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The further I went in my academic career, the more frequently the famos quote of the philoso-
pher Socrates came to my mind, “I know that I do not know.” Occasionally it seemed that for
every question answered, three more arose. It occurred to me that in welding molybdenum and
its alloys one is constantly fighting metallurgy, physics, and nature as such. However, contrary
to E. M. Savitskii’s claim that “in the Soviet Union, the industrial production of molybdenum
alloys has been mastered,” [1] I believe that we can only strive for the better and it will always
be a journey rather than reaching a destination. Looking back on the history of welding in
the industrial age, I allege that welding of refractory metals is as far advanced as welding of
conventional steel was a century ago. May this dissertation be a piece in the puzzle.
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Abstract

In the production chain of semi-finished and finished products made of the refractory metal
molybdenum and its alloys, welding can play an important role. However, due to metallurgical
effects which cause an impairing of the mechanical–technological properties, welding is restricted
to a few niche applications. In this work, investigations on the welding behavior of molybdenum
and its alloys were led to broaden the applicability of the welding technologies rotary friction
welding and electron beam welding.

Molybdenum and its alloys are prone to embrittlement by the re-distribution of precipitates
and impurities to the grain boundaries during re-solidification and recrystallization. In the pre-
cipitation strengthened Mo-alloy TZM (Titanium–zirconium–molybdenum), these effects are
partly reduced and the high temperature strength as well as the recrystallization temperature is
raised considerably. In conventional fusion welding processes, melting and re-solidification occurs
in the fusion zone as well as recrystallization takes place in the heat affected zone. This causes
severe embrittlement which is typically observed in welded molybdenum specimens and discards
them for industrial application.

In friction welding, no melting and high plastic deformation occurs in the bonding volume,
which benefits the resulting microstructure of Mo and TZM. Experiments in Mo tubes in a
heavy-duty rotary friction welding machine revealed a sudden and strong plasticization behavior,
which consumed a large amount of drive power. The welding results were assessed by ultrasonic
testing and microstructure characterization. To deepen the process mechanisms, laboratory-
scale friction welding experiments of Mo and TZM rods were conducted in a friction stir welding
machine. Process parameter interactions were studied thoroughly and the finished welds were
characterized regarding microstructure and hardness. It was concluded that friction welding of
Mo and TZM requires a special design of the process to obtain reproducible and successful
welds. Finally, an attempt to numerically simulate the friction welding process was made and
the results and shortcomings of the model were discussed.

Electron beam welding offered several benefits for the fusion welding of TZM, all above the
available high specific energy input to minimize the usually occurring embrittlement effects in
Mo and TZM during fusion welding. Experiments in 2 mm and 5 mm sheet metal were conducted
and a parameter optimization study was done. The addition of filler metal into the weld offered
possibilities of custom alloying the weld zone to improve the mechanical properties metallurgi-
cally. The microstructure was investigated by X-ray testing, light optical-, and scanning electron
microscopy. The welds were further characterized by tensile strength and hardness lines. A re-
liable process for filler metal addition was developed and the effects of vanadium, vacuum arc
cast TZM, and finally a novel cored wire filler were investigated. Especially with a cored filler
wire, vast possibilities for future investigations arose.
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1 Introduction

Refractory metals like molybdenum possess unique properties, like high melting point, creep
resistance and preservation of their mechanical properties towards elevated temperatures [1].
For these reasons, they are highly attractive in high temperature applications in mechanical
engineering [2, 3].

The majority of Mo is used as an alloying element in the production of various high-strength
steels, as it narrows the austenite area, is able to build carbides, and enhances quenchability
and corrosion resistance [4–6]. In contrast, only about 6% of molybdenum is processed into
base material [7]. Mo and its alloys are used in furnace and glass melting components, power
semiconductor heat sinks, sputtering targets, isothermal forging dies, injection molding tooling,
X-ray targets, and metalworking tools, among others. In the lighting industry, molybdenum
parts serve supportive purposes of lighting filaments and reflectors of halogen lamps [3,8]. Figure
1.1 shows two examples of Mo-based products. Molybdenum also serves diverse tasks in nuclear
technology; in fission reactors as cooling elements [9] and in probe fusion reactors as divertors [10].
Further, molybdenum coatings are in commercial application for example as lubricity layer and
abrasion protection coating of piston rings [3, 11].

In the processing of molybdenum, welding is of major interest. Unfortunately, the high ther-
mal conductivity, the lack of lattice transformation which makes a grain refinement by newly
built grains during transformation impossible, and the agglomeration of impurities on the grain
boundaries lead to a severe embrittlement of the welds [1]. Molybdenum–rhenium alloys show a
satisfactory weldability, although these alloys are too cost intensive due to rhenium’s high raw
price [13].

With distinct process parameters and heat treatment of pure molybdenum and the widespread
titanium–zirconium–molybdenum alloy TZM, the negative effects of welding can be reduced,
but have not yet been eliminated entirely [13, 14]. Therefore, a deeper investigation of different
welding technologies for molybdenum, the interaction of process parameters, and the underlying
metallurgical and physical phenomena is required.

(a) (b)

Figure 1.1: Examples for molybdenum applications: (a) Rotating X-ray anode and (b) hot zone
crucibles [12]

1



CHAPTER 1. INTRODUCTION

1.1 K-Project Network of Excellence for Metal JOINing (JOIN)
Joining and especially welding of metals is considered a key technology in Austria. For this rea-
son, the Institute of Materials Science, Joining and Forming (IMAT) of TU Graz collaborated
with numerous industrial companies to advance the technology of welding in a number of fields
and applications. The project metal JOINing was originated as a follow-up to the two previous
projects JOIN and JOIN4+, continuing some research fields and emerging new aspects, welding
technologies, and new materials as well. The aim was to understand joining processes and the
respective material behavior in more detail for improved production processes and more sophis-
ticated industrial products. The Österreichische Forschungsgesellschaft FFG granted financial
support for the project metal JOINing over the course of four years (September 2014 to August
2018) which enabled the planned comprehensive research in the field of welding. The project
metal JOINing is branched in two main areas; Area 1: “Materials” and Area 2: “Processes,”
which are both sub-divided into several projects [15].

1.2 Advanced Welding Technologies for Molybdenum and its Alloys
(MOLY)

Project 1.1 of Area 1 “Materials” concerns the welding of molybdenum and its alloys. In numer-
ous applications, successful welding increases the attractiveness for Mo products. The driving
idea was to investigate and further the weldability of two main molybdenum semi-finished prod-
ucts:

1. Mo tubes are used as sputter targets in the coating of solar cell panels and flat screens.
Due to the sintering process route, these tubular parts are limited in dimension and there-
fore the idea is to join them via welding to produce a larger scale of targets without the
need of a flange joint.

2. Crucibles and furnace equipment as well as other products made from TZM sheets are in
industrial application. If welded rather than conventionally joined by mechanical fixation
or brazing, more flexible designs and lower production cost are possible for these products.

Joining by welding of molybdenum and its alloys was proven possible but not without com-
prising a number of difficulties: In solid state welding, good material properties were achieved,
but fundamental knowledge of the interaction of welding parameters which yield the final weld
quality were not yet established. In fusion welding, the main issue was grain coarsening accom-
panied by a re-distribution of impurities on the grain boundaries. The result was insufficient
ductility and strength [15].

1.2.1 Motivation
To address the above mentioned issues, the project MOLY consists of two main work packages.
For tubular formats, rotary friction welding was the obvious choice, while power beam welding
processes seemed more practical for sheet base metal:

1. In rotary friction welding, some problematic issues are avoided since this welding process
operates below the melting point of the involved metals. Based on reference parameters in
the literature [7,14] and preliminary experiments [16], a parameter study and a simulation
of the process is conducted. Moreover, heat treatment procedures prior and after the
welding process are included in the research.

2



1.2. M1 MOLY

2. In the process of power beam welding, the melting of the base material results from a
laser beam (LBW) or an electron beam (EBW). On account of the high energy densities
of laser- and electron beam welding it is possible to fuse molybdenum and its alloys,
however, accompanied by a decline of the weld’s mechanical properties [17]. Therefore,
evaluating the influence by alloying elements and elaboration of different filler materials
are the main focus of this research package.

1.2.2 Objectives
The project MOLY addresses two welding techniques, their influencing parameters are identified
and the metallurgical activity of the material is described. Supported by statistical design and
analysis of experiment, the following goals are pursued:

1. Deepening of the knowledge about welding technologies of molybdenum

2. Improvement of the mechanical properties of molybdenum-based weld designs

3. Development of a suitable welding filler material for fusion welding of molybdenum
With these defined tasks and distinct goals, new knowledge shall be generated which contributes
to the ongoing development of joining technologies of molybdenum.

1.2.3 Academic output
In the course of the project MOLY a series of academic work emerged, including the present dis-
sertation. The following list compiles all Bachelor’s and Master’s theses, international conference
contributions, and journal publications.

1.2.3.1 Supervised and co-supervised Bachelor’s theses

• Christian Voglreiter, Einbringung von Zusatzwerkstoffen für das Elektronenstrahlschweißen
von Kupfer, 2015.

• Christian Helmreich, Implementierung und Evaluierung eines Rotationsreibschweißpro-
zesses in ABAQUS, 2016.

• David Oblak, Simulation eines Rotationsreibschweißprozesses mittels DEFORM, 2016.

• Adrian Aumayr, Charakterisierung von EBW-Kupferschweißnähten mit Zusatzwerkstoff
Zinn, 2016.

• Maximilian Meisterl, Elektronenstrahlschweißen von 5 mm Blechen aus TZM mit und ohne
Schweißzusatz, 2018.

• Simon Elmiger, Erprobung eines Mo-Fülldrahtes für das Elektronenstrahlschweißen von
TZM-Blechen, in progress.

1.2.3.2 Supervised Master’s theses

• Diogo Bŕızido Caldas Oliveira, Electron Beam Welding of TZM Plates, 2015.

• Johann Sebastian Kramer, Elektronenstrahlschweißen von TZM mit Schweißzusatz, 2017.

• Florian Kogler, Simulation eines Rotationsreibschweißprozesses, 2018.

• Florian Pixner, Rotary Friction Welding (RFW) of Molybdenum, 2018.
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CHAPTER 1. INTRODUCTION

1.2.3.3 Conference contributions

• M. Stuetz, D. Oliveira, M. Ruettinger, N. Reheis, H. Kestler, N. Enzinger. Electron Beam
Welding of TZM Sheets, Thermec Intl. Conf., Graz, Austria, June 2016.

• M. Stuetz, J. Wagner, N. Reheis, H. Kestler, E. Raiser, N. Enzinger. Rotary Friction
Welding of Large Molybdenum Tubes, Intl. Conf. on Trends in Welding Research, Tokyo,
Japan, October 2016.

• F. Pixner, M. Stuetz, J. Wagner, N. Reheis, N. Enzinger. Vergleichende Rotationsreib-
schweißversuche mit Molybdän und Stahl auf einer FSW-Anlage, SLV Reibschweißtagung,
Munich, Germany, March 2017.

• M. Stuetz, F. Pixner, J. Wagner, N. Reheis, E. Raiser, H. Kestler, N. Enzinger. Rotary
Friction Welding of Molybdenum Components, 19th Plansee Seminar, Reutte, Austria, June
2017.

• J. S. Kramer, M. Stuetz, M. Ruettinger, M. Koegl, N. Reheis, H. Kestler, N. Enzinger.
Enabling TZM Sheet Welds by Proper Filler Metal Addition, EUROMAT Intl. Conf., Thes-
saloniki, Greece, September 2017.

• M. Stuetz, M. Meisterl, M. Ruettinger, N. Reheis, T. Woehry, T. Willidal, N. Enzinger,
C. Sommitsch. Advanced Electron Beam Welding of TZM Sheets Using Filler Metal, 64.
Metallkunde-Kolloquium, Lech am Arlberg, Austria, April 2018.

• R. Buzolin, M. Stuetz, F. Pixner, C. Poletti, N. Enzinger, C. Sommitsch. Advanced Char-
acterization of Friction Welded Molybdenum and TZM Alloy, 15. Internationale Metallo-
graphie Tagung, Leoben, Austria, September 2018.

• M. Stuetz, F. Kogler, J. Wagner, K.-H. Leitz, N. Reheis, N. Enzinger. Numerical Simulation
of Rotary Friction Welding of Molybdenum, 12th International Seminar Numerical Analysis
of Weldability, Seggau, Austria, September 2018.

1.2.3.4 Journal publications

• M. Stuetz, D. Oliveira, M. Ruettinger, N. Reheis, H. Kestler, N. Enzinger. Electron beam
welding of TZM sheets, Materials Science Forum 879, pp. 1865–1869, 2016.

• M. Stuetz, F. Pixner, J. Wagner, N. Reheis, E. Raiser, H. Kestler, N. Enzinger. Rotary
friction welding of molybdenum components, Intl. J. of Refractory Metals & Hard Materials
73, pp. 79–84, 2018.

• M. Stuetz, R. Buzolin, F. Pixner, C. Poletti, N. Enzinger. Microstructure development of
molybdenum during rotary friction welding, Materials Characterization 151, pp. 506–518,
2019.

• F. Kogler, M. Stuetz, J. Wagner, K.-H. Leitz, N. Reheis, N. Enzinger, Finite Elemente
Simulation des Rotationsreibschweißens von TZM, accepted.
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1.2. M1 MOLY

1.2.4 Outline
The present dissertation is arranged in three main parts: First, an introduction to refractory
metals with the focus on molybdenum is given and investigations concerning the flow stress
behavior of pure Mo are discussed. The second part concerns friction welding and in more
detail rotary friction welding of pure molybdenum and TZM, the problems that occurred, and
possible solutions are presented. Third, fusion welding by the means of electron beam welding in
TZM sheets is presented and experiments with different filler metals to improve the mechanical
properties are investigated.
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2 Molybdenum

In this chapter, molybdenum and the titanium–zirconium–molybdenum (TZM) alloy are dis-
cussed in detail. The unique characteristics of refractory metals are elaborated, recovery and
recrystallization as well as hardening mechanisms are explained, and experiments concerning
the flow stress behavior at different temperatures and strain rates are presented. A possible
modeling of the flow stress concludes this chapter.

2.1 State of the art
2.1.1 Refractory metals
The definition of refractory metals varies throughout the literature. In general, refractory metals
are considered metals with an elevated melting point and which sustain their mechanical prop-
erties at higher temperatures [1,2,18]. They are transition elements, situated in the groups 4 to
10 in the periodic table.

Figure 2.1 shows the melting point of transition metals in relation to their position in the
periodic table. It is observed that the melting points of the elements of the periods 5 and 6
reach a maximum at the elements of group 6, being Mo and W, with an atomic configuration
of six electrons in the outer shells [1]. All elements with a melting temperature above 2,000◦C
are listed in table 2.1.

Table 2.1: List of refractory metals and their melting points [1, 4]
Chemical Name Melting point
symbol ◦C

Tc Technetium 2,172
Hf Hafnium 2,222
Ru Ruthenium 2,250
Ir Iridium 2,445
Nb Niobium 2,468
Mo Molybdenum 2,610
Ta Tantalum 3,000
Os Osmium 3,045
Re Rhenium 3,180
W Tungsten 3,380

Among the refractory metals of table 2.1, only four are in wide commercial use: Niobium,
molybdenum, tantalum, and tungsten [1, 2].

2.1.1.1 Density

In general, refractory metals possess a high density, with osmium being the densest metal in the
periodic table (22.6 g/cm2). Remarkable therefore is molybdenum’s low density of 10.22 g/cm2—

6



2.1. STATE OF THE ART
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Figure 2.1: Melting points vs. periodic table position of metals from groups 3–12 [1, 4]

compared to tungsten’s 19.25 g/cm2, it only accounts to about half the specific weight, with solely
niobium being lighter at 8.57 g/cm2 [1, 4].

2.1.1.2 Crystal lattice

The elements of group 6 (Cr, Mo, W) have a body-centered cubic (bcc) lattice and are monomor-
phic. Bcc structures are less ductile than face-centered cubic (fcc) lattices, as they have fewer slip
systems and only one slip direction in <111> [19] and resist dislocation movements better [20].
The lack of lattice transformation means it cannot be hardened by martensitic transformation
and substantial grain growth takes place at high temperatures and during solidification [1, 4].

2.1.1.3 Thermodynamics

As per definition, the melting and boiling points of refractory metals are high. Tungsten has the
lowest vapor pressure among refractory metals [21]. Tantalum’s and molybdenum’s is also low
compared to chromium. Figure 2.2 shows the vapor pressure of refractory metals in dependence
of the temperature in vacuum.

In general, the specific heat increases with increasing temperature. Especially molybdenum
increases steeper than the other metals [1].

2.1.1.4 Thermal expansion

Refractory metals stand out with their low coefficients of thermal expansion (α), with tungsten
having the lowest. Table 2.2 shows a comparison between Al, Fe, and refractory metals. A
correlation between the melting point and α is observed. α also depends highly on the degree of
purity, traces of impurities increase α drastically [1].

2.1.1.5 Mechanical properties

In general, metals with a cubic lattice show a better workability than hexagonal lattice. Molybde-
num and niobium preserve their specific mechanical strength better than tantalum and tungsten
up to 1,370◦C, as depicted in figure 2.3. Mo, W, Re, and Os also keep their hardness close to
their melting points [1].
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Table 2.2: Coefficient of thermal expansion α of selected elements at room temperature [1]
Element α

10−6 K−1

Al 23.1
Fe 11.8
Ti 8.35
Nb 7.1
Ta 6.3
Mo 4.98
W 4.59

Figure 2.2: Vapor pressure in dependence of temperature in vacuum [1]

(a) (b)

Figure 2.3: (a) Specific strength of Nb, W, and Ta compared to a Mo–0.5%Ti alloy and (b)
course of the modulus of elasticity of refractory metals and selected materials over
temperature [1]
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2.1.2 Molybdenum

Pure molybdenum was first successfully produced in 1782 by reducing molybdenum trioxide
(MoO3), which was priorly obtained from molybdenite (MoS2), by K. W. Scheele in 1778. Ini-
tially, molybdenite was mistaken for blue lead (PbS), hence the name “µoλυβδoς” (“molybdos”),
which is greek for lead [4]. Table 2.3 lists the most important physical and mechanical properties
of pure molybdenum metal in untreated condition.

Table 2.3: Physical and mechanical properties of Mo in untreated condition [1, 4]
Crystal structure bcc
Density 10.28 g/cm3

Melting point 2,620◦C (1 bar)
Boiling point 4,825◦C (1 bar)
Thermal conductivity (20◦C) 138 W/m K
Specific heat capacity (20◦C) 254 J/kg K

Young’s modulus (20◦C) 329 GPa
Ultimate tensile strength 324 MPa
Fracture elongation 10-15%

2.1.2.1 Recrystallization

Refractory metals possess a high recrystallization temperature due to their strong inter-atomic
bond. Figure 2.4 depicts recrystallization diagrams of molybdenum. It is observed that in Mo
produced by vacuum arc casting (VAC), recrystallization does not commence below 1,300◦C,
regardless of the degree of deformation. In powder metallurgically (PM) produced Mo the thresh-
old temperature is around 1,000◦C. Typically, a critical degree of deformation in the magnitude
of 5–20% is characteristic in all metals, at which a substantial grain growth is observed. As
observed in figure 2.4, the critical degree of deformation is 7.5% for VAC Mo [1] and around 5%

(a) (b)

Figure 2.4: Recrystallization diagrams of molybdenum: (a) vacuum arc cast Mo [1] and (b)
powder metallurgically produced Mo [22]

9
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for PM Mo [22].
In theory, the recrystallization of a metal causes a reduction in strength along with an increase

in plasticity. However, recrystallization annealing of chromium, molybdenum, and tungsten leads
to an embrittlement due to the re-distribution and the resulting precipitations of impurities
on the grain boundaries. Smaller grains increase the total length of grain boundaries, which
dilutes the precipitation amount on the latter, thus increasing the mechanical properties [19,20].
Similarly, a high purity of refractory metals results in an increased plasticity of recrystallized
materialF [1].

Mo possesses a high stacking fault energy of 0.3 J/m2 [23, 24], in general recovery processes
dominate recrystallization processes [25]. Primig et al. assumed that recrystallization nucleated
by the coalescence of recovered subgrain regions [22]. After extensive investigation of the recovery
and recrystallization behavior of commercially pure Mo, Primig formulated a summary of her
findings (table 2.4) [19].

Table 2.4: Main results of recrystallization behavior of pure Mo by Primig [19]. LD stands for
loading direction.
deformation cold deformation warm deformation hot deformation
temperature TR < 0.5 · TM > 0.5 · TM

level of dynamic no dynamic recovery moderate strong
recovery

if ϕ > 0.5 and dϕ/dt = 1
deformation texture strong <111>//LD strong <111>//LD strong <001>//LD

2nd strong <001>//LD 2nd <001>//LD 2nd strong <001>//LD
weak <others>//LD weak <others>//LD weak <others>//LD

successful nucleation
nucleation of and growth of

predominant <111>//LD via <others>//LD due to nucleation of
nucleation of extended recovery absence of orientation <001>//LD via strain

recrystallization (subgrain growth pinning; induced boundary
mechanism and coalescence) moderate success of migration

<111>//LD and
<001>//LD

volume fraction of
strong <111>//LD <others>//LD strong <111>//LD

annealing texture moderate <001>//LD increased weak <111>//LD
weak <others>//LD moderate <111>//LD weak <others>//LD

moderate <001>//LD

2.1.2.2 Mechanical properties

Brosse et al. [26] conducted bending tests of high purity Mo samples and investigated the fracture
surfaces by Auger electron spectroscopy (AES) and scanning electron microscopy (SEM). They
found no precipitates and argued that the intergranular brittleness of Mo is an intrinsic property
of Mo. D. Stein [27] as well found that a higher purity level of single crystal Mo did not increase
the ductility.

The progression of various tensile properties of Mo can be observed in figure 2.5. The ductile–
brittle transition temperature (DBTT) may be specified according to the total reduction in area.
Taking into account the variation in the literature [3, 12, 28], the DBTT is given between 0◦C
and 200◦C. Figure 2.6 shows the results from a three point bend tests to illustrate the DBTT.

Mechanical deformation like rolling or forging, above all, strengthens molybdenum alloys up
to a factor of four. Annealing on the other hand reverts the strengthening effect, due to the

10
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Figure 2.5: Tensile properties of molybdenum depending on the temperature [28]

Figure 2.6: DBTT behavior of Mo sheet metal in deformed and stress-relieved condition and
deformed and recrystallized resulting from a three point bend test [3]

negative effect of re-distribution of impurities on the grain boundaries by recrystallization, as
discussed before [1, 3].

Figure 2.7 shows the evolution of the hardness in relation to the annealing temperature and
the prior deformation state [22]. First, it is observed that the higher the deformation, the higher
the initial hardness of the material. Depending on the deformation state, a hardness drop is
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Figure 2.7: Resulting hardness of different deformation states after annealing. It is observed that
depending on deformation state, between 1,000 and 1,400◦C the hardness drops to
a similar level [22].

observed between 1,000◦C and 1,400◦C, where eventually the hardness reaches the level of the
undeformed state.

2.1.2.3 Chemical properties and corrosion

Oxygen and nitrogen cause embrittlement by segregations and precipitations along grain bound-
aries. Carbon segregation, on the other hand, has the opposite effect and increases the grain
cohesion. Therefore, it is suggested that the heat induced embrittlement can be opposed to by
improving the intergranular bonding [17].

Molybdenum is resistant to corrosion in atmosphere with a humidity below 60% at room tem-
perature [12]. Both fresh-, and sea water do not cause remarkable corrosion, however, molybde-
num’s resistance to water drops significantly as the temperature exceeds 260◦C [9]. Furthermore,
Mo reacts instable in aqueous alkaline and oxidizing solutions [3].

Refractory metals in general are prone to oxidation at elevated temperatures. Molybdenum
and tungsten produce highly volatile oxides which result in substantial material loss. Exposed to
the atmosphere, Mo and Mo-based alloys experience an accelerated oxidation from about 550◦C
onwards and form MoO3 which subsequently sublimates [3, 8, 9].

Molybdenum resists hydrogen, argon, and helium atmospheres without any effect, and nitrogen
and carbon dioxide exposure up to 1,100◦C [9].

2.1.2.4 Precipitation strengthening mechanisms

It is well established that oxygen (O) in small amounts of a few ppm has a strongly negative
impact on most refractory metals, especially on W and Mo. Oxygen segregates to the grain
boundaries and lowers the binding energy which leads to a tendency of intergranular fracture
[1,13,20]. To countervail this effect, two strategies are possible: (1) the addition of elements that
sufficiently bind oxygen, and (2) to prevent the re-location of O to the grain boundaries [20].

To address the first point, zirconium is added to the Mo matrix. Due to Zr’s high affinity to
oxygen, ZrO2 is formed in particles of up to 10 µm in size. These particles are easily observed in
light optical microscopy (LOM) and scanning electron microscopy (SEM) images as for example
in figure 2.8 [29].
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Figure 2.8: ZrO2 particles observed by SEM in a TZM material [29]

(a) (b)

Figure 2.9: TEM images of (a) Mo2C and (b) (Mo,Ti)xCy [29]

Concerning the second point, carbon (C) is reported to be very effective in inhibiting O from
relocating to the grain boundaries by reducing the segregation driving force and by trapping O
atoms in the bulk material [30,31]. Carbon forms Mo2C and (Mo,Ti)xCy particles which usually
segregate on the grain boundaries. Their size is below 1 µm as observed in figure 2.9 [29]. By
pinning the grain- and subgrain boundaries and thus hindering the movement of dislocations, the
small precipitates increase the recrystallization temperature of Mo up to 1,500◦C [3,12,29,32].

The role of boron is also to inhibit oxide formations on grain boundaries [13,33,34] and is ac-
counted an effect of increasing the grain boundary cohesion [35,36]. An atom probe investigation
showed that Zr, C, and also B hinder O to segregate on GBs, as observed in figure 2.10 [33].

By a series of segregation kinetics simulations, Scheiber et al. [37] demonstrated that not only
the amount of impurities but also the cooling rate has direct influence on the amount of elements
segregated on the grain boundaries. They described the empirical equation T (t) = T0 · e−r

√
t

with the characteristic cooling constant r in s−1/2. It is shown that at low cooling constants the
segregation depends mostly on the affinity of the single elements to grain boundaries, with O
dominating C [38]. A high cooling constant, however, forces a ratio more towards the absolute
content of elements [37]. Figure 2.11 depicts this tendency assuming bulk Mo with 100 ppm C
and 20 ppm O.

Apart from former grain boundaries and coalesced, recovered subgrains, Silva et al. observed
recrystallization in the molybdenum alloy MZ17 (Mo matrix with 1.7 wt.% ZrO2) as an effect of
particle stimulated recrystallization [39]. Hereby, particles induce large misorientation gradients
in the deformed material which act as initiation sites for recrystallization [40, 41]. Given that
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Figure 2.10: Atom probe investigation of a grain boundary of Mo (indicated by red arrows)
alloyed with C, B, and Zr [33]. It is observed that oxygen is repressed at the GBs
by the alloying elements.

Figure 2.11: Amount of atoms per area on the grain boundaries ΓGB as a function of the char-
acteristic cooling rate r [37]. It is observed that at higher cooling rates the ratio of
C to O increases.

TZM contains ZrO2 particles also, this effect may occur as well.

2.1.2.5 Deformation behavior

As mentioned before, Mo possesses a high stacking fault energy, which means that recovery
usually predominates recrystallization. Further, low cycle fatigue tests by Samoilov et al. [42]
suggested a work softening behavior of Mo at high temperatures. Chaudhuri et al. [43] did hot
compression tests in Mo with different strain rates (0.01–10 s−1) up to a true strain of 0.6 and
in a temperature range from 1,400◦C to 1,700◦C. Figure 2.12 shows the resulting stress–strain
flow curves. First, it is observed that work hardening occurred at high strain rates regardless
of temperature. Steady-state or work softening was observed at lower strain rates. Additional
investigations showed that at high strain rates the microstructure consisted of deformed grains
with high misorientation, while EBSD investigations indicated that the main mechanism was
dynamic recovery at low strain rates. Recrystallization only occurred sparsely and at specific
temperature / strain rate combinations of 0.1 s−1 / 1,600◦C and 1 s−1 / 1,700◦C. A schematic
map of their findings is drawn in figure 2.13 [43].
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(a) (b)

(c) (d)

Figure 2.12: Flow curves of Mo in the range of 1,400–1,700◦C and 0.01–10 s−1 strain rate [43].
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Figure 2.13: Schematic compilation of the restoring mechanisms during the hot deformation
at different temperatures and strain rates of molybdenum. Operating mechanisms
are dynamic recrystallization (DRx), partial and full dynamic recovery (DRv), and
grain growth [43].
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2.1.3 Molybdenum alloys

To further increase the high melting point, high modulus of elasticity, and low coefficient of
thermal expansion, among others, molybdenum is alloyed with a number of elements. In general,
three main alloy types are used among molybdenum [17]:

1. Solid solution strengthening alloys (e.g. Mo–Re)

2. Composite metal alloys (e.g. Mo–Cu)

3. Precipitation strengthening alloys (e.g. TZM)

2.1.3.1 Main alloying elements

Boron and silicon increase the hardness both at room and at elevated temperatures. Titanium
(Ti), zirconium (Zr), niobium (Nb), tantalum (Ta), and vanadium (V) decrease the hardness by
de-oxidation, but increase the recrystallization temperature by a few hundred degrees, as figure
2.14 illustrates. With an appropriate distribution of these additions, it is possible to achieve a
recrystallization temperature for molybdenum up to 1,500◦C [1].

Lanthanum (La) or yttrium (Y) can be added in the form of the oxides La2O3 or Y2O3 to
form oxide dispersion strengthened alloys which exhibit reduced oxidation rates [12,18].

Carbon contents up to 0.06 wt.% result in an increased ductile–brittle transition temperature,
while the ductile state during hot forming is sustained. As observed in the Mo–C phase diagram
in figure 2.15, with a carbon content up to about 0.2 wt.% the basic molybdenum α phase is
preserved, in excess of that, Mo2C is formed [1]. Titanium (Ti) or hafnium (Hf) additions can
also form carbides which result in carbide strengthened molybdenum alloys.

2.1.3.2 Solid solution strengthening alloys

Solid solution strengthening alloys are the basic type of substitutionary alloys, where the alloying
elements replace some of molybdenum’s lattice positions. Most commonly rhenium, tungsten,
tantalum, or niobium are used to enhance the properties of molybdenum [3]. Figure 2.16 shows
phase diagrams for Mo–Re [44,45] and Mo–V [46]. It is observed that Mo–Re forms a quasi-solid
solution crystal up to 39 wt.% Re, while Mo–V is fully solid solution over the entire concentra-
tion domain. Alloys of rhenium and molybdenum ranging from 15–41% Re yield ductile fusion
welds, which possess similar mechanical properties like the base metal [9,10,47]. These alloying

Figure 2.14: Recrystallization temperature of molybdenum with different alloying additions [1]
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Figure 2.15: Molybdenum–carbon phase diagram [1]

(a) (b)

Figure 2.16: (a) Phase diagram for molybdenum–rhenium [44] and (b) a calculated phase dia-
gram for molybdenum–vanadium [46]

elements, however, increase the already high price of molybdenum further, which makes the
application of Mo–Re and other refractory metal alloys a question of investment.

2.1.3.3 Composite metal alloys

Composite metal alloys can be produced by blending powder prior to sintering. Material combi-
nation with molybdenum may be built with copper, titanium, or sodium. Furthermore, Mo–Cu
composites are produced by infiltrating a pre-sintered molybdenum skeleton with liquid copper.
This technique results in an outstanding combination of the properties of both components,
since the molybdenum base frame possesses an adequate lattice. Moreover, the porosity of the
finished composite is kept to a minimum, given that the Mo skeleton has a sufficiently open
porosity for admitting the copper melt [3].

2.1.3.4 Carbide strengthening alloys and molybdenum alloy TZM

Low Ti and Zr additions result in small carbide and oxide precipitates, which increase the
strength of material and the creep resistance at high temperatures. The carbide precipitates act
as inhibitors for recrystallization by obstructing grain growth and elevate the recrystallization
temperature from pure molybdenum’s 1,100◦C to 1,400◦C [3, 10, 12, 48]. To sustain the tech-
nological ductility, the maximum quantity of alloying elements in precipitation strengthened
molybdenum is limited to tenths of a percent [1].
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Molybdenum–hafnium–carbon (MHC) is an important Mo base alloy with 1.2 wt.% Hf and
0.1 wt.% C. The dispersion of hafnium carbides strengthens the Mo base metal considerably, as
observed in figure 2.17. Further, the recrystallization temperature is increased to 1,550◦C [12].

Titanium–zirconium–molybdenum alloys are called TZM alloys and also belong to the disper-
sion strengthened Mo-alloys. Their typical composition is listed in table 2.5. Compared to pure
Mo, the mechanical properties are increased, as listed in table 2.6 [1,12]. The creep rate of TZM
is illustrated in figure 2.18, demonstrating the significant difference of TZM to pure Mo.

Table 2.5: Typical composition of TZM alloy [12,48]
Element content
Molybdenum, Mo balance
Titanium, Ti 0.5 wt.%
Zirconium, Zr 0.08 wt.%
Carbon, C 0.01–0.04 wt.%

Young’s moduli of most molybdenum alloys including TZM are comparable to pure molyb-
denum’s. The ultimate tensile strength (UTS) of TZM is higher than pure Mo but lower than

Figure 2.17: Typical UTS values for Mo, TZM, and MHC (molybdenum–hafnium–carbon) bar
material in stress relieved condition [12]

Figure 2.18: Steady-state creep rates of Mo, TZM, and MLR (molybdenum–lanthanum recrys-
tallized) sheet metal at 1,100◦C [1,12]
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Table 2.6: Mechanical properties of TZM [1]
20◦C 1,200◦C

Yield strength [MPa] 734 173
Ultimate tensile strength [MPa] 897 345
Elongation [%] 8 10

MHC and decreases similarly with temperature, as depicted in figure 2.17. In the temperature
range from 600◦C to 1,600◦C, TZM possesses a significantly higher UTS than pure Mo.

The ultimate tensile strength of a work-hardened TZM alloy is 150% higher, and the creep
strength of the latter is 300% higher than in untreated, pure molybdenum [1]. The grain growth
resistance effect of the Ti and Zr carbide particles improves the weldability as the resulting grain
size is limited [10].

2.1.4 Processing

2.1.4.1 Production route

The main ores for molybdenum are molybdenite MoS2 and wulfenite PbMoO2, which occur
mostly in North America and Norway, but also in Chile and Germany [4, 12]. Molybdenite are
oxidize roasted at 400–650◦C in air (equation 2.1) leading to molybdenum trioxide (MoO3).
Pure Mo powder is obtained by the reduction of MoO3 with hydrogen, either in one (equation
2.2) or in multiple steps via MoO2 and MoO [4].

MoS2 + 31
2 O2 → 2 SO2 + MoO3 (2.1)

MoO3 + 3 H2
1000◦C−−−−→ Mo + 3 H2O + 112 kJ (2.2)

2.1.4.2 Production of technical Mo-alloys

The Mo powder is mixed with alloying components where applicable and then further processed
by vacuum arc melting, electron beam melting, or powder metallurgy. Today, 97% of all molyb-
denum based materials is processed by powder metallurgy [18]. Figure 2.19 shows a schematic
flow of Mo processing by powder metallurgy. Here, after mixing and pressing, the sintering
process leads to Mo metal blanks, which are then hot or cold rolled to reduce the porosity.
The final step of stress relief annealing concludes the production process of technical Mo and
Mo-alloys [12].

2.1.4.3 Machining

Molybdenum and TZM are machinable by turning, milling, and drilling by means of high speed
steel (HSS) and hard metal (HM) tools, preferably with a cutting edge geometry similar to
machining aluminum. In any case, a much higher wear of the tools is expected, as molybdenum
is considerably more abrasive than steel at similar hardness values [9, 12].

2.1.4.4 Joining

Molybdenum and its alloys can be joined mechanically by riveting or bolting.
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Figure 2.19: Schematic flow of the production of powder metallurgically produced semi-finished
products [12]

Material joints by brazing with AgCu based brazing alloys up to 1,000◦C, alloys of Ni and
precious metals at 1,400◦C, and Ti, Zr, Ru, Pd, Co, and Pt based alloys up to 2,000◦C are in
commercial use [9, 12,49].

Due to its high melting point and the required total energy input, welding is only possible by
techniques with high specific powers, or by solid state welding, which operates below liquidus
[17,50]. Solid state welding has also the advantage of a short process time, which results in fine
grains due to recrystallization. Friction welding of molybdenum is applied industrially and has
also been the content of some scientific research [7, 51,52].

Investigations of welding TZM with different welding techniques showed that pores and cracks
were produced, if the heat input dropped below a certain level. Oxygen and nitrogen were
accounted for causing cavities [17]. Even small amounts of O and N, caused by an improper
welding atmosphere, lead to embrittlement in the joint [9]. Moreover, the welding zone shows a
substantial grain growth [17].

Experimental results of a four-pass tungsten inert gas (TIG) weld of Mo with a Mo–Re filler
material showed improved mechanical properties compared to pure Mo welds. The base material
was alloyed with traces of zirconium, carbon, and boron. Hereby, the fracture elongation was
increased from 3% to 20% compared to regular molybdenum welds. Zirconium, boron, and
carbon acted as getter elements for the present oxygen and nitrogen and inhibited a segregation
on the grain boundaries. On this account, the ductility vastly increased and the fracture mode
changed from intergranular failure to transgranular failure [13].

The high affinity to oxygen resulted in cracks in a TIG weld under argon atmosphere with
0.05% oxygen contamination and to crater cracking at 0.02% oxygen [20].

Electron beam welding of molybdenum and its alloys has been investigated to a considerable
extent [10, 17, 47]. It was reported that molybdenum alloys are preferable to pure molybdenum
because of its less tendency to form coarse grains. Mo–Re showed the best weldability with
sustained ductility of the welds.

2.1.5 Modeling of material behavior

As discussed previously, the deformation behavior of metals and alloys is a function strongly
dependent on temperature, strain, strain rate, and therefore the underlying metallurgical mech-
anisms [53]. Mathematical models may be used to depict the the flow stress behavior of different
metals. Strictly empirical or semi-empirical models using a power law approach and simpli-
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fied assumptions of thermally activated flow are widely in use [54, 55]. Other authors pursued
a more phenomenological approach of describing the flow kinetics, as for example Mecking
and Kocks [56], or adapted existing models to enhance the fit to observed flow stress behav-
iors [57–59].

2.1.5.1 Johnson–Cook flow stress model

One of the first approaches to model flow stress numerically was delivered by Gordon R. Johnson
and William H. Cook in 1983 [54]. The model includes effects of strain hardening, strain rate
hardening, and thermal softening. Although strictly empirical, the model covers a wide range of
materials to an often satisfactory extent. The von Mises flow stress is written as

σ = (A+Bεn)(1 + C ln ε̇∗)(1− T ∗m), (2.3)

where the homologous temperature in the form of

T ∗ = T − Tr
Tm − Tr

(2.4)

is comprising the melting temperature Tm and room temperature Tr. The strain rate is normal-
ized to ε̇0 = 1 s−1 by ε̇∗ = ε̇/ε̇0. The material constants A, B, n, C, and m can be obtained
experimentally.

2.1.5.2 Zerilli–Armstrong flow stress model

Frank J. Zerilli and Ronald W. Armstrong formulated a semi-empirical model for flow curves
and therein two separate equations for fcc and bcc metals [55]. First it is stated that the thermal
activation can be assumed independent of strain for bcc crystals. The thermal part of the
equation can therefore be written disregarding the plastic strain ε as

σth = c1 · e−c3T+c4T ln ε̇. (2.5)

Analogously to the Johnson–Cook equation, ε̇ is again normalized to ε̇0 = 1 s−1. Combined with
the athermal part, which is represented by an assumed power law in the form of

σath = c5 · εn + c6, (2.6)

the full model for flow stress of bcc crystals is

σ = c1 · e−c3T+c4T ln ε̇ + c5 · εn + c6. (2.7)

Note that c2 occurs only in the equation for fcc crystals, and is missing in the present equation
for reasons of continuity with literature.

While the J–C model is strictly empirical but often sufficient to fit a certain material behavior,
the Z–A model possesses an underlying physical interpretation of thermal activation of disloca-
tions [60, 61]. Most authors argue that compared to the J–C model, the Z–A model is able to
represent the strong flow stress dependency of bcc metals on temperature and strain rate better
and is therefore preferable [62, 63]. However, Liang et al. pointed out that since most metals
exhibit a work-hardening behavior that is dependent on temperature and strain rate, which the
Z–A model ignores, it is not ideal [64].

Zerilli and Armstrong themselves stated that the model was developed for modeling Taylor
cylinder impact tests with strain rates of 104–106 s−1 and temperatures up to one half of the
melting temperature in absolute (for Mo that is 1,174◦C) [55].
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Table 2.7: Z–A constants for Mo [65,66]
c1 / MPa c3 / MPa c4 / K−1 c5 / K−1 c6 / MPa n

Scapin 1 4,030 6.449·10−3 3.073·10−4 524 0 0.110
Scapin 2 2,833 5.203·10−3 2.639·10−4 485 0 0.135

Chen 1,030.115 7.45·10−4 2.9389·10−5 −48.3076 −16.515 −0.49119

Scapin et al. [65] and Chen et al. [66] published sets of coefficients for different, commercially
available Mo products for the Zerilli–Armstrong (Z–A) model, which are as follows in table 2.7.

It is apparent that the values of Scapin and Chen differ largely from one another. First,
Scapin presupposed that c6 equals zero, thus reducing the degree of freedom for the variable
optimization. Second, if n is a negative value as in the case of Chen, the characteristics of the
function switches from parabolic to hyperbolic, although it remains monotonously increasing as
long as c5 is negative as well. It appears that the high degree of freedom for the optimization of
six variables allows largely different outcomes, which may also depend on the starting values of
the iterative optimization procedure.

If the exponential term of the thermal part of the Z–A model

e−c3T+c4T ln ε̇ = e(−c3+c4 ln ε̇)·T = ec(ε̇)T (2.8)

is examined, it becomes apparent that with rising temperature the change of the flow curve
decreases, as long as

− c3 + c4 ln ε̇ < 0, (2.9)

which is the case because usually c3 � c4. The limit of the exponential function then is

lim
T→∞

ec(ε̇)T = 0 (2.10)

and hence the limit for the full Z–A model is the athermal part σath which is independent from
the strain rate with

lim
T→∞

σZA = c5 · εn + c6. (2.11)

This results in congruent flow curves at sufficiently high temperatures. Figure 2.20 shows the
progression of the thermal part of the Z–A model (equation 2.5), calculated with the coefficients
of table 2.7. It is observed that with both sets of coefficients of Scapin et al., the thermal stress
drops to neglectable values at approximately 1,000◦C (1,273 K), while with Chen’s coefficients,
the drop is slower and sufficiently high thermal stress values until (hypothetical) 6,000 K are
sustained. Scapin’s coefficients therefore work sufficiently up to 1,000–1,100◦C, as reported [65],
whereas at higher temperatures both the temperature dependency as well as the strain rate
sensitivity of the model is lost. At the relatively low strain rates and high temperatures present
in friction welding the model with the coefficients of Scapin is expected to deviate substantially
from experimental data.

For TZM it is, reported that the influence of the strain rate on the flow stress is greater at
low temperatures [67].
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Figure 2.20: Course of the thermal part of the Z–A model with different coefficients at ε̇ = 10 s−1

2.2 Experimental

To characterize molybdenum’s flow stress behavior, isothermal compression experiments were
planned and executed in a wide temperature range and at different strain rates.

2.2.1 Flow curve acquisition

For modeling of rotary friction welding processes, or any deformation process for that matter,
temperature- and strain rate dependent material data is necessary. Literature states multiple
results for refractory metals and molybdenum with according flow stress models [65,66,68], but
mostly for high strain rates (ε̇ > 104 s−1) and low temperatures (T < 0.5 · Tm). In welding
processes, temperatures up to the melting point have to be modeled, and also the welding
behavior determining processes are expected to be in the high temperature / high deformation
area. Therefore, comprehensive knowledge and data of molybdenum’s deformation behavior is
required. For this reason, a series of compression experiments was planned and executed on a
Gleeble 3800 simulator at the institute to acquire flow curves of commercially pure molybdenum.

The Gleeble machine can work with true strain and calculate the required stroke accordingly.
As drawn in figure 2.21, if the deformation reference is the start length l0, we consider the

compression

l0

l −∆l

A0
A

Figure 2.21: Uniform deformation of a Gleeble sample
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Hydrawedge moduletest chambercontrol unit

Figure 2.22: The Gleeble 3800 with the installed Hydrawedge II module at the IMAT

engineering strain as

εE = ∆l
l0
. (2.12)

The true strain then is per definition

ε = ln(εE + 1), (2.13)

and thus
ε = ln

(∆l + l0
l0

)
. (2.14)

The true stress is calculated assuming a uniform, cylindric deformation (also figure 2.21). The
preservation of volume

A · l = const. (2.15)

and the definition of stress
σ = F

A
(2.16)

lead to
σ = F · (∆l + l0)

A0 · l0
. (2.17)

Note that because a compressive deformation is considered, ∆l is negative.
Figure 2.22 shows the Gleeble machine setup at the institute, in figure 2.23 the schematic

setup of a compression test is sketched. Another feature is the closed control loop of the Gleeble
machine which controls the temperature of the sample during the experiment. This way, the
occurring adiabatic heating of the samples which results from deformation, can be absorbed to
some extent.

Figure 2.24 depicts the schematic procedure of the experiments. The specimen is heated to
the experiment temperature with a heating rate of 10 K/s and then the temperature is held
for 120 s to facilitate a uniform temperature field in the sample. Subsequently, the deformation
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Figure 2.24: Schematic courses of temperature and strain of a Gleeble test

experiment starts and continues to a total true strain of 1 with a constant true strain rate.
Finally, the specimen is water quenched and the experiment is finished.

Commercially pure Mo rod samples were used. The sample production route was sintered,
cogged, and machined to the final dimensions of ∅6 × 12 mm. The compression tests were
executed at four different strain rates: 0.01, 0.1, 1, and 10 s−1. Test temperatures were set
in 11 levels at 200, 400, 600, 750, 900, 1,100, 1,200, 1,300, 1,450, 1,600, and 1,700◦C. The
current Gleeble configuration at the institute does not allow experiments to exceed 1,750◦C.
K-type thermocouples under vacuum were used for all experiments up to 1,100◦C, while S-type
thermocouples and argon shielding gas were used for the experiments of 1,200◦C and above.

2.3 Results
2.3.1 Flow curve acquisition
Collecting all experiments, flow curves at constant strain rates 0.01, 0.1, 1, and 10 s−1 are plotted
in figure 2.25. Comparing the four subfigures, a number of things are observed.

A distinct peak in flow stress is observed at all experiments at 900◦C and below while the
experiments from 1,100◦C onwards do not show this effect. These peaks are also observed by
Nemat-Nasser et al. [53]. They are accounted on the change in microstructure due to static
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Figure 2.25: Stress-strain curves true strain Gleeble experiments at various temperatures and
constant strain rates of (a) ε̇ = 0.01 s−1, (b) ε̇ = 0.1 s−1, (c) ε̇ = 1 s−1, and (d)
ε̇ = 10 s−1

recrystallization during the thermal soaking before the deformation of all experiments of 1,100◦C
and above. Figure 2.26 shows the resulting flow stress of two experiments, one with a holding
temperature of 900◦C and one was heated to 1,200◦C, subsequently cooled back to 900◦C,
and finally deformed. In the as-received specimen the peak in flow stress has disappeared and
the flow stress is also lower. This is explained by the microstructure in figure 2.27, where two
deformation specimens were heated to (a) 900 and (b) 1,200◦C, held for 120 s, and cooled back
to room temperature without any deformation. It is observed that after 120 s at 1,200◦C the
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Figure 2.27: Microsection of Gleeble samples after (a) 120 s at 900◦C and (b) 120 s at 1,200◦C
thermal cycle

cross section shows a highly recrystallized microstructure, while at 900◦C almost no change
from as-received base material is visible. In the case of the 900◦C-sample, during deformation
dynamic recovery occurs that opposes the deformation, which in the regime from strain 0–0.2 is
responsible for the peak, subsequent drop, and strain hardening thereafter. If the microstructure
is already fully recrystallized the process obviously starts from a different basis and the resulting
flow stress deviates from the previous one.

At higher temperatures and low strain rates (0.1 and 0.01 s−1) a trend towards strain softening
is observed, as for instance observed at 1,300 and 1,600◦C in figure 2.25a and b. This is in
accordance to literature [43] and the work softening behavior is accounted on dynamic recovery.
In the temperature range of 200 to 1,300◦C, strain hardening is observed at higher strain rates.

A high sensitivity to strain rate is observed especially at high temperatures. Exemplary the
flow stress at 1,600◦C is 55 MPa at 0.01 s−1 and 150 MPa at 10 s−1, which is almost triple.
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2.3.2 Flow curve modeling

The Zerilli–Armstrong model is suitable for materials with a distinct strain hardening char-
acteristic like molybdenum at low and medium temperatures. The results from the Gleeble
experiments can be analyzed and fitted to obtain the coefficients for the flow stress model. The
command prompt tool gnuplot can be used to fit an arbitrary function to a dataset using a
nonlinear least-squares Marquardt–Levenberg algorithm [69, 70]. The dataset of all Gleeble ex-
periments of Mo were compiled and fed into the gnuplot algorithm to obtain a set of coefficients
for all recorded flow curves and thus obtaining a least-square optimized set of Z–A coefficients.
The coefficients published by Scapin et al. [65] were used as starting point for the calculation.

Table 2.8 lists the result of the fit. It is observed that the values differ largely from the values
obtained by Scapin et al. [65] and notably from Chen et al. [66].

Table 2.8: Fitted Z–A constants for the obtained Gleeble flow curves
c1 / MPa c3 / MPa c4 / K−1 c5 / K−1 c6 / MPa n

Value 773.79 1.11·10−3 4.86·10−5 46.35 0 0.5853

Figure 2.28 shows an assessment of the resulting flow curves in comparison to the according
Gleeble experiments. It is observed that the flow stress is slightly overpredicted at 400◦C and as
well at 1,600◦C (figure 2.28a and c), while it is lower than the experimental data at 900◦C. While
the modeled flow curve at 1,600◦C and strain rate 10 s−1 is in good agreement, the experimental
data shows that the flow stress is lower at lower strain rates. Figure 2.29 shows the resulting
local maxima of flow stress of the Gleeble experiments in the interval of ε = [0, 0.25], the flow
stress of the Z–A models by Scapin et al., Chen et al. [66] (table 2.7), and the fitted Z–A model
with the coefficients of table 2.8. The flow stress of the three sets of Z–A coefficients represent
the stress at a strain of 0.25.

First, it is observed that the coefficients of Scapin lead to an asymptotic development of the
flow stress, regardless of strain rate. For the fitted coefficients the limit is 20.59 MPa. Apart from
the absolute value, the difference between the two sets of coefficients is that the asymptote is
reached at a much lower temperature in Scapin 2 than in the fitted coefficient set. The resulting
flow stresses of Chen et al. differ strongly from those of Scapin and show no asymptotic limit in
the observed temperature interval. The investigated material, however, appeared to differ from
the material used in this work.

Second, it is observed that the stresses drop significantly between 900 and 1,100◦C, which
is a result of the aforementioned different material condition prior to deformation. At 900◦C
the state of the material remains unchanged, while after a holding time of 2 min at 1,100◦C
the material is fully (statically) recrystallized. This metallurgic difference results in the “kinks”
observed in the experimental lines in figure 2.29.

Third, the strain rate sensitivity declines with increasing temperature in the fitted Z–A model,
while in the experiments suggest a tendency to increased strain rate sensitivity.

In general, strain hardening is observed at temperatures below 1,100◦C, which extends to
higher temperatures the higher the strain rate. At ε̇ = 10 s−1 strain hardening is still observed
at 1,300◦C. Steady-state behavior of the flow stress is observed at temperatures from 1,100◦C
(ε̇ = 0.01 s−1) to 1,600◦C (ε̇ = 10 s−1). Finally, a first transition to strain softening is observed
at 1,300◦C at ε̇ = 0.1 s−1. The steady-state and softening behavior is accounted to intensive
recovery processes, which is more restricted if the deformation is faster, which explains the
transition at different temperatures at different strain rates.
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Figure 2.28: Comparison between experimental data and modeled Z–A flow curves at various
strain rates and (a) 400◦C, (b) 900◦C, (c) 1,600◦C, and (d) extrapolated to 2,000◦C

To sum up, the Zerilli–Armstrong flow stress model allows a rough representation of the
flow stress behavior of molybdenum from room temperature to melting temperature, although
multiple effects—including the latter list—remain unconsidered.
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Figure 2.29: Comparison of the flow stress of the Gleeble experiments to the Z–A model of
Scapin et al. [65], Chen et al. [66], and the fitted Z–A model
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3 Friction Welding

To understand the mechanisms of friction welding, this chapter gives an overview of the tech-
nology and the process parameters. Effects on the resulting welds are discussed in general and
more specifically on molybdenum and its alloys. Experiments were conducted in tube format and
on a laboratory scale in rod format in molybdenum and TZM. Especially the observed atypical
friction welding behavior of molybdenum is discussed thoroughly and first steps in the numerical
simulation of the process are presented.

3.1 State of the art
Welding with application of force and temperature, with or without filler material, is summarized
as solid state welding. Heating facilitates an adhesive bond of the parts, although the liquidus
temperature of the material is never exceeded (figure 3.1) [71–73].

Friction welding is a combination of an applied force and the resulting heat generated by the
friction between two parts in relative motion to each other. Advantages of the process compared
to common fusion welding processes are:

1. No melting and therefore no solidification effects

2. Less heat input than fusion welding and therefore a smaller heat affected zone

3. Fast process—short cycle time

4. No special weld seam preparation necessary

5. Dissimilar joints are possible, even such as metals to ceramics [74]

6. Filler material and shielding gas are optional

On the other hand, some drawbacks of friction welding can be enumerated also:

Temperature

Fo
rc

e

p p+ T T

TL

no welding

welding friction
welding

Figure 3.1: Qualitative area of friction welding: p . . . pressure only; p+ T . . . pressure and heat;
T . . . heat only; TL . . . liquidus temperature
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1. Formation of a flash—post weld machining may be required

2. Welding machine is stationary

3. High clamping and process forces

Conventional friction welding can be classified into three main techniques: Rotary friction
welding (RFW), orbital friction welding (OFW), and linear friction welding (LFW). All three
process principles are depicted in figure 3.2. At RFW, a rotating part is pressed against a
stationary part. This process requires at least one of the two parts to be axially symmetrical
or at least quasi symmetrical (e.g. hexagonal). In contrast, two parts are pressed together and
oscillated linearly at LFW or orbitally at OFW. With this technique, unsymmetrical parts can
be joined, but because of the oscillating movement, the process is more complicated to implement
than RFW. Another disadvantage of RFW compared to LFW is that the relative velocity varies
over the area (see figure 3.2) which leads to a non-uniform heat generation and consequently to
a varying thickness of the HAZ [75].

With friction stir welding (FSW), a new variant of friction welding was developed in the early
1990’s by TWI. In this process the base material is stirred with a rotating non-consumable tool.
It is used to join aluminum, copper, titanium, and steel similarly and dissimilarly [76,77].

3.1.1 Rotary friction welding

In rotary friction welding, two technical approaches exist: direct or continuous drive friction
welding (DDFW) and inertia drive friction welding (IFW). In North America, IFW has estab-
lished, where a flywheel is accelerated priorly to the welding process which releases its energy
for welding. In Europe, DDFW is more common. In this technique, an electric motor directly
drives the spindle and continuously delivers the required welding energy.

3.1.1.1 Inertia friction welding

The welding parameters in inertia friction welding are the available welding energy E(t), which
is stored in the flywheel, and the friction pressure p(t). The total process time tt and welding
energy directly depend on the pressure and the initial speed n0. Figure 3.3 represents a typical
inertia weld cycle for TZM. Here, the process is divided into two stages with two pressure levels:
39 MPa and 96 MPa. In IFW, the heat generated in the friction surface is solely withdrawn from

Figure 3.2: Three variants of friction welding: The black arrows in the upper pictures indicate
the relative velocities causing the heat generation [75].
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Figure 3.3: Welding speed and axial pressure of an inertia welding process of a TZM tube

the flywheel with the moment of inertia J and its speed ϕ̇, hence the consideration

E(t) = 1
2Jϕ̇(t)2 (3.1)

P (t) = dE(t)
dt = Jϕ̇(t)ϕ̈(t) (3.2)

leads to a simple calculation of the current weld power P (t) as the temporal derivate of speed
ϕ̇(t) [78]. Figure 3.4 depicts the calculated weld power and the course of the upset. It is observed
that the generated power reaches a 200 kW peak early in the process, but the larger upset occurs
at lower power levels of 150 kW.

Scaling the size (that is, the friction cross section A) within IFW processes of a certain material
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Figure 3.4: Upset and calculated power of an inertia welding process of a TZM tube
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can be done by setting specific weld energy constant [78]:

E

A
= const. (3.3)

This approach could be adapted to roughly scale DDFW processes, too.

3.1.1.2 Direct drive friction welding

The process of direct drive rotary friction welding is split into three stages (figure 3.5): First, at
the heat-up stage, the two parts are brought together and heated up through friction between
them. Then, burn-off initiates, where the material starts to flow plastically and upsetting takes
place. Finally, the relative motion stops and the two parts are forged together with an increased
force until upsetting ceases and the welding process is completed.

In direct drive friction welding, friction time and speed are independent from friction pressure.
Therefore, more welding parameters have to be determined, which may render finding a suitable
set of parameters more challenging but simultaneously it is more versatile in process parameter
variations. Compared to IFW in general, welding times are longer and friction pressures are
lower owing to the limited torque and motor power [50].

The specific weld energy is the relevant parameter in IFW processes. This parameter can be
calculated for DDFW process from the product of motor load and speed over time. However, due
to the longer process times of DDFW, the heat dissipation becomes more significant compared
to IFW. Defining the relevant time period to calculate the specific energy is essential to allow

Figure 3.5: Three stages of RFW: (1) Heat-up, (2) burn-off, (3) forging [79]

(a) (b)

Figure 3.6: Process parameter courses speed, torque, axial force, and upset of (a) IFW and (b)
DDFW [80]
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a rough comparison. As a consequence, a more detailed analysis of the power progression is
necessary. Figure 3.6 shows typical process parameter courses of IFW in comparison to DDFW.

3.1.1.3 Process parameters of RFW

The DIN EN ISO 15620 standard [81] classifies welds of RFW according to the parameters listed
in table 3.1.

Table 3.1: RFW parameters according to DIN EN ISO 15620 [81]
A) Raw part information

B) Machine parameters

Friction speed n min−1

Pressure (heat-up) pt1 MPa (bar)
Pressure (rubbing) pt2 MPa (bar)
Friction force Ft kN
Pressure (burn-off) ps1 MPa (bar)
Upsetting force Ff kN
Time (heat-up) tt1 s
Time (rubbing) tt2 s
Upset s mm
Pressure (brake) ps2 MPa (bar)
Upsetting rate rs mm/s
Instant of braking ts1 s
Instant of forging ts2 s
Time (forging) tf s
C) Welded part information

Upset total sw mm
Weld time total tw s

For easier denotation, we declare

p :=
[
pt1 pt2 ps1 ps2

]
(3.4)

and
t :=

[
tt1 tt2 tf

]
. (3.5)

3.1.2 Friction
The fundamental understanding of friction dates back to Leonardo da Vinci (15th century),
Guillaume Amontons, and Charles-Augustin de Coulomb (both 17th century), who first described
the nature of friction as an effect of surface irregularities. As a result Amontons’ law of friction
(equation 3.6) was formulated, which is still a fundamental part of elementary mechanics [71,
82,83].

FR = µ ·N (3.6)
For dynamic friction this law declares that the force FR resisting the movement is equal to

the coefficient of friction µ times the normal load N , which is the force acting perpendicularly
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to the touching surfaces. For basic kinematic problems, the friction coefficient can be assumed
as a constant.

In reality, dry friction is a complex mechanism with many influencing factors, which is not fully
understood yet. According to Stribeck [82], the friction coefficient is a function of sliding speed,
as depicted in figure 3.7. The effect of the Stribeck curve on friction welding is that depending
on the radial distance from the centerline the local heat generation varies. Moreover, a variation
in welding speed shifts the maximum heat generation radially and the macroscopically observed
heat source forms differently, as schematically drawn in figure 3.8.

Experimental data show that µ can both increase (Al–Al, Al–Cu, Al–brass) [84] or decrease
(Al–steel) [85] with increasing normal loads and sliding speeds. In the latter experiments, µ
increased and asymptotically converged [84, 85]. This diversity in literature is also observed
in the friction coefficient of titanium; Lésniewski collected courses of the friction coefficient
over temperature from different sources and found large differences, as observed in figure 3.9
[86]. It was further reported that in friction welding of mild steel, depending on friction speed,
the coefficient of friction initially increased until a relative sliding speed of 0.5–1 m/s before it
continuously dropped with increasing speed [87].

As the temperature at the interface rises and approaches the melting point or the solidus
temperature, respectively, the shear yield limit is reached and exceeded. In this case the relative
motion between the welding interfaces ceases, sticking condition is present, and the material
in the contact volume is plastically flowing. In this scope, the process of friction welding takes
place.

If mostly the establishing temperature field is investigated, Amontons’ law is often used suc-
cessfully to describe the heat generation in friction welding [16, 90, 91]. Khosa found that the
friction coefficient for a friction stir welding process of an Al6082 alloy correlates to the evolution
of the yield strength over temperature and modeled the course of the coefficient accordingly [92],
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Figure 3.7: The Stribeck curve for solid friction with the three regions of (1) solid friction, (2)
mixed friction, and (3) fluid friction [82,83]

(a) (b)

Figure 3.8: Heat generation in relation to speed: (a) High speed forms a heat “lens,” while (b)
low speed results in more heat generation in the outer region [50,88,89].
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Figure 3.9: Course of the friction coefficient over temperature for Ti according to different
sources, as collected by Lésniewski [86]

Figure 3.10: Assumed friction coefficient modeled to fit the yield stress for Al6082-T6 [92]

as depicted in figure 3.10. However, because the tool in friction stir welding does not melt and
only deforms elastically, the assumption that heat is generated by Coulomb friction with a
resulting, but thermally detached plastic flow of the material from the tool is justifiable.

3.1.3 Plastic flow
The assumption that the heat dQ (here in differential form) is generated solely from the dissi-
pation by the friction force µN times the path-dependent distance δs in the form of

dQ = µ(T )Nδs (3.7)

is not only insufficient but physically incorrect [75, 80, 93, 94]. Basically, the closer the melting
temperature Tm is approached, the more heat is generated by dissipation of inner stresses. If
the plastically deforming volume is interpreted as a fluid flow, the dissipation of shear stresses
is written as

q̇ = ∇ (τ · u) , (3.8)
containing the shear stress tensor τ and the flow velocity vector u. Then, depending on temper-
ature and condition, in friction welding the conversion of drive power into heat writes as

P = µ(T )N δs

dt +
∫
V
∇(τ · u)dV, (3.9)

where δs
dt = rϕ̇ in case of rotary motion and u is the material flow velocity vector field in the

plastically deforming zone. In a certain stage of the welding process we can assume sticking
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Figure 3.11: Transition from Coulomb friction to plastic flow as a function of temperature [95]

condition at the interface, which means that the entire domain can only generate heat from
shear dissipation. Maalekian et al. [75, 95] argued that the transition from Coulomb friction to
plastic flow can be modeled by employing a state variable δ that gradually changes from 0 to 1
in the proximity of the shear yield stress τy, as depicted in figure 3.11.

3.1.3.1 Continuum mechanics and fluid dynamics approach

In Newtonian fluids the dynamic viscosity η is independent from the deformation rate [83]. Then
the shear stress tensor τ can be written as

τ = η∇u. (3.10)

For η as a function of temperature, Osborne Reynolds [96] proposed a simple empirical model
in form of the exponential function

η(T ) = η0 · e−bT , (3.11)

with the coefficients η0 and b.
Since the plastic flow in rotary friction welding is non-Newtonian, the relation between shear

stress and motion has to be described differently, for instance according to the Ostwald-de-Waele
law, with

τ = η(∇ϕ̇)n. (3.12)
For FSW, Roubidoux and Mendez et al. [97, 98] noted that the constitutive equation

γ̇ = Aτne−
B
T , (3.13)

based on the constitutive equation of Sellars and McTegart [99], yields a sufficient relation of
the shear rate γ̇ to the shear stress τ using the empirical constants A and B.

Schmicker et al. formulated a viscoplastic material model based on Carreau’s fluid consitutive
assumption [100,101]:

η(ε̇vM , T ) =

1 +
((

σ0(T )
3ε̇0µ0

) n
1−n ε̇vM

ε̇0

)2
1−n
2n

(η0 − η∞) + η∞ (3.14)

This enables to approximate friction by a virtual viscosity depending on the von Mises strain
rate and the temperature and therefore it is non-Newtonian. The von Mises strain rate is

ε̇vM =
√

2
3D : D (3.15)
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(a) (b)

Figure 3.12: (a) Modeled rotary shear deformation (“twist”) of the weld and (b) exemplary
graph of the heat generation by plastic dissipation and friction, and also cooling by
convection, radiation, and conduction in a RFW simulation [101,102]

with the Frobenius inner product of the strain rate tensor D with itself and thus takes into
account the shear strains [101, 102]. Boundary conditions of saturation viscosities η0 and η∞
enable a modeling of the course despite the singularities of ε̇vM → 0, ε̇vM →∞, and temperatures
higher than Tm. Schmicker’s approach yielded good qualitative results and showed that the
rotary shear deformation is multiple magnitudes above the deformation in the r–z plane, as
shown in figure 3.12a [101]. It was stated as well that shear stresses should not be neglected
although it appears from figure 3.12b [102] that the generated heat is much less than from
friction, which would be a direct contradiction to the work of Zhang [94] and Maalekian [75,95].
Considering that friction is represented by η(ε̇vM , T ) (equation 3.14), the friction heat also
results from a viscous flow involving the von Mises strain rate. This means that this model does
not directly state the part that results from shear deformation.

3.1.3.2 Estimation of shear rates in the plasticized zone

Sellars and McTegart introduced a constitutive power law relation between the shear rate γ̇,
the shear stress τ , and the temperature T [99]. Roubidoux and Mendez et al. suggested that
for a rough estimation of the occurring shear rates in FSW, the relation can be divided into
two regimes: one with negligible shear and one that bears the entire deformation [97,98]. Figure
3.13 shows the relation schematically, with the melting temperature Tm and the temperature
at the interface between pin and substrate Ts. In this model, the material starts to plasticize
if a certain temperature threshold T0 is exceeded. The temperature T0 which divides the two
regimes is then calculated by a linear approximation of the Sellars–McTegart power ansatz.

For the following approximation, RFW of a thin-walled tube is examined. The approach of
Mendez et al. [98] is slightly changed; Tmax shall be the temperature at the welding interface, thus
the maximum occurring temperature instead of necessarily the melting temperature. Labeling
the maximally occurring shear rate γ̇max at Tmax, the linear interpolation of the shear-rate-to-
temperature relation writes as

γ̇(T ) = γ̇max
Tmax − T0

· (T − T0). (3.16)

Further, because a thin-walled tube is considered, the temperature can be assumed constant
in r-direction. In literature, the temperature distribution in x-direction in the shearing weld
parts is often assumed as a Gaussian normal distribution function [103], schematically sketched
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Figure 3.13: The shear rate γ̇ as a function of the temperature T . The exponential relation is
divided into two regimes and linearized between Tm and Ts to determine T0 [98].
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Figure 3.14: Temperature course in the plasticizing zone of the welding parts approximated by
a parabolic function

in figure 3.14. For mathematical simplification, the temperature distribution in that interval is
fitted by a parabolic function, as drawn in red in figure 3.14. The deforming volume is contained
in the interval [−L,L] which exceeds the critical temperature T0. Using the boundary conditions
T (−L) = T (L) = T0 and T (0) = Tmax, the temperature course is

T (x) = T0 − Tmax
L2 · x2 + Tmax. (3.17)

Combining equations 3.16 and 3.17 gives the shear rate as a function of x with

γ̇(x) = γ̇max

(
1− x2

L2

)
, (3.18)
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γ̇ = 0
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Figure 3.15: Shear rate and local circumferential velocity in the plasticizing zone

wherein only γ̇max remains unknown. Naturally, the course of the shear rate is also parabolic,
as drawn in blue in figure 3.15.

In the rotary part the speed Ω is constant and the circumferential velocity is calculated with

vc = Ωr. (3.19)

Considering figure 3.15, the speed of the stationary part is zero, therefore the cumulated shear
rate in the interval [−L,L] must yield the velocity vc, mathematically expressed as∫ L

−L
γ̇(x)dx = vc. (3.20)

This integral bears the required boundary condition and can be calculated using equations 3.18.
After some algebra and re-substituting equation 3.19, the maximum occurring shear rate is
finally given with

γ̇max = 3Ωr
4L = 3Ωr

2` . (3.21)

It is noteworthy that this equation is explicitly independent of the values Tmax and T0 and
only a function of the welding speed Ω, the tube radius r, and the length of the deforming
volume ` = 2L. Using this insight, a rough estimation of the maximum occurring shear rate
is possible, determining ` as the visibly deformed microstructure from macrosections of welded
specimens.

The calculation of the shear rate becomes more complex, if a full cross section is considered
instead of a thin-walled tube. However, presupposing a constant temperature distribution in
r-direction, the maximum shear rate can be expected to occur on the perimeter of a full cross
section.

3.1.4 Material behavior in friction welding
In the previous section theoretical considerations about friction welding were discussed. It was
shown that it is rather complex to describe the behavior on a theoretical basis. Duffin and
Bahrani [87] considered various experiments to study the influence of welding parameters on the
friction welding behavior of mild steel tubes. More specifically, they discussed the response of
the different welding phases to welding parameter changes. Figure 3.16 shows typical courses of
the main process parameters speed, pressure, torque, and upset with the different phases of the
process indicated.
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I II III IV V

Figure 3.16: Direct drive friction welding parameters over time, with indicated stages (I) heat-
up, (II) burn-off, (III) equilibrium, (IV) transition, and (V) forging [87,104]

3.1.4.1 Phase I: contact

The initial contact of the material results in abrasion and flattening of the joining areas. This
results in the torque rising rapidly and subsequently falling down to a lower value. These phe-
nomena are called initial peak torque and equilibrium torque and are observed in every ma-
terial [80, 87]. In mild steel, Duffin observed that the initial peak torque reached a maximum
between 0.8 and 1.0 m/s mean rubbing speed. With rising speed, the initial torque decreased [87].

3.1.4.2 Phase II: upset start

After a short period in equilibrium torque, the volume close to the rubbing interface exceeds the
shear strength and axial shortening (upsetting) commences.

3.1.4.3 Phase III: equilibrium

As material gets displaced, cooler material is pushed towards the rubbing interface and a constant
upset rate attunes.

The magnitude of the upset rate was reported to be in close connection with the torque and
was high at low speeds and low at high speeds, respectively. At low speeds, high upset rates
were observed, whereas at high speeds, low upset rates occurred. A different behavior of mild
steel depending on welding speed manifested in a way that low speeds caused a viscous flow and
high speed resulted in a forge-like behavior. The lower speed threshold of the process was also
increased if the axial force was increased [87].

3.1.4.4 Phase IV: transition

After the friction phase, the rotary motion is halted quickly and the axial force is increased from
friction level to forge level. In general, two strategies exist: Conventional transition, where the
motion is halted and subsequent increase of the force, and “forging into the turning spindle,”
where the force is increased while the rotary part is still in motion. The delay of the spindle stop
shall be denoted as the “deceleration delay” ∆td in seconds difference between spindle braking
start and axial force increase.

The transition from welding speed to zero inflicts the aforementioned effects of rubbing at lower
speeds, which causes a higher upset rate. The connected peaking of resisting torque is called
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terminal torque. Combined with a higher axial force in the case of forging into the turning
spindle, the latter effect is magnified even further. The details of this phase have only been
investigated to some extent, but mostly the focus of investigations lied on friction and forge
phases [80,87].

3.1.4.5 Phase V: forging

The increased force results in a rapid plastic deformation and the final formation of the dis-
placement collar, the so called welding flash. The forge force is held and the weld cools down as
no more energy is fed into the joint. The upsetting stops and the process is complete.

3.1.4.6 Thermo-mechanically affected zone

At friction welding no melting occurs. Therefore the thermo-mechanically affected zone (TMAZ,
i.e. heat affected zone) becomes the weld. As an effect of the process parameters, the material
properties, and the process boundary conditions, the entire TMAZ experiences large deformation
with larger deformation in regions with higher temperature. Figure 3.17 illustrates the different
regions [80].

1. Contact zone: friction reaction and heat generation, severe plastic deformation, high
strain, full recrystallization, fine grains

2. Fully plasticized zone: considerable plastic deformation, dynamic recrystallization, re-
fined grains

3. Partly deformed zone: lower strain rate, temperature, and plastic deformation than in
zone (2), grain coarsening

4. Undeformed zone: no plastic deformation, possibly grain growth or phase transitions
depending on the material and the temperature level

5. Base metal: thermo-mechanically unaffected base metal

3.1.5 Molybdenum and its alloys
For IFW, literature states a minimum critical specific welding power of 144.38 W/mm2 with a
minimum critical initial welding speed of 10.2 m/s [50]. Felix et al. published comprehensive
welding parameters and results for IFW of various Mo–Re alloys [51].

Ambroziak [7] welded similar-metal Mo and TZM under a liquid coolant (oil IME 82) and
reported that the microhardness increased from 220–230 HV0.05 to 260HV 0.05 in the area of the
weld zone of Mo–Mo joints. Also a very fine-grained, recrystallized microstructure was observed.

(1)(2)

(3)(4)(5)

Figure 3.17: Different zones of a RFW weld: (1) Contact zone, (2) fully plasticized zone, (3)
partly deformed zone, (4) undeformed zone, and (5) base metal [80]
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Comparing Mo–Mo to TZM–TZM joints, a wider heat affected zone (HAZ) developed in TZM–
TZM, due to the lower friction coefficient of TZM, causing a steadier rise of temperature. TZM–
TZM also showed a decrease in microhardness, from 350 HV0.05 to 250 HV0.05 in the weld
zone and 220 HV0.05 in the HAZ. The welding process was conducted with the parameters
n = 1500 min−1, p =

[
27 41 82 102

]
MPa, and t =

[
3.5 16.4 30

]
s.

Tabernig and Reheis [14] reported on direct drive RFW of TZM and MHC alloys. They welded
∅15 mm and ∅20 mm rod material at speeds between 2,500 and 6,000 min−1 at 60–70 MPa fric-
tion pressure, 100 MPa forge pressure (TZM), and 180–225 MPa for MHC, respectively. Compa-
rable mechanical properties of the welds to the base metal were observed. Further, an up-scale
and transfer to ∅100 mm tube material with a thickness of 12 mm welded by IFW was success-
fully achieved.

Caldwell et al. discussed the same rotary friction welds of ∅15 mm TZM rod material [14], as
observed in figure 3.18 [52]1. Post-weld heat treatment was reported to relief residual stresses
from welding and was therefore recommended.

In the course of a Master’s thesis at the IMAT [16], RFW of TZM was investigated. The spec-
imens were preheated to 390◦C, welded, and finally post weld heat treated in a high-vacuum
furnace at 1,550◦C for 1.5 h. The resulting hardness values showed an increase from 180 HV10 in
the base material to about 220–230 HV10 in the weld zone, although similar welding parameters
n =1,500 min−1, p =

[
- 63 - 268

]
MPa, and t =

[
- 3 10

]
s as in Ambroziak’s experiments.

First, apart from different hardness measuring levels (HV0.05 vs. HV10), the base metals ap-
parently differed from each other, regarding the hardnesses. Second, since the temperature of
post-weld heat treatment of the latter experiments was well above the the recrystallization tem-
perature of TZM, and Ambroziak apparently conducted no post-weld heat treatment, the results
differ.

(a) (b)

Figure 3.18: Images of RF welded ∅15 mm TZM rod material: (a) flash morphology and (b)
macrosection [14,52]

1In this article, RFW is misquoted as “friction stir welding.”
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3.2 Experimental

3.2.1 Tube format friction welding

Pure Mo sputter targets are made from large tubes of 5,000 mm2 and more. Pure Mo tubes and
S235 structural steel tubes with a dimension of ∅130×10 mm were selected to carry out welding
experiments on a heavy duty direct drive rotary friction welding machine at the project partner
Klaus Raiser GmbH & Co. KG, located in Eberdingen, Germany.

The machine HR 1250 has a maximum capability of 1,250 kN axial force, 900 min−1 speed,
and 150 kW drive power. The clamping of the Mo tubes is shown in figure 3.19. Pre-heating
of the samples was conducted in a separate furnace to 450◦C. The machine was fitted with
measuring equipment to record the most relevant experimental data axial force, upset, motor
load, motor speed, spindle speed, and temperature profiles in different positions. With this setup,
a maximum specific welding power of 34.1 W/mm2 at 850 min−1 was achievable.

The results of the successful welds were characterized using visual inspection, ultrasonic tests,
metallographic investigations, and hardness measurements. Apart from the latter, no mechanical
testing was done, as the main challenge proved to be to deliver a successful welding process in
general.

3.2.2 Rod format friction welding

The recordable and adjustable welding parameters in the industrial welding machine at Klaus
Raiser GmbH & Co. KG were limited, due to its main purpose of serial production. To investigate
the RFW behavior of pure Mo and also TZM further, an extensive investigation on the friction
stir welding (FSW) machine at the institute was implemented. For that purpose, the MTS
I-STIR BR4 FSW machine was adapted to conduct rotary friction welding.

The experiments in laboratory size bore a number of benefits: First, the FSW machine at the
institute comprises comprehensive parameter recording like spindle speed, axial force, torque,
motor power, or axial travel. Further, a precise control of speed, deceleration, force, and force
gradients was available. The maximum machine capabilities were an axial force of 35.6 kN, a
spindle speed of 3,200 min−1, a torque of 180 Nm, and an effective axial travel of 16 mm. Due
to the limited power compared to the HR 1250 machine, the format had to be changed to a
smaller dimension.

(a) (b)

Figure 3.19: Clamping in the HR 1250 RFW machine, (a) the rotary part clamped by a 3-jaw
chuck in the spindle and (b) the stationary part clamped by semi-shells
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Pure Mo rods of ∅12 mm and TZM rods of ∅9 mm were selected and welded. The available
power for the given cross sections equaled 159 W/mm2 for ∅12 mm and 287 W/mm2 for ∅9 mm. On
the downside, the small diameters meant that a maximum circumferential speed of only 2 and
1.5 m/s, respectively, was possible.

Figure 3.20 shows a schematic setup of the FSW machine for the RFW experiments: The FSW
tool was replaced by a clamping sleeve that held the rotary part. Fixation was accomplished
by a bolt that pressed against a flat section of the part. The stationary part was clamped by
a three-chuck jaw that was fixed on the machine table. Photographs of the experimental setup
are shown in figure 3.21.

The main emphasis was to study the process parameter interactions and their influences on
the welding result. The final welds were characterized by visual inspections, metallographic
investigations, and hardness maps in selected cases.

3.2.3 Simulation of friction welding

The goal of the simulation was to reproduce an existing RFW process numerically.After a first
assessment, the software suite DEFORM was utilized for the simulation of RFW of molybdenum.
A series of adaptations was necessary, as the high temperature behavior of Mo was unknown and
a proper heat source model was missing. The simulation was based on a rod format experiment
of which comprehensive welding parameter records existed [105].

The material behavior was modeled with temperature-dependent data of Young’s modulus,
density, specific heat capacity, and thermal conductivity [12]; The temperature- and strain rate
dependent flow stress resulted from a Zerilli–Armstrong flow stress model with the obtained
coefficients in table 2.8 on page 28 of chapter 2. Although the flow stress of the Z–A model does
not recognize an asymptote of zero stress at the melting temperature, one could argue that since
the melting temperature is not reached in friction welding, sufficiently accurate flow stress could
be predicted by this model.

On the other hand, because the material flow behavior was modeled and strictly extrapolated
without experimental validation, it seemed too unreliable to invoke a heat source based on the

FN

FSW head

Clamping sleeve

Fixation bolt

Rotary part

Stationary part

Three-chuck jaw

Machine table

n

Figure 3.20: Schematic setup of the FSW for RFW experiments
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(a) (b)

Figure 3.21: Setup of the FSW machine for RFW experiments [105]

deformation, although it yielded good results in the literature [101,102,106]. Therefore, the heat
source model was replaced by an area heat source with the power course values obtained by the
experiment [105]. The second input parameter was upset, that is the recorded axial displacement
of the experiment, as depicted in figure 3.22.
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Figure 3.22: Input parameters for the simulation: Power and upset; the power course was flat-
tened in the pre-heating phase (dashed line)
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The process was simplified on two symmetry accounts: First, the symmetry on the rotary
axis, which leads to a 2d axisymmetric model. Second, due to the equal deformation of the two
parts the rotating counterpart was replaced by a rigid part without heat transfer and friction.
The simulation setup itself was a 2.5d model which takes into account the increasing volume
and contact area with increasing radial distance from the rotary axis. The model consisted of
1,000 rectangular elements with a refined mesh at the contact zone and a variable step width of
0.03 s from 0–15 s and 18–26 s, and 0.005 s from 15–18 s, accounting to a total of 1,366 simulation
steps. The DEFORM built-in remeshing sequence was also incorporated to enable larger strains.
Boundary conditions were set as follows and depicted in figure 3.23.

1. The heat source q̇ was equally distributed over the top surface and the power course was
adopted from a rod format experiment, reduced by the losses of the drive train, as observed
in figure 3.22. The pre-heating stage at a low friction pressure was included to establish
the temperature field prior to the welding stage, which is observed with a low power value
from 0 to 15 s. Note that the power values of the experiment have to be halved for the
input value of the simulation because of the symmetry of the stationary and rotating part.

2. The rotating part is replaced by a rigid body which acts as a “mirror.” The friction and
heat transfer between top die (rotating part) and workpiece was therefore set to 0.

3. Heat exchange with ambience was modeled with a convection coefficient of 20 W/mm2 K and
an emissivity of 0.18.

4. λ = 15 W/mm K was used for the heat conduction to the bottom die which acts as a heat
sink that represents the clamping system.

∅ 12 mm

q̇

λ

µ = 0

Ambience

Top die

Clamping

P1
P2

P3

r
x

Figure 3.23: Schematic setup of the numerical simulation of RFW
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3.3 Results

3.3.1 Tube format friction welding

3.3.1.1 Welding parameters

For a better basis of the Mo investigations, preliminary welding experiments using conventional
S235 steel tubes were performed. Figure 3.24 shows a schematic of the axial pressure courses
and the speed. At the process start the friction pressure level was approached by a pressure
ramp to soften the initial torque peak. The forge pressure was initiated when the spindle came
to a stop.

3.25 shows the axial pressure and the resulting upset course of experiment R0-02. The process
design was at a welding speed of 765 min−1, an axial pressure ramp of 0 to 30 MPa (0–130 kN)
over 3 s to overcome the initial torque peak, then the friction phase for 9 s at an axial pressure
of 52 MPa (230 kN), and finally a 3 s-ramp to the final forge pressure of 239 MPa (1,050 kN).
As observed, the upsetting started right with the increase to friction force and within 2 s an
equilibrium upset rate of 1.4 mm/s established. The final upset was 22.4 s. The process ran stably
and reproducibly, with an objectively good final welding result.

For molybdenum tubes the process parameters had to be altered: The first experimental series
showed that the molybdenum tubes plasticized extensively after a short period of heating. The
plasticization was so severe that it consumed the entire drive power of 150 kW and the spindle
started to decelerate and even came to a halt. The friction time was reduced to 5 s and the
friction pressure was reduced as well. However, even a reduction of the friction pressure to the
lowest feasible level of 2.3 MPa (10 kN) of the machine did not improve the welding behavior.
Temperature measurements showed a steep increase of temperature to 2,000◦C and onwards. In
the same regime upsetting started and quickly rose up to 7 mm/s in some experiments. As the
maximum upset rate occurred while the spindle was decelerating it is difficult to refer to it as
“equilibrium upset rate” in the conventional manner, it is the “terminal upset rate,” determined
by the quasi-equilibrium between maximum drive power, decelerating spindle, and plasticization.

Figure 3.26 shows the measured axial pressures and the resulting upsets of three experiments.
As observed in figure 3.26a, different levels of axial pressure (ramp 9.1–18.2 MPa, constant
2.3 MPa, ramp 5.7–6.8 MPa) did not influence the general upset behavior as shown in figure
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Figure 3.24: Schematic courses of the tube format experiment
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Figure 3.25: Measured force and upset courses of the preliminary S235 experiment R0-02: An
equilibrium upset rate is observed.
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Figure 3.26: (a) Axial force and (b) resulting upset courses of tube format experiments R2-01,
R2-03, and R2-05

3.26b. The terminal upset rates varied from 1.9 to 6.4 mm/s. Experiment R2-01 shows a shallower
upset rate because the deceleration in this experiment commenced earlier as indicated by the
circles in the figure. Further, a plateau in all three upset courses was observed which was due to
the time period where the spindle was already stationary but the upset force was not initiated
yet. It can be assumed that the Mo tubes start to plasticize and the upset rate increases as
observed, intentioned to reach its equilibrium upset rate. Above a certain value the drive power
is too low, and the discussed quasi-equilibrium establishes, where the upset rate stays constant
until the spindle comes to a halt.

Figure 3.27a shows the measured axial pressure and upset of experiment R1-13 with a welding
speed of 495 min−1, a friction pressure ramp from 10.7 to 13.4 MPa (47–70 kN), and a forge
pressure of 152 MPa (670 kN). It is observed that the start of upsetting coincides with the time
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Figure 3.27: Measured force and upset courses of the tube format experiment (a) R1-13: A
terminal upset rate of 5.2 mm/s is observed at 6 s; (b) R2-13: A terminal upset rate
of 7.0 mm/s is observed.

from which on the maximum drive power occurs. The upset course quickly increases to a terminal
upset rate of 5.2 mm/s until the forge phase was initiated automatically and the final upset of
17.4 mm was reached. Roughly two thirds of the upset occurred in the forge phase.

Figure 3.27b shows the axial pressure and the upset of experiment R2-13 in which experiment
R1-13 was reproduced, but with an increased welding speed of 850 min−1. Further, the weld
parts were pre-heated in a furnace to 450◦C. Note that due to the manual step of clamping the
welding parts in the machine, the Mo tubes readily cooled down to approximately 150◦C before
the welding cycle started.

Comparing the present experiment R2-13 to R1-13, a number of differences are observed: First,
plasticization and upsetting started after 0.3 s friction time, at which the spindle decelerated
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again due to a motor overload. Second, the resulting terminal upset rate is approximately 7 mm/s,
which is notably higher than the 5.2 mm/s of experiment R1-13. The final upset is 25 mm, which
is also higher than in R1-13. Only one third of the total upset of 25 mm occurred in the forge
phase.

Because of these observations it may be assumed that pre-heating causes the material to reach
the shear limit earlier and accordingly, upsetting occurs earlier as well. If it is assumed that due
to the pre-existing higher temperature in both welding parts, a larger volume is plasticized, the
higher upset rate may be explained. The higher speed is accompanied in a larger amount of
energy stored in the inertia of the drive that can be dispatched during the spindle deceleration,
which also contributes to the upset rate.

It is assumed that the required power for the spindle run-up is eventually transfered into
the weld and machine friction losses can be neglected. Then, if the motor power is integrated
over the entire process, a specific weld energy can be calculated, which accounts to 147 J/mm2 in
experiment R2-13.

A plateau at 4 s is also observed, at which the spindle was stationary until the forge force was
initiated. In this case and in general, a deceleration delay should be recommended to surpass a
possible plateau inflicted by the response time of the machine controls.

3.3.1.2 Weld characterization

Although the welding process seemed to be unstable, successful welding with the typical flash
formation was observed in some experiments. A cross section of experiment R1-13 is shown
in figure 3.28, where a defect-free microstructure is observed. The aligned grains of the base
metal are gradually re-aligned towards the outside, and typical RFW zones can be distinguished
easily as indicated. A hardness line across the weld, as depicted in figure 3.29 revealed that no
notable increase or decrease of Vickers hardness 10 was observed. The values were in a range
of 200–220 HV10, which equals the value of the Mo base metal. The ultrasonic tests (UT) of
the experiments in figure 3.30 show a circumferential lack of fusion in R1-13 and a substantial
lack of fusion on one quadrant of the weld R2-13. After the experiment, an axial misalignment
and a slight deviation in concentricity was detected, which may have caused the asymmetric
bonding quality. Further, the clamping system of the stationary tube in the welding machine is
facilitated by two half-shells and showed some wear due to the high strain by temperature and

5 mm

(a)

1 mm

(1)(2)(3)(4)(5)

(b)

Figure 3.28: Metallography pictures of experiment R1-13: (a) stereo microscopy and (b) detailed
light optical microscopy with RFW zones indicated: (1) contact one, (2) fully plas-
ticized zone, (3) partly deformed zone, (4) undeformed zone, and (5) base metal.
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Figure 3.29: Vickers hardness HV10 of experiment R1-13 over the weld area: A constant hardness
of approximately 200–220 HV10 is observed.

(a) (b)

Figure 3.30: Ultrasonic test result of experiments: (a) Lack of fusion is detected in R1-13 on the
inside of the tube and (b) in R2-13 an asymmetric lack of fusion is detected in one
quadrant (black areas).

force during the many experiments. It is assumed that by an improved clamping system these
defects can be fully avoided.

3.3.1.3 Summary

The experiments in tube format quickly revealed that the behavior of molybdenum in RFW
differs considerably from the behavior of conventional materials like steels. Extensive plasticiza-
tion and a steep upset rate consumed a large amount of drive power and subsequently lead
to a spindle stall. This effect could neither be avoided by an input parameter variation, nor a
pre-heating of the weld parts. It is concluded that the upsetting behavior and the power con-
sumption of the plastic deformation is an inherent property of the material and the thermal
boundary conditions and can only be influenced to some extent by other process parameters.
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Further, from the observations it was obvious that a parameter study in this configuration was
impossible. The results of the microstructure investigations however, suggested that regardless
of the unstable process, a joining of Mo tubes by direct drive RFW is possible and has been
partly achieved.

3.3.2 Rod format friction welding

3.3.2.1 Process optimization

The adapted MTS I-STIR BR4 FSW machine was tested for its RFW capabilities using ∅9 mm
low carbon steel samples [105, 107]. The steel samples were welded successfully and variations
of welding speed, friction time, friction pressure, and forge pressure, showed a large feasible
parameter window. The first experiments in ∅9 mm molybdenum rods with similar welding
parameters failed due to several reasons. Occurring problems were sudden brittle material failure
at the friction force initiation, sudden unstable material displacement during friction or at forge
force initiation, and buckling of the rods in the forge phase, among others. In figure 3.31, some
of the issues are depicted. A series of process adaptations and improvements were necessary to
enable a successful and stable RFW process of molybdenum:

1. Increase of the rod diameter for Mo from 9 to 12 mm; that is from 63.6 mm2 to 113.1 mm2

in cross section.

2. Pre-heating of the weld parts prior to the actual RFW process by rubbing at low levels
of pressure (< 10 MPa) to confidently exceed the ductile to brittle transition temperature.
It was shown that a quasi-stationary temperature field established at low friction pres-
sures, and that the pressure values corresponded well to the resulting temperature level,
as observed in figure 3.32 [105,107].

3. Gradual transition from friction pressure to forge pressure, using a pressure gradient of
66 MPa/s for Mo and 118 MPa/s for TZM.

4. A deceleration delay was implied that the spindle began to decelerate in the same instant
like the axial pressure started to increase to forge pressure.

Figure 3.33 shows the initial pressure course for low carbon steel and the adapted courses for
molybdenum and TZM. Further, it is observed that the effective friction time was reduced from
2 s to 0.8 s until the spindle is decelerated and the axial pressure starts to increase to the forge
pressure level. The forge pressure of Mo had to be reduced, while the friction pressure of TZM
was increased.

(a) (b) (c)

Figure 3.31: Examples for occurred problems in preliminary Mo experiments: (a) brittle rupture,
(b) buckling, and (c) unstable plasticization with asymmetric flash formation
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(a) (b)

Figure 3.32: In-situ pre-heating experiments in pure Mo: (a) levels of axial pressure (nominal
and acutal) and (b) resulting pre-heating temperatures [105,107]
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Figure 3.33: Comparison of axial pressure courses of low carbon steel to the adapted processes
for Mo and TZM

3.3.2.2 Mo

Figure 3.34 shows three molybdenum experiments in comparison. Three different friction speeds
of 2,500, 2,600, and 2,750 min−1 (figure 3.34a) were applied to vary the energy input. The course
of the axial pressure (figure 3.34b) was kept constant at 53 MPa. The pre-heating phase lasted
until 2.2 s, then the axial force was increased to friction force. After another 0.8 s the transition
into forging started with a constant deceleration of the spindle of 4,000 min−1 s−1(ω̇ = 419 s−2),
as observed in figure 3.34a. Accordingly, the resulting deceleration times for the three speeds
was slightly different and accounted to 0.625, 0.650, and 0.688 s, respectively. As it was shown
in preliminary experiments, the point in time of spindle deceleration start had to coincide with
the start of pressure increase to enable a continuous process, a deceleration delay ∆td = 0.65 s
was implied. This means that the deceleration commences 0.65 s after the axial pressure starts
to increase, as explained in section 3.1.4.
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Figure 3.34: Comparison of welding parameters of three rod format experiments of Mo: (a) speed,
(b) axial pressure, (c) resulting upset, (d) specific weld power, (e) upset rate, and (f)
specific weld energy. The phases pre-heating (p.-h.), friction (fr.), transition (tr.),
and forging (fo.) are indicated by dashed lines.
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The comparison of the upsetting behavior (figure 3.34c) shows that the main difference in
occurred in the last instances before the spindle stop. In the friction phase and the first half of
the transition phase (labeled “tr.” throughout figure 3.34) the upsetting of the three experiments
is similar. Only in the last 0.5 s the upset courses differ significantly which resulted in three
different final upsets of 2.7, 3.9, and 5.2 mm. In literature of RFW [80,87], part of the upsetting
takes place in the forge phase. In the present experiments the entire upsetting takes place in the
relatively short friction and transition phases of 0.8 and 0.7 s, respectively.

In figure 3.34f it is observed that the transition phase bears the difference in total energy
input which is responsible for the different total upsets. Note that the ordinate was zeroed at
the start of the friction phase as the pre-heating input energy was neglected for the comparison.
The pre-heating energy varied largely but eventually showed an equilibrium during the process
of pre-heating with a stationary temperature field throughout the weld parts. The courses of
specific weld power are observed in figure 3.34d, were at higher speed an accordingly higher
power value is observed. The power courses cumulated in a power peak at the instant of spindle
stop, but as the magnitude of the peaks did not correspond to their respective order of speed, it
is concluded that the momentarily absolute power peaks were only of subordinate importance.

It is further observed that in the friction phase the upset rates of the experiments (figure 3.34e)
are in the magnitude of 3–4 mm/s. A notable difference occurred only in the transition phase,
shortly before the spindle stop, at about 75% of the final forge force: 9.5 mm/s at 2,600 min−1 and
13.7 mm/s at 2,750 min−1, while experiment 2,500 min−1 showed no notable upset rate peak at all.
The courses of specific weld power (figure 3.34d) show low current power values below 10 W/mm2

at that point in time. Therefore, the terminal upset rates were a response to the increasing axial
force and displacement of plasticized material rather than the plasticization by energy input.

More experiments with variable process parameters weld speed, spindle deceleration, axial
pressure, and axial pressure gradient were conducted. In figure 3.35a the resulting upsets as a
result of the specific energy input values are shown. If the specific welding energy is divided by
the resulting upset, the energy per displaced volume in J/mm3 is calculated. Figure 3.35b depicts
this value in relation to the respective upsets.
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Figure 3.35: Display of all Mo trial welds, (a) resulting upset as response to specific weld energy
and (b) energy per displaced volume according to the final upset
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First, using the criterion of resulting upset, welding quality thresholds can be defined: In
the lower upset domain, improper bonding was observed in most cases; one exception was the
experiment at 2,500 min−1 of the discussion before. It is assumed that too little upset does not
allow the weld interfaces to be cleaned properly by an expulsion of surface contaminations into
the flash. From an upset of 3.9 mm onwards a sufficient flash formation is observed. At upsets
of 14 mm and more, the machine’s axial travel capability was on the limit and further, the high
total upsets are generated by excessively high upset rates of up to 37 mm/s which lead to unstable
plastic deformation.

Triangular marks in the figures represent two experiments where small axial misalignments
of the two weld parts or process instabilities lead to an asymmetric formation of the flash, but
completed successfully.

Second, the influences of process parameter changes can be discussed. In most displayed
experiments, the forge condition (forge pressure gradient, deceleration) was kept constant and
the only variation was the welding speed from 2,500 to 2,900 min−1. These experiments are
indicated in figure 3.35a by the filled red markers connected by a line and a near-linear relation
between specific weld energy and upset is observed. If, however, the force gradient is increased
from 66 to 71 and 75 MPa/s the upset increases more steeply at almost constant specific weld
energy (82, 84, and 86 J/mm2), as indicated by the dashed red line in the diagram.

A combination of slow deceleration and soft pressure gradient (2,000 min−1 s−1 and 35 MPa/s)
lead to an invalid result. Due to the prolonged process time, the plasticization was unstable yet
excessive, resulting in 15.7 mm at 105 J/mm2. Another combination of a soft pressure gradient
but a regular axial pressure increase (3,500 min−1 s−1 and 66 MPa/s) resulted in too little upset
of 2.6 mm and an energy input of 76 J/mm2. Both experiments showed improper bonding. To
conclude, a slower deceleration lead to instabilities in the axial deformation and the process was
therefore not feasible.

Overall in figure 3.35b it is observed that in successful welds, the energy per displaced volume
values ranged from 8 to roughly 20 J/mm3. A discrete tendency of less energy for displacement
required at higher total upsets is observed. This indicates that a certain amount of energy is
required to first plasticize the material, while at higher upsets the required energy per volume
for deformation is less. The final upset is then mostly determined by the design of the transition
phase.

To sum up, a short interval of high upset rate at the end of the transition phase or start of
the forge phase, respectively, is required to facilitate proper bonding. Furthermore, molybdenum
yielded only a small process window with a fixed deceleration of 4,000 min−1 s−1 and allowed
only a small variation of the pressure gradient between 66 and 75 MPa/s. The main parameter to
change the resulting upset proved to be the welding speed, which was accompanied by a change
of the resulting specific weld energy. If then the specific weld energy is adduced as an input
parameter, the exact forge condition, consisting of spindle deceleration ṅ, pressure gradient ṗ,
and deceleration delay ∆td, has to be determined and kept constant.

3.3.2.3 TZM

Analogously to Mo, the process parameters welding speed, axial pressure, upset, specific weld
power, upset rate, and specific weld energy of three different experiments of TZM are depicted
in figure 3.36. Again, the welding speed was varied between 2,500, 2,600, and 2,750 min−1 while
the deceleration (figure 3.36a) and the course of axial pressure (figure 3.36b) was kept constant.
Compared to Mo, the level of friction pressure and forge pressure, however, had to be raised from
53 to 111 MPa and from 110 to 198 MPa, respectively. This is due to the better high temperature
strength of TZM compared to Mo.
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Figure 3.36: Comparison of welding parameters of three rod format experiments of TZM: (a)
speed, (b) axial pressure, (c) resulting upset, (d) specific weld power, (e) upset rate,
and (f) specific weld energy. The phases pre-heating (p.-h.), friction (fr.), transition
(tr.), and forging (fo.) are indicated by dashed lines.
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The upset courses of the three experiments (figure 3.36c) were almost identical to one another
in the friction phase, while in the last 0.5 s of the transition phase the final differences in upset
were produced. The manifested upset rates in the transition zone of 7.7, 10.0, and 15.5 mm/s
(figure 3.36e) resulted in the final upset values of 3.9, 5.4, and 7.0 mm for the three experiments.
Again, the entire upset occurred in the friction and transition phases.

All three specific weld power courses in figure 3.36d showed two distinct peaks, one in the
friction phase and another in the transition phase, momentarily after the spindle started to
decelerate. The first peak was due to the commencing upsetting and the second occurred at
the sudden steep increase of the upset rate. It is apparent that the instant of the transition
power peak caused differences in the rise of the upset rates that eventually cumulated in the
final upsets.

Table 3.2: Process parameter variations in TZM trial welds
Parameter low middle high

Speed n/ min−1 2,500 2,600 2,750
Friction pressure pf/ MPa 111 – 125
Pressure gradient ṗ/ MPa/s 118 – 786
Deceleration ṅ/ min−1 s−1 2,500 3,000 4,000

Figure 3.37a shows the resulting upsets of various input parameter changes. First of all it is
noted that TZM allows a wider variation of forge pressure gradient and deceleration than Mo.
The respective parameter values are listed in table 3.2. The experiments with 110 MPa depict
the three experiments displayed in figure 3.36. An almost linear response of upset to a variation
in specific welding energy is observed between the three. An increase of friction pressure to
125 MPa lifted the resulting upsets to higher values at similar specific welding energies, but also
showed a near-linear behavior. The experiment with 109 J/mm2 and 7.9 mm upset does not fit
into this behavior, it was assumed that experimental irregularities (i.e. a not sufficiently warmed
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Figure 3.37: Display of all TZM trial welds: (a) resulting upset as response to specific weld
energy and (b) energy per displaced volume according to final upset
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up machine) caused the deviation from the other experiments of that series and was therefore
discarded. As discussed previously, due to the cleaning effect of the weld interface by forming
flash a lower upset thresholds was identified at 3.9 mm. On the upper limit, at upsets beyond
13 mm the welding process became unstable.

TZM further allowed an increase of the regular pressure gradient from 118 MPa/s to the maxi-
mum machine capability of approximately 786 MPa/s (resulting from the machine specification’s
quoted 50 kN/s) to produce successful welds. In this case at similar upsets the specific weld en-
ergies were lower by a margin of 10–20%. This is explained by the fact that a steeper increase
of axial pressure causes more material to displace in the transition phase due to higher pressure
values while the input energies are less affected by the axial pressure.

A reduction of the deceleration from 4,000 to 3,000 and 2,500 min−1 s−1 resulted in a longer
process time which increased the total and therefore the specific energy input. As a consequence,
the resulting upset was increased simultaneously the process became less stable.

The calculated energy per displaced volume varies from 8 to 20 J/mm3 which are comparable
values to the Mo experiments. Again, a distinct drop in required energy per displaced volume
with higher final upset is observed in figure 3.37b. As a more comprehensive welding parameter
variation was possible in TZM, the values scatter more than in Mo. Therefore, the energy per
displaced volume depends more on the forge condition than it is a measure for the resulting
upset.

In table 3.3 the responses of upset, specific weld energy, and process stability to the various
process parameter changes are compiled.

Table 3.3: Responses of TZM rod material to process parameter variations: Increase (↑), decrease
(↓), and no effect (◦)

Variation upset weld energy process stability
Reduced friction pressure ↓ ↓ ◦
Increased friction pressure ↑ ↑ ◦

Increased friction pressure gradient ◦ ↓ ↓
Reduced deceleration ↑ ↑ ↓

To conclude, due to its better high temperature strength compared to Mo, TZM showed a less
sensitive behavior during friction welding than Mo and allowed a moderate parameter influence
study. The best combination proved to be in the regime of 60–100 J/mm2, with resulting upsets
ranging from 4–11 mm. Similarly to Mo, a soft pressure gradient and high deceleration was
preferable.

3.3.2.4 Microstructure characterization

The microstructure of both Mo and TZM samples was investigated to evaluate the quality of
the joints. In figure 3.38 the results of the three already discussed experiments with identical
process parameters but 2,500, 2,600, and 2,750 min−1 weld speed are depicted. First in figures
3.38a, b, and c, a macro photograph is observed. The flash geometry of all three welds was
symmetrical and the processes finished successfully. Figures 3.38d, e, and f show the etched
cross sections in which the microstructural character of the friction welds is observed. The
microstructure exhibited the typical change from base metal to outwardly aligned and refined
grains as observed in most friction welds. At 2,500 and 2,600 min−1 improper bonding and lack
of fusion was visualized as white areas by the etching. It is observed that at 2,500 min−1 the
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Figure 3.38: Macro photographs, light optical microscopy of etched cross sections of rod format
molybdenum RFW experiments: (a), (d) 2,500 min−1, (b), (e) 2,600 min−1, and (c),
(f) 2,750 min−1

weld sample exhibited a small lack of fusion, and at 2,600 min−1 it showed multiple irregularities
at the welding interface. At 2,750 min−1, defect-free bonding was achieved.

The three experiments in TZM at 2,500, 2,600, and 2,750 min−1 with otherwise identical
process parameters are observed in figure 3.39. The flash formation was symmetrical and regular,
compared to Mo, however, it showed a more curly morphology, as observed in figures 3.39d, e, and
f. This is once more explained by the better high temperature strength of TZM, as schematically
demonstrated in figure 3.41: Assuming a similar temperature distribution, the shear stress limit
in Mo is reached at a lower temperature, meaning the material plastically deforms further away
from the welding interface. The higher shear stress limit of TZM on the other hand means that
the gradient of the transversal material displacement has to be higher and therefore it drives
stronger towards a screw movement.

The hardness distribution was investigated with a Vickers hardness HV1 matrix scan. Figure
3.43 shows the results for molybdenum and figure 3.44 the hardness map for TZM. It is observed
that the base metal in Mo averaged 245 HV1 and in TZM 291 HV1. In Mo a change of hardness
was observed neither in the plasticized zone nor in the contact zone. In TZM a slight increase
to 310 HV1 was observed in the plasticized zone and the contact zone.
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Figure 3.39: Macro photograph, light optical microscopy of etched cross section of rod format
TZM RFW experiments: (a), (d) 2,500 min−1, (b), (e) 2,600 min−1, and (c), (f)
2,750 min−1
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Figure 3.40: Light optical microscope images of points marked in figure 3.38: (a) Detail A of
plasticized zone with diverted grains visible and (b) detail B of the weld center
zone with new, undeformed grains

63



CHAPTER 3. FRICTION WELDING

x

T

Tτ,TZM

Tτ,Mo

γ̇TZM

γ̇Mo

(a)

flash

γ̇TZM

(b)

flash

γ̇Mo

(c)

Figure 3.41: Schematic of the effect of the shear stress limit on the flash formation: (a) Given
identical temperature distributions, the shear yield limit is higher in TZM than in
Mo, which leads to less material plasticizing and (b) a stronger curling effect of the
displaced material in TZM than (c) in Mo.
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Figure 3.42: Light optical microscope images of points marked in figure 3.39f: (a) Detail A of
the plasticized zone with visible diverted grains and (b) detail B of the weld center
zone of TZM RFW experiment where a homogeneous microstructure of fine grains
is observed. ZrO2 particles are highlighted.
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Figure 3.43: Hardness map of a rod format molybdenum RFW experiment at 2,750 min−1

Figure 3.44: Hardness map of a rod format TZM RFW experiment at 2,750 min−1
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3.3.3 Simulation of rotary friction welding

Figure 3.45 shows temperature maps of the simulation at different points in time. Figure 3.45a
is at 15.0 s, which is still in the pre-heating phase, figure 3.45b shows the point in time with the
highest occurring temperature at 16.2 s, during the friction phase. Here, part of the deformation
is already visible. In the forging phase at 18.4 s in figure 3.45c, the full upset is reached, the heat
is conducted away from the friction interface, and the overall temperature declines. The overlay
of the resulting contour of the simulation onto the polished cross section of the experiment
reveals a deviation (figure 3.46).

Points 1, 2, and 3 (2, 5, and 10 mm distance from the welding interface, figure 3.23) were
measured by S-type thermocouples during the experiment. These points were tracked in the
simulation and were compared to the experiment, as shown in figure 3.47. In the pre-heating
phase (0–15.5 s) the temperature courses match almost exactly, which means that on the one
hand the heat source was set correctly and on the other hand confirms the material data of heat

(a) (b) (c) (d)

Figure 3.45: Simulation results of the temperature distribution during RFW of pure Mo at (a)
15.0 s (pre-heating), (b) 16.2 s (friction phase), (c) 18.4 s (forge phase), and (d) the
colorbar legend

Figure 3.46: Overlay of the resulting contour of the simulation on the polished cross section of
the experiment
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Figure 3.47: Measured temperature courses during the experiment in comparison to the sim-
ulated temperatures at the respective points. The thermocouple at point 1 was
shifted into the forming flash and broke at approximately 16 s as indicated.

conduction and heat capacity.
Due to the forming flash, the thermocouple at point 1 was sheared off at approximately 16 s.

At point 2 the temperatures were well-matched, while the simulation predicted a slightly higher
peak temperature at point 3. This indicates a too soft temperature gradient during the friction
phase, which could result from a too low heat transfer to ambience or a too small heat conduction
coefficient into the clamping system. The temperature dependent values of thermal conductivity
and specific heat capacity are well established and unlikely to be the cause of the observed
temperature deviation.

Figure 3.48 shows the temperature course over time at point 1 of the simulation if the heat
input is varied. Here the experimentally obtained input power P is increased by 10% and de-
creased by 10%, respectively. It is observed that the peak temperatures drop by 8.2% or rise
by 8.4% in absolute values. The gradients of the temperatures after the friction phase (17–26 s)
appear similar, which again suggests that the spatial temperature gradient is more dependent
on the heat transfer boundary conditions.

Because the axial stroke (upset) was a boundary condition in the simulation, the axial force
was a result to assess. Figure 3.49 shows the course of the measured axial force of the experiment
in comparison to the resulting axial force of the simulation. Large differences are observed in a
number of ways: First, a force between 6 and 8 kN occurs during the pre-heating phase. This
results from the difference between ideal and real pre-heating condition. A slight upsetting
occurred during the experiment in the pre-heating phase, which is due to macroscopic shearing
and flattening of the rubbing surfaces. These effects are not modeled in the simulation, therefore
the response of the simulation to an axial upset is compression stress and thus axial force on
the rotary part.
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Figure 3.48: Comparison of peak temperatures at point 1 of the heat input as measured, in-
creased by 10%, and reduced by 10%
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Figure 3.49: Measured axial force during the experiment in comparison to the resulting axial
force of the simulation. The axial force of the simulation is a factor of two higher
than the measured axial force.

3.3.3.1 Input parameter force

If instead of the axial travel the force was set as an input parameter and the axial travel of
the top die (upset) was the result, a large difference was observed also. As figure 3.50 shows,
the workpiece almost remained undeformed with a total upset of 0.034 mm. The temperature
evolution was comparable to the axial travel input condition because it is almost independent
from the deformation. It is therefore stated that the simulation in the current setup lacks the
desired ability to consistently represent the RFW process of pure Mo.
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Figure 3.50: Comparison of upset between the inputs axial travel and axial force

3.3.4 Conclusion

3.3.4.1 Scaling of a continuous friction welding process

Contrary to Duffin and Bahrani in mild steel [87], a change of upset rate depending on speed
or axial pressure was not observed in RFW of Mo and TZM. It is suggested that the equilib-
rium upset rate depended more on the material properties rather than the welding parameters.
Contributing factors were thermal diffusivity, the softening or hardening behavior due to tem-
perature, deformation, deformation rate, the thermal boundary conditions that govern heat
conduction and convection, and finally the weld part format. It is obvious if Mo and TZM al-
lowed for a larger process window, possibly the equilibrium upset rate could be influenced by
axial pressure and welding speed to some extent. Nevertheless, it is certain that a lack of drive
power cannot be countervailed by a prolonged friction phase to balance the energy input. This
value is only a valid measure for estimating the resulting upset, if the forge condition is kept
constant.

Controlling the RFW process by upset rather than axial pressure is possible but rarely in
use [71]. The main issue is the controllability; the material reacts to an imprinted axial upset
with axial pressure and torque peaks which quickly can exceed the machine capabilities. In
the case of the laboratory scale experiments, the maximum read frequency was 20 Hz which
means that the machine would have to control upsets of up to 0.75 mm per loop. The resulting
fluctuations in axial pressure would not be controllable in this configuration.

The specific welding energies varied between 147 J/mm2 at tube format and 70.8 J/mm2 at rod
format. Further, the consumed energy per displaced volume was 5.7 J/mm3, which is clearly below
the observed lowest values in rod format of 8 J/mm3. On the one hand this circumstance may be
attributed to the fact that the tube format experiments were conducted in tubular formats and
the rod format experiments were full cross sectioned rods. On the other hand, the tube format
experiments always were accompanied by a premature spindle deceleration which distorts the
comparability of the results of the two processes.

Nevertheless, using the experience of the experiments in rod format, a series of process im-
provements for the larger tube format process can be derived:

1. The maximum drive power of the HR 1250 machine was 150 kW; with a welding cross
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section of 4,400 mm2 the maximum achievable specific power calculates to 34 W/mm2, which
is only 42% of the achieved maximum specific power value in the friction phase of the rod
format Mo experiments. Following this line of argument, the required drive power for a
successful tube format friction welding experiment is 357 kW.

2. Assuming a required specific weld energy of 70.8 J/mm2, the maximum weldable cross section
in the HR 1250 machine calculates to 2,119 mm2.

3. With sufficient drive power, a re-raise of the friction pressure to 53 MPa should be possible.

4. Given a higher friction pressure, the friction phase can be shortened to a suitable timespan.

5. As elaborated in preliminary rod format experiments, a deceleration delay (“forging into
the turning spindle”) must be employed that the the transition phase coincides with the
increase of the axial pressure.

6. The pressure gradient must be lowered to sustain a stable axial deformation and to prevent
a sudden plastic yielding of the welding partners.

7. A forging pressure of 110 MPa proved to be sufficient for the rod format experiments,
therefore the final pressure of the tube format setup can be lowered also.

8. Finally, a pre-heating phase at low axial pressure can be employed directly before the
friction phase, if the welding setup proves to be unstable with no pre-heating.

Figure 3.51 shows the proposed process improvements schematically in comparison to the exist-
ing tube format process.
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Figure 3.51: Schematic courses of (a) speed and (b) axial pressure of the tube format experiment
and suggested process improvements. The numbers 2–6 refer to the items of the list
in the conclusion.
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3.3.4.2 Deformation and deformation rates

As discussed earlier, determining the rotational shear rates is difficult. After the weld parts are
heated up and the shear yield strength drop below the present shearing forces, plastic defor-
mation commences. Further, sticking condition is assumed at the start of upsetting. Referring
to figure 3.34c, upsetting and therefore plastic deformation starts roughly 0.3 s into the friction
phase. The remaining timespan for plastic deformation under sticking condition is tfr = 0.5 s in
the friction phase and ttr = 0.6 s in the transition phase. The total rotary plastic deformation is

ϕn = tfr · n+ ttr ·
n

2 (3.22)

revolutions. For Mo that accounts to 0.5 · 2,750/60 + 0.6 · 2,750/2/60 ≈ 37 revolutions. TZM
starts to plasticize an instant of 0.1 s later, therefore TZM completed only 32 revolutions in full
sticking condition.

Figure 3.52 shows the estimation of the deformed zone of the Mo weld at 2,750 min−1 and the
schematic sketch for the calculation of the shear and axial strain rates. The span of the deformed
zone was approximately 3 mm in width. Using equation 3.21 (page 41), an approximate maximum
shear rate of γ̇max = 864 s−1 can be calculated for a diameter of 12 mm. As TZM only showed
about 2.5 mm of deformed zone but the diameter of the rods was only 9 mm, the calculated shear
rate on the perimeter is similar, being γ̇max = 778 s−1.

The last interval of spindle rotation contains the maximum axial upset rates. If again a de-
forming length of 3 mm in Mo is assumed, the axial strain rate equals ε̇ = 4.6 s−1. Given the
obtained values for maximum upset rate and an approximate deformation length of 2.5 mm, the
achieved axial strain rates in TZM were 3.1, 4, and 6.2 s−1.

To conclude, the material deformation consists of a phase of relatively high shear deformation
of several hundred s−1 with low axial strain. Subsequently, when the relative motion between
the two welding parts is almost zero and neglectable, an axial compression with medium strain
rates of 1–10 s−1 completes the process.

3 mm

(a)

Ω, ϕ

`
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Figure 3.52: (a) 12 mm Mo rods welded with 2,750 min−1 with the deforming zone indicated and
(b) the schematic sketch of the deforming volume
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3.3.4.3 Simulation

As mentioned before, the temperature gradient in axial z-direction appears to be too small. A
higher peak temperature at the interface combined with a higher temperature gradient would
lead to more softening and thus more deformation which would influence the flash morphology.
However, the simulations have shown that the main change of contour was negligible, even at
twice the input power. This indicates on the one hand that the resistance of the material model
against deformation is too high. On the other hand, the the rotary shear deformation could play
a role in the flash formation as well, but was neglected in the 2.5d simplification. Pure axial
compression was the basis for both the modeled deformation as well as the material data which
was used from flow curves resulting from compression tests.

Another uncertainty was that RFW of pure Mo was only partly stable in the experiments. This
means that with a slight change of the welding parameters, the results sometimes differed largely.
In similar experiments a conical deformation was observed, more resembling the simulation
result. Since the utilized FSW machine was limited in the axial alignment of the welding parts,
insufficiencies may also have played a role. To sum up, the current state of the simulation enables
a rough estimation of the temperature field during the process. Uncertainties of flow stresses,
boundary conditions, as well as real deformation rates regarding rotary shear deformation should
be elaborated further. It seems inevitable to take the shear deformation into account, either by
modifying the strain [101,106] or by adapting the flow curves, assuming a certain shear rate.
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4 Fusion Welding

Electron beam welding was chosen to fusion weld TZM alloy. This chapter briefly explains the
electron beam welding technology and the encountered problems during welding of molybdenum
and TZM. The main focus was the development of a weld with improved properties and a ductile
joint. For that reason, different filler metals were investigated as well. A novel molybdenum cored
wire was welded using EBW and the results and potentials are discussed.

4.1 State of the art

Whenever the material is heated above its liquidus temperature during the welding process, the
main mechanism of bonding is dilution and epitactic growth of material in their liquid phase and
which defines a fusion welding process. The most common welding processes like metal inert gas
(MIG) or metal active gas (MAG), among others, are fusion welding processes. The so-called
power beam welding processes laser beam welding (LBW) and electron beam welding (EBW)
both belong to fusion welding as well. Their unique attribute is their immensely high input
energy density, which exceeds their conventional counterparts by multiple orders of magnitude,
as listed in table 4.1.

Table 4.1: Comparison of maximum power densities of different fusion welding techniques [108]
Heat source Max. power density

W/cm2

Gas flame 5 · 103

Electric arc 104

Plasma 105

Laser beam (continuous) 107

Electron beam 107

The cause and effects of high power densities, in respect to LBW and EBW, will be discussed
in the following sections.

4.1.1 Deep welding effect and the keyhole

The heat in EBW is directly generated in the material by the impact of electrons rather than
by heat conduction from an electric arc at conventional welding processes like MIG or MAG.
The electrons only penetrate fractions of millimeters into the material (figure 4.1a). Whenever
the beam power density exceeds the order of 106 W/cm2, the highly focused energy causes a
local evaporation of the material, forming a small vapor cavity, the so called “keyhole,” which is
depicted in figure 4.1b and c [109]. It is possible to achieve deep and narrow weld beads compared
to conventionally produced welds. Then, the reachable depth of the keyhole and therefore the
weld is only theoretically restricted by the beam power. The keyhole itself is enveloped by a
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Figure 4.1: The establishing keyhole in the different stages [109]

layer of molten metal [109,110]. A laser beam, however, is damped by the metal vapor and the
effective achievable welding depth is 25–30 mm [73].

When the beam is moved across the work piece, the vapor pressure of the keyhole causes the
material to flow around the keyhole to the back of the weld, which eventually forms the typical
chevron pattern upon solidification.

One issue in laser beam welding is the low absorption rate of the wave length of the most
commonly used lasers (near and far infrared) in most metals. The reason that LBW is industrially
feasible nevertheless is, that the absorptivity of molten metal or metal vapor is considerably
higher [73, 110]. In EBW, side products of the impact of high velocity electrons are X-rays,
elastically reflected electrons, back scattered primary electrons, secondary electrons, and thermal
electrons [108]. The magnitude of these effects depends strongly on the material and the welding
parameters. Nevertheless, compared to LBW, the efficiency of the energy transfer into the metal
is superior in EBW [108].

4.1.2 Electron beam welding

Electron beam welding was invented in the late 1950’s as a drilling tool for accomplishing precise
and small holes. If the beam moves relative to the specimen, a weld bead develops and soon the
technology was adapted for welding purposes [108].

Figure 4.2 shows a schematic principle of an EBW machine: A resistor consisting of a high
melting material acts as a cathode. For the cathode, tantalum and tungsten–rhenium alloys are
widely in use. A high voltage (up to a few hundred kV) between the resistor cathode and the
anode causes electrons to emerge from the cathode and accelerate towards the anode, reaching up
to 2/3 of light speed. To promote the emergence of electrons from the metal lattice, the cathode
is heated up by an electric current, which induces kinetic energy into the valence electrons of the
cathode. The intensity of the beam is controlled by the higher charge of the secondary cathode
than the primary cathode’s charge. This third electrode, the so called “Wehnelt,” or bias, retains
the electrons. When the bias voltage is lowered, the electrons travel through the center hole of
the anode into the working chamber. With a series of coils which generate magnetic fields, the
electron beam is stigmatized and focused. Additional fields permit a rapid deflection (1◦ per
µs) of the beam to form beam deflection figures, to influence the energy distribution during the
welding process [73,108,111].

4.1.2.1 Process parameters

The beam power is calculated as the product of acceleration voltage and beam current

P = UH · IB. (4.1)
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Figure 4.2: Schematic principle of function of an electron beam welding machine [108,111]

Naturally, if the voltage is reduced, the current has to be raised accordingly to achieve the same
nominal beam power. An electric current is defined as the amounts of charges Q per time t,

I = Q

t
. (4.2)

The charges in the case of an electron beam are electrons with a charge of (−1) e and a higher
beam current causes a higher density of electrons. The physical limiting parameter for the focus
of an electron beam is the repulsion between the electrons. A lower beam current therefore
enables a better focus. This means for electron beam welding that for the best achievable focus,
the highest possible acceleration voltage is required at a given beam power.

Several reports of welds with an acceleration voltage 60 kV are found in literature [17,31,112].
This is due to machine capabilities or specifications rather than influence on the weld. So far, no
major correlation between the voltage and the resulting weld quality was observed, apart from
the achieved beam power [113]. There is, however, an influence on the shape of the weld in deep
welding. If the focal distance is moved closer to the top surface, the weld forms a more tapered
shape [108]. Figure 4.3 shows the influence of the acceleration voltage and the focal distance on
the weld bead.

Investigations have shown that the resulting weld quality is strongly dependent on the per-
formance of the magnetic coils [114].

4.1.3 Temperature field calculation

Daniel Rosenthal proposed a set of solutions for the theory of moving heat sources in metals [115].
He imposed a series of assumptions: (1) Material properties are independent from temperature,
(2) a quasi-stationary state with constant heat source speed and heat input, (3) a point heat
source, (4) an infinite size of the substrate, and (5) no heat exchange with ambience.

In the case of a thin plate or a sheet, the temperature gradient in z-direction is neglected and

75



CHAPTER 4. FUSION WELDING

Figure 4.3: Cross sections through welds with a constant beam power of 5 kW but different
accelerating voltages and focal distances: (a) 150 kV and 350 mm, (b) 60 kV and
350 mm, (c) 150 kV and 1,200 mm, (d) 60 kV and 1,200 mm [108]

the corresponding 2d equation is given with

T − T0 = q′

2πλe
− 1

2avξK0

( 1
2avr

)
. (4.3)

In this equation, T0 represents the ambient temperature, q′ is the rate of heat per unit length,
λ is the thermal conductivity, a expresses the thermal diffusivity which is calculated with λ, the
specific heat capacity cp, and the density ρ as

a = λ

ρcp
. (4.4)

Further, v is the speed of the heat source, and the spatial coordinates are given with ξ = x−vt in
direction of motion, y transversely, and r =

√
ξ2 + y2. Finally, K0 is the Bessel function of order

zero. After a few transformations the equation can be re-formulated to give the quasi-stationary
temperature field with

T − T0 = q̇

2πλse
− 1

2avxK0

( 1
2avr

)
. (4.5)

q̇ = UHIBη is now the heat source power assuming an efficiency of energy transfer η = 0.9 [108]
and s appears as the plate thickness.

4.1.4 Filler metal addition
Due to the deep welding effect, high power beam processes like EBW do not require filler metal.
In a butt weld the fusion surfaces should be clean but are sufficiently smooth if roughly machined
[108,116]. Filler metal addition is of interest if a custom alloying is required to specifically alter
the metallurgy of the joint [117] or to enable dissimilar joints [118]. The filler metal is inserted by
a sheet in between the welding parts, as shown schematically in figure 4.4. Another example is
the EBW of thick walled pure copper in PA welding position: The molten material is pulled out of
the weld pool by gravity and welding defects like spiking occur. An inserted brass (CuSn6) sheet
modifies the weld pool towards a higher viscosity so that the welding defects are suppressed [119].
Successful thick-walled copper welds were also achieved at the institute by substituting the brass
sheet by a plasma-sprayed pure tin (Sn) layer prior to welding [120].

The EBW machine at the institute is equipped with a filler wire feed unit that allows the
insertion of filler wire with a diameter of 1.2 mm off of conventional wire drums. The main
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Figure 4.4: Schematic of a weld setup for dissimilar laser beam welding of Ti6Al4V to NiTi with
a Nb interlayer [118]

difference in filler metal deposition by wire in EBW compared to arc welding processes is the
missing electric field. Therefore, both the the pinching effect σP and the electrostatic force FE
are not present. Figure 4.5 shows the forces on a liquid metal droplet at EBW. The gravity force
FG and the beam pressure force FB act towards the base metal, the force of the vapor cavity
FV opposes the droplet transfer, and finally the adhesion force FA which points in the direction
of the wire feed [121]. Additionally, the surface tension σS keeps the droplet formed.

In electron beam additive manufacturing (EBAM) the goal is to deposit the filler metal on
the surface of a substrate. To assure a stable and reproducible transfer of the filler metal to the
base metal, a liquid bridge between the filler wire and the base metal has to establish [121].
Figure 4.6 shows a schematic of the process. By a proper beam oscillation the beam power is

FB , FG

FA

FV

σS

σP

FE

Base metal

Filler metal

Electron beam

Figure 4.5: Forces on a welding droplet in electron beam welding [121] and the missing forces
compared to arc welding marked in red

Base metal

Filler metal

Electron beam

Beam oscillation

Metal deposit

Figure 4.6: Filler metal deposition by a beam oscillation to maintain a liquid metal bridge be-
tween the filler wire base metal substrate [121]
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distributed rather than punctually transfered, which enables the forming droplet to contact the
base metal surface and solidify continuously.

4.1.5 Classification of EBW
Electron beam welding is classified according to EN ISO 15609-3:2004 [122]. The according
parameters are listed in table 4.2.

Table 4.2: Parameters of EBW according to EN ISO 15609-3:2004 [122]
Welding parameters

Acceleration voltage UH kV
Beam current IB mA
Lens current IL A
Beam deflection constant/periodic, figure
Overlap, slope in, slope out s, mm, ◦
Slope profile
Mechanical parameters

Welding direction
Welding speed mm/s
Details about welding speed variation
Feed rate, -direction, -position, and -angle of filler material
Other parameters

Working distance mm
Pressure within the beam gun mbar
Pressure within the working chamber mbar

4.1.6 Electron beam welding of molybdenum
4.1.6.1 Process control

The welding of molybdenum in 8 mm deep welds is feasible using normal welding practices
of de-focusing, beam oscillation, and beam offset, among others [108]. EBW experiments in
2 mm TZM sheets included a pre-heating above the ductile–brittle transition temperature to
avoid cracks and a post weld heat treatment at 1000◦C for 2 h in high vacuum to relieve weld
stresses [14]. Welding results of molybdenum by tungsten inert gas (TIG) welding, often also
called gas tungsten arc (GTA) welding were reported [17,20]. Kolarikova et al. compared EBW
and TIG welding of thin Mo sheets. They were able to produce a sound weld without macroscopic
defects, however, the fracture elongation ranged from 1–2%. Further, they concluded that EBW
was to prefer over TIG, because TIG resulted in a higher total heat input which resulted in
inferior hardness and microstructure [123].

4.1.6.2 Metallurgy

Electron beam welding has been tested on refractory metals including molybdenum with some
success. The biggest problem still remaining is a brittle joint at room temperature, which is
caused by oxygen enrichment on grain boundaries, which impair the strength of a molybdenum
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Figure 4.7: Macroscopic cross section of a Mo–Mo joint of 0.2 mm sheets by EBW [123]

joint the most [17]. Apparently even in vacuum enough oxygen was present in the residual
ambience, an insufficiently clean surface, or as impurity in the material, since only a few ppm of
oxygen suffice to negatively influence molybdenum. Figure 4.7 shows the joint of two overlapping
0.2 mm sheets, welded by EBW [123]. The excessive grain growth in the weld zone can be
observed.

Wadsworth et al. [124] investigated the welding behavior of TZM by EBW, LBW, and TIG.
They reported brittle failure of the welds during tensile tests, regardless of welding technique.
Optical microscope investigations revealed precipitations within the grains of the FZ and pre-
cipitates on the grain boundaries in the HAZ, as shown in figure 4.8. Fracture surfaces and grain
boundaries were investigated by Auger electron spectroscopy (AES) and it was concluded that
no excessive oxygen was present on the grain boundaries in the weld zone. Instead they suggested
that Mo-carbides were formed during solidification and precipitated on the grain boundaries, but
simultaneously ruled out that those carbides caused the embrittlement. The argument was that
coarsely recrystallized TZM achieved up to 40% ductility while exhibiting a similar microstruc-
ture like the HAZ of EB-welded TZM. The conclusion was that the brittle fracture behavior
was a result of the tensile testing method and strain localization effects rather than the intrinsic
brittleness of the welded material.

(a) (b)

Figure 4.8: (a) Fusion zone of EB welded TZM with intragranular precipitation and (b) the HAZ
with strong precipitation visible on the grain boundaries [124]
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(a) (b)

Figure 4.9: (a) Grain boundary precipitates in the FZ of post-weld carburized TZM and (b)
small carbides visible in the matrix [31]

Fumio Morito studied EB welding of powder metallurgic molybdenum and vacuum arc cast
TZM [31] and also performed post-weld carburization in some welds. For this purpose, carbon
was deposited onto the finished welds and the sheets were treated for 30 min at 1,500◦C, which
resulted in an increase of C content by 20 wt.ppm in Mo and 40 wt.ppm in TZM. Afterwards,
small carbide precipitates on the grain boundaries as well as in the Mo matrix were observed,
as shown in figure 4.9. It was reported that the carburized weld samples showed an increase of
the yield stress and the fracture elongation.

Cockeram et al. [125] experimented with custom alloying of Al, Zr, B, and C to pure Mo
base metal to create alloys with improved ductility after EBW. They argued similarly to Morito
that C and B improved the grain boundary strength but reported that excessive amounts of Zr
resulted in brittle intermetallic phases which act as crack initiation sites. On the contrary, Wang
et al. [126] reported that a Zr interlayer between TZM sheets—resulting in 1.32 wt.%—improved
the grain boundary strength and a mixed fracture.

4.1.6.3 Mechanical properties

The EB welding of molybdenum and TZM was reported to lead to a drop of the hardness
from the BM into the HAZ and an impaired ductility compared to the base metal [112, 127].
The hardness increased again in the FZ as a result of precipitation hardening [127]. EBW was
recommended by Sun and Karppi [128] for welding dissimilar refractory metals. They pointed
out that due to the low specific energy input the tendency of recrystallization which would raise
the DBTT was reduced.

EB welds of Mo and TZM resulted in a decrease of the tensile strength compared to the re-
spective base metals by about 40% [14]. The even more severe issue, however, was the substantial
loss of ductility, where Mo and TZM only exhibited a few percent of elongation in the tensile
tests. This was attributed to the grain growth in the fusion zone and the heat affected zone.

Morito’s results of post-weld carburized Mo and TZM welds showed an improved tensile
strength as well as improved ductility. First, ductile behavior in tensile tests was observed
for all welds above 200◦C, suggesting a DBTT in that temperature region. Further, post-weld
carburized TZM even exhibited a ductile failure with 27% elongation at room temperature.
Morito argued that the carbon addition resulted in Mo2C precipitation on the grain boundaries,
which strengthened the latter by forming a strong carbide–matrix boundary instead of a high
energy incoherent boundary [31].
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4.1.7 Effects of heat treatment
Almost all authors reported relief to embrittlement by post-weld heat treatment which improves
the grain boundary cohesion [14, 17]. Morito [31, 47] stressed the importance of post-weld heat
treatment as well and found the optimum post-weld heat treatment temperature in vacuum for
EB welds of TZM to be 1,200◦C. He reported that nitrogen disappeared while carbon diffused
to the grain boundaries, as observed in figure 4.10, and concluded that the carbon content on
the grain boundaries is the primary determining factor of the ductility and DBTT of TZM.

4.1.8 Summary
Electron beam welding is a promising technology for welding molybdenum and refractory metals
in general. Research has clearly demonstrated the superiority of EBW over other fusion welding
processes due to its high energy density, which minimizes the amount of melting, re-solidification,
and recrystallization.

Despite the advantages, as naturally in fusion welding processes, a molten and re-solidified
microstructure is produced in EBW. As discussed by many authors, the associated impairing
of the mechanical properties and especially the ductility in the fusion zone and the recrystal-
lized heat affected zone are unresolved issues. For welding molybdenum, it is assumed that the
biggest problems to overcome will be: (1) Preventing grain coarsening in the fusion zone and (2)
sustaining the ductility of the weld and the HAZ to an acceptable extent.

The flexibility of the electron beam regarding beam deflection, pre-heating, and beam split
are to be elaborated. Further, the feasibility of filler metal addition has to be investigated and
potential filler metals are to be explored.

Figure 4.10: Concentration of N, C, and O on the grain boundaries of EB welded TZM in the
fusion zone [47]
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4.2 Experimental

4.2.1 Base metal

Figure 4.11 shows the microstructure of the TZM base metal in as-recieved condition. The
production route was sintered, hot rolled, and stress relieve annealed at 1,200◦C under vacuum
for 2 h. In the figure elongated grains in rolling direction, accompanied with some residual
porosity from the sintering process are observed.

4.2.2 EBW equipment

For the electron beam welding experiments, the pro-beam EBG 45-150 K14 electron beam weld-
ing machine at the IMAT was used. Figure 4.12 shows the machine in the laboratory facilities. Its
characteristics were a beam gun with up to 150 kV acceleration voltage, a maximum beam current
of 300 mA, and thus 45 kW maximum beam power. The working chamber was encased in lead as
X-ray radiation emerges from the weld bead if the acceleration voltage exceeds 60 kV [108]. The
operation vacuum in this machine was 5 · 10−4 mbar, and the working distance varied between
600 and 1,000 mm, depending on the setup. The machine also contains a wire feed device which
can feed 1.2 mm wire from a conventional filler wire roll continuously into the weld pool. For

Figure 4.11: TZM 2 mm sheet base metal sintered and rolled. Elongated grains are observed in
rolling direction as well as residual porosity (black spots) from the sintering process.

Figure 4.12: The pro-beam EBG 45-150 K14 EBW machine at the institute
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welding with filler wire the working table had to be raised in order to enable the wire feed to
apply the filler metal appropriately.

4.2.3 Beam deflection figures

To vary the energy distribution, in EBW it is common practice to use a beam oscillation rather
than de-focusing. One of the reasons is depicted in figure 4.13: The beam intensity is described by
a Gaussian function [129] and a de-focused beam basically just softens the intensity distribution
of the beam. If the focus is maintained and the beam is oscillated, the steep flank of the Gaussian
distribution is retained and the intensity is distributed evenly over the oscillation amplitude.
This promotes a sharper edge of the weld pool and potentially a more stable keyhole.

The experiments were conducted using no beam deflection with sharp focus (point) and a
circular deflection figure with ∅0.5 mm for welding, and concentric circles and ellipses for filler
wire deposition, as depicted in figure 4.14. The scanning frequency of the deflection figures was
set constant to 1,000 Hz.

4.2.3.1 Beam split

The deflection coils in the EBW machine allow a fast deflection of the beam in a way that
seperate weld pools can be established. A power distribution is also possible. Figure 4.15 shows
a combined process, where first the filler wire is deposited, followed by two full penetration welds
to ensure a sound dilution of the filler metal.
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Figure 4.13: Difference in the intensity distribution between a de-focused beam and a beam
oscillation: With a beam oscillation the intensity is more evenly distributed over
the desired oscillation amplitude.

(a) (b) (c) (d)

Figure 4.14: Beam deflection figures used in the experiments: (a) Point, (b) circle, (d) concentric
circles, and (d) concentric ellipses
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Figure 4.15: Combined beam figure

4.2.4 Welding setup

Clamping of the sheets is of foremost importance to ensure a good alignment of the sheets during
the process. For this reason, an L-profile aluminum clamping device was built to hold the weld
parts in place. Further, a setup with collets was used in some experiments as well, as observed
in figure 4.16

For the butt joints the sheets were aligned evenly with no weld gap, as sketched in figure
4.17a. ISO 9692-1:2003 [130] suggests a V-seam with 8◦ opening angle for electron beam welds
with wire filler metal (figure 4.17b). In the course of the experiments it was established that
a simple butt seam with a small gap in the range from 0.1–0.2 mm (figure 4.17c) lead to the
same joint quality like a V-seam. Further, in 5 mm sheet welds a Y-seam was also welded (figure
4.17d).

4.2.5 Welding and characterization procedure

To systematically approach the welding of TZM sheets, first, bead-on-plate and butt weld exper-
iments were carried out to gain an understanding of the required process parameters and their

(a) (b)

Figure 4.16: Clamping systems for welding: (a) L-profile clamping and (b) collet clamping

(a) (b) (c) (d)

Figure 4.17: Weld joint setups: (a) butt seam, (b) V-seam with 2 × 4◦ angle according to ISO
9692-1, (c) butt seam with 0.2 mm gap, and (d) Y-seam
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interactions. Then, the filler metal insertion by filler wire was elaborated and tested. Finally,
different filler metals were investigated.

The characterization of the welds was done by visual assessment of the regularity of the weld
seams. Selected visually approved welds were investigated by X-ray imaging to visualize porosity.
The main investigation method was the characterization of the microstructure, particularly the
grain sizes and dimensions of FZ and HAZ. Further, hardness lines were recorded to estimate the
mechanical strength of the joint. Tensile test samples were only produced from the first butt weld
experiments without filler to correlate microstructure and hardness to tensile strength. Finally,
because the welding results with cored wire were promising, a mechanical characterization by
tensile and bending tests was carried out again.

4.2.5.1 2 mm butt welds

For the butt welds of TZM sheet metal the voltage was set to 150 kV to achieve the best possible
focus and no deflection figure was used. After some preliminary experiments, a 2n design of
experiment test matrix with n = 4 parameters in two levels was drafted with the parameters
listed in table 4.3. Pre-heating was conducted in-situ by the EB, by scanning a 40 × 120 mm
rectangle with 15 mA beam current for 60 s. The resulting temperature was approximately 400◦C.
Post-weld heat treatment was done by Plansee SE by their standard stress-relief procedure for
TZM in a vacuum furnace at 1,200◦C for 2 h.

Table 4.3: Parameter levels for the 24 DoE of 2 mm TZM sheet butt welds
Parameter − +

Beam current IB 15 mA 25 mA
Welding speed vW 10 mm/s 30 mm/s

Pre-heating no yes
Post-weld heat treatment no yes

In the experiments with filler metal the optimal process parameters were determined in a
separate test matrix, based on the results of the butt weld experiments. For the final welds, the
beam current was varied depending on the filler metal between 17.7 mA (V filler) and 21.7 mA
(VACTZM filler). The beam deflection figure was set to a circle for welding with a diameter
between 0.5 mm and 1.2 mm. For filler metal deposition in a separate step, concentric circles
or ellipses were used as deflection figure. The wire feed rate was set between 0.58 m/min and
1.2 m/min, depending on the experimental setup, the filler metal, and the welding speed.

4.2.5.2 5 mm butt welds

The beam current for butt welds without filler metal was varied between 40 mA and 50 mA at
30 mm/s. The wire feed rate was investigated between 3.5 m/min and 4.5 m/min, while at deposition
prior to welding it was reduced to 2–3 m/min, as the welding speed was reduced to 10 mm/s and
20 mm/s, respectively.

4.2.6 Filler metals

Alloying of the fusion zone by targeted variation of the chemical composition of the filler metal
is widely used in industrial welding processes. In the course of this project, three different filler
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metals were used to investigate their suitability and potential for improving the mechanical
properties of TZM sheet welds.

4.2.6.1 Vanadium

Vanadium (V) was chosen due to its full solubility in molybdenum [1, 46], thus no potentially
detrimental intermetallic phases can be formed in the weld. However, literature on the mechanical
properties and hardness values of the Mo–V solid solution crystal was not available.

4.2.6.2 Vacuum arc cast TZM

The production of TZM by vacuum arc casting (VAC) results in an even lower residual oxygen
content than powder metallurgically produced TZM. This bears the potential welding with the
same filler as the base metal but also reducing the residual oxygen in the weld and to inhibit
the formation of oxides on grain boundaries.

4.2.6.3 Molybdenum cored wire

To increase the flexibility in composition from massive filler wire further, cored wire technology
was developed [131]. However, a cored wire with molybdenum was never produced. In the course
of the project, voestalpine Böhler Welding GmbH and Plansee SE collaborated to produce a novel
cored wire specifically for welding Mo. Figure 4.18 shows an overview of the production process
which resulted in the first custom cored pure molybdenum wire.

(a) (b) (c)

Figure 4.18: Production route of Mo cored wire: (a) Powder insertion into a pre-bended Mo
strip, (b) rolling and closing of the strip to a wire; (c) Microsection of the finished
wire
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4.3 Results

4.3.1 Electron beam welding of 2 mm TZM

As a reference, figure 4.19 shows a bead-on-plate weld in TZM at a beam current of 20 mA
(3.0 kW) and a welding speed of 20 mm/s. The image shows nicely distinguishable zones, the base
metal (BM) with typical elongated, small grains from the rolled semi-finished sheet metal. In
the heat affected zone recrystallized grains are observed with increasing grain size towards the
fusion zone. The heat affected zone was determined by the border between BM and visually
recrystallized grains, which occur beyond the recrystallization temperature of 1,400◦C [12]. Fi-
nally, large new grains in the fusion zone which re-solidified from the fusion lines towards the
weld center.

4.3.1.1 Microstructure

Figure 4.20 shows two microsections of EB butt welds of 2 mm TZM welds with (a) 15 mA
(2.25 kW) at a welding speed of 30 mm/s and (b) 25 mA (3.75 kW) at 10 mm/s. It is easily observed
that the sizes of the fusion zone (FZ) and the heat affected zone (HAZ) are much smaller at
lower beam power and higher welding speed. Concerning the beam power, the DoE revealed
that a higher beam power resulted in a larger grain size in the FZ but had little effect on the
grain size of the HAZ. Further, the weld’s porosity was also the least at low beam power [132].

The X-ray image in figure 4.21b shows that at a high energy input and low welding speed
the weld bead exhibited periodically occurring bonding faults. Furthermore, pores occurred
frequently. If welded with low beam power and high welding speed (figure 4.21a) the weld bead
was more regular, only occasionally showing deviations. The porosity was also much less.

A higher welding speed resulted in a smaller width of both the FZ and the HAZ. Moreover,
the welding speed affected the grain size of the HAZ much more than the beam power, with a
smaller grain size observed at higher speeds.

Assuming material properties with the values in table 4.4, Rosenthal’s equation 4.5 (page
76) can be evaluated for different beam powers q̇ and welding speeds v. Figure 4.22 shows the
four resulting temperature fields of the DoE, with subfigures (a) and (d) corresponding to the
macrosections of figure 4.20a and b, respectively.

The innermost contour lines represent the melting temperature of TZM with 2,620◦C, thus

FZHAZ HAZBM BM

re-solidified grainsrecrystallized grains

Figure 4.19: EB bead-on-plate weld in TZM with IB = 20 mA and vW = 20 mm/s
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(a) (b)

Figure 4.20: Electron beam welds of TZM sheets with (a) 15 mA and 30 mm/s and (b) 25 mA and
10 mm/s

Improper bonding Pores

(a)

Weld irregularities

(b)

Figure 4.21: X-ray images of electron beam welds of TZM sheets with (a) 15 mA and 30 mm/s
and (b) 25 mA and 10 mm/s

corresponding to the resulting fusion lines. Compared to the macrosections of the welds in figure
4.20 of course, the fusion lines of the calculations do not match. As mentioned before, Rosenthal’s
equation implies various simplifications, however, it is suitable to show a general trend of the
influence of the investigated welding parameters on the resulting temperature field.

The obviously different magnitude of the temperature fields in 4.22a and d resulted in the
different microstructure observed in figure 4.20.

Pre-heating resulted in larger grains in both the FZ and HAZ, with the same tendency of
even larger grains at high beam power. Further, it increased the average width of FZ and
HAZ. This is due to the resulting softer temperature gradient during cooling that results in a
longer time period for the grains to grow bigger. Contrary to common recommendations [12]

Table 4.4: Physical properties of TZM at 1,000◦C [12] for Rosenthal’s calulation
Thermal conductivity λ 105 W/m K
Specific heat capacity cp 315 J/kg K

Density ρ 10.20 g/cm2
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Figure 4.22: Contour plots of the results of the Rosenthal calculations. The lines represent
isotherms, the cross at [0,0] marks the position of the electron beam, and x is
the welding direction. It is observed how the resulting temperature field changes
qualitatively with the variation of welding speed and beam current. Subfigure (a)
corresponds to the macrosection of figure 4.20a and (d) to figure 4.20b.

no improvement of microstructure or susceptibility to cracking was observed with pre-heating,
therefore it is concluded that pre-heating does not improve the weld quality in EBW of TZM.

4.3.1.2 Hardness

Figure 4.23 shows two EB welds with three hardness lines across the FZ and HAZ. It is observed
that the base metal hardness of approximately 290 HV1 drops in the HAZ and continues through
the FZ. The resulting average hardness values were between 200 and 227 HV1. Post-weld heat
treatment lowered the resulting hardnesses between 5 and 10 HV points. The highest hardness
values of FZ and HAZ was observed at 15 mA and 30 mm/s (figure 4.23a). The most influencing
parameter on hardness was the weld speed with yielding better values at higher speeds.

4.3.1.3 Ultimate tensile strength

Finally, the ultimate tensile strength (UTS) was determined in as-welded condition. This means
that due to the notches of the weld bead the results are only partly comparable to the base metal
results. Figure 4.24 shows the results of the DoE samples in as-welded (AW) and post-weld heat
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(a) (b)

Figure 4.23: Hardness lines of electron beam welds of TZM sheets with (a) 15 mA and 30 mm/s
and (b) 25 mA and 10 mm/s
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Figure 4.24: Ultimate tensile strength of as-welded and post-weld heat treated samples. The
dashed line represents the tensile strength of fully recrystallized TZM base metal
[12].

treated (PWHT) condition. It is observed that welds VII and VIII yielded the best results, with
values between 610 and 669 MPa they are higher than the tensile strength of fully recrystallized
base metal of 600 MPa [12] but still below the as-worked base metal value of 861 MPa; weld VII
(15 mA, 30 mm/s) in as-welded condition was 77.8% of the UTS of the base metal.

The contour plots of the DoE of UTS are displayed in figure 4.25. It is observed that the
beam current had only little influence on the UTS, except in PH and PWHT condition, while
a fast welding speed lead to the best UTS values. Pre-heating reduced the UTS values overall,
because of the resulting larger grain sizes in FZ and HAZ. Post-weld heat treatment, however,
also reduced the obtained UTS values. It has to be noted that the tensile samples were extracted
in as-welded condition and subsequently heat treated. A brittle microstructure like the present
TZM welds could suffer from small cracks during cutting, which may propagate during the heat
treatment and ultimately compromise the tensile strength values. This may also be the reason
for the observed shift of influence of PH and PWHT in figure 4.25d.
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(a) (b)

(c) (d)

Figure 4.25: Contour plots of beam current and speed on UTS, with (a) no PH, no PWHT, (b)
no PH, with PWHT, (c) with PH, no PWHT, and (d) with PH and with PWHT

Preliminary experiments showed an intergranular fracture mode, as observed in figure 4.26a.
In this case it was concluded that the weak point in the bonding were the grain boundaries.
The experiments of the presented DoE all showed either a mixed fracture mode or mostly
transgranular, as observed in figure 4.26b.

Kadokura et al. [133] found that small additions of carbon changed the fracture mode from
intergranular to transgranular in pure Mo. It may be supposed that a significantly slower welding
speed resulted in a lower C content or less beneficial C distribution in the FZ of TZM.
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(a) (b)

Figure 4.26: Comparison of the tensile test rupture interfaces of (a) a preliminary experiment
(15 mA, 5 mm/s) that showed intergranular fracture and (b) experiment VI of the
DoE which exhibited a transgranular fracture mode

4.3.2 Electron beam welding of 2 mm TZM with filler metal vanadium

Figure 4.27 shows the macroscopic top view of a preliminary test weld with V filler wire. It is
observed that due to instationary filler metal transfer a periodic droplet formation occurred and
small spatter that landed on the top sheet, leaving vanadium smoke trails. V smoke condensation
is also observed on the bottom sheet. The clamping marks from the L-clamps are visible as no
smoke condensation is occurred in these areas. Apparently a fraction of the vaporized V was
deposited on the surface of the TZM sheets during the welding process.

Cross sections of the preliminary welds showed an irregular distribution of V, owing partly to
the strong droplet formation. Further, brittle cracking during and immediately after the welding
process occurred perpendicularly to the welding direction. This issue could mostly be resolved
by leaving the vacuum chamber of the EBW machine closed for approximately 7–10 min after
the welding process, thus reducing the cooling rate. Figure 4.28 shows the temperature of a TZM

Droplets V smoke trails

V smoke condensation

Clamping marks

Figure 4.27: Macroscopic top view of preliminary EB weld of TZM sheets with V filler metal
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Figure 4.28: Measured temperature during an EB weld by a thermocouple placed in 8 mm dis-
tance to the weld. It is observed that the temperature at the position dropped to
50◦C after roughly 71/2 min after the electron beam passed.

sheet measured in 8 mm distance from the weld center line. It is observed that the temperature
dropped from 270◦C to 50◦C in roughly 71/2 min, where a small drop is observed which resulted
from the occurring convection evoked by flooding the vacuum chamber.

Figure 4.29 shows the top and bottom view of a TZM weld where the V filler was deposited
prior to welding. The weld bead quality was good, showing a regular top surface and contin-
uously formed weld root. A V smoke deposit was visible on the top surface (figure 4.29a) and
small lateral cracks occurred on the bottom side (figure 4.29b). During welding it was observed
that some cracks occurred directly after the filler metal deposition. This indicates that residual
stresses resulted from the different heat expansion coefficients of TZM and V which were high
enough to initiate cracking.

Clamping mark

V deposit

(a)

Cracks

(b)

Figure 4.29: Macro photographs of a TZM sheet metal welded with V filler wire: (a) Top view
and (b) bottom view
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4.3.2.1 Microstructure

Figure 4.30 shows an etched cross section of the resulting weld bead. The V filler was mostly
diluted in the top region of the weld, as confirmed by a energy-dispersive X-ray spectroscopy
(EDX) map (figure 4.31). The hardness measurements in figure 4.32 shows that the values
increased up to 390 HV1 in the V-enriched regions. However, the bottom hardness line also
peaks in the weld zone—although only at roughly 300 HV1—which could be due to the small
amount of V present.

Further it has to be noted that the TZM base metal in this particular experiment was from a
different batch and exhibited only a hardness of 220–230 HV1, which is considerably lower than
the base metal of the other experiments in this section.

Figure 4.30: EB weld of 2 mm TZM with V filler. Mo–V solid solution is observed in the top
weld region.
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Figure 4.31: EDX map of 2 mm TZM with V filler: A V-concentration is observed in the top
weld region.

Figure 4.32: Hardness of the EB weld of 2 mm TZM with V filler: An increase of hardness is
observed in the V-enriched regions

4.3.3 Electron beam welding of 2 mm TZM with VACTZM filler metal
VACTZM as filler metal proved to be more stable in the melt transfer from the wire into the
weld pool than vanadium. Good results were achieved by direct deposition of the wire, with
the best results exhibiting almost no pores. Table 4.5 lists the parameters of the best result of
EBW of 2 mm TZM with VACTZM filler metal. Note that due to the direct insertion of the
filler metal the beam oscillation amplitude (beam figure diameter) had to be set to 1.0 mm to
ensure a stable melt transfer from the wire into the weld pool.

Cracks could be suppressed by cooling in vacuum, as previously described. Figure 4.33 shows
the resulting hardness courses. It is observed that the values drop from 290 HV1 in the BM to
approximately 220 HV1 in the HAZ and the FZ, similarly to the welds without filler metal.
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Table 4.5: Welding parameters of 2 mm TZM sheets with filler metal VACTZM
Beam power Welding speed Deflection figure Wire feed

20.7 mA 30 mm/s Circle ∅1 mm 0.58 m/min

Figure 4.33: Hardness courses of a 2 mm TZM sheet EB welded with VACTZM filler metal. A
hardness drop is observed in HAZ and FZ

4.3.4 Electron beam welding of 2 mm TZM with cored wire filler metal

The filler metal deposition was carried out by 18 mA beam power, 20 mm/s welding speed,
1.2 m/min wire feed, and concentric ellipses (3×2 mm in welding direction) as deflection figure.
Table 4.6 lists the experiment numbers and their according welding parameters. Post-weld heat
treatment was executed in all samples except V2P2.

Table 4.6: Welding parameters for welding 2 mm TZM with cored wire filler. The scanning fre-
quency of the beam deflection figures was set to 1,000 Hz.

Beam power Welding speed Deflection figure
V2P2 22 mA 30 mm/s Circle ∅0.5 mm
V2P3 22 mA 30 mm/s Circle ∅0.5 mm
V3P11 2× 22 mA 30 mm/s Circle ∅0.5 mm
V3P2 35 mA 60 mm/s Circle ∅0.5 mm
V3P3 20 mA 30 mm/s Circle ∅0.5 mm

Although the porosity of the produced Mo cored wire was considerable (40–60%), the filler
metal deposition showed no instabilities and the finished welds appeared smooth and regular
both on the top side as well as on the bottom side.

4.3.4.1 Microstructure

All performed welds showed a regular and almost pore-free microstructure as figures 4.34 and
4.35 exemplary show. Excess material from the filler wire on the weld top surface is observed.

1Two welding passes with a 3 min cooling interval in between.
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(a) (b)

Figure 4.34: Microsection of (a) V2P2 and (b) V3P2 EB welds of 2 mm TZM sheets with cored
wire filler

Detail

(a)
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Recrystallized grains
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Figure 4.35: V3P1 (a) Overview microsection and (b) detail to identify recrystallized regions of
the HAZ

If figure 4.20 (page 88) is compared to figures 4.34 and 4.35, it is observed that the microstruc-
ture appeared different in the micrographs: In figures 4.35a and b it was almost impossible to
visually determine the borders between BM and HAZ. The detail in figure 4.35b in higher res-
olution allowed a distinction between BM and the recrystallized HAZ. However, the border to
the FZ is still difficult to determine and had to be assumed from the different grain size.

Figure 4.36 shows X-ray images of the different welds. Continuous porosity is observed along
the edges of the weld beads.

Figure 4.37a shows an EDX spot scan of a particle in the base metal. The resulting spectrum
revealed mostly Mo, but also Ti, suggesting that the particle is (Mo,Ti)xCy. Similar particles
were neither observed in the HAZ nor in the FZ. A possible explanation is that because pure Mo
was used as filler metal, the Ti of the sheets was diluted beyond a point where (Mo,Ti)-carbides
are detectable by SEM, Ti has evaporated, or that all Ti is in solution.
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(a)

(b)

(c)

(d)

Figure 4.36: X-ray images of EB welds of TZM with cored wire filler: (a) V2P3, (b) V3P1, (c)
V3P2, and (d) V3P3. Continuous porosity is detected along the edges of the weld
bead.
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Figure 4.37: (a) EDX spot scan in a particle observed by SEM and (b) EDX spectrum with Mo
and Ti peaks visible

4.3.4.2 Hardness

The hardness evaluation revealed that the average hardnesses of BM, HAZ, and FZ only varied
slightly, except V3P2 (35 mA, 60 mm/s) exhibited a slightly higher hardness in the FZ than in
BM and HAZ (figure 4.38). The grain size of V3P2 appeared larger than of V2P2 (figure 4.34).
This coherence was in accordance to the TZM butt welds without filler metal, which was that
1) larger grains occurred at higher beam power and 2) a faster welding speed resulted in higher
hardness values.

Concerning the base metal hardness, it is observed that the base metal hardness of the TZM
sheet batch used in the cored wire experiments was substantially lower than in the experiments
without filler metal. The observed variation was between 220 HV1 (cored wire) and 290 HV1 (no
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Figure 4.38: Hardness values after PWHT with standard deviations of base metal (BM), heat
affected zone (HAZ), and fusion zone (FZ) of different 2 mm TZM sheet welds with
cored wire filler

filler, V, VACTZM). These differences in batches are a result of the production process of PM
TZM and according to Plansee SE, the hardness values may range from 220 to 320 HV1 [134].

4.3.4.3 Ductility and strength

Tensile tests and three-point bending tests were conducted of the samples welded with cored
wire filler. The tensile and bending samples were extracted and the surface was ground flat to
remove excess material and notches on the top and bottom side of the weld. Figure 4.39a shows
the results of the tensile tests. It is observed that all investigated samples are below the reference
value of 587.3 MPa of the tested fully recrystallized TZM base metal. The average values achieved
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Figure 4.39: (a) Ultimate tensile stress values and (b) achieved three-point bending angles of
different 2 mm TZM sheet welds with cored wire filler. The dashed lines represent
the values of the fully recrystallized base metal reference.
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between 86% (V3P2) and 91% (V2P3) of the reference. The fracture elongation was still poor
and below 1.6% in all cases. However, as observed in figure 4.39b, three-point bending tests
revealed that the resulting bending angles of V2P3 and V3P3 reached the reference of 100◦. The
bending samples of V3P1 exhibited anomalies, where either angles of 10–17◦ or 100◦ occurred.

To conclude, the desired bending ductility was met with cored wire filler welds at a welding
speed of 30 mm/s with beam currents of 20 and 22 mA. A second weld pass (V3P1) apparently
caused irregularities in the weld, which resulted in a large spread of achieved bending angles
in the different bending samples. Furthermore, an increased welding speed (V3P2) resulted in
lower bending angles overall. It has to be noted that the base metal sheets used in the cored
wire filler experiments yielded a base metal hardness on the lower end of the specified hardness
range for TZM [12]. It is highly likely that the base metal condition plays an important role in
the processability by welding.

4.3.5 Electron beam welding of 5 mm TZM
The up-scale from 2 mm to 5 mm TZM sheets was done by increasing the beam power accordingly.
In trial butt welds it was found that at 43 mA full penetration is ensured, which is a factor of
roughly 2.8 times the beam power of 2 mm fully penetrated butt welds. Experiments were carried
out to elaborate the effect of a higher welding speed of 60 mm/s. To reach full penetration, the
beam power was increased from 43 to 67 mA, which is +56% of beam power. The reason is that
the keyhole requires a certain power to remain open and a doubling of the welding speed requires
only a fraction of excess power.

Figure 4.40 shows the microsections of the two butt welds with (a) 30 mm/s and (b) 60 mm/s
welding speed. In both images fine-grained FZ and HAZs are observed, although the higher
welding speed resulted in a smaller grain size in the FZ and smaller widths of both FZ and
HAZ.

Figure 4.41 shows the resulting averaged hardness courses of 30 mm/s and 60 mm/s with and

BM HAZ FZ HAZ BM

(a)

BM HAZ FZ HAZ BM

(b)

Figure 4.40: EB butt welds of 5 mm TZM sheet metal welded with (a) 43 mA and 30 mm/s and
(b) 67 mA and 60 mm/s
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Figure 4.41: Comparison of averaged hardness courses of 5 mm TZM EB welds with different
welding speeds and without and with post-weld heat treatment

without post-weld heat treatment. First, it is observed that a higher welding speed does not
affect the resulting hardness. Second, the PWHT process reduced the HV1 values of the base
metal slightly, but the HAZ and FZ remained unaffected. It was therefore concluded that the
hardness values and as a consequence the UTS were not improved significantly by PWHT.

4.3.5.1 Filler metal

As mentioned before, a liquid metal bridge has to establish to ensure a stable EB welding with a
wire filler metal. In a first attempt the solid wire was fed directly into the weld pool. The higher
beam power resulted in a higher pressure of the vapor cavity, which exceeded the pressure the
filler metal melt droplet could withstand. The wire was spattered upon contact with the beam
or the vapor cavity. Figure 4.42 shows the resulting weld bead with a re-solidified droplet and
substantial lack of fusion. Further, the spattering filler metal consumed a major amount of the
beam power which meant that the remaining power was insufficient to fully penetrate the V-
joint. It is observed that only roughly half of the depth was achieved and the V-preparation was
still visible in the bottom half of the fusion interface.

It was therefore concluded that with a welding depth of 5 mm a single step weld was not
feasible. The solution was to split the welding process into multiple steps: First, the filler metal
should be deposited on top of the joint preparation, and second, the actual welding process
should take place. Figure 4.43a shows a microsection of a filler metal deposition on plate, with
the re-solidified filler metal exhibiting large grains and an established HAZ in the proximity of
the deposition. In figure 4.43b the filler deposition is observed on top of the standard V-joint
preparation, over which the actual welding process takes place. To ensure a better dilution of
the filler metal over the full 5 mm depth of the weld two identical welding cycles were carried
out successively. The final welding procedure is listed in table 4.7. For welding the beam current
had to be increased from 43 mA to 54 mA to penetrate and dilute the deposited filler metal.

Figure 4.44 shows the microsection of the resulting weld. Excess material and pores are present
in the top region, but cracks were not visible.
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Filler metal spatter

Lack of fusion

V joint setup

Crack

Figure 4.42: EB weld of 5 mm TZM with filler metal inserted into the full penetration beam. The
V joint setup is still visible due to a lack of fusion and further, spatter is observed
on the surface of the TZM sheets.

(a) (b)

Figure 4.43: Filler metal deposit (a) on plate and (b) on top of the V joint setup

Finally, one trial weld with cored wire was conducted in 5 mm TZM. The same welding
sequence as listed in table 4.7 was executed, only the beam current was reduced to 50 mA,
because first, the cored wire was porous and therefore less material was deposited at the same
wire feed rate. Second, the experiments with VACTZM filler metal suggested that the beam
power could be reduced and still obtain full penetration.
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Table 4.7: Welding procedure for a three step welding of 5 mm TZM with filler metal VACTZM.
The scanning frequency of the deflection figures was set to 1,000 Hz.

Step Beam power Welding speed Deflection figure Wire feed
1. Deposition 20 mA 10 mm/s Concentric circles ∅4 mm 2 m/min

2. Welding 54 mA 30 mm/s Circle ∅0.5 mm –
3. Welding 54 mA 30 mm/s Circle ∅0.5 mm –

BM HAZ FZ HAZ BM

Figure 4.44: 3-step EBW of 5 mm TZM sheet metal with VACTZM filler.

Figure 4.45 shows the hardness obtained from the experiment. Again, the values drop from
the BM to approximately 230 HV1 in HAZ and FZ. Compared to the butt welds without filler
metal the hardness is therefore slightly lower with cored wire filler.

To elaborate a more productive way and combine the deposition and welding steps, a combined
beam figure was designed (see figure 4.15 on page 84). Here, the deposition of filler metal is
followed by two consecutive welding steps with full penetration. The distance between the three
beam instances was 10 mm, the relative beam currents were 50 mA for deposition, 67 mA, and
63 mA for welding, respectively. Figure 4.46 shows a live image of the process during welding.
The filler metal as well as the two following keyholes are observed.

As a result of the combined process, the overall beam power adds up to 180 mA, which
further leads to a total energy input per length of 900 J/mm at 150 kW acceleration voltage.
This excessive energy input lead to severe residual stresses and resulted in spontaneous, almost
explosive cracking of the sheets during unclamping. Figure 4.47 shows that cracks initiated at
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Figure 4.45: EB weld of 5 mm TZM with cored wire filler

DepositionKeyholes

Welding direction

Figure 4.46: Live image of the combined welding process: The filler metal insertion and the two
weld pools are observed.

Clamping marks

Crack initiationCrack initiation

Figure 4.47: Cracked 5 mm TZM sample of a combined process after unclamping: Cracks initi-
ated at the weld zone and propagated in 45◦ towards the sheet edges.

multiple positions and propagated in 45◦ all the way through the sheets. The micrograph of the
weld in figure 4.48 shows that the high energy input resulted in excessive grain growth in the
FZ as well as a large recrystallized HAZ with a width of 2.2 mm, which is beyond the margins
of the image in figure 4.48.

To make a combined process feasible, the total beam power has to be reduced drastically. One
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Figure 4.48: Micrograph of a 5 mm TZM sheet welded with VACTZM filler metal in a combined
EBW process. Excessive grain growth in the FZ and a large HAZ are observed.

Depositing
Welding 1

Welding 2

Filler wire

Welding direction

Figure 4.49: Proposed improvement of a combined beam figure: The welding steps should be
closer together to enable welding in a larger but single weld pool.

problem with the current configuration was that the weld pool solidified after the respective
welding steps. Therefore, the beam of the welding steps needed to re-melt the metal again by
additional beam power. A possibility could be to reduce the distances between the weld pools
in order to keep the two keyholes within one single melt pool. Figure 4.49 depicts the principle.

4.3.6 Summary
In the course of the project different EBW experiments were carried out:

• 2 mm sheets without filler metal

• 2 mm sheets with vanadium filler metal

• 2 mm sheets with vacuum arc cast TZM filler metal

• 2 mm sheets with molybdenum cored wire filler metal
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• 5 mm sheets without filler metal

• 5 mm sheets with vacuum arc cast TZM filler metal

• 5 mm sheets with molybdenum cored wire filler metal

With careful parameter selection in EB butt welding of TZM it is possible to influence the
hardness and the UTS to some extent: In the configuration of 2 mm, hardness values and UTS
values correlated to each other, meaning that a higher hardness value also meant a higher UTS
value. The grain size of the FZ was mostly affected by the beam power while the welding
speed was less important. The achieved UTS was most affected by the welding speed and the
fracture occurred in the FZ in every experiment. Therefore, the grain size of the FZ did not
determine the tensile performance. This is also backed by the fact that transgranular fracture
rather than intergranular fracture occurred at the best tensile strengths, which means that grain
boundary cohesion is not the limiting factor in the tensile performance. Following the argument
of Scheiber et al. [37], a faster cooling rate and thus faster welding speed would reduce the
oxygen concentration on the grain boundaries, which may have changed the fracture mode.

In butt welds without filler metal the best results concerning hardness and UTS were achieved
with a welding speed of 30 mm/s, regardless of beam power. A lower beam power, however, resulted
in smaller grains in the FZ and the HAZ. In general, a smaller grain size is preferred, because
the strength impairing elements and precipitates are more spread if the total length of grain
boundary is higher.

EBW of TZM sheets with vanadium filler metal proved to be problematic. The underlying
idea to counteract the observed hardness decrease in the fusion zone by producing a solid solu-
tion strengthened fusion zone was accompanied by a severe issue with inferior ductility and high
susceptibility to cracks. First, the filler metal insertion or deposition, owed to the different melt-
ing temperatures and vapor pressures of TZM and V resulted in an unstable process or directly
induced cracks. Second, the increase in hardness of the solid solution crystal also increased the
brittleness of the fusion zone to an unacceptable extent. Therefore it has to be concluded that
vanadium is unsuitable as a filler metal for EBW of TZM.

Vacuum arc cast TZM (VACTZM) filler metal was well processible due to the quasi-similar
filler metal. However, VACTZM did not increase the properties of the welds notably. Neverthe-
less, it was shown that in EBW a stable filler metal insertion was possible by means of a filler
wire.

The novel pure Mo cored wire filler proved to be well processible by means of EBW. A stable
weld bead established and no macroscopic welding defects were detected. The hardness of the
base metal was sustained throughout HAZ and FZ; the hardness of the used base metal batch,
however, was lower compared to previous experiments. It can be assumed that the condition of
the base metal majorly contributes to the resulting ductility of TZM welds, as other authors
have suggested as well [47]. Tensile tests revealed a low fracture elongation with slightly reduced
tensile strengths compared to fully recrystallized base metal, but three point bending tests
successfully exhibited 100◦ bending angle of a single pass weld at 30 mm/s and 20–22 mA.

In the current configuration it is assumed that a seam preparation with parallel edges and a
space of 0.2 mm are sufficient. Experiments with V-shaped seam preparation and vanadium filler
metal exhibited also improper dilution and did not improve the dilution of the filler metal with
the base metal. The costlier V-seam preparation seems to be advantageous only if a very small
wire diameter (e.g. ∅0.2 mm) had been used and the filler wire could have been inserted directly
into the groove. Although a better dilution is expected if a second weld pass is conducted, the
experiment in 2 mm TZM with cored wire filler showed inferior bending ductility than the single
pass welds.
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5 Summary and Conclusion
This work concerns the welding behavior of molybdenum and its alloys. Naturally, being a re-
fractory metal, molybdenum possesses a number of unique properties like high melting point
and good high temperature strength, among others, which sets it apart from more common
materials like steels or aluminum alloys. Therefore, the welding behavior differs substantially
as well. In literature it was established that mainly grain coarsening and recrystallization lead
to an intrinsic embrittlement of the welds which limited the technical applicability of welded
Mo-products [1, 12, 14]. The goal of this project was to deepen the knowledge about the weld-
ing behavior, investigate process parameter interactions, and identify process improvements for
different welding technologies.

The thesis is separated in three main parts: First, the general properties and behavior of
molybdenum and its alloys, containing an experimental investigation the flow curves of Mo.
Second the welding technology of friction welding and its application for joining Mo and TZM
alloy. A comprehensive study in tubular and rod format Mo and TZM samples was conducted
and discussed. Third and last, the fusion welding by the means of electron beam welding of
TZM. Here, the main focus laid on the investigation and elaboration of possible and novel filler
metals to improve the mechanical properties of the finished welds.

5.1 Molybdenum
To characterize the hot deformation behavior of molybdenum, isothermal compression exper-
iments in a Gleeble 3800 simulator were successfully carried out. The investigated samples of
∅6×12 mm pure Mo rod material were investigated in a temperature range from 200 to 1,700◦C
and at strain rates of 0.01, 0.1, 1, and 10 s−1until a true strain of 1. The findings can be sum-
marized as follows:

1. With rising temperature, the flow stress decreased accordingly.

2. At the same temperature but at different strain rates, Mo showed a higher flow stress at
higher strain rates. The observed strain rate sensitivity increased with increasing temper-
ature.

3. An increase of stress with increasing strain (strain or work hardening) was observed at
lower temperatures up to 1,300◦C. A transition towards steady-state behavior occurred in
the range between 750◦C / 0.01 s−1 and 1,300◦C / 10 s−1. At high temperatures and strain
rates of 0.01–0.1 s−1 a decrease of flow stress was observed (strain or work softening)

4. A transition of material behavior occurred between 900 and 1,100◦C. At lower tempera-
tures, the flow curves showed a distinct local maximum with a subsequent valley in the
interval of ε = [0, 0.2]. This was accounted to the circumstance that the 2 min temperature
soaking before the compression experiments lead to recrystallization of the samples above
1,000◦C, which is the quoted recrystallization temperature of Mo.

Coefficients for a Zerilli–Armstrong flow stress model were determined to estimate the flow
stress for temperatures until the melting point. It was shown that the model can depict the
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flow stress with acceptable accuracy in a wide temperature range. Nevertheless, certain effects
like the initial peaks in flow stress as well as steady-state and strain softening behavior could
not be depicted by the Z–A model. Further, since the experiments were limited to 1,700◦C, the
extrapolated flow curves are to be interpreted as rough estimations.

5.2 Friction welding

Rotary friction welding (RFW) is a well established solid state joining process in industrial
production. The advantage of joining molybdenum and TZM by RFW is that typical welding
defects of fusion welding are avoided since the base metal never reaches the melting temperature.
Further, strong plastic deformation in the fusing volume prevents detrimental grain coarsening
and the associated embrittlement. Experiments were carried out in ∅130 × 10 mm Mo tube
format as well as in laboratory scale ∅12 and ∅9 mm rod material of Mo and TZM, respectively.
As it turned out, the plasticization behavior of Mo and TZM differed strongly from that of low
carbon steel. Strong plasticization occurred and a much smaller process parameter window was
feasible. The following list compiles the main understandings drawn from the experiments:

1. In the tube format experiments a motor overload occurred. The 150 kW drive was ap-
parently insufficient to cope with the deforming Mo tubes. The result was a decelerating
spindle during the welding process until a full halt.

2. Strong plasticization and for known RFW processes uncommonly high upset rates were
observed, accounting to values of 7.0 mm/s, which caused the vast drive power demand of
the deforming tubes.

3. Different welding speeds showed no improvements of process stability, as well as a pre-
heating of the tubes in a furnace did not improve the welding behavior and proved to be
little reproducible due to the manual clamping procedure.

4. Despite the unstable process, the cross sections showed a fine-grained microstructure. Some
lack of bonding was detected by ultrasonic testing. Hardness measurements across the weld
areas showed a sustained hardness of the base metal throughout the weld.

5. The rod format experiments allowed an investigation of the influences of the RF weld-
ing behavior of Mo and TZM due to a better tunability of the FSW machine’s input
parameters.

6. Due to brittle failure of samples during the friction phase in preliminary experiments, an
in-situ pre-heating process by friction at low axial pressures was developed, which enabled
to exceed the DBTT of the samples directly prior to the actual RFW process.

7. Sudden and intensive plasticization occurred in all experiments and appeared to be an
intrinsic behavior of Mo and TZM, which could only be slightly influenced by process
parameters.

8. Successful and reproducible welds of Mo were achieved only with a fast spindle deceleration
and an adjusted, soft transition from friction pressure to forge pressure. Further, the spindle
deceleration was initiated simultaneously with the increase of axial pressure, a so-called
“forging into the turning spindle.”
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9. A slight variation of welding speed lead to large differences in the resulting total upsets. It
was shown that the difference of upsets occurred in the transition phase from the friction
stage to the forge stage, where the maximum upset rates varied largely.

10. In the TZM experiments, reproducible variations of the process parameters friction pres-
sure, forge pressure, forge pressure gradient, and deceleration rate were possible. The main
influence of welding speed on upset—similar to Mo—was observed as well.

11. The microstructure of both Mo and TZM was sound in most successful experiments,
while a minimum upset of at least 4 mm appeared to be necessary to expel all surface
contaminations into the flash. The hardness maps revealed an even distribution in Mo and
a slight increase in the contact zone in TZM.

The strong plasticization behavior and sudden upsetting was the main issue of Mo and TZM in
RFW. One reason is the high thermal diffusivity of Mo compared to steel; a low specific heat
capacity and a high thermal conductivity results in a large volume exceeding the shear strength
and contributing to the deformation during the process. This resulted in a high power demand
and only a short time frame for the transition from the friction phase into the forge phase. To
design an appropriate welding process for Mo and TZM, these circumstances have to be taken
into account.

The simulation of the RFW process, on the other hand, proved to be especially challenging,
since the deformation behavior of Mo close to the melting temperature was unknown and could
only be estimated by extrapolating the flow stress. Further, in absence of an appropriate heat
generation model, the heat input was derived from experimentally recorded values. Further
simplifications implied a 2.5d model disregarding rotational shear deformation and stress. The
establishing temperature field showed good agreement, although the deformation contour and
calculated axial force deviated.

5.3 Fusion welding
Electron beam welding is a high power beam welding process with an energy density several
magnitudes above conventional arc welding processes. Therefore, the energy input during welding
TZM sheets could be minimized. Experiments in 2 mm and 5 mm TZM sheets were conducted,
starting with a parameter optimization of butt welds without filler metal. Since the melting and
re-solidification in a fusion welding process, inevitably leads to inferior mechanical properties in
Mo and TZM [1, 14, 123], an approach was to investigate and develop suitable filler metals for
TZM. The following was revealed:

1. With a parameter optimization in EBW the property impairing effects can be minimized
in TZM butt welds. It was found that a high welding speed with low beam power resulted
in smaller grains in the fusion zone, a smaller and more fine-grained heat affected zone
and better tensile properties than at low welding speeds and/or high beam powers.

2. The hardness of the FZ and HAZ dropped compared to the as-received base metal. Never-
theless, the best welds achieved tensile strengths above fully recrystallized TZM, which was
the benchmark for the EB welds. However, an almost full loss of ductility was observed,
where the specimens failed in a brittle manner at neglectable fracture elongation.

3. Based on the process parameters for TZM butt welds, a filler metal insertion by a wire
feed into the weld pool was introduced and facilitated.
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a) A direct deposition of the filler metal was possible only in 2 mm sheet welds. In 5 mm
sheets the higher necessary beam power for full penetration destabilized the filler
metal transition into the weld pool.

b) A multiple-step process with prior filler metal deposition onto the seam preparation
and subsequent welding was developed to minimize the beam forces on the filler metal
during transition.

4. Vanadium was chosen as a filler metal due to its full solubility in Mo and high strength of
the Mo–V solid solution crystal. An assessment of welds with V filler showed that the hard-
ness of the base metal could be sustained, but it increased the tendency to brittle failure
even further. Cracks occurred even during welding and could only partly be suppressed.

5. Vacuum arc cast (VAC) TZM was tested as filler metal, because the VAC process results
in even lower residual oxygen contents than powder metallurgically produced TZM. This
potential advantage, however, proved to be unfounded, as no improvement in ductility was
observed.

6. A novel cored wire filler was developed in the course of this project, composed of a pure
Mo envelope and a pure Mo powder core.

a) The microsections showed a sound microstructure and the hardness measurements
revealed an almost constant hardness from the base metal through the HAZ into the
FZ. Continuous porosity was observed by X-ray imaging along the edges of the weld
bead.

b) Bending tests showed promising results of welds that achieved the required 100◦
bending angle. The nature of this profound increase in ductility, however, was not
identified.

c) The base metal hardness of the TZM sheets used in the welds with cored wire was
much lower than in the batch of TZM sheets in the butt welds and solid wire exper-
iments. Therefore, it was concluded that the base metal condition most likely plays
an important role in the resulting weld quality.

d) To improve the weldiability of TZM sheets, it may be suitable to investigate the
influence of the base metal condition further and possibly to narrow down the speci-
fication ranges. Especially the specified hardness range from 220–320 HV1 seems too
large for reproducible welding.

EBW is a welding technology with vast possibilities for welding molybdenum, molybdenum
alloys, and refractory metals in general. Especially the approach by a custom filler metal bears
enormous potential.

5.4 Outlook

In the present work, advances in the weldability of molybdenum and TZM were pursued. Apart
from the results and findings, limitations of the understanding as well as potentials for further
research were encountered:

Hot deformation Concerning the hot deformation behavior of molybdenum, compression tests
were only executed up to 1,700◦C. To further the characterization, experiments up to the melting
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temperature of 2,620◦C are required to assess molybdenum’s hot deformation behavior compre-
hensively. In respect to friction welding, torsion deformation tests could also aid the under-
standing and show effects in rotary shear deformation. The modeling of flow curves should be
approached on a more physically based level to include effects like recrystallization, recovery,
and the connected work hardening and softening.

Rotary friction welding The characterized friction welding behavior of molybdenum pointed
out key issues, mainly the fast upsetting and the high power demand. To confirm the proposed
up-scale of the parameters, RFW of larger cross sections should be validated experimentally. The
FSW machine at the institute has limited capacity for RFW processes, therefore experiments
should be carried out on suitable and state-of-the-art friction welding machines. Then, a further
investigation of process parameters and the underlying physics of the process is possible.

Simulation of RFW The simulation of RFW in its current setup lacks the ability to depict
the welding process reliably. It contains several inconsistencies, above all a proper model for the
heat generation. Given a reliable flow stress and a heat generation model as demonstrated in
literature [101], the simulation may yield reasonable results which could enable a prediction of
the welding behavior to some extent.

Electron beam welding The benchmark for EB-welded TZM was fully recrystallized base
metal. Although it was shown that the resulting properties of the weld can be improved by
suitable process parameters, they still missed their desired goal. Custom alloying of the weld
could solve the issues metallurgically. First experiments with vanadium and vacuum arc cast
TZM filler wire showed no improvement of the weld properties. However, an investigation of
different conditions of the TZM base metal is suggested to determine the influence of the base
metal on weldability.

Molybdenum cored wire filler metal Finally, the newly developed cored wire bears an enor-
mous potential. Easily adaptable core compositions enable comprehensive experiments with
selected additions of alloying elements to improve the ductility and the mechanical properties
of the fusion zone. Given the conclusions in literature, carbon [31], boron [34], titanium [29], or
zirconium [126] are the most evident elements to enhance the welding results.
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