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Abstract : Mo based TZM alloy is one of the most promising refractory alloy having several unique high

temperature properties suitable for structural applications in the new generation advanced nuclear reactors.
However, this alloy easily picks up interstitial impurities such as N

2
, H

2
 and C from air during welding

due to its reactive nature. High melting point of TZM alloy also restricts use of conventional welding
technique for welding. Hence, Electron beam welding (EBW) technique with its deep penetration power

to produce  narrow heat affected zones under high vacuum was employed to overcome the above welding
constraints by conducting a systematic study using both processes of bead on plate and butt joint

configuration. Uniform and defect free weld joints were produced. Weld joints were subjected to optical
characterization, chemical homogeneity analysis and microhardness profile study across the width of

welds. Improved grain structure with equiaxed grains was obtained in the weld zone as compared to
fibrous base structure. Original chemical composition was retained in the weld zone.  The detailed results

are described in this report.
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 Abstract   

Mo based TZM alloy is one of the most promising refractory alloy having several unique 

high temperature properties suitable for structural applications in the new generation 

advanced nuclear reactors. However, this alloy easily picks up interstitial impurities such 

as N2, H2 and C from air during welding due to its reactive nature. High melting point of 

TZM alloy also restricts use of conventional welding technique for welding. Hence, 

Electron beam welding (EBW) technique with its deep penetration power to produce  

narrow heat affected zones under high vacuum was employed to overcome the above 

welding constraints by conducting a systematic study using both processes of bead on plate 

and butt joint configuration. Uniform and defect free weld joints were produced. Weld 

joints were subjected to optical characterization, chemical homogeneity analysis and 

microhardness profile study across the width of welds. Improved grain structure with 

equiaxed grains was obtained in the weld zone as compared to fibrous base structure. 

Original chemical composition was retained in the weld zone.  The detailed results are 

described in this report.   

 Keywords: Joining, TZM alloy, electron beam welding, characterization 
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सार  

Mo आधािरत TZM िमौधात,ु सवार्िधक आशाजनक दगुर्लनीय (िरृैक् टरी) िमौधातओंु में से 

एक है िजसमें नई पीढी के ूगत नािभकीय िरएक् टरों में सरंचनात् मक अनुूयोगों के िलए 

उपयुक् त अनेक अिद्वतीय उच् च ताप गुणधमर् हैं। तथािप, यह िमौधात ु अपने अिभिबयाशील 

ूकृित के कारण वेिल्डंग के दौरान वाय ु से N2, H2 और C जैसी अतंराकाशी (इंटसर्िटिशयल) 

अशुिद्धयों को आसानी से खोज िनकालता है। TZM िमौधातु का उच् च गलनांक, वेिल्डंग के िलए 

परंपरागत वेिल्डंग तकनीक के ूयोग को भी ूितबिंधत करता है। इसिलए, बीड ऑन प् लेट और 

बट्ट ज् वाइंट कंिफगरेशन की दोनों ूिबयाओ ं का ूयोग कर एक सवु् यविःथत अध् ययन के 

आयोजन द्वारा उपरोक् त वेिल्डंग की बाधाएं दरू करने के िलए उच् च िनवार्त के अधीन सकंीणर् ताप 

ूभािवत के्षऽ बनाने हेतु गहरी वेधन शिक्त वाली इलेक् शॉन बीम वेिल्डंग (ईबीडब् ल् यू) की तकनीक 

ूयुक् त की गई। इस तरह बनाए गए वेल् ड जोड़ों का वेल् ड की चौड़ाई के आरपार ूकाशीय 

अिभलक्षणन, रायासिनक समांगता िवँ लेषण और सआू म कठोरता ूोफाइल अध् ययन कराया गया। 

इस िरपोटर् में पिरणामों का वणर्न िकया गया है।  

 मुख् य शब् द: जोड़ना, TZM िमौधात,ु इलेक् शान बीम वेिल्डंग, अिभलक्षणन  
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1. Introduction 

Molybdenum  based refractory  alloys are capable of withstanding aggressive environments of 

radiation, temperature, corrosion and stress for prolonged periods. These alloys are considered as 

potential candidate materials for new generation high temperature advanced nuclear reactors. In 

comparison with  other Mo based refractory alloys, TZM alloy with nominal composition 

(balance Mo; 0.5% Ti; 0.08% Zr; 0.01-0.04% C) has several favourable attributes for high 

temperature structural applications which include high melting point,  high tensile/ creep 

strength, high recrystallization/softening temperature and excellent corrosion resistance against 

alkali metals. Currently, this material is considered as a promising candidate for using as 

structural components in nuclear industries for high temperature compact and fusion reactors and 

aerospace industries for making parts of missile chamber. Present application of TZM alloy 

includes forging dies for isothermal forging of super alloys, as structural components, 

crucibles/containers for high temperature furnaces. The presence of carbon in the alloy leads to 

the formation of a hardening dispersion of carbides of Zr and Ti which strengthens the alloy 

beyond the limits shown by single phase solid solution hardened Mo alloys. However, industrial 

success of development of any alloy lies in the suitable technology of joining or welding [1]. 

Joining of metals or alloys usually can be achieved by conventional mechanical methods e.g. 

riveting and fastening as well as by advanced brazing, solid state bonding and welding 

techniques for temperature resistant, strong and tight joints. However, for the category of  

refractory metal or alloy, it is associated with high melting temperature, poor oxidation 

resistance and limited weldability which  are major drawbacks for joining them by conventional  

joining technique. The high rate of oxidation of this alloy imposes serious constraints against its 

weldability and widespread use despite of its high potentialities for industrial application. 

Refractory metals and their alloys can be joined by gas tungsten arc, electron beam and 

resistance welding depending upon the control of interstitial impurities and other processing 

parameters. Donnelly and Slaughter [2] had studied the Gas Tungsten Arc Welding (GTAW) and 

Electron beam welding of various refractory alloys. They have reported that defect free weld 

joints could be made inside an evacuated chamber back filled with high grade of argon. Z. Sun 

and R. Karppi [3] have investigated joining of dissimilar metals by electron beam welding. They 

have stressed on the precision control of heat input parameters and the level of vacuum to 

achieve high grade weld joints for refractory alloys. D. L. Olson, Mishra and D. W. Wenman [4] 
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have stressed on the precautions to be adopted during welding of  reactive/ refractory metals and 

alloys. In this regard, they have also laid down the essential parameters to be carefully controlled 

such as interstitial contents, the processing temperature relative to recrystallization temperature 

and the service temperature relative to the ductile- brittle transition temperature. According to 

them, molybdenum (DBTT of 150-260°C) and tungsten (DBTT of 260-370°C) must be formed 

and welded above their ductile-brittle temperature. In addition, preheating to near or above the 

transition temperature will be necessary to avoid cracking from thermal stresses. 

 As Mo and Nb alloys are very reactive in nature and they easily react with the 

atmosphere at welding temperature, their welding must be performed in high purity inert gases or 

in high vacuum and the parts to be welded must be cleaned properly. Fumio Morito [5] has 

studied the effect of heat treatment on the microstructure and the tensile behavior of the TZM 

alloys welded by an electron beam process. Deformation was concentrated in the weld metal and 

the heat affected zone due to strain localization. Post weld annealing induced a remarkable 

elongation by recrystallization of the base metal. Elongation of the as-welded TZM with 

annealing before welding was significant. Strength of the as-welded samples, exhibited a 

considerable increase. B. Tabernig et al, [6] have performed  EB-welding experiments on rolled 

sheets made of different Mo-based materials. Several studies were performed to understand and 

improve the weldability of refractory metals. Joining of TZM alloys to be used as heat sink 

materials has been envisaged in many structural materials in fusion reactors. Fromm and 

Gebhardt [7] have demonstrated amply in their work that group VI metals and their alloys must 

be protected from the detrimental effects of interstitial impurities such as oxygen and nitrogen at 

elevated temperature. Although there are several joining techniques available, however, due to 

high melting point, poor oxidation resistance and limited weldability of TZM alloy, conventional 

techniques are not suitable for joining these materials mainly because of high melting point, 

probability of picking up of O2 and N2 during welding which embrittles the weld joint. The 

advent of electron beam welding (EWB) technology has made it easy for joining refractory 

metals and alloys. Joining of TZM alloys was studied earlier by vacuum brazing technique at 

14000C using Ti-8.5Si filler metal with added molybdenum. This has resulted in high remelting 

temperature (1700°C) of TZM alloy. In another study, it was reported that electron beam welding 

technique is highly suitable for Mo and W base refractory alloys because of high energy density 

beam with short time of welding reduces grain growth at weld zone thereby avoids brittleness as 
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compared to other conventional techniques. EBW generates  dense stream of high-velocity 

electrons emitted  at a heated cathode and then the electron beam is  accelerated through a high 

(kilovolt) potential field and allowed to sharply fall on the joint of the work pieces  to produce 

melting & joining in a narrow welds with attendant low shrinkage and distortion, and excellent 

retention of base-metal mechanical properties. The conversion of the electrons’ kinetic energy to 

heat upon impact results in very deep beam penetration. Thus EBW, its special features of high 

energy density, accurately controllable beam with high level of penetration power and use of 

vacuum, has proven to be an efficient way of joining high temperature refractory materials. 

Several studies were performed to understand and improve the weldability of refractory metals. 

Some researchers have investigated the mechanical properties of welded TZM alloys. EBW was 

used for refractory metals and alloys in many cases to produce high quality and reliable joints. 

Microstructure and plasticity of TZM alloys were studied after carrying out  EBW.  

In the present study, electron beam welding was performed to weld small TZM alloy 

specimens of sheet by varying various welding parameters. A detailed characterization study of 

the weld joints was carried out by evaluating the weld pool geometry, microstructure of the weld 

zone, heat affected zone (HAZ), microhardness profile across the weld thickness to evaluate the 

weldability of this alloy and optimize the welding parameters. 

2. Experimental 

2.1. Preparation of welding specimen 

The base materials used for welding in the present  study were prepared from  as-prepared  TZM 

alloy sheet having a typical chemical composition, Mo-0.5Ti-0.08Zr-0.02C (wt%).  This alloy 

was prepared in the laboratory by powder processing route using mechanical alloying technique. 

In this regard, pure powder components of Mo, Ti and Zr were mixed together in the desired 

ratio and then subjected to mechanical alloying in a high energy planetary ball mill under 

medium of Toluene. Carbon pick up from Toluene fulfilled the requirement of C in the alloy.  

This alloy prepared in the laboratory was subsequently converted into green cylindrical compacts 

of dimension, 15 mm dia and 150 mm long by cold isostatic pressing using a pressure of 2500 

bar and then sintered at high temperature  at 17000C for 2-4 hrs duration. The sintered compacts 

then were vacuum jacketed and  hot rolled at 9500C to prepare sheets. As-rolled sheets were then 

annealed at 12000C to relieve stresses. Welding job specimens of dimension, 150 x40 mm (l x b) 
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with thickness varying from 1 to 3 mm were prepared by cutting the rolled samples by using 

diamond wafer cutting blades. The edge surfaces of the parts to be welded together were 

polished with SiC papers to have smooth and parallel surfaces at the joining sides for ensuring 

complete welding without any gaps.  The samples to be welded were preheated above the 

ductile-brittle transition temperature in order to minimize the risk of cracking. Bead- on- plate 

(BOP) as well as butt joint configuration welds were produced on above specimens using 24 kW 

CNC controlled electron beam welding machine. During welding, the samples were held firmly 

using a fixture to prevent any kind of distortion. Initially BOP was carried out on 70x30 mm 

TZM samples to ascertain effects of parameters such as beam voltage, beam current, travel speed 

and focal point location on the quality of welding. Different EB welds were produced by varying 

beam current from 30 to 50 mA and welding speed from 600 to 1200 mm/min. During the period 

of welding trials, the specimens were kept inside an evacuated chamber with the vacuum in the 

order of 10-5 torr at the beam focus position and the accelerating voltage was kept at 60 kV. A 

post weld heat treatment at 1000°C for 2 h under high vacuum was performed for stress relief of 

the weldments. The welded specimens were visually inspected for any kind of defects or faults 

and sectioned for microscopic examination. The selected BOP parameters were successfully used 

to make butt welds and subsequently actual welding was performed over the job pieces. The 

electron beam welding experiments were carried out in a high vacuum chamber using a standard 

beam gun. The joint geometry was butt joints. A number of experiments were conducted. 

Initially, EB welding was performed on thin sections of TZM specimens of dimension 80x40x1 

mm (LxBxHt) at a low power of 1-1.5 kW to join the pieces using beam speed of 600 mm/min, 

then at higher power of 2-2.5 kW to achieve the joining  of thick samples of dimension 80x40x3 

mm at higher speed of 800mm/min.  

2.2. Characterization of Welds 

The welded sections were sliced at the cross section by diamond cutting machine to prepare 

welding specimens which were then mounted in resins and metallographically polished with SiC 

abrasive papers of different grit size (#150 - #1000) and finally by diamond polishing. These 

samples were prepared for metallographic examination to study the depth and width of the welds 

including microstructure and to identify defects if any. The specimens were etched by swabbing 

with an etchant consisting of 10 ml water, 1 g KOH and 1 g Potassium ferro-cyanide solution for 

revealing the microstructure of the etched samples using optical microscopic examination. The 
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hardness measurement was carried out on the base material, heat affected zone and weld zone by 

means of a Microhardness Tester using 100-500 g load for 10-15 s dwell time.  The chemical 

analysis of the alloy composition of the areas pertaining to the parent alloy, heat affected zone 

(HAZ) and weld zone were conducted by means of X-ray fluorescence (XRF) technique.  

3. Results  

A number of welding experiments were performed on both thin and thick sectioned plates of 

TZM alloy varying various welding parameters such as accelerating voltage, beam current and 

welding speed to achieve maximum weld penetration with good quality of weld joint.  The 

welding parameters and the range in which corresponding values were varied during welding 

were tabulated in the Table.1. The effect of processing parameters on the depth and width of the 

EB welds were presented in Table.2 and Table.3 respectively based on the inputs received from 

thin and thick samples. The photographic images of best quality EB weld joints of thin and thick 

plates of TZM alloy samples were shown in Fig.1 and 2 respectively. The weld images as well as 

visual examination of the EB welds exhibit minimum distortion and shrinkage in the weld area 

devoid of any presence of cracks. The weld joints were achieved with uniform welding 

thickness. The width of the weld joints as well as their depth of formation in the alloy was 

evaluated by optical metallographic examination. For thin sectioned TZM alloy, full penetration 

of the electron beam was achieved using accelerating voltage of 50 kV and current of 30 mA 

with corresponding beam speed of 600 mm/min. Similarly, for thick TZM samples, full beam 

penetration was achieved using accelerating voltage of 80 kV, current of 50 mA with 

corresponding welding beam speed of 800 mm/min. In both the cases, at least three passes were 

necessary for achieving 100% welding job. Lower welding parameters below above resulted in 

incomplete welding whereas higher parameters led to material loss by evaporation. It was 

observed that by controlling the welding parameters it is possible to achieve thin as well as thick 

section of welding without any deformation at the weld zone. Width of heat affected zones 

varied between 6-8 mm, however, actual welding width varied from 1-3 mm for thick section 

and 0.1 to 1 mm for thin samples.  

Based on detailed metallogrhaphic studies as carried out on the welded samples, three 

different zones have been identified in the welded specimens. This distinction was based on the 

changes in the resultant microstructures that happened as an effect of electron beam welding. 

The optical microstructures of these three different zones as identified as base material, heat 



6 
 

affected zone (HAZ) and weld zone were depicted in Fig.3. The base material of TZM alloy 

consists of fibrous grain structure having elongated and large grains with average grain size of 

200 μm. This kind of fibrous structure usually has good mechanical properties in the direction of 

working. After welding, there was considerable reduction in grain size and changes in grain 

morphology in the heat affected as well as in weld zones. The transverse sections of the heat 

affected zone shows  presence of large hexagonal grains an order less in magnitude to that of the 

base material ranging between 50-100 μm. Clear grain boundaries with large variation in the 

grain size are noticeable in this region. The grain morphology has significantly modified at HAZ 

zone as compared to the base zone due to the induced heat of the region adjacent to the weld 

zone as a result of the heat produced due to striking of electron beam. Grain structure in the weld 

zone was refined maximum compared to other areas due to direct heat impact with the 

interaction of electron beam. The average grain size in this region was 50 μm. The grain 

refinement observed in the HAZ as well as in the weld zone, thus obviously indicates that the 

strength of the alloy could be enhanced in the weld areas by electron beam welding supporting a 

strong weld joint. The weld zone did not show any cracking or porosity. The results of x-ray 

fluorescence (XRF) analysis carried out on the welded samples were presented in Table.4. It is 

observed from the results that only some negligible change in composition was visible in HAZ 

and weld areas as compared to the base material. However, overall, the welded sample does not 

show any noticeable discrepancy in the chemical composition throughout the sample. There is no 

trace of oxygen pickup observed in the alloy. The Vickers microhardness profile across the width 

of the weld zone was evaluated using a Leica Microhardness tester with Model No. LM 300AT 

and the results for both thin and thick samples were plotted in Fig.6. It was observed that 

microhardness values at the weld joint (Average hardness value: 230-240 HV) have deviated to 

an extent of 10-15% as compared to the base material (average hardness : 271 HV). Similarly, 

HAZ also experienced around 5 % reduction in the microhardness value as compared to the base 

material. This reduction in microhardness can be attributed to the grain refinement at the weld 

zone as well as HAZ zone. Also, as thin welding zone is achieved by EB welding, so residual 

stresses accumulated at the weld zone becomes negligible, so hardness value falls at this region. 

This is an added advantage of EB welded joints in contrast to the welds obtained by other 

welding techniques where usually exceptionally hard weld joints are obtained requiring post 

weld treatment for prolonged duration.    
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4. Discussion  

 4.1. Principle of working of Electron Beam welding: 

The working method of an electron beam welding basically on the principle of using kinetic 

energy of electrons as source for heat energy to melt the metal pieces to be joined. These 

electrons are generated by heating highly charged cathode filament to the temperature range for 

forming thermionic emission. Subsequently, the beam of high velocity electrons are accelerated 

by   high voltage electrical field and then focused to the job by high magnetic field. The electron 

beam is made to hit the target materials with high kinetic energy consisting the of work pieces to 

be joined. The work pieces melt at the joint and flow together as the kinetic energy of the 

electrons is transformed into heat upon impact. EBW is performed under vacuum conditions to 

prevent dissipation of the electron beam and to protect refractory alloy or metal from being 

oxidized. The equipment essentially comprises of following parts : 

• Electron gun, generating the electron beam 

• Working chamber, evacuated to "low" or "high" vacuum as require 

• Work piece manipulator (positioning mechanism) 

• Supply and control/monitoring electronics 

             The welding of Mo based TZM alloy is a comparatively challenging task than other 

conventional steels and superalloys due to its high melting temperature and reactivity with 

oxygen and other elements. Therefore, high energy density welding like electron beam welding 

was pursued to produce defect free and acceptable weld joints. An advantage of EB welding 

processes is that the high energy density of the focused electron beam is able to produce deep, 

narrow welds at high speed, making possible the formation of structural butt welds that add 

minimal additional weight. 

 
5. Conclusion 

 
Present work demonstrates the technical feasibility of joining TZM alloy pieces by EB 

welding technique. By controlling the welding parameters the weld joint was obtained with 

minimum distortion and shrinkage. Microstructural investigation revealed that elongated and 

fibrous microstructure of the base material was improved to equiaxed grain structure in the weld 

and HAZ zones as compared to the base material which is beneficial for maintaining enhanced 
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strength at the weld area. 10-15% reduction in hardness value in the weld and HAZ zones in 

comparison to the base material is basically due to grain refinement that has taken place in these 

areas. XRF analysis had revealed that chemical homogeneity was maintained in the sample even 

after welding treatment.  
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Table 1: Electron Beam welding parameters used in joining TZM alloy pieces 
 

Accelerating voltage 
  (kV) 

Beam Current 
Variation (mA) 

Welding speed 
Variation (mm/min)    

Max. Depth of Weld   
Penetration, % 

 
 
 

40 

 
 
 

20,30,40 

 
 
 

400,500,800 

Thick         Thin 
Sections  

 
        70                80       

                50 20,30,40 400,500,800         80              100 
60 20,30,40 400,500,800         80              100 
80 20, 30 400,500, 800       100              100 

 

 

Table 2: Effect of welding parameters on Depth and Width of thin section weld 

Sr.No. Accelerating
Voltage,V 
(kV) 

Beam 
Current,I 
(mA) 

Power,P 
(Watt) 

Welding 
Speed 
(mm/sec) 

Heat 
Input 
(J/mm) 

Weld 
Penetration 
Depth, d 
(mm) 

Weld 
width,w 
(mm) 

1. 40 20 800 10.00 80 0.7 0.75 

2.  40 30 1200 13.33 90 0.86 0.90 

3. 40 40 1600 20.00 80 0.73 0.79 

4. 50 30 1500 13.33 112.50 1 1 
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Table 3: Effect of welding parameters on Depth and Width of thick section weld 

Sr.No. Accelerating
Voltage,V 
(kV) 

Beam 
Current,I 
(mA) 

Power,P 
(Watt) 

Welding 
Speed 
(mm/sec) 

Heat 
Input 
(J/mm) 

Weld 
Penetration 
Depth, d 
(mm) 

Weld 
width,w 
(mm) 

1. 50 40 2000 20 100 2.25 2.20 

2. 60 30 1800 13.33 135 2.1 2.0 

3. 60 40 2400 20 120 2.67 2.45 

4. 80 30 2400 13.33 180 2.75 2.56 

5. 80 40 3200 20 160 2.89 2.68 

6. 80 50 4000 13.33 300 3.00 285 

 
 

Table 4: Chemical Analysis of a Typical welded TZM alloy (wt%) 

Composition of Base Material 

C                       Zr Ti Mo 

0.02 0.08 0.52 Bal 
 

Composition of Heat Affected Zone  
 

0.02 0.06 0.50 Bal 
 

Composition of Weld Zone 
 

0.02 0.06 0.49  
Bal 
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                                        Fig.1                                                    Fig.2  

          Fig.1 and Fig.2:  Photo images of EB welded joints in thin and thick plates of TZM 

 

 

 

         Fig.3:   Optical microstructures of Base material, heat affected and weld Zones                                    
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                                    Fig.4: Microhardness profile across the length of the weld zone  

 

 

                    

 

 






