long range area of pores depending on a solid state joint type

	PW regime			Т = 650 °C, P = 16 MPa		
		SMC	MC	MC	SMC Н 2	SMC Н 2	SMC
		+	+	+	+	+	+
		MC	MC	SMC Н 2	SMC Н 2	SMC	SMC
		Faulty	Faulty	Faulty	Faulty	Faulty	Faulty
	Type of defects	fusion	fusion	fusion	fusion	fusion	fusion
				+pores	+pores	+pores	+pores
	Relative long						
	range area of	100	100	62,4	50,9	47,4	43,9
	faulty fusion, %						
	Relative long						
	range area of	-	-	23,1	18,4	22,7	31,7
	pores, %						
		-	-	1,6	1,0	1,0	1,1
	Pore size, µm						
	PW regime			Т = 650 °C, P = 68 MPa		
		SMC	MC	MC	SMC Н 2	SMC Н 2	SMC
		+	+	+	+	+	+
	Type of joint	MC	MC	SMC Н 2	SMC Н 2	SMC	SMC
	Relative long						
	range area of	19,4	29,8	19,8	7,8	0	8,3
	pores, %						
		1,0	1,2	1,1	0,6	0	0,8
	Pore size, µm						

Table 2

 2 Mechanical properties of samples with different structures after SPF

	Type of	Depth of forming	Sample	σ 0,2 ,	σ в ,	δ,
	structure	H, mm	number	MPa	MPa	%
			1	640	826	19
		5	2	670	851	21
			3	650	818	18
	MC		1	580	887	19
		10	2	605	918	12
			3	590	891	11
			1	567	781	15
		15	2	600	810	15
			3	548	787	17
			1	1035	1126	8
		5	2	1040	1140	9
	SMC		3	1059	1139	7
			1	986	1082	6
		10	2	995	1063	4
			3	993	1111	9
			1	963	1037	18
		15	2	915	994	14
			3	955	1063	17