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Abstract: Because of the combination of high specific strength and excellent corrosion resistance in many media, titanium and titanium 
alloys are used in aerospace engineering, chemical industry, mechanical engineering etc. 

The present work introduces results that demonstrate the effect of the thermal cycle on mechanical properties of Grade 1 Titanium welds, 
produced by hollow cathode arc discharge in vacuum. Dimensions of the welds were established. The mechanical properties of the welds – 
hardness and tensile strength – were determined. The influence of the thermal cycle on welds structure was investigated. 
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1. Introduction 
The advantages of titanium and its alloys over other 

construction materials are related to their high mechanical 
properties, low density and excellent corrosion resistance to many 
aggressive environments, low thermal conductivity, non-magnetic 
properties, and others. 

These materials are most widely used in space and automotive 
industry [1, 2, 3, 4, 5, 6], as commercially pure (non-alloyed) 
titanium (Grade 1, 2, 3, 4) and the Ti-6AI-4V alloy are the most 
used titanium materials in medicine [7]. 

The mechanical properties of commercially pure titanium are 
characterized by a good combination of strength and plasticity, and 
in this respect it does not yield a number of carbon and Cr-Ni 
stainless steels. The differences in the mechanical properties of the 
individual grades of commercially pure titanium are mainly due to 
the different maximum allowed amounts of interstitial elements - 
oxygen, carbon, hydrogen and nitrogen.  

The last is the most effective strengthening element of 
unalloyed titanium, followed by oxygen [8]. While they increase 
strength, they sharply reduce plasticity. Therefore the content of 
impurities, especially gases, is strictly limited. 

Since titanium and its alloys are used very often as a material 
for welded structures, it is necessary to take into account certain 
technological difficulties. These are: high chemical activity 
requiring quality protection not only of the weld, but also of the 
surrounding area heated to temperatures above 250-300° C; 
formation of pores and cold cracks as a result of the presence of gas 
impurities; tendency towards grain size increase in the heat affected 
zone requiring usage of optimal operating modes. 

А basic criterion for definition of titanium and its alloys 
weldability is the ability to produce joints without defects with 
sufficient toughness and plasticity [9]. Unalloyed titanium has 
medium strength, good corrosion resistance and weldability. For 
welding of the titanium and its alloys, the following methods are 
used: TIG, plasma, electron beam, hollow cathode arc in vacuum, 
laser, by friction and diffusion [10, 11]. 

The purpose of the present paper is to investigate the effect of 
the working parameters on the geometrical dimensions and 
mechanical properties of the obtained welds and joints of unalloyed 
titanium Grade 1 (according to ASTM B265) using vacuum arc 
discharge. 

2. Materials and Methods 
The experiments were carried out with the help of a semi-

industrial installation for arc treatment with hollow cathode in 
vacuum. Used working modes are pointed out in Table 1. They 
were selected on the basis of previously conducted welding 

experiments for Titanium alloy Grade 5 [12]. Cylindrical and 
elliptical cathodes made of tantalum foil with length of l = 30 mm 
and wall thickness δ = 0.2 mm were used. Welding was done 
without the use of filler material and without a welding gap.  

 
Fig. 1 General appearance of the semi-industrial installation for arc 
treatment with hollow cathode in vacuum: 1 - vacuum chamber; 2 - burner; 
3 - hollow cathode; 4 - welded parts, 5 - manipulator, 6 - electric motor; 7 - 
core power source, 8 - auxiliary power source, 9 - capacitor battery, 10 - 
microprocessor; 11 - reductyl-ventil; 12 - bottle with plasma-forming gas. 

Table 1: Operating modes 

 

The used specimens were with dimensions 100x50x2mm 
(LxWxH) and were made of commercially pure Titanium Grade 1.  

Determination of joints mechanical properties was done using 
tensile and hardness testing in characteristic areas of the welded 
joints. The tensile tests were conducted using an Instron 3384 
machine and was complied with the requirements of EN ISO 6892-
1:2009. Hardness measurements were performed by Vickers 
method using "Wilson Hardness" tester with a load of 5 kg and an 
impact time of 10 s. The dimensions of the fusion and heat affected 
zones were measured to an accuracy of 0.1mm. 

Macrostructural and microstructural analysis of the welded 
joints was performed. Revealing the macrostructures was done with 

№ of 
regime 

Current  
[A] 

Welding 
speed  

[mm/s] 

Form and size of 
the cathode  

[mm] 

Amount of 
plasma-

forming gas 
[l/h] 

1 115 4,2 Round; Ø 4 2,3-2,4 
2 130 5,5 Round; Ø 4 2,3-2,4 
3 115 5,5 Elliptical 5,6 x 2 2,3-2,4 
4 130 6,5 Elliptical 5,6 х 2 2,3-2,4 
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a reagent of composition: 15 ml of HNO3, 10 ml of HF, 75 ml of 
H2O. The microstructures were observed after etching with a 
mixture of 30 ml of C3H6O3, 10 ml of HF and 10 ml of HNO3. 

3. Results of the experimental study 
Table 2 presents the dimensions of the fusion zones (welding 

pool) and heat affected zones obtained after welding in the used 
modes. It can be seen that the change in the cross section of the 
cathode from round (modes 1 and 2) to elliptical (modes 3 and 4), 
geometrically oriented with its wide side along the welding axis, led 
to reduction basically of the dimensions of the fusion zones. 

Table 2: Dimensions of areas obtained after welding 

Mode №  Width of fusion zone 
[mm] 

Width of heat affected zone 
[mm] 

1 9,0 4,5-5,0 
2 8,5 4,5-5,0 
3 7,0 3,0-4,0 
4 8,0 4,5-5,0 

 
Table 3 shows the mean values of investigated mechanical 

properties of the base material and the joints. These properties were 
compared with literature data for pure titanium Grade 1. 
 
Table 3: Characteristics of mechanical properties according to the 
literature, in the state of delivery and of the compounds after  welding 

Type of 
specimens 

Yield 
strength 

Rp0,2 [MPa] 

Tensile 
strength 

Rm [MPa] 

Relative 
elongation A5 

[%] 
Note 

Literature 
data 220 345 37 - 

Delivery 
status 250 346 40 - 

Specimen 1 243 345 40 O 
Specimen 2 236 342 35 O 
Specimen 3 235 334 14 I 
Specimen 4 240 343 40 O 

O - fractured outside the welding area; I - fractured at the welding site. 

The results in Table 3 indicate that the strength and deformation 
characteristics of the obtained joints after welding in tensile test 
were measurable with those of the material in the state of delivery. 

It should also be noted that in three of the four modes, the 
fracture of specimens occurred out of the welding area (Figure 2). 
That was due to the increased strength characteristics found in 
hardness measurement in areas where the temperature during 
welding exceeded that of the phase transition. In mode three, 
fracture occurred in the weld due to the lack of full penetration. 

 

Fig. 2 General appearance of specimens after tensile testing. 

Table 4 and Figure 3 show mean hardness values of fusion zone, 
heat affected zone and base material. 

 

Table 4: Hardness according to the literature data, in the state of delivery 
and in the different zones of the joints after welding 

Type of 
specimen  

Fusion zone 
HV5 

Heat affected zone 
HV5 

Base material 
HV5 

Literature data - - 115 

Delivery state - - 125 

Specimen 1 138 120 125 
Specimen 2 140 125 128 
Specimen 3 142 124 121 
Specimen 4 136 123 126 

 
Fig. 3 Mean hardness in the joint specific zones welding 

The transition from the base metal to the zones heated to 
temperatures in the range between the phase transformation 
temperature and the melting temperature of titanium resulted in a 
minor reduction of the hardness (within 3 ÷ 5 HV5). A hardness 
increase was observed in the fusion zone where the temperatures 
exceeded titanium melting temperature; measured hardness values 
were 10 ÷ 20 HV5 higher than these of the material at delivery. 
Such a hardness distribution can not be related to the size of the 
grains, since Figures 4a and b clearly show that they were largest in 
the fusion zone. A reason for that hardness distribution could be 
related to the different cooling rates at the different joint zones that 
led to formation of α-phase with different degree of dispersion. 

It is worth noting that only small difference in the measured 
hardness values in the fusion zones and heat affected zones of all 
joints were measured. This fact indicated that the used welding 
parameters did not influence significantly the formed structures, and 
hence – the mechanical properties. 

 
a) 

 
b) 

Fig. 4 Macrostructure of the welded joints: a) weld + heat affected zone;  
b) heat affected zone + base material. 

The observed changes in hardness values were also proven by 
the tensile tests. As it can be seen in Figure 2, the deformation was 
localized outside the fusion zone, with necking of the base metal 
where fracture occurred. 
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In the macrosections of the joints (Figure 4) the above 
mentioned large (2 -3 mm) grains were observed. Their orientation 
in the weld differed from that in the heat affected zone; a reason for 
that could be the difference in heat exchange conditions in the 
volume of the studied welded joints. Grain size decreased toward 
heat affected zone. The observed boundary between heat affected 
zone and base metal was abrupt. 

   
a)    b) 

   
c)   d) 

Fig. 5 Microsections of specimen 3: a) base metal; b) base metal/heat 
affected zone boundary; c) heat affected zone; d) weld pool 

Figure 5a shows equiaxed α-grains in the base metal 
microstructure (as-received Grade 1 Ti); a structure like this is 
typically obtained after process annealing [13]. A sudden change in 
grains size and shape was observed at the base metal/heat affected 
zone boundary, as shown in Figure 5b. Heat affected zone was 
characterized by enlarged and elongated prior β-crystals; grains 
elongation was normal to the weld surface direction. Closer 
examination of heat affected zone microstructure revealed coarse 
acicular and Widmanstatten α-grains morphology - Figure 5c. The 
microstructure of the weld pool (Figure 5d) consisted of large 
elongated prior β-grains; fine acicular and Widmanstatten α-grains 
were formed into prior β-grains. The finer α-needles morphology of 
weld pool caused the measured higher hardness values of weld 
pools. 

4. Conclusion 
1. Changing the basic working parameters and cathode shape in 

vacuum arc discharge welding of titanium Grade 1 allows formation 
of fusion zones and heat affected zones of different dimensions. 

2. The used welding modes do not significantly influence the 
investigated mechanical properties of the obtained welded joints. 

3. The formed macrostructure is typical of titanium and its 
alloys welded joints and is characterized by large grains in the weld 
that decrease in size towards the abrupt boundary “heat affected 
zone/base material”. 

4. The different conditions of heat exchange in welds and in the 
heat affected zones determine the formation of more dispersed 
morphologies of the α-phase in the weld, as well as the different 
orientation of the prior β-grains. 
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